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FOREWORD

A number of excellent textbooks on general ecology are currently available but‚ to date‚
none have been dedicated to the study of soil ecology. This is important because the soil‚
as the ‘epidermis’ of our planet‚ is the major component of the terrestrial biosphere.
In the present age‚ it is difficult to understand how one could be interested in general
ecology without having some knowledge of the soil and further‚ to study the soil
without taking into account its biological components and ecological setting. It is this
deficiency that the two authors‚ Patrick Lavelle and Alister Spain‚ have wished to
address in writing their text. A reading of this work‚ entitled ‘Soil Ecology’‚ shows it to
be very complete and extremely innovative in its conceptual plan. In addition‚ it follows
straightforwardly through a development which unfolds over four substantial chapters.

Firstly‚ the authors consider the soil as a porous and finely divided medium of bio-
organomineral origin‚ whose physical structure and organisation foster the development of
a multitude of specifically adapted organisms (microbial communities‚ roots of higher
plants‚ macro-invertebrates). In this context‚ and apart from discussion of the present
work‚ the three elements necessary for consideration in all ecological approaches are:

consideration of the soil as a matrix and a habitat for organisms‚ noting particularly
its heterogeneity;
a precise definition of the physical constraints (largely thermal and hydrological) that
characterise the unique soil environment situated as it is at the interface between
the atmosphere‚ the hydrosphere and the biogeosphere;
an understanding and evaluation of the mineral and organic resources of the soil nec-
essary for the existence and for the development of its populations of living organisms

In the second chapter‚ P. Lavelle and A. Spain (as did B.B. Dokoutchaev in 1883)
approach the soil as a natural object‚ whose scientific study comprises the science
of Pedology. The importance of this chapter is that it demonstrates to the readers that
while soil materials have a number of common characteristics‚ the soils of the planet
differ substantially as a function of the geological and climatic conditions that occur
across terrestrial environments. Consequently‚ a clear understanding of soil ecology‚ also
demands a thorough knowledge of the laws governing soil formation‚ the different pedo-
logical processes that occur and a detailed appreciation of the major types of soils that
occur on the surface of the globe. It is indeed the diversity of the pedological properties
that‚ in a certain way‚ allows an understanding of soil biodiversity. Having worked
much in this area during the course of my career‚ I am grateful to the authors who‚ as
specialists in ecology‚ understand the value of the pedological approach in developing
a deeper appreciation of soil ecology. It is this last point in particular that is developed
over the course of the following two chapters.
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In the third chapter, the work approaches the study of the principal living soil
organisms including microbial communities‚ roots‚ microfauna‚ mesofauna and
macro-invertebrates. However‚ this chapter is unique in the sense that‚ apart from
purely taxonomic and biological information‚ it also considers the factors of spatial
and temporal distribution and community structures of a diverse range of soil organisms.
Consideration of such factors leads to the development of new concepts in the domains
of faunal biodiversity; it also impinges on the related factors of adaptive strategies‚
the determination of species richness and on the description of community characteristics.

This work concludes with a chapter entitled ‘Functioning of the soil system’‚ which
develops in a synthetic way the authors’ ideas in the area of soil ecology. Finally‚ after
having presented an hierarchical model of the biotic and abiotic factors governing such
phenomena as the decomposition of organic components and recycling‚ this chapter
successively examines the different sub-systems of the soil: litter‚ rhizosphere‚ drilosphere
and termitosphere. This presents an entirely new perspective on eco-pedological problems.

In conclusion‚ it is clear that this voluminous work would undoubtedly have
fascinated those of our forebears who have dedicated their thoughts in one way or
other to these questions‚ for example‚ C. Darwin‚ E. Haeckel‚ P.P. Grassé‚ R. Dubos ...
However‚ I am sure that it will particularly interest today’s pedologists and ecologists.
It is clear that such workers will find in this volume a summation of knowledge that
has not been previously assembled. Moreover‚ in so doing‚ they will find a new view
of soils which‚ in the future‚ will no doubt alter the fundamental conceptions of
pedology and ecology.

Georges Pedro
Membre correspondant de l’Académie des Sciences



FOREWORD

There was recently a debate in the letter pages of Nature as to whether the term ‘soil’
should properly be applied to the particulate matrix at the surface of the planet Mars.
The argument centred around uncertainty as to whether‚ in the absence of evidence of
biological or organic influence‚ the concept of soil is applicable. The very fact that this
was in question is indicative of the rather weak status that soil biology has within soil
science‚ a viewpoint reinforced by the contents of many of the most popular textbooks.

Soil biology has indeed lagged far behind the sister disciplines of chemistry and
physics; and also in comparison with the ecological study of above-ground biotic
communities. Yet the biological diversity of soil is invariably high including as it
does a wide range of bacteria‚ fungi‚ protists and representatives of the majority of
the terrestrial invertebrate phyla. The greater fraction of these organisms participate‚
in one way or another‚ in the process of decomposition‚ which is the essential and
fundamental counterpart in ecosystem function of photosynthesis. As with the organisms‚
so with the functions; the literature on decomposition is but a small fraction of that
on primary production.

The reasons for this relative neglect are many but‚ as in all areas of science‚ growth
is significantly related to method. Theory remains in a vacuum without the means
to test it. The last decade or two have seen the significant lifting of a methodological
hiatus that previously seemed to forbid progress. I believe that this has been based not
so much on advances in techniques (although there have been many such) but more on
a change of approach - to the use of function as a means of investigating the organisms
rather than the converse which dominated soil biology for so long. The two authors of
this book have been leaders in this process of change and it is most appropriate that they
provide the first comprehensive synthesis of the recent work.

This book is not just a review of academic research results however‚ it also constitutes
a contribution to the wider and more important revolution that is taking place at
the interface of agriculture and ecology. The driving force for a more ecological
approach to agricultural practice and to soil management in particular‚ has come from
the sustainable development agenda in which central concern with the maintenance of
agricultural yield is closely associated with the need to conserve natural resources for
future generations. Emergence from the circumstances of nutritional deficiency and
poverty which characterise the lives of many of the small scale farmers of the world can
only be achieved where there are sufficient resources to raise food productivity.
With very few exceptions this will only be possible by the provision of external sources
of some nutrient elements. But many farmers in developing countries‚ in contrast with
those of the industrialised world‚ still have only limited access to inorganic fertiliser.
This skewed distribution‚ and the high cost of fertiliser in most parts of the world‚
emphasises the need for increasing the efficiency of fertiliser use. There is now
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abundant evidence that the highest and most persistent responses to nutrient additions
come with combination of inorganic with organic sources. And management of
organic inputs is a proxy for management of the soil biota.

The utilisation of organic inputs for soil improvement is as old as the history of
agriculture itself‚ but the scientists’ concept of organic matter management has failed in
the past to reach a degree of sophistication comparable to the insights of farmers.
I believe this was largely due to a failure to explore the biological basis of soil fertility
regulation. Soil biologists have now however begun to provide predictive explanations
for the responses of crops to different types of organic matter - a sign that the subject is
maturing in a useful as well as an academic way. In this book the authors show time and
again how the interactions of the food webs of soil organisms with their organic food
sources is the basis for many of the phemonena of soil fertility.

Greater interest in soil fertility management through organic matter and the manipu-
lation of the soil biota has served to refocus interests on many of the older traditions in
agriculture and on indigenous sources of knowledge. But the relevance of soil biology
is not confined to small scale or tropical agriculture. It has become increasingly
apparent that many of the great gains in production made in the green revolution by use
of high-yielding varieties with high inputs of inorganic fertiliser cannot be maintained
indefinitely. Among the causes attributed to yield declines under long-term cultivation
are changes in soil fertility associated with loss of organic matter‚ diminishment or
disappearance of groups of the soil biota‚ and the accompanying decline in soil physical
and chemical properties.

In this book the authors unravel‚ by numerous example‚ the intricate relationships
between the different components of the soil biota‚ and their implications for energy
flux and nutrient cycles in natural and agricultural ecosystems. This construct lays
the essential scientific basis for an emerging paradigm for the biological management
of soil fertility.

Mike Swift
Director Tropical Soil Biology and Fertility Programme‚ Nairobi



INTRODUCTION

Soils form a narrow interface between the atmosphere and the lithosphere and possess
elements of both: water, a gaseous phase and mineral matter, together with a diverse
range of organisms and materials of biological origin. They continually interact with
the atmosphere above and the lithosphere beneath. Soils are that part of the earth’s
surface within which organic materials are broken down to form stable humic
compounds thereby releasing their contained nutrient elements for uptake by organisms
and dissipating their contained energy. This veneer of materials supports the growth of
higher plants and therefore the primary production on which the human population
directly depends. Soils provide other important services including the stabilisation of
waste materials and part of the excess released to the atmosphere by human activities.

The thin veneer of soil is readily-damaged or lost by misuse. Following such effects,
it does not reform in any major sense within the time frames of human existence and
must be considered a non-renewable resource. Many current systems of agricultural
management are not sustainable in the longer term because of the pressures they place
on the soil. Production levels may frequently be set on the basis of economic goals
rather than the capacity of the soil to withstand particular stresses. Most cropping
systems, for example, require substantial regular inputs of energy and nutrient elements
and the sustainability of their use for this purpose is contingent upon continuing inputs.
Similar principles apply in other situations. Continued over-grazing in pastoral
environments situations soon leads to soil degradation and loss and stresses imposed by
chemical contamination may eventually result in impaired functioning.

Faced with such pressures, soils are clearly a threatened resource. From this, one of
the emerging challenges facing soil ecologists is the maintenance or amelioration of soil
fertility in the development of long-term sustainable agricultural systems. This requires
the integration of biological process knowledge into general models of soil functioning
and the design of land management systems based on such models.

An understanding of soil functioning and the definition of appropriate management
options demands a knowledge of the processes operating in both the above- and below-
ground subsystems and identification and quantification of fluxes of energy and
materials between and within them. The maintenance of the physical integrity and
fertility of soils depends largely on these transfers.

The soil is a unique environment that combines solid, liquid and gaseous phases to
form a three-dimensional matrix. The organisms that inhabit this porous, humid and
amphibious environment face quite specific constraints due to: 1. the predominance of
poor-quality food resources for species at the lower trophic levels; 2. spatial constraints
in an environment where most organisms live within pores that differ broadly in size,
shape and inter-connectedness; and 3. the rapid alternation, in both space and time, of
air- and water-filled porosities. The adaptive strategies evolved under such conditions are
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certainly different from those of their above-ground counterparts and deserve more
detailed study.

A major feature of the soil system is the intimate association of biological‚ inorganic
and organo-mineral materials: their interactions are both the result and the source
of soil processes operating at many spatial and temporal scales. In consequence‚
an understanding of soil functioning requires both the detailed ‘reductionist’ study of
the individual structures and sub-processes involved and an ‘holistic’ or systems
approach to energy and nutrient dynamics and the organisation of components within
the soil matrix. Such approaches are few because of the traditional separation of soil
science into relatively self-contained sub-disciplines and inequalities in the progress
made within each sub-discipline. In particular‚ the extreme difficulty of integrating
the effects of complex‚ interacting processes over the diverse spatial and temporal scales
of importance in soil-related studies should not be overlooked.

Direct observation and accurate measurement of many soil phenomena is often
difficult and much of our knowledge continues to be gained from indirect measurement
and the partial to incomplete extraction of components and organisms. It seems likely
that‚ due to the unique constraints faced by soil organisms‚ some major paradigms
and models applying to above-ground ecological processes may be less relevant to
below-ground populations and communities.

Definitions and roles of soils

Soil is an organo-mineral assemblage and‚ as such‚ its formation and properties depend
largely on biological processes and influences. For the purposes of this book‚ soil is
defined as an unconsolidated‚ stable‚ three-dimensional assemblage of organic‚ mineral
and organo-mineral materials with a characteristic biota and located at the earth’s surface
(in part after Soil Science Society of America‚ 1997). Some pedological organisation
(structure‚ horizonation) is apparent in almost all soils although‚ because they take
considerable time to develop‚ it may be slight in incipient soils forming in recently
stabilised materials. Concentrations of organic matter may range from negligibly-low in
the latter soils to high in others‚ with carbon concentrations in the surface horizons of
peat soils approaching those of plant materials.

As used here‚ the term soil encompasses the ‘normal’ soils that support a vegetation
community comprising higher plants‚ including the familiar domesticated species.
However‚ it also extends to the soils characteristic of extreme environments that may
support only cryptogams‚ as in Antarctica‚ the high Arctic‚ the nival areas of the world
and in certain saline environments. It also includes incipient soils and such soil-like
materials as those forming on recently-stabilised mineral materials‚ notably geological
materials exposed at the earth’s surface by erosion‚ vulcanism and aeolian processes‚ or
through the activities of man.

Soils have five principal and somewhat overlapping roles in ecosystems (partly after
Buol‚ 1995):
(i) Mechanical support. The role of the soil in providing a mechanical support
for plants is clear. However‚ to provide this support‚ the strength of the soil must fall
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within the range where plants are able to resist the pressures of wind and rain on their
aerial parts without uprooting but not be so strong that root penetration is inhibited.
Similarly‚ soil strength should not be so high that the excavation of habitat and feeding
constructs by the larger invertebrates (mostly earthworms and social insects) is inhibited‚
nor so weak that the voids and other structures formed within the soil are unstable.

(ii) Habitat provision. The vast majority of soil organisms are too small and too
weak to create their own habitats and these latter must exist within the soil to sustain the
organisms essential to its functioning. Small organisms must live within existing voids
formed through physical processes or through the activities of such larger organisms as
plant roots and soil-dwelling invertebrates and vertebrates. In particular‚ decomposing
roots comprise an important habitat for many soil organisms.

(iii) Storage of organic matter. The soil is an important store of dead organic
materials present in all stages of decomposition from freshly-fallen litter and recently-
dead plant roots to highly humified materials of great age and chemical complexity.
Dead biological materials are important energy sources for many soil organisms and the
more decomposed fractions interact with inorganic materials to form organo-mineral
structures central to the organisation and stability of the soil matrix.

(iv) Element release. In addition to such elements as silicon and aluminium which
normally dominate the soil mass‚ the soil also contains stores of elements that are of
biological and pedological importance. Certain forms of such elements as iron‚
aluminium and silicon are important in both these respects. These and other elements
may be held within the organic materials (living and dead) considered above but are also
present in the soil solution‚ retained at and near the surfaces of the organic and inorganic
soil colloids and‚ in less accessible forms‚ within the mineral soil particles.
Decomposition of organic materials liberates the contained elements in inorganic
forms (mineralisation) in a controlled or ‘slow-release’ way for uptake by plant roots
and other soil organisms‚ or for involvement in pedological processes.

(v) Water storage. Soils possess a store of water that supports the growth of plants
and other organisms. The magnitude of this store differs substantially between soils
depending on soil depth‚ the size distribution and organisation of the soil particles and
location in the landscape. Within soils‚ plants may have access to stores of different
sizes‚ depending on their individual capacities to extract water from the smaller pores
and on such factors as their rooting depths‚ mycorrhizal associations and salt tolerances.
Other soil organisms also have their own characteristic physiological tolerance ranges
beyond which they become inactive‚ or die.

Soil functioning is a concept used here to imply the continuing operation of the major
soil processes (energy flow and its effects on the biological cycling of nutrient and other
elements‚ the maintenance of structure) that determine the primary and secondary
productivity of the soil mass and its stability. Within active soils‚ the biological units of
soil structure are continually renewed thereby expediting gas exchange with the external
environment and promoting the acceptance‚ storage and transmission of water at rates
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commensurate with the needs of their biotic components. Soils decompose their organic
materials at rates dependent on climatic and other factors; the nutrient elements released
are stored or supplied to other organisms at rates that support biological productivity.

Over longer time scales‚ soils undergo a pedological development appropriate to their
parent materials and the broad environmental conditions to which they have been
exposed. Soils that suffer from impaired activity may perform adequately or poorly with
respect to particular physical and biological processes occurring within comparable
unmodified soils but will show a syndrome of effects reflecting the physical‚ chemical
and biological stresses to which they have been exposed.

Soil environment

The soil environment is dark‚ porous‚ still and semi-aquatic. Most energy inputs are
concentrated at the soil-air interface and in the upper few centimetres of the soil matrix‚
where fine roots are largely distributed. This leads to a marked vertical gradient in
the concentrations of soil organic matter‚ nutrient and other elements and in soil struc-
ture and biological activity. In conjunction with environmental variation‚ the unevenness
of energy inputs also results in strong spatial variation at all scales of observation.
Both aquatic and air-breathing organisms live together within the soil matrix although
their movements are strongly constrained by its internal organisation: only a few of
the larger organisms are sufficiently strong to create their own habitats within the soil.
At the lowest trophic levels‚ the principal nutritional resources available within the soil
for most heterotrophs occur as non-living‚ biologically-derived materials at all stages
of decomposition; the nutritive quality of these materials is generally lower than that
found in the aerial part of the ecosystem.

Approaches to the study of soil systems

Until relatively recently‚ soil biologists have been largely restricted to qualitative
studies because of their limited capacity to observe soil processes and structures directly.
Soil biologists are now increasingly able to evaluate quantitatively the roles played by
organisms in the main soil processes. While such evaluations remain incomplete‚ it is
clear that micro-organisms are always the ultimate mediators of soil chemical processes
in both natural and intensively man-managed agroecosystems. Nonetheless‚ an increasing
awareness has developed of the important regulatory roles played by macro-organisms
(living roots‚ the larger invertebrates and a few vertebrates) in many soil systems.
These organisms exert a major control over many soil processes through their influences
on the decomposition of dead organic materials‚ nutrient cycling‚ modification and
transport of soil materials and on the formation and maintenance of soil structure.

Some of the newer investigative tools available to soil scientists include improved
analytical techniques for the quantitative characterisation of soil structural components‚
organisation and processes. Some major useful techniques include transmission and
scanning electron microscopy‚ the use of radioactive elements and stable isotopes as
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tracers‚ the analysis of soil organic materials using nuclear magnetic resonance and other
techniques and the microscopic observation of ultra-thin sections of soil. These and other
techniques - notably recently developed statistical techniques - are providing new detailed
insights into soil functioning over a range of observational scales. Molecular techniques
have already been used successfully in several areas of soil ecology and promise much
for future progress.

Advances in ecological theory have also contributed to our understanding of ecolog-
ical systems. They have offered‚ for example‚ approaches to ecosystem development
relevant to soil-based processes although they have been little tested in this environment.
These advances have also allowed the characterisation of such important ecosystem
parameters as community structure and hierarchical organisation‚ and assessment of
the relative importance of biotic and abiotic factors. More fruitful approaches to the
study of adaptive strategies have emerged at both species and community levels.
Such concepts underpin descriptions of the functioning of soil systems.

Because of the lengthy periods required for full development‚ soil is essentially
a non-renewable resource at human time scales. However management strategies aimed
at developing sustainable soil use practices at time scales of decades to centuries are
proving increasingly difficult to implement. This results from the substantial pressures
for increased food and fibre production needed to satisfy the needs of a perhaps too-high
and in some places rapidly-growing population (notably in the tropical world) and
because of the frequent subordination of sustainability of use to economic and other
social pressures. Excessive pressure on the land and accelerated erosion continue to lead
to often-irreversible and widespread soil degradation‚ loss and desertification.

In many industrialised areas‚ inappropriate management has lead to the accumulation
of toxic concentrations of metals and other pollutants in soils resulting in ecosystem
stress and the contamination of ground and surface waters. The broad nature of the
problems affecting soils is illustrated by the widespread soil acidification consequent
on the release of nitrogenous and sulphurous atmospheric pollutants and the subsequent
fall of acid rain. Increasing release of the greenhouse gases carbon dioxide‚ methane and
the oxides of nitrogen from cultivated soils is a further matter of concern in climate
change scenarios.

Many of the problems considered above are extreme and therefore readily perceived
but less obvious and more slowly developing soil degradation is also widespread due
to a diversity of widely-accepted land use practices. These include such factors as
the over-application of fertilisers and biocides‚ over-cultivation‚ over-grazing and
accelerated erosion due to the exposure of the unprotected soil surface to rainfall and
wind. These may be considered as an ‘over-use’ syndrome‚ resulting often from socio-
economic pressures‚ or ignorance.

Resolution of such broadly based problems requires the active involvement of the soil
science community as part of interdisciplinary approaches. However‚ such studies often
lack a common conceptual view of the nature of the soil system‚ its functioning and
the limits to its exploitation. It is also clear that any approaches to problems of land
management are likely to fail unless their socio-economic and political dimensions
are resolved at the same time‚ in a global systems approach that combines biophysical
and socio-economic processes.
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Concepts and models

This book develops a comprehensive conceptual approach to the soil and its functioning.
It views soils as integral parts of open ecological systems (natural and man-modified)
set within the increasingly broader contexts of landscapes‚ regions‚ biogeographical
domains‚ biomes and ultimately the terrestrial surface of the entire earth. In this‚ it provides
a preliminary synthesis that conceptually integrates biological‚ physical and pedological
structures and processes over the broadest range of spatial and temporal scales.

Chapter I starts with a description of the major soil components‚ examines the
materials occurring in the different phase states and the important interactions that occur
between them. Among the solid phase components‚ particular attention is given to
the colloidal components since these comprise most of the reactive surfaces in soils.
These include organic colloids and the clays whose properties govern much of
soil functionality. Soil organic materials in all stages of decomposition largely fuel
soil biological activity and contribute substantially to structural stability; the principal
sources of these biological materials involved are here characterised. The spatial
organisation of soil components - the soil ‘structure’- is also discussed and the importances
of both the inorganic and biological components are emphasised.

The major factors of the soil environment are also considered in Chapter I. These include
consideration of the soil atmosphere and thermal regimes. Particular attention is given to
the presence of water in the soil‚ the forms in which it occurs and the factors governing
its availability to a range of organisms. A brief introduction to soil hydrological regimes
is also presented.

The inorganic resources present within soils are considered in the latter part of Chapter I.
The biological characteristics of the elements of major biological and pedological
importance are presented. Soil organic resources are also categorised and the properties
of the major types discussed and related to soil functioning. This chapter concludes with
a brief introduction to soil heterogeneity.

Chapter II is concerned with the formation and internal organisation of soils. It ini-
tially examines the horizons typically present in many soils as the basis for a discussion
of soil development. The major soil forming factors of climate‚ parent material‚ time‚
biota and topography are discussed in light of the definition of soil as a material owing
its unique properties to biological influences and processes. Discussion of the dominance
of the particular weathering processes (physical‚ chemical and biologically-mediated) in
different regions leads on to the development of concepts relating to the formation and
structure of soil organic reserves‚ and to the world-scale distributions of the major pedo-
logical and bio-pedological processes. The roles of the soil fauna in translocation‚ mixing
and other soil developmental processes are also emphasised. The final part of this chapter
introduces the differing bases of the various national and international soil classification
systems‚ including some designed for man-made and heavily man-influenced soils.

Chapter III details the biology and ecology of the major groups of organisms living
in soils: micro-organisms‚ roots and invertebrates. Basic information is provided on
the organisation‚ life history and adaptive strategies and functional categories of each
group. Quantitative data on population abundance and the major features of community
structure are also considered.
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At the end of the chapter, adaptive strategies and interspecific interactions are
considered, both within and between guilds. Patterns specific to the soil environment
are described with a strong emphasis on the mutualistic relationships between micro-
and macro-organisms. A hierarchical classification of soil organisms is proposed based
on these relationships. The question of biodiversity in soils, and its determinants is
also considered.

Chapter IV describes the major processes that occur in soils, the decomposition of
litter materials, soil organic matter formation and the maintenance of its physical
structure. Their general properties are first defined. The main physical, chemical and
biological determinants of these processes are then described and considered in a hier-
archical way, at the level of functional domains dominated by certain macro-organisms.
These domains include the following major systems: root systems and rhizospheres,
arthropods and litter and pore systems, earthworms and drilospheres and termites and
termitospheres. Particular emphasis is thereby set on the different scales at which such
processes operate and provide tools for the interpretation of observations at scales that
range upwards from the microaggregate to the ecosystem to higher levels of organisation



CHAPTER I

INTERNAL ENVIRONMENT,

MICROCLIMATE AND RESOURCES

I.1 THE SOIL ENVIRONMENT

1.1 Soil components and structures - the major groupings

Soils form through the conjoint influences of lithological, topographic, climatic and
biological factors that interact over time to condition the natures, directions and rates of
soil forming processes. The varied and complex expression of these soil forming factors
over the surface of the earth has lead to the development of an enormous diversity
of soils with a correspondingly-large range of soil environments. Over time periods
ranging up to the geological, soils develop from their parent materials (often but not
necessarily rocks) and undergo a series of progressive changes to eventually become
depleted in nutrient elements and, in the biological sense, exhausted.

On a global scale, the climatic regime is the dominant soil forming factor. In contrast,
topography is regionally important in controlling the ways in which soils vary from
site to site while, at a single site, considerable local spatial variability and vertical
differentiation are features of the soil system. Finally, at the lowest level of pedologica
organisation, the primary particles of the soil become associated to form aggregate
which determine the micro-environments that occur within and between them.

At all spatial and temporal scales, the major influences defining the environments that
exist within soils are the physical, chemical and surface properties of their components
and their spatial dispositions. Further determinants include the soil microclimate,
the nutritional resources available to the dominant biota and the presence of inhibiting
compounds. An appreciation of these influences and the interactions that occur between
them is fundamental to an understanding of the conditions under which the inorganic soil
components, the biota and its by-products interact to mediate the unceasing changes
that occur during soil development.

Soil is a complex and intimate mixture of materials distributed among the solid,
liquid and gaseous phases and occurs in a wide variety of physical and chemical forms.
The properties and functioning of the whole soil, both in natural and in applied
situations, will largely be determined by the properties of its individual components
and their relative proportions. The volume of the soil that may be occupied by the liquid
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or gaseous phases depends on the spatial arrangement of the solid phase materials.
Because the properties and balance of these components largely determine how soils will
behave in undisturbed and in agricultural and engineering environments, considerable
effort has been expended in searching for useful ways to characterise soil components
in these terms.

Soil components may be classified in many ways, depending on the intended purpose
of the classification. Some common ways of classifying such materials are on their sizes,
shapes and origins, the phases they belong to, their chemical or physical characteristics,
their mineralogical compositions or on combinations of these. The classification of soil
components employed here is arbitrary and hierarchical and attempts to characterise the
individual components in ways that reflect their ecological interrelationships (Figure I.1).

The division of soil materials into separate components in no way implies that associa-
tions and interactions between the various components do not occur, or are unimportant.
Indeed, nearly all solid and liquid phase entities that occur within soils include both
organic and inorganic components, or are influenced by them. Further, as emphasised
in several sections of this book, the formation and functioning of soil depends on
the myriad interactions that occur between the organic and inorganic, and the living and
non-living components of soils. An enormous variety of organic and inorganic compo-
nents are available within soils to interact in the synthesis and development of the unique
substance which is soil.
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1.1.1 THE SOLID PHASE COMPONENTS

Apart from the organic horizons of peat soils, inorganic materials form the bulk of most
soils both in terms of mass and, more importantly, surface area. This inorganic fraction
of the soil may include mixtures of rock (or other parent materials) in all stages of
weathering and physical disintegration, materials transported from elsewhere by wind,
water, volcanism or gravity together with a variety of secondary components that
have been formed by transformation in situ, or moved from other parts of the profile
and elsewhere. These secondary components may be distributed throughout the profile
or occur as local concentrations as nodules or concretions formed by reaction or
precipitation from solution. Alternatively, they may form discrete layers or impermeable
or slowly-permeable pans that modify soil drainage and other properties.

The average concentrations of the major elements in the surface of the earth’s crust
are presented in Table I.1 (Taylor and McClennan, 1985). It should be noted firstly that
this is the average composition of the parent materials that weather to form soils
(Chesworth, 1992) and, secondly, that the remaining, non-included elements of the
periodic table comprise only a very small part of the total mass. The data presented in
this Table are given both as oxides and as elemental percentages; these data are conven-
tionally presented as oxides since oxygen is the major balancing ion (Birkeland, 1984).
Two of the major elements critical to all biological organisms (nitrogen and sulphur)
do not appear in Table I.1 and are ultimately derived from the air and minor minerals,
respectively. As considered later in this book, shortages of these and other less-abundant
elements commonly limit the growth of all organisms.
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Table I.2 presents the indicative total concentrations of selected major and minor
elements in surface soils together with the ranges that may be expected to occur in areas
where mineralisation has occurred or which have been polluted by human activities.
Comparison of the concentrations of the major elements in Tables I.1 and I.2 shows
that, on average, the less mobile elements (Al, Fe) occur in soils at similar or greater
concentrations than their averages in the earth’s crust. They may become even more
concentrated in highly-weathered soils, due to the relatively greater losses of the more
soluble elements over time. Further, certain elements required by the biota, such as
Ca and P are also present in greater concentrations and C and N are important
components of soil organic matter that generally occur in insignificant concentrations
in the earth’s crust.
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The most important of the inorganic components in terms of soil behaviour is
undoubtedly the highly-diverse group of substances characterised generally as clays.
The term clay may refer to three distinct entities. In the textural sense, clay refers to
the important colloidal particles less than 0.002 mm in diameter. More loosely,
it may also refer to a class of soils with a high proportion of such particles. It may also
be applied to the phyllosilicate clay minerals discussed below. Here, the term clay will
refer to clay-sized particles unless otherwise qualified. The phyllosilicate and other
mineral particles in the clay size range have large surface areas relative to their masses
and, in soils with appreciable clay contents, they control many reactions important
to biological processes. Surface area is also closely correlated with a range of other
properties that regulate the physical and chemical characteristics of the soil mass and
influence plant growth (Farrar and Coleman, 1967).

Organic materials found in soils may be divided into the living organisms considered
later in this book and non-living materials of biological origin. The latter comprise
a diversity of materials including roots and other plant and animal remains in all stages

of subdivision and decomposition. In addition, dead fungal hyphae, spores, bacteria and
other larger constructs of microbial (e.g., the sporocarps of mycorrhizal fungi) and faunal
(e.g., termitaria) origin are frequently present. During the later stages of decomposition
of plant materials, less resistant materials are lost leaving only cell wall outlines and
fragments which, in the terminal stages of decomposition, may appear amorphous under
microscopic examination. Other directly-derived biological materials include such
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diverse products as plant root lysates and exudates, the faeces, excreta and secreta of ani-
mals, the cutaneous mucus secreted by earthworms and gels produced by micro-organisms.

In terms of chemical structure, an enormous variety of biologically-derived materials
occur in soils. These range in complexity from simple aliphatic materials to polymers
of high molecular weight and great complexity. Their temporal existence in soils ranges
from the most ephemeral, with turnover times of a few hours or days, to highly degra-
dation-resistant polymers whose age may be measured in tens of thousands of years.

Gases derived from the metabolism of micro-organisms and roots comprise an
important part of the soil atmosphere and the state of aeration of the soil determines
the pathways of many chemical and biological processes. These gases may be present as
components of the soil atmosphere, partly dissolved in the soil solution and in some form
of dynamic equilibrium with the soil atmosphere, or adsorbed onto other soil components.
Such gases are of pedogenetic importance and may interact with roots to influence plant
growth characteristics.

Through the form in which it is present, the tenacity with which it is held, and the
pathways of its flow into, through and out of soils, water conditions the whole evolution
and functioning of soils. Beyond its direct biological role in the hydration of plants and
the other living inhabitants of the soil, it is the major agent of formation and change in
soils. Apart from physical changes resulting from freezing and thawing, the effects of
water are due largely to reaction (hydrolysis) and the dissolution and transport of a wide
range of substances in solution and in suspension. This movement may take place
vertically in either direction, laterally within the profile, or from one part of the landscape
to others lower-lying. In regions where it has been active, glaciation has played an
enormously important role over geological times in modifying landscapes, and in
determining the characteristics and distributions of the soils present in these areas.

Because of its importance in pedogenetic processes and the biological functioning
of soil, the physical processes associated with the status, entry and egress of water into
the soil are treated in a separate section. However, the properties of the soil solution
are arbitrarily considered in the section on the soil components.

The information presented here on soil components is of an introductory nature only;
more detailed information may be obtained from the works of Birkeland (1984), Bonneau
and Souchier (1982), Brady and Weil (1996), Duchaufour (1997,1998) and Jenny (1980).

1.1.1.1 The mineral components - soil texture

A useful way of categorising soil inorganic material is by determining its texture which
is defined as the proportions by mass of the mineral particles that fall into different size
classes, the particle size distribution. Texture is an important characteristic of soil
since it influences many aspects of its field behaviour including a number of properties
important to the growth of higher plants. These include the amount of water held by
the soil and its capacity to retain plant nutrient elements.

Texture directly determines water-holding capacity; soils with a high proportion
of clay size particles (that is, of fine texture) may normally be expected to have lower
infiltration rates but a greater capacity to store and supply water than those of coarse
texture (that is, possess a high proportion of the larger particles). However, the moisture
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status of a soil also depends on its structure, location in the landscape, the nature of its
vegetative cover, the seasonal distribution of rainfall and evapotranspiration, and the
presence of impeding layers in the profile. Not all soils with high clay contents are
poorly drained. As illustrated below (oxisol), the microaggregation of clay and silt
particles into units (peds) equivalent to sand-sized particles may lead to certain clay-rich
soils having the drainage characteristics of more coarsely-textured soils.

Texture also influences the distribution of soil organisms and, conversely, may be
modified over time through the activities of soil animals. Finally, soil texture has a
substantial influence on the ease of cultivation. Cohesion between soil particles is usu-
ally lower in coarse- than in fine-textured soils and tillage generally requires a greater
expenditure of energy in the latter soils.

The proportions of the larger sized particles present in soils are conventionally deter-
mined by passing a dry and thoroughly-destructured sample of the soil through various
meshes. Estimation of the finer particles depends on their settling rates in water, or
under centrifugation. Recently, electronic counting devices have been developed and
allow the characterisation of particle size distributions at a much more detailed level of
resolution. The upper horizons of peat soils (histosols) are largely organic in nature
although variable amounts of mineral matter may also be present and different methods
of characterisation are required. Soil texture is normally determined in the laboratory
although a broad characterisation of textural class may usefully be made in the field by
wetting and manipulating a de-structured sample between the fingers (Birkeland, 1984).

The particles of less than 2.0 mm equivalent diameter comprise the fine earth fraction
of the soil which, in most soils, predominates in terms of mass and, more importantly,
surface area. It should be noted that the subdivisions of the fine earth fraction differ
between classification systems, although clays are defined in both the International and
United States systems as those particles less than in diameter. Table I.3 presents
the subdivisions of the fine earth and illustrates the very large increases in particle
numbers and surface areas in descending from the largest to the smallest of the four
particle diameter classes. As discussed below, the total surface areas per unit mass or
volume of soil (the specific surface area) is correlated with a range of other soil properties.
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The larger particles of greater than 2.0 mm are also of importance since coarse-
textured soils are usually free-draining and thus tend to be more highly and deeply
leached (Birkeland, 1984). The nature, placement and content of larger particles may
substantially affect water infiltration and erosion, temperature fluxes and plant growth
(Poesen and Lavee, 1994).

The inorganic soil particles belonging to different size classes may differ considerably
in chemical composition. This is illustrated in Figures I.2a and b which present the
variation of the total phosphorus and iron contents with size fraction and depth in
the profile of a southeastern Australian alfisol (Chartres and Walker, 1988).
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Information from each of the individual particle size classes may be integrated by
plotting the data as cumulative curves or on triangular diagrams. Figure I.3a presents such
cumulative plots for the surface horizons of four contrasting soils from Table I.4 (below).
These curves allow a straightforward visual comparison of soil textures whether these
are from different soils, different depths in a single profile or represent spatial variation,
perhaps at different locations down a hillslope. Figure I.3b illustrates the changes in
particle-size distribution that occur with increasing depth in the profile of the tropical
alfisol described by Murtha (1982). The relative similarities of the particle size distribu-
tions of the A and E horizons and the sharp increase in clay content at the top of the B
horizon are clearly illustrated.
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Triangular diagrams (Figure I.4) permit allocation of soils to broadly-defined textural
classes and this can be of considerable value in predicting their handling and tillage
properties. This may also be of use in biological characterisation since, as discussed
below, moisture and organic matter relationships depend to a substantial degree on texture.
Figure I.4 presents the uppermost mineral horizons of a subset of soils from Table I.4,
classified according to International standards (McDonald et al., 1990). It should be noted
that because of the differing definition of silt in the British Standard System, the posi-
tions of the soils described in Avery (1990) are only approximate. Further, soil texture
normally alters with depth in the profile and the alfisol described by Murtha (1982)
(Table I.4, Figure I.3b) changes abruptly from a sandy loam to a sandy clay at
the transition between the E and B horizons (i.e., at 22 cm).

Textural differences between selected major soil groupings
The proportions of the primary size fractions of the fine earth (the particle-size distribution)
often differ markedly between soils and horizons. Texture variation down the profile is
a characteristic of certain orders in the American system of classification, Soil Taxonomy
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(Chapter II) (Soil Survey Staff, 1999); detailed descriptions of each order are to be found
in Wilding et al. (1983). Table I.4 presents examples of the particle size distributions,
carbon contents, parent materials, environments and locations of a diverse range of soils
classified at the level of Soil Order in Soil Taxonomy. It should also be recalled that
the limits of the various size classes of particles differ between systems.

The entisols show little profile development. The first of these soils was formed on a
beach ridge stabilised by tropical woodland vegetation and shows little horizon devel-
opment beyond a slight organic matter accumulation near the surface (Murtha, 1986).
In contrast, the second soil (Bockheim, 1980a) was formed on the terminal moraine of
a glacier in the cold desert of Antarctica; it supports no macrophytic vegetation and has
a negligible organic matter content. Despite its estimated age of 135,000 years, it has vir-
tually no clay; this is a legacy of the slow rates of chemical weathering that occur
in the Antarctic environment (Campbell and Claridge, 1987).

The andisols are a group of soils largely formed from volcanic ash parent materials
and occur principally in regions with a history of recent vulcanism. These soils are found
notably in countries of the Pacific rim but also occur in other continents and on certain
volcanic islands such as Martinique (West Indies) and Réunion (Mascaraigne Islands).
They are characterised by unusual physical properties such as low bulk densities and
irreversible shrinkage on drying (Maeda et al., 1977), high soil organic matter contents
and the frequent presence of volcanic glass and the minerals allophane and imogolite.
They are also rich in active aluminium and/or iron and have a substantial capacity to fix
phosphorus in forms unavailable to plants (Wada, 1985). The andisol described by Bleeker
and Sageman (1990) is from Papua New Guinea and is located on the lower footslope
of an active volcano where it supports a vegetation of coconuts and cocoa. This soil is
periodically rejuvenated by volcanic ash showers, the most recent of which took place
during 1979.

The alfisol described by Coventry et al. (1983) is from a seasonally dry (ca. 600 mm
annual average precipitation) tropical savanna environment in north-eastern Australia.
It is a coarse-textured soil with little organic matter, consistent with its climate and sparse
vegetation. High proportions of gravel occur throughout the profile; some gravel-sized
particles have been transported from elsewhere or were formed secondarily by precipitation
from solution and other processes, while further gravels at depth in the profile were inher-
ited from the parent rock. The clay content of the fine earth increases at depth, probably
due to the transport of clay-sized particles (illuviation) downward through the profile.

The alfisol described by Murtha (1982) from northern Australia was formed from
granitic alluvial and colluvial parent materials in a seasonally-dry tropical climate, with
an average annual rainfall of 1170 mm. It supports a tropical savanna vegetation with
a tree stratum largely dominated by species of the genus Eucalyptus (Myrtaceae) and
an herbaceous layer dominated by perennial grasses. As shown below, this soil is
characterised by a coarse-textured A horizon that changes abruptly to a finer B horizon
characterised by high concentrations of exchangeable sodium.

The ultisol described by Laffan (1988) was formed from metamorphic rock parent
materials in a humid (approximately 2000 mm annual average rainfall) environment in
tropical north-eastern Australia. It currently supports a montane rainforest through whose
canopy the taller stems of Eucalyptus species emerge. It has an appreciable carbon
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content, consistent with its rainforest vegetation and elevation (620 m) (Spain, 1990).
The mollisol described in Avery (1990) was formed from doleritic parent materials in

a humid temperate climate (England). The A horizon is thick (28 cm) and humic, as
shown by the carbon figures presented (estimated from loss-on-ignition data using
formulae in Ball, 1964). It has a well-developed fine granular structure and many large
channels, a consequence of the substantial earthworm populations present.

The oxisol described in Spain et al. (1989a) was formed from basaltic parent materials
and occurs in a humid (3609 mm annual average rainfall) tropical environment in
northern Australia and supports a vegetation cover of lowland rainforest. Because of its
considerable age, the nature of its parent material and the environment, it has weathered
to produce a deep, permeable soil with a high proportion of clay-sized particles.
The surface soil is rich in organic matter, consistent with its rainforest vegetation and
high free iron (iron oxides soluble in dithionite) content (Spain, 1990). Despite its sub-
stantial clay contents it also transmits water readily because of micro-aggregation of the
smaller particles into the larger compound units (peds) that comprise the smallest unit of
structure. This is true of both infiltration and sub-surface lateral flow (Bonell
et al., 1983).

The parent material of the Australian vertisol described by Reeve et al. (1963) is
a shale. The soil is alkaline in reaction with calcium carbonate nodules visible throughout
much of the profile. It is fine-textured and shrinks and swells depending on its state
of hydration, because of appreciable smectite among its clay minerals. Contraction on
drying, leads to the formation of extensive patterns of deep surface cracking. Because of
the smectite present, this soil has a higher organic matter concentration than most other
soils occurring under similar rainfall and temperature regimes. This soil has formed
under the influence of a sub-tropical climate with an average annual rainfall of 660 mm,
most of which falls in the summer months. It supports a savanna vegetation dominated
by Acacia harpophylla (Leguminosae) trees.

The English spodosol described in Avery (1990) was formed on a sandstone and
supports a vegetative cover of Pinus sylvestris and Larix decidua with an herbaceous
layer of grass and the fern Pteridium esculentum. It has a substantial litter layer of partly
decomposed vegetation and a typically organic A horizon. The bleached E horizon is
friable with particulate or single-grain structure. The B horizon shows characteristic
accumulations of clay, soil organic matter and the oxides and oxyhydroxides of iron
and aluminium.

Peats, or histosols, comprise a group of soils that possess a thick surface horizon
(known as an H or O horizon) consisting largely of often little-modified plant remains
overlying the mainly mineral soil. Peats usually form in situations where decomposition
is inhibited by impeded drainage, low temperatures or a combination of the two.
The histosol presented in Table I.4 was formed on rhyolitic parent materials in the north
of England at an altitude of 677 m (Avery, 1990) where it developed under a cold and
humid climate. It supports a vegetation of grasses, low shrubs and mosses and has
a surface layer of fresh and partially-decomposed litter. The upper peaty horizon and
the underlying mineral A horizon contain rhyolitic fragments, ascribed to the effects
of cryoturbation (frost heave).
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Faunal modification of soil texture
Soil texture may be altered by those soil animals that are most pedogenetically active,
particularly termites, ants and earthworms (Chapter IV). Animals of these groups usually
select the finer soil particles in building their surface constructions. These particles may
be transported from a range of depths in the profile and used to build their surface
mounds and temporary surface structures, or simply cast on or near the surface. Over time,
erosion reduces the mounds and accumulated casts and the soil is re-distributed over
the surface. On sloping sites, the finer particles may be transported away from the site
by water, leaving the larger particles to accumulate as a coarser-textured surface
horizon. This may result in a surface horizon of distinctly coarser texture overlying one
of finer texture (see, for example, Williams, 1968; Wielemaker, 1984). Elsewhere, an
accumulation of finer-textured surface soil results with an upper limit of particle size
related to the capacity of the fauna to transport them.

1.1.1.2 Clays and clay minerals

The inorganic soil particles less than 2 in diameter are collectively termed clay.
They are varied in nature, ubiquitous in soils and play a critical part, either directly or
indirectly, in almost all soil processes and interactions. Many of the materials in this size
range that are found in soils may be classed as minerals. That is, they are naturally-
occurring homogeneous solids possessing a definite but not fixed chemical composition
and an ordered atomic arrangement (Schulze, 1989). The occurrence of these minerals
in soils results from three mechanisms, namely, inheritance from parent materials,
formation in situ by crystallisation from solution or through the alteration of existing
minerals into new forms (transformation) (Allen and Hajek, 1989) (see Chapter II).

These minerals are most usefully classified by their dominant anion or anionic group
(Schulze, 1989) and the following are the groups of most importance in soils:
1.
2.
3.
4.
5.
6.
7.

Sulphides
Oxides, oxyhydroxides and hydroxides
Halides
Carbonates
Phosphates
Sulphates
Silicates

Not all of these mineral groups are present in all soils and some only occur under
particular environmental conditions. The simple mineral halite (NaCl) is one such
example and is found naturally in arid areas or as an evaporite in certain tropical

and dolomite In contrast, the silicate minerals are
relatively stable, ubiquitous in soils and the types and proportions present are of
the greatest importance in determining soil properties and behaviours in the face of
agricultural and engineering usages.

Many soils retain a range of coarse fragmentation products derived from their parent
rocks and therefore still possess some of the primary minerals derived from the parent

coastal saline soils. Other common simple minerals include calcite gypsum
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rock and formed by high temperature or high pressure igneous and metamorphic
processes (Chesworth, 1992). Quartz (a tectosilicate) is a major and common component
of soils; it may form the major part of the sand and silt fractions and frequently also the
coarser clay-sized components (Drees et al., 1989). It may be either primary or secondary,
that is, synthesised from Si within the soil rather than inherited from the parent material.
Soils also contain a range of other secondary products notably clay minerals that have
been re-synthesised from the weathering products of the parent rock and other materials,
or inherited from the breakdown of sedimentary rocks. Inorganic soil particles of clay
size therefore include a diversity of crystalline and non-crystalline materials that, in most
soils, form associations with a variety of other substances, both inorganic and organic.

Because of their colloidal properties, the dominant phyllosilicate clay and other
minerals must remain flocculated if the soils within which they occur are to have
acceptable levels of stability. As colloids, they have large surface areas per unit mass or
volume (specific surface areas) (Table I.5) and many of their properties derive from this
(Petersen et al., 1996). These include their capacities to retain both water and a range
of plant nutrient and other elements at their surfaces. The large surface areas influence
the rates and pathways of many soil chemical reactions and directly dictate the amount
of water retained in the soil. Also, the amounts and types of the phyllosilicate clay
minerals present influence the strengths and dispersabilities of the soils within which
they occur. Clays are usually associated with other materials, both organic and inorganic,
to form structural aggregates of all sizes that impart stability to the soil and control such
important processes as water movement and aeration. Clays also play important roles in
controlling the activities of micro-organisms and in reducing enzyme activity within
soils (Burns, 1986) (see Chapter IV, section 4.1.3.2).

Classification of soil clay and other minerals
The principal materials of clay size that occur in soils are the crystalline phyllosilicate
and oxide minerals, the ‘amorphous’ minerals often derived from materials of volcanic
origin and the gels or metallo-hydrates. The crystalline phyllosilicate clays are the larger
common clay minerals; as explained later in this chapter, the more reactive paracrys-
talline and amorphous materials are substantially smaller (Figure I.5).

The phyllosilicate clay minerals. The silicate minerals are based on two primary
structures, the silicon tetrahedron and the aluminium octahedron. The terms tetrahedron
and octahedron refer to the regular structures associated with co-ordination of the central
cations; silicon is bonded to four ions arranged in a tetrahedron while the central
aluminium ion of the octahedron is bonded to six ions to form a regular octahedron
(Figure I.6) (Millot, 1979). By sharing certain of their oxygen ions with adjacent octahedra
and tetrahedra, these structures may be arranged to form compound structures including
chains, rings, three dimensional frameworks and sheets. Of these, the most widespread and
important in soils are those that occur as sheets, the phyllosilicate clay minerals.

The phyllosilicate clay minerals are ubiquitous in soils and, except in the most
coarsely-textured soils, may make up much of their volume. Their abundance in soils
is a consequence of the dominance of their major constituents (Si, Al and O) in
the earth’s crust. These are also the best known of the clay minerals since a number have
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industrial uses. All are alumino-silicate compounds comprising layers of tetrahedrally-
coordinated silicon atoms and layers of octahedrally-coordinated aluminium atoms.

These layers are arranged in various ways according to the clay mineral group
involved; in some, the vertical repeating unit (the unit layer), consists of one layer of
silica tetrahedra and one of aluminium octahedra, the so-called 1:1 minerals. The 2:1
minerals consist of two layers of silica tetrahedra with an intervening alumina layer.
In the 1:1 clay minerals, the succeeding unit layers are tightly held together by hydrogen
bonds and these minerals do not normally expand. In the 2:1 minerals, the bonds
between the layers joining the repeating units are much weaker, consisting of Van der
Waal’s forces and the electrostatic attraction of the cations present. Water, other polar
solvents and a range of other materials may penetrate these layers leading to variable
spacings between the repeating layers, depending on the hydration state of the soil
and the dominant cations present.

The central aluminium atoms of the octahedral layers and the silicon atoms of
the tetrahedral layers may be replaced by other elements of appropriate size and charge,
commonly magnesium and iron. The replacing ion is usually of lower valency and this
process of isomorphous replacement leaves the sheet with a permanent net negative
charge which is normally balanced by cations in the soil solution. A further source of
charge arises from the dissociation of hydroxyl ions on the surfaces and particularly at
the edges of the clay sheets; in these cases the charge is variable, being dependent on
the pH and ionic concentration of the soil solution.

The common phyllosilicates fall into seven groups, based on the relative number of
sheets in the unit layers, the types of ions that occur between the unit layers and
the nature of the isomorphous replacement. These seven groups are (Millot, 1979):
kaolin, illite, smectite, chlorite, vermiculite, mixed-layer and sepiolite-attapulgite, of which
the first four are perhaps the most common in soils. Minerals in the sepiolite-attapulgite
group are not organised as plate-like structures, but form fibrous, needle-like crystals.

The kaolin group is most commonly represented by kaolinite, a 1:1 clay mineral
whose unit layer is made up of one tetrahedral and one octahedral sheet (Figure I.7)
(Schulze, 1989). It has a relatively small surface area because its unit layers are held
together tightly by electrostatic bonds and cannot be penetrated by polar solvents;
its internal surfaces are thus unable to contribute to its often low overall apparent surface
area (Table I.5).

Kaolinite normally has a low level of isomorphous substitution and thus little
permanent negative charge. However, crystals of this mineral from tropical soils may be
much smaller than those from kaolin deposits (ca.    in comparison to
and possess high surface areas of Schwertmann and Herbillon (1992)
showed that the isomorphous substitution of iron within the kaolinite structure gave rise
to smaller and more active crystals effecting substantial changes to such soil properties as
phosphate adsorption. In addition to its permanent charge properties, this mineral has a
pH-dependent charge based on the dissociation of hydroxyl ions. Kaolinite and halloysite,
another member of this group, are common clay minerals in the highly-weathered and
nutrient-poor soils of many tropical areas.

The illites are 1:1 clay minerals and are amongst the most common of the phyllosilicate
clay minerals. The distance between the unit layers is fixed (1.0 nm) and they are bound
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together with a layer of potassium ions. Most illites appear to form through transforma-
tion of micas present in the soil parent materials (Brown, 1990).

The smectites (Figure I.8) are a group of 2:1 clay minerals in which water and other
polar solvents are able to penetrate between the layers. The relative weakness of the inter-
layer bonds means that their distances apart are not fixed but vary with the humidity
and the sizes of the hydrated and exchangeable cations present between the layers.

Interlayer spacing normally varies from 1.2 to 1.5 nm although it may be much larger at
high humidities when sodium is the dominant interlayer cation present (Brown, 1990).

The surface areas of smectites are large since internal interlayer surfaces also
contribute to their total surface areas. In the 33 smectite-rich soils described by de Kimpe
et al. (1979) (Table I.5), the internal surfaces contributed an average of 82 % of the total
surface area. Soils containing appreciable smectites (vertisols) shrink extensively and
reversibly on drying to produce distinctive patterns of polygonal surface cracking.

In the chlorite group, the 2:1 unit layers are bound together (at a distance of 1.4 nm)
by layers of hydrated magnesium, aluminium or iron.

Not all clay minerals have the structure and behaviour typical of the major groups
listed above. Mixed layer clays occur widely in soils and the inclusion of clays of
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this type may alter soil properties considerably. In a soil derived from volcanic ash,
the dominant clay mineral was the 1:1 clay mineral halloysite. However, samples also
contained a substantial proportion of smectite resulting overall in a greater specific
surface area, higher cation exchange capacity and other altered properties of agricultural
importance (Delvaux et al., 1990).
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The crystalline oxides of iron and aluminium. Although other metallic elements
(Ti, Mn, etc.) occur in soils and are sometimes important, iron and aluminium are
among the most abundant metallic elements in the earth’s crust. Due to their limited
solubilities, both are particularly abundant in highly-weathered soils (notably of the
tropics), the spodosols and the andisols where they may occur as discrete particles or
form coatings on other materials. Their presence in significant quantity may result from
the particular pedogenetic processes occurring within the soils involved, or the higher
iron or aluminium contents of their parent materials. For example, soils derived from
basaltic parent materials are usually richer in iron which, in reduced form, moves
readily in soils and may become concentrated through reduction - transport - recrys-
tallisation processes.

The oxides, hydroxides and oxy-hydroxides of both iron and aluminium occur in
a range of chemical forms in soils, depending on pH, environmental conditions and
such factors as organic matter concentration (Huang and Violante, 1986; Schwertmann
et al., 1986). Aluminium also routinely substitutes for iron in some iron oxide minerals
commonly found in soils (Huang and Violante, 1986; Schwertmann and Herbillon, 1992).

The most common of the iron oxides in soil are goethite and haematite
although others may be prominent in specific environments. One such

example is lepidocrocite which is characteristic of such poorly drained
environments as swamps. Goethite may be the sole pedogenic iron oxide present
in soils of the cool and temperate zones. In many of the warmer parts of the world,
it occurs in association with haematite which imparts the vivid red colouring charac-
teristic of many tropical soils (Schwertmann and Taylor, 1989).

Ferrihydrite is a poorly crystalline form of iron present in many soils;
it is somewhat unstable and converts to goethite in cool temperate environments and
haematite in warmer areas. Maghemite is another iron oxide, probably largely
formed by the conversion of other iron oxides through firing (Schwertmann, 1988).

Gibbsite is common in highly-weathered soils and in laterites. It occurs
in highly crystalline form as small hexagonal plates or rods (Table I.5).

In contrast to the largely permanent charge of the phyllosilicate clay minerals, a
variable charge is associated with the oxide minerals. Both the magnitudes and
the signs of the net charges of the different oxide minerals vary with pH and, depending
on the oxide, the sign may be negative, neutral or positive at normal soil levels.
Both depend on the pH at which the net charge of the oxide is zero, i.e., its point of
zero net charge. Net charge is negative above this point and positive below it.
The points of zero net charge of iron oxides occur between pH 6.5 and 8.0 and for
aluminium oxides between pH 7.5 and 9.5. This has considerable importance in
determining the retention of cations and anions (both inorganic and organic) in soils
where these oxides are present in appreciable quantities. The implications for plant
growth are important since nutrient cations may be readily lost from such soils, particu-
larly in agricultural situations where organic matter is present in low concentrations.
Exchangeable forms of aluminium in soils are mostly monomeric (Huang and
Violante, 1986).
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Apart from this, both iron and aluminium oxides are of particular agricultural
importance in that they have high affinities for phosphates and some trace metals which
they fix in non-exchangeable forms unavailable to plants. In addition, aluminium may
occur in amounts increasingly toxic to higher plants in soils where the pH falls below
ca. 5.5 since positive charges predominate and ions are released in the soil solution.

Volcanic weathering products and other amorphous materials. As discussed above,
the extremely-fine weathering products of volcanic glass are characteristic of the soils
known variously as andisols or andosols.

The aluminosilicate materials that give these soils their characteristic properties
(Maeda et al., 1977; Wada, 1985; Table I.5) are the X-ray ‘amorphous’ and poorly crys-
talline minerals allophane and imogolite, although lesser quantities of both minerals
also occur in podzols (spodosols) and other soils. The individual particles are very small
and their surface charges are dependent on the pH and ionic strength of the soil solution.
Allophane occurs in the form of small spheres and imogolite as small cylindrical or
string-like particles; because of their small sizes, these minerals have very large specific
surface areas (Table I.5).

In addition to that present in quartz and other crystalline and semi-crystalline forms,
silica may also occur in soils in an amorphous form (Drees et al., 1989). Amorphous
silica may either be inorganic in origin or derived from plants and sometimes animals.
Biogenic silica occurs largely as structures called phytoliths or plant opals which are
concentrations of hydrated silica and other materials that are precipitated within plant
tissues. These are returned to the soil surface in litter or through root decay. They occur
in a wide variety of shapes ranging up to ca. in length although most are less
than They differ considerably in solubility, depending on the presence of surface
coatings of Al and other factors and the less soluble types may accumulate in soils to
maxima of ca. 3 % or occasionally more (Drees et al., 1989).

Annual Si return to the soil in dead plant parts has been estimated to range from
(Duchaufour, 1997; Alexandre et al., 1997). In a highly-weathered soil

supporting an equatorial rainforest, Alexandre et al. (1997) estimated that the rate of silica
release through phytolith dissolution was more than twice that due to silicate weathering.
Because of its relatively high solubility, Si is readily taken up by plants (as monosilicic
acid, and is susceptible to loss in drainage waters; it is also a Si source for
the formation of other minerals, including the phyllosilicate clay minerals (Duchaufour,
1997; Lucas et al., 1993).

The evolution and distribution of clays
The clay minerals present in any soil depend on its parent materials, its weathering
history and the amounts and differential solubilities of the elements present in the original
parent materials. Millot (1979) states that clay mineral formation may be conceived of
as a process involving the subtraction of elements in decreasing order of their solubilities
(Na >K >Ca >Mg >Fe >Si >A1) followed by the formation of new minerals from those
remaining.

The clay mineral composition of soils also varies qualitatively and quantitatively
with depth and regionally with climate and the other soil forming factors (Chapter II).
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Figure I.9 illustrates diagrammatically the distributions of the predominant terrestrial
clay mineral groupings throughout the world (Millot, 1979). While the boundaries are
considerably more complex than indicated, different environments clearly produce
characteristic suites of clay minerals.

In Antarctica and other deserts, almost no leaching or hydrolysis occurs; little clay
forms under these circumstances and nitrates and other soluble elements of aerosolic
origin may accumulate (Campbell and Claridge, 1987). Under conditions of moderate
leaching, mixed-layer minerals and vermiculites are typical. Where greater leaching
and hydrolysis pertain, but where some Si, Fe and Mg still remain, smectites occur.
Smectites also seem to form most readily where there is a clear alternation of wet and
dry seasons. Where very strong leaching and hydrolysis occur, kaolinite and halloysite
are typical and in the extreme, oxide minerals such as gibbsite may accumulate.

Even at more restricted geographic scales, climate is a dominant factor controlling
surface soil clay mineral composition. Folkoff and Meentemeyer (1985) have shown
that climate is the dominant factor determining the phyllosilicate clay assemblages
of the A horizons of soils in continental United States of America. However, a number
of soils were exceptions to this generality: the major group comprised older soils whose
clay mineral suites had been determined under previous climatic regimes while another
small group consisted of soils of different parent material composition. Clearly the balance



INTERNAL ENVIRONMENT, MICROCLIMATE AND RESOURCES 25

of these effects must be expected to alter between locations. The soils developed on older
geological surfaces may be expected to have clay mineral suites that reflect past rather
than present climates. Further, when extreme parent materials such as volcanic ash and
serpentine predominate, soil clay mineral assemblages are unlikely to reflect current
climatic influences but will reflect parent material properties.

The cation exchange capacity of clays
Soil colloids (principally phyllosilicate clays and organic matter) have a mixture of
positively and negatively charged sites on their surfaces to which are attracted a range
of ions, both organic and inorganic. In most soils, the negative charges predominate
to give a net negative charge to a soil or horizon; less commonly, a net positive charge
may pertain in certain soils, particularly at low pH,

The permanent net negative charge on the phyllosilicate clays is of considerable
importance in plant nutrition. It is the most important mechanism through which plant
nutrient and other cations are held at the surfaces of the soil colloids. The major basic
cations and (which raise the soil pH) and the acidic cations and
(which lower it) are retained at negatively-charged sites on both organic and inorganic
colloids within soils. The capacity to retain these positively charged ions is called the
cation exchange capacity and is defined as the product of the specific surface area and
the surface charge density.

An analogous anion exchange capacity, usually of lesser magnitude, also exists in soils
and is responsible for the retention of such anions as and at colloid surfaces.
It is associated with such positively-charged sites as the surfaces of variable charge
oxide minerals, principally those of iron and aluminium. These elements are normally
present at low concentrations in most soils but, because of their small particle sizes
(Table I.5), have very large specific surface areas and thus reactivities.

A further source of charge, variable in nature, occurs on the surfaces and particularly at
the edges of phyllosilicate clay mineral sheets due to the dissociation of hydroxyl groups.
As considered in a later section, organic matter has a high CEC because of the dissocia-
tion of and groups. Its substantial net negative charge at most soil pH
levels is entirely variable in nature. As will be seen, soil organic matter may be the only
colloid able to retain appreciable quantities of the nutritionally-important cations in
acid soils. This is particularly relevant in such highly-weathered soils as the tropical
oxisols and ultisols (Uehara, 1982).

In soils with variable charge components, both the pH and ionic strength of the soil
solution influence the net charge of the soil as illustrated in Figure I.10. This figure
shows the relationships of these effects on the net charges of soils from two horizons of
an iron- and aluminium-rich oxisol (van Raij and Peech, 1972). The net charge becomes
positive at pH values below the point of zero net charge (normally in the range 3.5-4.5).
Such values are significantly lower than the points of zero net charge for the component
soil oxides (pH 7-9) which will have net positive charges in most soils. In comparison,
the points of zero net charge of many clay minerals lie in the pH range 4.5-6.0.
From the substantial differences illustrated, it is clear that such agricultural practices
as liming and fertilising will alter the net surface charge of the soil through their
influence on both pH and soil solution properties.
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The exchangeable ions held at the surfaces of the phyllosilicate soil colloids are in
a state of equilibrium with those of the soil solution and constant interchange occurs
between them. Close to the particle surfaces, a layer of tightly bound cations occurs and
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this is succeeded by a more diffuse layer of cations further away. Cation concentrations
are thus high close to the surfaces and decrease with increasing distance from the
surface to a level similar to that of the soil solution. Anion concentrations may vary
in an inverse manner.

Net exchanges occur when changes in ionic concentrations or pH occur in the soil
solution. These may result from seasonal changes in soil moisture or through the addition
of fertilisers or other soluble amendments. For example, the addition of KCl as a fertiliser
may cause a displacement of calcium ions into the soil solution (Duchaufour, 1997):

As indicated in the above equation, such reactions are reversible; they also take place in
terms of chemical equivalents. That is, one centimole of potassium ions will exchange
for one centimole of calcium ions in the above exchange reaction.

Not all ions are adsorbed equally onto the colloid surfaces. With a few exceptions,
the ions of higher valency are held more tightly than those of lower valency. Thus, in
decreasing order, is held more tightly than which is held more tightly than
For ions of equal valency, the least hydrated ions are preferentially adsorbed. ions
are preferentially adsorbed onto organic colloids and this ion therefore dominates in soils
where organic matter concentrations are high.

Where exchangeable Na ions comprise 6-15 % or more of the cation exchange
capacity (sodic soils), the large radius of the hydrated Na ion may move adjacent
phyllosilicate colloid surfaces apart to the extent that deflocculation occurs. This leads
to considerable instability in the soil and sodic soils are subject to severe erosion, surface
sealing and the development of strong surface crusts together with other phenomena
inimical to ecosystem function and productivity. The importance, morphology, structure
and distribution of crusted soils are discussed in the volume edited by Sumner and
Stewart (1992).

Not all reactions between ions in the soil solution and clay surfaces can be explained
in terms of simple exchange phenomena. A range of cations, phosphate and other anions
may all be subject to an initial adsorption process followed by slow diffusion into,
particularly, iron oxides such as goethite (Barrow, 1989).

Table I.6 presents examples of the cation exchange capacities of a range of soils
classified at the ordinal level of Soil Taxonomy (Soil Survey Staff, 1999). A number of
points are illustrated by the table. Firstly, considerable differences exist between the
orders, with the vertisols having the highest overall values due to the expansive (smectitic)
clay minerals present in these soils. With increasing depth in the soil, a clear reduction
in cation exchange capacity occurs paralleling the substantial decline of organic matter
concentrations with depth. Finally, considerable differences exist between estimates of
cation exchange capacity depending on the measurement methodology. This is of
particular importance in soils where variable charge components dominate, notably
in such acid, highly-weathered soils as the ultisols, oxisols and exemplified here by
the rainforested inceptisol (Cannon et al., 1992) and the spodosol described by Mew
and Lee (1981). Because of the variable charge components present, inflated estimates
of cation exchange capacity result, particularly in acid soils where substantial differences
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may exist between the soil pH and that at which the CEC was measured, often pH 7
or higher. In terms of understanding the field behaviour of soils, it seems appropriate to
measure the cation exchange capacity under conditions approximating those pertaining
in their environment.

1.1.2 THE SOIL SOLUTION

The water that occurs in the pore space of soils and moves through it contains a wide
diversity of dissolved and suspended materials: organic, inorganic and organo-mineral.
The soil solution is important in plant nutrition since the net flow of water to plant roots
also moves a range of dissolved elements in the same direction. In pedogenetic terms,
the soil solution mediates the vertical (in both directions) movement of dissolved and
suspended materials both within the profile, and laterally from one part of the landscape
to others downslope. Dissolved gases, including oxygen and carbon dioxide are also
present; the latter gas occurs in the highest concentrations due to its greater solubility.

The soil solution can be sampled using lysimeters (with or without an applied suction)
to collect the water draining through the soil. Alternatively, it may be displaced from
soil samples by centrifugation, application of a suction or by infiltrating samples with
fluids that displace the soil solution (Vedy and Bruckert, 1979). A problem with this
methodology is the difficulty of deciding whether some of the material present in
the sample is there because of the disturbance involved in installing the lysimeters,
or because of the energy applied to extract the soil solution (McKeague et al., 1986).

Nutrients dissolved in soil water can also be extracted using other methods (Arnold,
1958; Gibson et al., 1985). Bags containing synthetic ion-exchange resins may be buried
in the soil for periods; following collection, the adsorbed elements may be quantitatively
leached to give satisfactory indexes of the concentrations of selected ions in the soil
solution. Campbell et al. (1989) used an immiscible liquid to expel the soil solution from
soils sampled in a largely agricultural environment. They found considerable seasonal
variation in soil solution composition between different soil taxa, and between land use
categories within such taxa.

1.1.2.1 Biological nutrient and other elemental concentrations

As shown below, the concentrations of many elements in soil solutions extracted under
suction are normally higher than those draining freely into lysimeters. Lysimeter water
is that held at high matric potentials in the larger pores while that extracted using
suction, centrifugation or other methods is water that was previously held at lower matric
potentials in the smaller pores. The soil solution extracted from the smaller pores has
been in more intimate contact with the surrounding soil materials; residence times are
also longer in these smaller pores.

Table I.7 presents the concentrations of a range of organic and inorganic solutes both
displaced and freely-draining from the E horizon of an acid French spodosol supporting
a pine forest (Bonne et al., 1982). Several points emerge from this table. The first is
the notably higher concentrations of many solutes in the displaced than in the lysimeter
solutions, although this was not invariably so for Al, Si and N. Secondly, there is clear
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seasonal variation in the concentrations of the different solutes in both solutions
although the maxima and minima did not coincide for all solutes. The more mobile
monovalent ions have their maximum concentrations in winter, while the bivalent ions
and manganese have their highest concentrations in spring and summer. Finally, the
considerable concentrations of several different types of organic materials should also
be noted since their movement and precipitation in the soil are important factors in
the development of these spodosols, and of other soils.

1.1.2.2 Pedogenetic importance

In terms of soil processes, the transport of organic and inorganic materials of
pedogenetic importance in the soil solution is well established (McKeague et al., 1986).
Table I.7 shows that the elements Fe, Al and Si are all mobilised into the soil solution
and this is often a consequence of the complexes they form with organic materials of
various types. Considerable variation in the properties of soil solutions occurs, depending
on the pH, cation exchange capacity, redox potential, organic matter concentration,
the microflora and vegetation present and whether fertilisers have been applied.
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1.1.3 THE ORGANIC COMPONENTS

Organic matter accumulates in soil during its formation to reach abundances of 50 to more
than 260 Mg in mineral soils. It is mainly concentrated in the upper 10 to 20 cm
where it comprises several per cent. of the total mass of the soil (Sánchez et al., 1982;
Post et al., 1982).

Almost the whole range of naturally-occurring chemical substances may be found
within soils, since the tissues of all living organisms are returned to the soil on their
death. However, important differences exist in both the physical and chemical properties
and the amounts of the organic materials returned to the soil in different environments
and considerable efforts have been made to characterise soil organic matter in morpho-
logical, chemical and functional terms. Classifications resulting from these approaches
are presented and the properties of the major soil organic components are described,
including their energy density values and physical properties.

1.1.3.1 Morphology and in situ localisation

Soil organic matter occurs in the following forms:
(i) Living macro- and micro-organisms;
(ii) Decomposing animal, plant and micro-organism remains still retaining much of
their original form;
(iii) Exudates and mucus produced by organisms;
(iv) Leachates from above-ground litter and vegetation;
(v) Humic materials.

The living macro-organisms (roots and macro-invertebrates) are readily separated
from soil and are not normally considered to be part of the soil organic matter.
Micro-organisms and the small invertebrates (the micro- and mesofauna) are included in
soil samples and thus comprise that part of the soil organic matter known collectively as
the microbial biomass. Micro-organisms can be readily observed in thin section
preparations of the soil using microscopic and ultramicroscopic techniques. Two major
components routinely noted in these preparations are fungal hyphae and bacteria. Fungal
hyphae ramify through the soil pores often penetrating dead or living plant tissues and
soil aggregates. Bacteria frequently occur as colonies of a few tens of individuals or less
surrounded by polysaccharide capsules on the surfaces of which clay platelets may be
adsorbed (see e.g., Figure I.11 A and B).

The faeces of saprophagous invertebrates are a common feature of soil thin sections,
particularly those of surface soil materials (see, for example, Bal, 1982 or Brewer and
Sleeman, 1988). Serial ingestion and egestion of plant structural materials mediated by
a succession of these animals progressively reduces the average size of the decomposing
materials while removing some of the more readily-digested components.

Such decomposing plant materials may retain much of their original structure for
long periods. As decomposition proceeds and the fragments of organic debris are
reduced in size, cell contents are depleted and their walls collapse onto the vacuolar
tannins which have resisted previous decomposition. At later stages, this structure
becomes micro-divided and progressively lysed. Despite this, even in fragments less
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than 1 the multi-lamellate structures of plant cell walls and cell membranes may be
still recognisable (Foster, 1985).

Living organisms secrete copious metabolites (see Chapter III). The most important
of these are:
(i) Root exudates and mucilages, which form a thick film over the actively-growing
part of the roots;
(ii) Polysaccharide capsules and sheaths produced by bacteria and fungi;
(iii) Mucus and other secreta deposited by such invertebrates as earthworms and ter-
mites on the walls of their galleries, or admixed with ingested soil in order to facilitate
digestive processes.

Finally, a considerable proportion of soil organic matter comprises small particles
of uncertain origin falling in the micron to sub-micron size range. These particles are
amorphous or granular in structure and include translocated and precipitated organic
materials leached from the surface, humic substances synthesised in situ by microbial
activity, or formed through spontaneous chemical reactions. These panicles include
much of what are chemically characterised as humic substances which may assume
quite different shapes depending on the ionic environment, i.e., pH and electrolyte
concentration (Ghosh and Schnitzer, 1979).
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1.1.3.2 Physical and chemical characterisation

The chemical and other properties of soil organic matter differ considerably, depending
on the relative proportions of the five major components defined above. It may be
usefully fractionated into several components, defined by the methods used to
separate them.

One fraction is defined as the labile organic matter and is composed of relatively
simple organic compounds that may be rapidly assimilated by soil organisms; water-
soluble polysaccharides leached from the litter layers, root exudates and earthworm
mucus are some common examples. Such materials normally occur at low concentrations
due to their rapid decomposition; in temperate soils, water-soluble carbon seldom
exceeds 200 mg (Davidson et al., 1987). Similarly, fluxes of root exudates or earth-
worm mucus may be large although concentrations at any given moment are always low.
The microbial biomass is considered to be part of the labile pool of organic matter
although it is less labile than the above-mentioned materials. As discussed in Section
I.3.1.2.1, microbial biomass carbon concentrations in most soils average between 1 and 5
% of soil organic carbon.

Decomposing root and leaf litters comprise the light fraction of the soil organic matter
which may be separated by flotation on liquids in the density range 1.6 to 2.0 Mg
This fraction has a longer residence time in soils than the labile compounds and may
accumulate over time, depending on soil climatic conditions, clay mineralogy and
the presence of active decomposer invertebrates. It may comprise from 5 to 73 % of total
soil carbon (Figure I.12). The chemical composition of this fraction is dominated by
highly-condensed polysaccharides, together with high but variable concentrations of
cellulose and lignin.
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The heavy fraction of soil organic matter is composed of humic substances which are
linked to mineral constituents to form organo-mineral structures with bulk densities of
more than 2.0 Mg Humic substances are characterised by having a high proportion
(ca. 50 % or more) of their carbon atoms incorporated within aromatic structures.
At least part of the humic acid content may originate from such highly degradation-
resistant phenolic materials as lignins and vacuolar polyphenols contained in the original
plant material. Clay minerals may be the catalysts for such chemical condensation,
perhaps by promoting the polymerisation of phenolic ring structures resistant to
biological attack (Wang et al., 1980).

Humic substances are characterised by their solubilities in certain extractants and
the following three fractions are defined:
(i) humin, which is insoluble in
(ii) humic acids which are soluble in these extractants but are precipitated when
the solution is acidified;
(iii) fulvic acids which remain in solution following acidification.

Fulvic acids have low molecular weights (1,000-30,000 Da) and variable shapes,
depending on their bonds with other inorganic and organic soil constituents (Paul and
Clark, 1989). Humic acids have higher molecular weights (10,000-100,000 Da) and are
formed by the poly-condensation of elements containing a considerable proportion of
their masses as aromatic rings, nitrogen in cyclic form and peptide chains. Humin is
a mixture of humic and fulvic acids with some plant and microbial remains, all linked
by clay minerals.

Variation in the chemical composition of humic acids has been related to annual
rainfall, the nature of the land use and is known to differ between soils (Kumada, 1987;
Almendros et al., 1988; Arshad and Schnitzer, 1989). However, climatic differences
(notably temperature), may not always be reflected in the composition of humic acids
(Shoji et al., 1987).

Recent characterisation of soil organic matter using solid-state spectroscopy and
other techniques is yielding useful information on the distributions of different groupings of
chemical compounds in space, in depth and with changes in land use. Gregorich et al. (1996)
compared the chemical compositions of surface-soil organic matter under a mixed-species
hardwood forest and 90 years after conversion to maize (Zea mays) cropping. In the maize
system, the surface soils were relatively depleted in C, N and in a number of high
molecular weight compounds, particularly lipids and lignin. The compositions of the light
fractions of both systems reflected those of the vegetation from which they were derived,
apart from smaller amounts of carbohydrates and greater quantities of sterols, indicating that
some decomposition had taken place. Compared with more decomposed materials greater
than 53 the light fraction had greater carbohydrate and aliphatic material but less
aromatic material. Higher concentrations of lipids and lignin monomers and dimers were also
present in the light fraction. No differences were apparent between the subsoils and the
subsoil organic matter was almost free of carbohydrates, phenols and most lignins.
The compounds present at depth were the most recalcitrant and included alkyl
aromatics, complex nitrogen compounds, lignin residues and small quantities of lipids.
Chemical changes following cultivation are largely associated with the light fraction
(Skjemstad et al., 1997).
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1.1.3.3 Particle size and aggregate fractionation

Organic residues become increasingly fragmented as decomposition proceeds forming
relatively-stable organo-mineral complexes with clay particles. Smaller particles may
comprise the majority of soil carbon. Baldock et al. (1992) found that in five diverse
soils including mollisols, andisols and oxisols, the amounts of organic carbon contained
in particles less than 2 mm in size ranged from approximately 80 to 90 % of the total
amounts present in these soils. Further, with diminishing particle size, an increasing
proportion of this organic carbon is contained within the heavy fraction.

Consequently, smaller particles are often the most highly decomposed and frequently
contain greater amounts of recalcitrant materials, including those derived from micro-
organism activity. These are presumably more resistant to further decomposition than
their larger counterparts. A knowledge of the particle size distribution of the organic
fraction thus allows a broad assessment of resistance to decomposition although this is
less clear in soils such as andisols and mollisols where a high degree of organic matter
protection occurs through the formation of decomposition-resistant organo-mineral
complexes (Duchaufour, 1997; Baldock et al., 1992).

The proportion of total soil organic matter present between the aggregates may
be contrasted with that protected from microbial degradation within the aggregates.
Where aggregates are stable in water, these two organic matter fractions may be
separated by sieving the whole soil in water. Total organic matter is assessed following
dispersion of the soil into individual particles through the application of ultra-sound
energy, or by shaking the soil for several hours in water with glass beads. The desired
proportions are obtained by difference (Section I.3.2.4.1) (Feller, 1979; Brucker and
Kilbertus, 1980; Elliott, 1986).

1.1.3.4 Functional characterisation

Organic materials have the following three complementary roles in soils. They:
1. Form a reserve of energy and nutrients;
2. Link mineral components within the soil matrix through their colloidal and charge

properties;
3. Retain cations on their predominantly negatively charged surfaces.

Energy densities and nutrient contents
Litters and soil organic matter have relatively low energy densities. Values for several
fresh litters from different litter systems in eastern France ranged between 18.7 and
20.5 kJ depending on the tree species present (Loustau, 1984) (Table I.8). No signif-
icant changes were observed in the partly-decomposed litters of the F and H layers nor
in the coarse (>50 organic fractions of the soil. Fulvic and humic acids had lower
energy densities (16.7 to 18.8 kJ ) and humin even lower values (8.8 to 12.8), with
the single exception (19.1) of samples from a poorly-drained soil.

Generally, 95 % or more of the nitrogen and sulphur, and between 20 and 75 % of
the phosphorus of surface horizons is found in soil organic matter (Duxbury et al., 1989).
Ratios of C:N:S:P appear to be quite uniform with average values of 140:10:1.3:1.3
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(Stevenson, 1986). Some differences occur between climates (e.g., an increase of C:
nutrient ratios in certain tropical Brazilian soils (Neptune et al., 1975), and land use
(e.g., higher C: nutrient ratios in virgin than in cultivated soils (Stevenson, 1986).

About 30 to 40 % of N is included in amino acids or amino sugars (Stevenson, 1986)
and the rest is present in unidentified forms. Organic phosphorus generally occurs as
monoesters of orthophosphoric acids (Hawkes et al., 1984) and up to 30 % of organic
sulphur is contained in amino acids.

Cation retention by soil organic matter
As stated in an earlier section, soil organic matter has a net negative charge at normal
soil pH levels due to the dissociation of carboxyl (-COOH) and hydroxyl (-OH) groups
and, to balance this charge, cations are retained at its surfaces. CEC’s of purified humic
acids range from 300 to 500 cmol while those of purified fulvic acids vary between

171 cmol
Despite the occlusion considered above, organic matter does make a substantial

contribution to soil specific surface area and to cation exchange capacity. Thompson et al.
(1989) estimated that between 19 and 54 per cent. of the total cation exchange capacity
of two soils formed on loessial parent materials was due to variation in the organic
carbon content. Soil organic matter may be the major source of negative charge in
highly-weathered soils dominated by iron and aluminium oxides.

500 and 750 cmol (Burns, 1983). However, these substantial values are not expressed
in soils because of the occlusion of many exchange sites by non-exchangeable iron and
aluminium (Duxbury et al., 1989) and the peat materials described from five histosols
by Lévesque and Dinel (1982) had cation exchange capacities ranging from 122 to
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Functional pools
Soil organic matter may be classified into a number of pools that differ in their overall
chemical compositions and in their degree of physical protection (see I.1.3.3, Figure
I.13). Such protection of organic matter occurs when it is adsorbed onto the exterior
surfaces of clay minerals, intercalated in their inter-layer spaces, within the inter-
particle spaces of small aggregations of clay particles or within compacted soils.
Separate pools of organic matter with different residence times in the soil have been
defined on this basis. Jenkinson et al. (1987) and Parton et al. (1983) distinguish the
following five pools which include two classes (1-2) of plant materials and three (3-5) of
soil organic matter:
1. Readily decomposable “metabolic” plant material with a turnover time of 0.1 to 1 year;
2. Resistant structural plant material (2-5 year turnover time);
3. Active soil organic matter (i.e., microbial biomass) (2-4 year turnover time);
4. Slow (or physically stabilised) soil organic matter (20-50 year turnover time);
5. Passive (or chemically protected) soil organic matter (800-1200 year turnover time).

An approximate correspondence has been found between soil organic matter fractions
separated by various methods and the functional pools (Figure I.1.13)

1.2 The soil atmosphere

The mixture of gases and water vapour forming the atmosphere within the water-free
pore space of the soil differs considerably from that above the surface. As discussed
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in a later section (Section I.2.2.2.2), the relative humidity of the soil air remains close to
saturation until very low soil moisture potentials are attained. Carbon dioxide levels are
also higher than those above the surface and a range of other gases may be present in
substantial concentration, depending on physical conditions in the soil. The composition
of the soil atmosphere is critical to the growth of plants and to the activities of the aerobic
micro-organisms associated with them. Oxygen must be able to flow readily to both
the roots and their microbial symbionts (notably the mycorrhizal fungi) to fulfil their
respiratory requirements and carbon dioxide must also be able to diffuse away. A wide
range of pedogenetically-important soil processes are also controlled by the nature of
the soil atmosphere, including the general nature of decomposition processes, the
activities of the aerobic members of the soil community and the direction of reduction:
oxidation processes.

Gas movement within soils results largely from diffusion. However, barometric
pressure changes, wind gusts over the surface, temperature gradients, the penetration
of water during infiltration (which displaces the soil air ahead of the wetting front),
fluctuations of shallow water tables and the extraction of water by plant roots may
all induce significant mass flows into and out of surface soils (Patwardhan et al., 1988).
The diffusion rates of gases in soils depend on their diffusion coefficients in air,
the concentration gradients present, the pore size distributions (particularly the propor-
tion of air-filled pores), and the geometry of the pore system through which the gases
move. Gas diffusion rates through soil water are too low to be of much biological
consequence in terms of respiration. Nonetheless, the concentrations of dissolved
gases certainly influence both biological and other pedogenetic processes.

Structures created by soil invertebrates, especially the large ecosystem engineers
(notably earthworms, termites, ants and beetles, see II.2.4 and Chapter IV) may
significantly influence gas diffusion. Kretzschmar and Monestiez (1992), for
example, have demonstrated that earthworm burrows significantly increase gas diffusion
rates from soils, particularly at high water potentials where only a small
proportion of the pore space is filled with air.

1.2.1 THE COMPOSITION OF THE SOIL ATMOSPHERE

The concentrations of the major gases in the soil atmosphere are contrasted with those
of the general atmosphere in Table I.9. In the atmosphere, water vapour may constitute
<0.01 % to 3 % by volume of dry air, in addition to the gases. Concentrations in the soil
are influenced by a range of soil physical, chemical and biological properties and by
cultural practices. The most important properties include moisture status, texture,
structure, soil organic matter concentrations and, at a smaller scale, density of and
proximity to roots. Such cultural practices as the addition of organic materials, nitrogenous
and other fertilisers may also affect the soil atmosphere.

The substantially lower diffusion rates of gases in soil water than in air mean that
when soil moisture levels approach saturation, respiration by soil organisms will
rapidly increase carbon dioxide concentrations, reduce oxygen levels and lead to some
degree of anaerobiosis. Conversely, in equivalent dry soils, a greater proportion of
the pore space will be filled with air and hence diffusion will be more rapid. Fine-textured
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soils have a greater capillary rise because of their higher percentages of smaller pores;
thus, the effects of differences in texture on the composition of the soil atmosphere are
clearly interlinked with those of structure and soil moisture.

Soil structure (see Section I.1.3, below) has a major effect on soil aeration; a structure
favourable for plant growth allows rapid infiltration and drainage and adequate aeration
through the larger, air-filled pores while still permitting sufficient moisture to be retained for
plant requirements. The clearly negative effects of excessive cultivation and compaction
in reducing soil aeration are mediated through the modification of soil structure.

The spatial distributions of soil gases are notably heterogeneous. Steep vertical
gradients occur towards the soil surface, although the nature of these gradients will
depend on the properties of individual soils. Local concentrations of organic matter in
the soil may, by providing a substrate for microbial respiration, result in locally-elevated
carbon dioxide levels; declining concentration gradients also occur away from actively-
respiring roots.

1.2.2 CARBON DIOXIDE

Carbon dioxide is a gas of major importance in soils and is produced by the respiration
of plant roots, micro-organisms and, to a lesser extent, the soil fauna. This compound
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influences soil processes both as a gas and in solution; it controls soil pH in the mildly-
acid to mildly-alkaline range (Bruckert and Rouiller, 1979), is an important leaching
agent in solution as carbonic acid (Johnson et al., 1977) and influences the uptake of
plant nutrients. Carbon dioxide concentrations increase with depth in the profile and vary
seasonally (see, e.g., Buyanovsky and Wagner, 1983 and Amundson and Davidson,
1990); they are augmented at higher temperatures because of increased microbial
metabolism and are also higher when the soil surface is covered by snow.

At a broad scale, soil carbon dioxide concentrations during the growing season vary
with actual evapotranspiration (Figure I.14). Using this relationship, Brook and Box
(1983) predicted growing season carbon dioxide concentrations of less than 0.1 % in
deserts, 0.1-0.25 % in the conifer forests of North America and Eurasia, 0.6-1.6 % in
North American deciduous summer green forests and 0.6-4.0 % for rainforests, monsoon
and certain other tropical forests. Concentrations may thus be expected to be highest in
those moist tropical environments where few moisture limitations exist and lowest in dry
and semi-arid desert situations (Brook and Box, 1983). Vegetation change and other
disturbances generally reduce stocks of soil organic matter and lead to lower soil carbon
dioxide concentrations (Brook and Box, 1984).

1.2.3 ANAEROBIOSIS

In well-aerated soils, oxidative reactions dominate such processes as organic matter
decomposition, the conversion of ammonium salts to nitrite and nitrate, of reduced forms
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of manganese and iron to oxidised and the oxidation of hydrogen and methane to other
organic substances. Most of these processes are beneficial to plant growth. In contrast,
where soils are flooded or waterlogged, partial or complete anaerobiosis soon super-
venes because of continued microbial activity and the low diffusion rates of oxygen and
carbon dixoide in water. The degree of anaerobiosis in the soil atmosphere is reflected in
the concentrations of both gases and, as concentrations of both vary approximately
inversely, either or both may be used as indicators (Stolzy et al., 1981). It may also be
measured as the redox potential (Eh) and this ranges from -300 mV (highly reducing
conditions) to 900 mV (highly oxidising conditions).

Anaerobiosis may occur within aggregates even in well drained and structured soils
where the inter-aggregate pore space is aerobic. Sextone et al. (1985) have shown
the existence of strong oxygen gradients within aggregates from such soils; the oxygen
concentrations at the centres of these aggregates were effectively zero (Figure I.15).

As a consequence of microbial activity, a number of materials accumulate in anaerobic
soils and in the anaerobic volumes of otherwise well-aerated soils. These include carbon
dioxide, hydrogen sulphide, methane, ethane, ethylene, a range of higher hydrocarbons
(van Cleemput and El-Sebaay, 1985) and reduced forms of such elements as manganese
and iron. Denitrification gases such as NO and may also be present although the
actual gases present will depend on both the Eh and the nature of the microbiota
present (Munch and Ottow, 1986).
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As the Eh is progressively reduced, the oxygen concentration in the soil solution
diminishes until at ca. 350mV, it disappears completely. Sequentially, other electron
acceptors in the soil start to be utilised (Patrick and Jugsujinda, 1992):

at ca. 200 mV, starts to be reduced to
at ca. 100 mV, starts to be reduced to and
at ca. -150 mV, starts to be reduced to

Anaerobic conditions have severe effects on unadapted higher plants. Small increases
(1-2 %) in carbon dioxide concentrations may stimulate root growth but higher concen-
trations (>5 %) cause increasing impairment. Root function may also be impaired by
a range of factors, including oxygen deficiency, that can lead to a shortage of the internal
substrates needed to drive cell metabolism. In addition, toxins may accumulate in
the root environment, or internal metabolites such as acetaldehyde and ethanol may
build up and these, in turn, reduce photosynthesis, respiration and mineral uptake (Tiedje
et al., 1984). In agricultural situations, crop yields may be reduced by only short periods
of soil inundation (Patwardhan et al., 1988). The activities of such beneficial aerobic
micro-organisms as mycorrhizal fungi and the aerobic nitrogen fixers are reduced.
The decomposition rate of organic matter is depressed under anaerobic conditions (Tate,
1979) and the amount of this depression is related to the Eh (de Laune et al., 1981) even
below +350 mV, the level at which free oxygen is generally absent. In addition, much of
the soil meso- and macrofauna may be eliminated where anaerobiosis is prolonged
because of waterlogging. However, the activities of obligate anaerobic nitrogen-fixing
bacteria such as the Clostridium spp. may be stimulated.

Inundation may range in degree from occasional to seasonal (as by the melting of
snow or highly seasonal rainfall) to regular (as in tidal environments) and, in the extreme,
to an occasional exposure to the atmosphere. Throughout the world, sites that are regu-
larly saturated with water for varying periods of time on a diurnal, monthly or seasonal
basis occur in areas known as wetlands. The plants that occur naturally in such water-
logged situations possess morphological and physiological adaptations that permit
adequate root respiration to occur. These adaptations allow such plants to survive the
deleterious effects of their variably anaerobic soil environments (Drew, 1983).

Among the most striking morphological adaptations to existence in anaerobic soils
are the modified roots (pneumatophores) that occur in a range of mangrove species.
These structures are specialised gas exchange organs and occur in several forms; they
permit the species possessing them to succeed in the often anaerobic coastal and estuar-
ine soils. Further adaptive air-conducting structures found in wetland plants include
the internal aerenchyma (air conducting tissues) that occurs within the stems and roots
of such plants as rice (Oryza sativa) and water lilies (Nymphaea spp.) and supplies
oxygen to their roots and, in some species to the rhizosphere. Other species may respond
to anaerobiosis by facultatively producing aerenchymatous adventitious roots, or increas-
ing the proportion of gas-filled porosity in roots (van Noordwijk and Brouwer, 1993).
A number of physiological adaptations also exist including the ability to avoid toxic
concentrations of such metabolites as ethanol by promoting their leakage into the root
environment, or the transpiration stream (Drew, 1983).

at ca. 250 mV, starts to be denitrified to N gases;
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Figure I.16 summarises the results of a study of a 14-month study of soil redox
potential carried out in a mangrove-forested tidal wetland in tropical northeastern
Australia (Boto and Wellington, 1984). Nine sites were located along a transect laid out
between two creeks; soils were sampled monthly at 5 cm intervals to a depth of 100 cm.
Sites 1 and 2 were below mean sea level, sites 3 and 9 were below mean high water and
site 6 was above the level of the mean high water spring tides.

Since no significant depth or temporal variation was detected, the means and ranges
presented are for all depths over the time course of the study. It may be seen from the Eh
values that all the bulk soils remained consistently anaerobic over the sampling period.
However some evidence of micro-scale increases in redox potential was apparent around
the roots, suggesting that oxygen was being secreted into the mangrove rhizosphere.

1.3 Soil structure and micro-relief

At a number of locations and in particular soils, the surface may be organised into
micro-relief features occurring at horizontal scales that range up to several metres or
more. These features may occur as some combination of ridges, cracks, semi-regular to
quasi-random patterns of holes, hollows and mounds. Micro-relief features may result
from purely physical processes or they may be created by the biota, either directly or
indirectly (Chapter IV) (Figure I.17). They are usually dynamic features of the landscapes
and are constantly being degraded and recreated and have considerable implications for
soil development (Chapter II.3.3.2). Such features may strongly affect the distribution
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and activity of the soil biota through their influences on water relationships, the distri-
butions of soil organic matter and nutrient elements or by providing a favourable or shel-
tered habitat for other organisms.

Micro-relief features created by physical processes include the frost polygons
characteristic of the soils of polar regions. These structures may form extensive
semi-regular patterns of low mounds defined by systems of polygonal cracks. In the cold
desert of Antarctica, snow preferentially entrapped in such cracks melts to provide
a locally-favourable micro-habitat for Acari, Collembola and their supporting microbial
food base (Wise and Spain, 1967). Gilgai formations commonly comprise patterns of
alternating low hollows and mounds at scales of a few metres and are common in soils
containing expansive clays. Biotic micro-relief structures include such features as
coppice mounds formed through the trapping of wind-borne soil materials around
the bases of shrubs in desert regions, the mounds that form at the bases of trees through
bole expansion and the termite and ant mounds abundant in many savanna, tropical
forest and other landscapes (Chapter IV.5.2.2.1).

At smaller scales than those of micro-relief, most soils possess some degree of
structural development. Soil structure may be defined as the grouping of the primary soil
particles into larger compound units (aggregates or peds) of different origins, sizes and
shapes. These units are separated from those adjacent by pore spaces which permit water
movement and gas exchange with the atmosphere. The pore space comprises voids of
many types ranging from large planar cracks formed by the contraction of clay-rich soils
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during drying to irregular, partially-accommodating surfaces between adjacent units to
pores with near cylindrical cross sections formed by root penetration and the burrowing
activities of soil animals. Structure is not a static feature of soils, the component units are
constantly being destroyed and renewed through the continuing and combined activities
of physical forces and the biota; structural changes may be apparent even at a seasonal
scale (Blackman, 1992). It is structure that largely defines the physical environment
within the soil in terms of its degree of aeration and the amount of water it will absorb,
retain and transmit. Following from this, it also determines the suitability of a soil as
a habitat for small invertebrates, and for plant growth.

1.3.1 COMPONENTS OF SOIL STRUCTURE

The basic unit of structure in soils is the aggregate, or ped, which is defined as an
association of soil particles that has a greater degree of internal, inter-particle cohesion
than externally to the particles surrounding it. Clods, in contrast to aggregates, are
larger structures (largest axis greater than approximately 25 mm) created by cutting
and compressing the soil during tillage operations. Aggregates are considered to be
formed through natural processes. Those created by physical processes are characterised
by angular-blocky or prismatic forms. In contrast, faunal activities create aggregates
with characteristically rounded shapes and many aggregates formed around a central
core of plant material have elongate shapes (Oades, 1993). A variety of aggregate types
will occur in most soils.

In most productive soils, aggregates occur in hierarchies of increasing size in which
small aggregates are bound together to form larger compound aggregates. Aggregates of
each size class in the hierarchy may possess properties distinct from those smaller and
larger and will be bound together with characteristic suites of binding agents; these also
differ between the size classes in the hierarchy.

Soil structure may also be considered from the viewpoint of the soil voids, or the spaces
between the structural aggregates. This approach is advantageous when considering
plant growth since the infiltration of water into the soil, its movement through the pro-
file both laterally and vertically and the total store and availability of water to plants all
depend on the presence and the size frequency distribution of the pores. Soil porosity
may be divided into textural and structural components. Textural porosity is the minimal
porosity resulting from the irregular distribution of the inorganic soil fragments; structural
porosity is that component of porosity due to the generally-larger interconnected pores.

Pores are classified on the basis of their equivalent cylindrical diameters (ECD)
although the boundaries of the size classes are somewhat arbitrary. Micro pores are
defined as those pores sufficiently small (less than approximately 30 µm in diameter) to
retain water by capillarity and these contrast with the larger macropores which do not.
Figure I.18 contrasts the pore size distributions of an Amazonian oxisol supporting
respectively a primary forest and a pasture (Grimaldi et al., 1993). Table I.10 presents
examples of the typical size ranges of pores, biological and other structures commonly
found in soils.
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Macropores are of particular importance in determining soil aeration and rapid water
entry. In some soils (notably vertisols), large cracks form on drying and act in this regard
at least during initial wetting. Large macropores created by the biota are known as
biopores and functionally-effective, near-vertical pores are created in almost all soils by
root growth and decay, earthworms, termites, ants and other burrowing invertebrates.
Additionally, larger voids and horizontal galleries and chambers also occur that may not
be continuous with the surface. In one particularly well-aggregated tropical inceptisol,
Radulovich and Sollins (1991) showed that water flowed through the macropores at zero
potential (and could be collected in zero potential lysimeters) even though the remaining
soil was at less than field capacity (see definition in section I.2.2.2.2).
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As shown in Chapter IV, roots are important in the formation of both aggregates and
biopores. During growth, they compress the surrounding soil to an approximate distance
of one diameter (Dexter, 1991) and they cause the surrounding soil to shrink as they
absorb water; they also act to bind small aggregates together mechanically. Living roots
secrete a range of exudates which, in combination with those of the rhizosphere micro-
organisms, cement soil particles together. Further, mycorrhizal fungi acting in conjunc-
tion with the roots are important in both physical binding and the cementation of soil
particles. It has been found that monocotyledonous plants are more effective than
dicotyledons at stabilising aggregates and that grasses are more efficient than cereals
(Oades, 1993). Following root death and disintegration, a biopore remains in the soil
providing a route for water entry and gas exchange and a preferential pathway for future
root growth. Also, aggregates may form around nuclei of decaying root materials.

Soil animals, particularly earthworms, termites and ants strongly influence soil struc-
ture through the formation of both biopores and aggregates (Figure I.17) resulting from
their different feeding and burrowing behaviours (Lee and Foster, 1991). Warner et al.
(1989) reported the presence of faunally-created cavities at depths down to 560 cm in
a Nonh American mollisol supporting pasture; these were attributed to the activities
of ants and earthworms although surface evidence of their activity was not necessarily
visible. Structures created by soil invertebrates, especially the large “ecosystem engineers”
(see II.2.4 and Chapter IV) may significantly affect gas diffusion. Kretzschmar and
Monestiez (1992), for example, have demonstrated that earthworm burrows
significantly increase relative diffusivity of gases, especially at high matric potentials

where a low proportion of porosity is filled with air.
These faunal structures may persist in the soil for long periods (years to centuries),

long after the invertebrates that created them have disappeared (Wielemaker, 1984;
Eschenbrenner, 1986; Blanchart et al., 1997). The influences of these organisms are
considered further in Chapter IV.

In agricultural terms, a well-developed soil structure implies the presence of porous,
water-stable aggregates and is considered important both in protecting the soil surface
against erosion and in promoting a satisfactory level of plant growth. The favourable
effects of well developed structure on plant growth are achieved by facilitating aeration
and water flow into and through soils. A high level of porosity is advantageous since, as
considered in the next section, it is desirable that aerobic processes dominate within
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the pores and the aggregates. In terms of agricultural production. Dexter (1988) considers
it advantageous to have most pores in the size range 0.2 to   to maximise water
storage but for 10 % of the soil volume to be in pores larger than  to promote
aeration. In terms of aggregates, it is desirable that the whole range of size classes are
developed and are stable to mechanical stresses. Further, it is particularly important that
the aggregates exposed to raindrop impact and surface water flow are stable in water
since their too-ready slaking and dispersion may lead to excessive erosion of surface
soils, the blocking of soil pores and the formation of surface crusts.

1.3.2 CLASSIFICATION OF SOIL STRUCTURE

Soil structure has been classified in a variety of ways. Perhaps the best-known of
the morphological classifications is that of the USDA (Soil Survey Staff, 1993). Under
this system, the degree of structure in the soil, the grade, ranges from zero to strong on a
four-point scale, depending on the proportion of the total soil that is occupied by aggregates.
The peds are further classified on the basis of size, shape and degree of distinctness.
Nonetheless, a classification that is based on the effects of the soil forming factors
(a genetic classification), may be preferable and Bonneau and Levy (1982) have
suggested the classification presented in Table I.11.

Such systems are useful for characterising the macroscopic physical and chemical
structures found in soils and may imply other features of the soil environment. Few of
these systems satisfactorily incorporate the complexities of biological and other
small-scale structures found in soils.

1.3.3 AGGREGATE FORMATION AND STABILISATION

The soil components of colloidal size (clays and humic materials) must remain flocculated
for the soil to maintain its stability. Floccules initially form relatively-open structures
and undergo a process known as condensation to form more stable, overlapping arrange-
ments of the component panicles, usually clays. The formation of small, stable units of
multiple clay particles (assemblages, quasi-crystals, domains or, more generally, tactoids)
is followed by coalescence with organic matter and other cements to form increasingly-
larger aggregates.

Aggregates may be formed by the fragmentation of larger particles such as clods or
through agglomerative processes from smaller units. Aggregates may also be formed
through the action of the soil fauna, either by passage through the gut or through their
constructional activities.

1.3.3.1 Genesis and size of aggregates

The factors responsible for the initial formation of small aggregates include expansive
and contractive forces associated with wetting and drying or freezing and thawing.
Aggregate formation and stabilisation is therefore related to soil clay content and
the nature of the clay minerals present. Oades (1993) considers that biotic influences are
most important in coarse-textured soils but diminish with increasing clay content.
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A. Particulate Structure
The soil is loose with no interlinking between particles‚ e.g.‚ unconsolidated sands.

B. Massive Structure

1. Sintered Structure

The soil is moderately cemented‚ it may be slightly porous or penetrated by plant roots or faunal channels‚ e.g.‚

earthworm burrows. May be divided artificially into coherent clods.

2. Cemented Structure

The soil is bound by hard precipitated cements (oxides‚ organic matter‚ carbonates‚ silica) which fix the

primary units into a hard resistant mass. This mass may range from discontinuous (e.g. concretions) to

continuous structures such as iron pans‚ calcareous hard pans‚ etc.

C. Fragmentary Structure

1. Fine aggregate structures

i. These include aggregates up to approximately 1 mm equivalent cylindrical diameter (ECD); they result from

chemical linkages involving interactions between organic matter and clays‚ metal hydroxides and precipitated

humic substances. They may include the excrements of small animals.

ii. Built-up (agglomerative) structures. These aggregates are formed through soil working‚ either through the

agencies of soil animals or man:

a. Granular structures include subspherical aggregates ranging from I mm to 1 cm ECD and are often found

in the surface layers of tilled soils:

b. crumb structures are irregularly-rounded aggregates ranging from 1 mm to 1 cm ECD;

c. nutty structures are irregularly-rounded aggregates greater than 1 cm ECD.

2. Fissure structures

i. Blocky structures are coherent‚ isodimensional aggregates with sharp edges; they range from a few

millimetres to several centimetres in size.

ii. Prismatic structures are prism-shaped aggregates in which the vertical dimension is the greatest (to >20 cm).

Columnar structures are prisms with rounded tops.

iii. Lamellate or platy structures have their greatest dimension in the horizontal plane‚ e.g.‚ fragipans.
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Aggregate formation through abiotic processes becomes more important in soils with
appreciable clay contents which crack along lines of weakness due to the tensile forces
created during drying. Other factors include the pressures associated with drying as roots
absorb water from the soil and the working of soil by man and soil invertebrates. Aggregates
are bound together by cements which may be either organic or inorganic in nature.

Aggregates are classified into size groups that reflect their differing internal compo-
sitions. Particles up to approximately 250 equivalent cylindrical diameter (ECD)
have been termed micro-aggregates and may be involved in dispersion: flocculation
reactions dependent on surface properties (Oades‚ 1987). Macro-aggregates are defined
as those greater than 250 ECD and are bound together by cements such as oxides of
iron‚ aluminium‚ polysaccharides and humic polymers. At a larger scale of organisation‚
a different type of binding occurs through the action of fungal hyphae (notably those of
mycorrhizal fungi‚ Miller and Jastrow‚ 1990; Chenu‚ 1993; Dorioz et al.‚ 1993; Foster‚
1994) and small roots (Figure I.19).

In well-structured soils‚ aggregates do not increase in a smooth gradation of sizes.
Large aggregates comprise those of the smaller sizes held together in a hierarchical
arrangement by characteristic suites of binding agents. Tisdall and Oades (1982) have
described the nature of the binding agents operating at different scales within aggregates
from an Australian red-brown earth (alfisol) (Figure I.20). While the processes involved
may result in different size groupings of aggregates in particular soils‚ the principles are
likely to apply to those soils in which organic matter is the main binding agent.

Water-stable aggregates less than 2 ECD include structures in all stages of con-
densation from relatively-open floccules to condensed tactoids. Some may be cemented
with iron and aluminium oxides. Aggregates in this size range may be highly resistant to
dispersion because of particle bonding by the stabilising aromatic and insoluble organic
matter present. These aggregates are produced only slowly under pasture and may
persist in cultivated soils for many years (Oades‚ 1987).
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Aggregates in the size range 2-20  ECD may be large floccules or tactoids.
However‚ the majority probably comprise associations of clays and microbial remnants.
Figure I.11a shows orientated clay particles associated with such microbial structures as
bacteria‚ fungal hyphae and plant roots. The clay particles and tactoids are bound to
the substantial quantities of polysaccharides produced by these organisms (Figure I.11b).

In the size range 20-250 ECD‚ aggregates are stable to rapid wetting but less so
than those in the range 2-20 ECD. Materials bonding clay in particles of the size
range 20-250 ECD include persistent organic matter‚ oxides of iron and aluminium
and highly-disordered silicate clay minerals; the additive effects of these bonding agents
produce strong‚ water-stable aggregates.
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In both undisturbed and agricultural soils‚ water stable macro-aggregates in soils with
adequate carbon concentrations are held together by a fine‚ three-dimensional network
of small roots and hyphae of mycorrhizal and saprophytic fungi and other organisms.
Miller and Jastrow (1990) consider that much of the effect of roots on aggregate formation
is due to the indirect effects of associations with mycorrhizal fungi and that the strength
and nature of this association also depend on the morphology of the root system.
In contrast‚ ephemeral macro-aggregates bonded by transient binding agents are found
in soils of lower organic matter content. Other binding agents‚ such as iron and aluminium
oxides and highly disordered silicate clay minerals may also be present.

Microbial biomass carbon‚ nitrogen and phosphorus concentrations‚ and probably
those of other elements‚ differ between aggregates of different size groups. In comparing
aggregates from forest‚ savanna and cropped soils in a seasonally-dry tropical environment‚
Singh and Singh (1995) found that microbial biomass carbon concentrations were higher
in macro-aggregates (more than 0.3 mm ECD) while micro-aggregates had greater con-
centrations of microbial biomass nitrogen and phosphorus.

The faeces of soil animals may be deposited within soils as void infillings‚ in
remodelled form as linings to galleries and other structures‚ and as discrete aggregates.
Such aggregates occur in a variety of shapes‚ sizes and mineral contents and may
comprise a notable feature of the soil structure‚ particularly in undisturbed or little-
disturbed soils. Aggregates produced by soil animals are therefore highly variable in
composition since their genesis is dependent on the feeding habits of the species that
produced them. The casts of soil-feeding earthworms are perhaps the most well-
recognised form of faunal aggregate. Schemes exist for their classification in soil
micromorphological studies (Bal‚ 1973).

1.3.3.2 Organo-mineral bonding

As indicated above‚ the intimate associations that occur between the various types of
organic matter and the mineral fractions of the soil result from a range of chemical and
physico-chemical bonding mechanisms (Emerson et al.‚ 1986; Theng‚ 1987). Because of
their small sizes and elevated surface areas‚ interactions between clays and organic
matter assume great significance in structural stability (Theng‚ 1987); important
interactions also occur with larger particles (Turchenek and Oades‚ 1979; Chenu‚ 1993).

The most important organic materials in terms of soil aggregation are the polysac-
charides and humic materials‚ although they act at different temporal and spatial scales.
Monnier (1965) categorised the differing effects on soil structure of incorporating
organic materials of varying degrees of humification into the soil. The incorporation of
green materials leads to a flush of microbial activity and the production of such effective
but ephemeral bonding agents as extra-cellular polysaccharides from the organisms
involved (Chenu‚ 1993). If more highly decomposed materials are incorporated‚
the effect is lesser but more long-lasting. Finally‚ if highly decomposed materials rich in
humic compounds are incorporated‚ an even smaller but very long-lasting stabilising
effect is obtained. In the spatial sense‚ the larger aggregates are stabilised by organic
matter derived from crop residues and other regularly-supplied plant materials both of
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which are constantly being degraded and renewed. Thus‚ changes in soil organic carbon
concentrations mainly affect the larger aggregates; the organic matter that stabilises the
smaller aggregates is incorporated in the spaces between the factoids and may be highly
protected and persistent.

1.3.4 DYNAMICS AND IMPAIRMENT OF SOIL STRUCTURE

As considered above‚ the types and spatial dispositions of the pores and aggregates that
comprise the soil structure at any specific time are the result of a large number of
physical‚ chemical and biological processes operating at different spatial and temporal
scales. Thus‚ because of the dynamic nature of soil structure‚ a balance exists between
the creation of aggregates and macropores and their destruction.

The physical forces leading to the shrinking and swelling of clays play an important
role in the dynamics of structure by forcing particles into close contact. They may act
differently between the seasons and years‚ depending on the climate and its variation.
Inputs of photosynthetically-derived energy as root growth and expansion vary seasonally‚
as do inputs of the organic matter that provide a source of energy for faunal activity
directed towards the creation of burrows and other biopores‚ casts and faecal pellets.

Aggregate stability is determined by the nature of the binding agents and will clearly
differ between the various aggregate size classes and between soils. In soils that possess
a hierarchy of aggregates‚ the larger aggregates may be disrupted by the decomposition
of the fungal hyphae or the fine roots that bind them. The subsequent breakdown of
the smaller more stable aggregates may result from disruption of their organic or
inorganic glues.

The important role of the macrofauna in aggregate formation in most soils (Bal‚ 1982;
van Breemen‚ 1993) is due to their promotion of primary binding through their
mechanical activities and intestinal mixing (Barois et al.‚ 1993). They also produce
macro-scale structures ranging from faecal pellets to several centimetres)
to large subterranean structures such as termite and ant nests. Earthworm faecal pellets
may accumulate to such an extent that certain soils have been called ‘vermisols’
(Pop and Postolache‚ 1987). Probably the two most important faunal groups in aggregate
production are earthworms (Hopp and Hopkins‚ 1946; Marinissen‚ 1995; Blanchart
et al.‚ 1997) and termites (Eschenbrenner‚ 1986; Garnier-Sillam et al.‚ 1988a; Miklos‚
1992) while such groups as enchytraeids (Didden‚ 1990; van Vliet et al.‚ 1993) are
probably of lesser importance.

The stabilities of these structures largely depend on the strength of the primary
bindings. Certain structures‚ such as the fresh casts of large endogeic earthworms‚
possess little structural stability although‚ on ageing‚ they become highly resistant to
mechanical breakdown. For example‚ casts that have undergone a number of wetting and
drying cycles (Blanchart et al.‚ 1993) may remain intact for several years. Production of
such casts may exceed yearly and the large earthworms that produce them
feed exclusively on small soil aggregates. As discussed further in Chapter IV‚ such earth-
worms do not re-ingest their own casts. Maintenance of an appropriate aggregate size
distribution therefore depends on the activities of the smaller earthworm species‚ other
invertebrates and non-biological processes to break down the large aggregates thereby
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restoring the pool of small aggregates (Blanchart et al.‚ 1997).
Other components of soil structure‚ especially the larger biopores‚ are also consis-

tently renewed through biological activity. Consequently‚ in terms of both macropores
and aggregates‚ soil structural maintenance should be considered to be largely under
biological control in all but the finest-textured soils with high concentrations of
expansive clays. Furthermore‚ such structures may persist for much longer periods
than the organisms that created them or they can be destroyed by other organisms long
before the cements and other materials binding them have lost their effects.

Apart from the biological destruction considered above‚ aggregates may be disrupted
by internal or external forces. Disruption may result from the high air pressures
associated with rapid wetting or through the dissolution of their internal “glues”.
External forces leading to aggregate breakdown include the compactive and shearing
pressures induced by tillage implements and the trampling of domestic and other large
animals. Aggregates may also be disrupted by the forces induced through drying and
freezing and by the expansion of salt crystals in saline soils.

Soil structure may be readily degraded in agricultural and other situations through
the application of external energy‚ through soil baring‚ excessive cultivation and mechan-
ical compression. Soils differ widely in their susceptibility to structural disruption.
In most soils‚ the exchange complex is dominated by and this results in strong
inter-particle bonding leading to a stable structure resistant to the disruptive forces
listed above. In contrast‚ in sodic soils (Section I.1.1.1.2)‚ inappropriate management can
quickly lead to the situation where rapid wetting by rainwater causes surface aggregates
to slake and their clays to disperse (Sumner‚ 1995). Such processes can lead to the
deposition of a layer of fine particles over the soil surface and the blocking of pores
important in water transmission and aeration. This surface sealing process may lead
to diminished plant growth‚ either directly because of the higher mechanical strength
of the surface crust (which may reduce seedling emergence) or indirectly by restricting
water entry and gas exchange.

Where its physical condition has been impaired by unsuitable land use practices‚
the soil may be rendered prone to accelerated erosion through the energy of wind or
water‚ and its capacity to support satisfactory plant growth may be reduced. This impair-
ment may be due to collapse of the surface soil structure following exposure to rain drop
impact or excessive working during tillage operations‚ particularly of very wet or very
dry soil. Agricultural operations (including the trampling and puddling activities of farm
animals) may also cause severe soil compaction‚ particularly when the soil is wet‚ and
this may cause part of the profile to become too strong for roots to penetrate.

Finally‚ oversimplification of soil fauna communities associated with conventional
tillage or cropping may result in an overdominance of either “compacting” or “de-
compacting” species with negative effects on water infiltration or resistance to erosion.
Severe compaction and significant losses of production have followed the establishment
of large populations of the endogeic earthworm Pontoscolex corethrurus in sweet
potato fields in New Guinea and in Amazonian pastures (Rose and Wood‚ 1980; Barros
et al.‚ 1996). However‚ lower populations of this species normally have significant
positive effects on plant growth (see Chapter IV.4.4).



I.2 THE SOIL MICROCLIMATE

The microclimate of the soil is defined in terms of its internal temperature and
hydrological regimes and is therefore generally determined by the external climate.
Since this varies broadly with latitude‚ elevation‚ rainfall distribution and‚ to a lesser
degree‚ with vegetation type and cover‚ aspect and a range of other factors‚ it is clear
that soil microclimates are likely to differ almost as widely as those of the surface‚
albeit increasingly buffered from rapid change with greater depth in the profile.

The soil properties that determine water entry and movement within the soil are
clearly important in defining the microclimate. Soil temperature regimes and the factors
governing their variation in time and space form the remaining pan of its definition.

2.1 Soil temperatures

The temperature regimes that pertain in soils influence many processes that occur
therein and play a part in controlling the rates and processes of soil development and
the composition and activities of the biota. Agricultural productivity is frequently
limited by either low or excessively high temperatures‚ although both effects are often
related to moisture status. In the pedogenetic sense‚ water is a major agent of physical
weathering through expansion: contraction processes and particularly the frequency
with which the 0 °C boundary is crossed (Figure I.21a). The rates of many biological and
chemical weathering processes are also temperature dependent

All species have required minimum and maximum temperatures for growth and
survival and‚ in the arthropods‚ these may differ between developmental stages.
However‚ most species usually have a somewhat narrower preferred range.

The species present in extreme environments usually possess specific adaptations to
permit their survival therein. However‚ a minimum requirement for the persistence of
most species is that temperature and moisture regimes be regularly within a favourable
range for a sufficient period to permit successful reproduction and development.

2.1.1 SURFACE ENERGY BALANCE

Soil temperatures are directly related to the energy balance at the surface. This may be
stated as the following equality (Bonneau‚ 1979):

where a is the albedo‚ is the incident solar radiation (direct + diffuse)‚ is the long
wave atmospheric radiation‚ C is the energy gained by the condensation of water‚ E is
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the energy lost by evaporation‚ is the energy radiated from the surface and Q is
the energy gained or lost by the soil through conduction and convection of the air‚
and conduction by the soil. If Q is positive‚ the soil surface heats up and will transmit
energy to the lower layers of the soil‚ if they are cooler. Where Q is negative‚ the soil
surface cools and gains energy from the subsurface layers‚ providing they are warmer.

Transmission of heat to the lower soil layers depends on the thermal capacity and
the thermal conductivity of the soil. Thermal conductivity is dependent on the particle
size distribution‚ the water content‚ the bulk density and‚ in organic soils‚ the organic
matter concentration. Due to the high thermal capacity of water in comparison with
that of the dry soil‚ the thermal capacity of the soil is much higher when it is wet.
Additionally‚ the high thermal conductivity of water and its intimate contact with the soil
ensures that wet soils transmit heat readily. Because of rapid heat transmission to greater
soil depths‚ wet and water-logged soils take much longer to warm in Spring‚ a matter
of considerable importance to agriculture in colder climates. Soil water content thus
plays a major part in controlling the absorption and transmission of heat.

From the foregoing‚ it is clear that both thermal capacity and conductivity will
normally vary substantially down the profile and between soils. Additionally‚ regular
temporal variation may be expected with seasonal and other changes in soil water
status and with surface radiation.

2.1.2 DAILY AND SEASONAL VARIATION

Because of latitudinal differences‚ the radiation incident on the soil surface increases
systematically from the poles to the equator‚ although similar patterns of daily and
seasonal variation may be expected. Additional local variation results from changes
in vegetation cover‚ aspect‚ slope and exposure.

Daily temperature variation at the soil surface follows an approximately sinusoidal
pattern and produces a wave that is propagated into the soil. This quickly attenuates
with depth and the amplitude of daily variation is slight below approximately fifty
centimetres. The rate of penetration of the wave of heat energy through the soil is
relatively slow leading to the situation where daily maxima at depth lag substantially
behind surface temperatures.

The above points are illustrated with data from two very different locations. Figure 1.2la
presents the march of temperatures over a 24-hour period during summer at a site near
the Shackleton Glacier‚ Antarctica (84°30’S‚ 174°W) (Wise and Shoup‚ 1971). This area
is near the southern limit of animal existence and the site supports a sparse population
of Acari based on a simple microbial food chain (Wise and Gressitt‚ 1965). Soils at
the site remain frozen for much of the year but‚ during summer‚ thaw daily to depths of
at least 15 cm for sufficient periods to permit the animals to complete their life cycles.
The lag in temperature change at depth is illustrated by data from the different depths;
the maximum occurred at the surface at 1400 h while that at 15 cm did not occur until
1600 h. Air temperature during the 24 hour period of observations ranged between
-6 °C to 4.5 °C. Surface temperature varied more widely than that at depth; the rapid rise
and fall of temperature at 0600 h was due to a brief period of insolation. The biota of this
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cold desert is strongly water-limited and soil animals are largely restricted to areas
receiving water from melting snow and ice.

Data from the un-vegetated tropical alfisol studied by Bristow (1988) (Figure I.21b)
illustrates a similar pattern of daily temperature variation‚ and the elevated temperatures
that may be attained on bare tropical soils. This figure also confirms several of the points
listed above. Soil temperatures show a much diminished diurnal variation with increas-
ing depth and the magnitude of this is reduced to less than 1 °C at 50 cm. Also‚ the time lag
between daily maxima at increasing soil depths is clear; the surface soil temperature
attains its maximum at 1300 h while at 10 cm this does not occur until 1600 h. At 50 cm‚
the maximum temperature occurred at ca. 0500 h the subsequent day. Air temperatures
during the 24 hour study period ranged from 20.9 °C to 32.8 °C.
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Finally‚ the rapid temperature decreases that occur between 1400 h and 2000 h and
from 0400 to 0800 h can have important consequences for soil-dwelling animals since
free water may condense in soil‚ given the constant saturation of the air-filled porosity.
This is illustrated by the biomodal pattern of daily surface casting by two endogeic
earthworms in African savannas at Lamto (Côte d’Ivoire): peaks in casting occurred
at 1800 to 2100 h and again at 0600 h following two daily falls in temperature
(Lavelle‚ 1978).

In a way analogous to diurnal temperature changes‚ seasonal variation in energy input
to the soil surface strongly influences soil temperatures. However‚ seasonal depth changes
penetrate to depths of some metres (Figure I.22) and lag behind those at the surface
producing maxima (and minima) at depth later in the year than those at the surface.
Further‚ the amplitude of seasonal temperature variation is progressively damped with
increasing depth in the solum.
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2.1.3 EFFECTS OF VEGETATION

A vegetation cover dampens the extremes of soil temperature variation on both a diurnal
and a seasonal basis; soils beneath a layer of vegetation are both cooler in summer and
warmer in winter. This is of considerable agricultural importance since extremes of
temperature are inimical to plant establishment and growth.

In the tropics‚ temperatures may become very high on unvegetated soil surfaces and
in the upper part of the solum immediately beneath. Unduly high temperatures will
reduce the germination and establishment of seedlings while low soil temperatures
frequently limit growth rates in cool climates. Further‚ high soil temperatures are
conducive to rapid organic matter oxidation and are thus undesirable from the viewpoint
of conserving this resource.

Soil temperatures are effectively reduced by the presence of a living canopy or a layer
of dead vegetation‚ either standing or as a surface mulch. This vegetation layer may
be a forest‚ a pasture canopy‚ chemically-killed standing vegetation or a superficial layer
of harvest residues or other organic materials. The effect of such a layer is to dampen
the extremes of soil temperature by intercepting part of the incoming radiation and
reducing convective exchange between the soil and the atmosphere.
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Figure I.23a compares the daily march of the temperature of a bare soil surface with
that beneath a surface mulch of standing dead foliage of the pasture legume Stylosanthes
hamata in tropical northeastern Australia (Bristow‚ 1988). The mulch effected a reduction
of 7.3 °C in the daily surface maximum at this date although this effect was much reduced
when the soils were wet. The daily temperature regimes of bare soil surfaces may be
even more severe than that presented above; Ross et al. (1985) recorded temperatures as
high as 60 °C at the surfaces of bare soils while surface mulches reduced this by as much
as 20 °C. In contrast‚ Figure I.23b compares the diurnal temperature changes at the sur-
face and beneath a moss cushion at the Shackleton Glacier site presented in Figure I.21a.
The amplitude of variation at the exposed soil surface is clearly greater‚ with lower
temperatures pertaining during the hours when the sun was low in the sky or not
incident on the site and higher and more variable temperatures when the surface was
exposed to greater incident radiation.

The influences of vegetation may be just as important over longer time intervals.
Bonneau (1979) considered that a forest canopy in a temperate climate may increase
winter soil temperatures by 1-2 °C and reduce those during summer by as much as
7-8 °C‚ compared with soils outside the forest.
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2.2 Water in soils

The amounts of water in soils and the forms and tenacity with which it is held are
the major determinants of rates and directions of soil processes at all spatial‚ temporal
and functional scales. This includes soil biological activity and most of the chemical and
physico-chemical processes occurring in the soil system.

The water molecule is not symmetric (Figure I.24). Two hydrogen ions with a fixed
angle (104.5°) between them occur at one end of the molecule inducing a positive charge
at this end of the molecule and a corresponding negative charge at its other end.
This polarity allows the formation of electrostatic bonds with other water molecules‚
cations in the soil solution and the predominantly negatively-charged surfaces of clays
and other surfaces. Water molecules do not act independently but are linked to sur-
rounding water molecules to form short-lived‚ two and three dimensional polymer-like
associations. They are also attracted to positively charged cations to form hydration
shells around them (Figure I.24).
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In the liquid state‚ water expends part of its potential energy in the physical transfor-
mation of parent materials and transport of solid particles‚ either at the surface (erosion)
or within the soil profile (translocation). Because of its polarity‚ water adheres to solid
particles‚ and this is of especial importance in the small pores and capillaries where solid‚
liquid and gaseous phases interact. As stated above‚ water is also a good conductor and
therefore has an important role in heat transmission. As a reactant‚ water promotes
hydrolysis and dissolution‚ two important processes in the weathering and transforma-
tion of both organic and inorganic components during soil formation (Chapter II).

Also‚ as considered later in this chapter (Section I.2.2.2)‚ variation in soil water content
exerts an important control over the nature and activity of the biota present and on the
directions and rates of many soil reactions. Water-logging that lasts for more than short
periods results in substantially-reduced soil oxygen concentrations‚ reducing conditions
and the production of compounds inimical to the growth of most plants. The plants
that inhabit wetlands normally possess special structures that facilitate gas exchange
with the atmosphere‚ or physiological adaptations that allow them to cope with these
conditions (Section I.2.2.3).

As the major component of living entities‚ water may be considered as a resource.
Its availability in time and space‚ the competition that occurs for it between organisms
and the energy necessary for plants and other organisms to absorb it from soil pores
are characteristics of paramount importance in controlling the activities of the soil biota.
The energy relationships of soil water are given particular emphasis in this section.
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2.2.1 THE FORMS OF WATER IN SOILS

Water may be present in soils as a solid‚ a vapour or in its more usual liquid state.
While water in the latter state is of the greatest interest in terms of its utilisation by plant
and other soil organisms‚ the occurrence of water in other states assumes great
pedological and biological importance at certain locations and times.

At high latitudes‚ soils may remain frozen for a substantial part of the year and only
thaw in summer to shallow depths dependent on site insolation. In extreme climates such
as Antarctica‚ soils may remain frozen virtually throughout the year; as considered above‚
free water may be present at the surface only briefly in the early afternoon for a short
period during summer. Below the maximum depth of thawing lies the permafrost‚ a zone
that remains permanently frozen. With decreasing latitude‚ the permafrost occurs
progressively deeper in the profile and finally ceases to exist. However‚ surface soils in
cool temperate climates and at high elevations may freeze for variable periods during
the winter or only for periods each day‚ depending on the heat balance of the site.

The air within the larger pores of most well-drained soils is normally completely
saturated with water vapour. The amount of water-vapour-saturated air in a given soil
will depend on the total pore space and the pore size distribution. In addition‚ the amount
of liquid water present has a bearing on this‚ filling the pore spaces progressively from
small to large as the soil is wetted (Papendick and Campbell‚ 1981). Soil structure is
a major factor in determining the volume of air in a soil and thus how much water will
be present in the vapour phase. Water vapour movement in the soils of dry environments
may be of considerable importance to the biota.

2.2.2 MECHANISMS OF WATER RETENTION

Because of their polarity‚ water molecules are attracted to the mineral and organic matter
forming the walls of soil pores (adhesion or adsorption) and to other water molecules
(cohesion). Water lenses occur at contact points between solid particles and surface films
form due to capillary forces; the bonding energy of these molecules is directly related to
their distances from the surface involved (Brady and Weil‚ 1996).

The soil pore space may be partly or completely filled with water which‚ depending
on the pore-size distribution‚ will be retained within the soil with varying levels of tenacity.
However‚ the pattern of water retention in soils is extremely complex since it depends
on both the organisation of the pore space and the composition and arrangement of
the solid particles.

2.2.2.1 Soil water potential

The water potential is defined as the free or potential energy of a defined mass of
water in the soil system relative to that of a reference body of pure free water (Papendick
and Campbell‚ 1981). It is the sum of its component potentials:
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where is the gravitational potential‚ is the matric potential due to adsorptive
and capillary forces‚ is the osmotic potential due to the presence of solutes‚ is

swelling soils. At the scale of a soil sample‚ only and are normally of importance‚
although assumes great biological importance in salt-affected soils.

The water potential of a defined mass of soil water is related to the work required
to extract it. Water potential may be expressed in any pressure unit (bars‚ centimetres of
water‚ or the S.I. unit‚ the Pascal (Pa) or in pF units which are the logarithms (to base 10)
of soil water potential expressed in centimetres of water (Table I.12). This table also
presents the sizes of the pores that remain full of water at a range of specific potentials.
Water potential in unsaturated soils is almost always negative although the numerically
equivalent positive term ‘water tension’ is sometimes used for convenience. Water poten-
tial is formally defined as the equivalent pressure that must be applied to the soil water
to bring it to hydraulic equilibrium through a porous membrane with a reference body
of free water (Soil Science Society of America‚ 1997). Soil water potential values
presented here will be expressed in megapascals (MPa).

the pressure potential as in applied air or hydraulic pressure and is the overburden
pressure resulting from the weight of the overlying material and is of importance in
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2.2.2.2 The energy status of water in soils

Water falling on the soil surface enters the pores and soil aggregates under the influence
of gravitational and capillary forces. Part of the applied water will run off over the surface
if the rate of input per unit area of surface is greater than its infiltration capacity‚ the rate
at which the soil surface will accept water.

The size-frequency distribution of the soil pores determines the maximum retentive
capacity of soils which is defined as the maximum volume of water that may be retained
in the absence of drainage. At this stage‚ water potential is close to zero. When water
input ceases‚ part of the soil water drains to the water table under the influence of
gravity and a new state of approximate equilibrium‚ field capacity‚ is reached.
Field capacity is defined as the water content of a drying profile after drainage from it
is arbitrarily judged to have become negligibly small. At this stage‚ capillaries less
than a given diameter remain full of water and the forces retaining water in the soil
approximately balance those of gravity. Matric potentials at field capacity depend on
texture and may vary from -0.01 MPa (pF 2.0) for a uniform sandy soil to -0.05 MPa
(pF 2.7) for one of fine texture. Because of this‚ the diameters of the capillaries
remaining full of water at field capacity range from approximately 6 to 30

As the soil continues to dry‚ a further characteristic stage is attained below which
many mesophytic crop plants can extract no further water from the soil: this is termed
the permanent wilting point. The capillary water extractable by plants (i.e.‚ from pores
greater than ca. 0.15 in diameter) is exhausted and the water potential is -1.5 MPa
(pF 4.2). However‚ plants are capable of drying soils to potentials far below -1.5 MPa.
Root-zone matric potentials of -4.5 MPa (pF 4.7) have been recorded under winter wheat
crops (Papendick et al.‚ 1971) and -7.0 MPa (pF 4.9) from soils supporting the North
American xerophyte‚ Artemisia tridentata (sagebrush) (Campbell and Harris‚ 1977).
Some few extreme xerophytes (“resurrection plants”) may survive drought almost
independently of soil water status and can withstand the near-complete desiccation
of their tissues (Gaff‚ 1981).

With further drying below -1.5 MPa‚ water only remains in progressively smaller
pores (Table I.12) until effectively no liquid water remains‚ although the soil atmosphere
still remains almost completely saturated with water vapour. The fall in the relative
humidity of the soil air with increasing water potential is slow and it is not until
potentials of -20 MPa are reached that it falls much below 90 per cent.

If‚ during the progressive drying of a wet soil‚ soil water potential is plotted against
the equilibrium gravimetric water content over a wide range of potentials‚ the resulting
characteristic draining curve describes how much water will be held in that section of
the profile. The nature of the characteristic draining curve differs from soil to soil
depending on soil texture‚ with fine textured soils retaining more water at any given
potential than those of coarse texture (Figure I.25). Soil structure also plays a part but
mainly at high water potentials. The shape of this curve differs when the soil is taking
up as opposed to losing water‚ a phenomenon known as hysteresis. This results from
several causes including the non-uniformity of pores‚ differential changes in structure on
drying and wetting‚ differences in the radii of curvature of advancing versus retreating
menisci in the pores‚ and the presence of entrapped air bubbles that may block pores
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during water absorption (Papendick and Campbell‚ 1981). Characteristic draining curves
also vary with temperature; at any given potential‚ less gravimetric water will be
present at higher temperatures than at low‚ irrespective of whether the soil is taking
up or losing water.

2.2.3 RESPONSE OF THE SOIL BIOTA TO WATER STRESS

A large part of the adaptive strategies of the soil biota is defined by the ability of these
organisms to live either in the water- or air-filled soil pores‚ and by their capacity to
survive desiccation. This is addressed further in Chapter III.

2.2.3.1 Microbial tolerance of water stress

Micro-organisms‚ as with higher plants‚ are highly sensitive to changes in water poten-
tial and considerable variation in water-stress tolerance exists between and within
groups. The movement of many propagules and of such unicellular organisms as
bacteria is dependent on the presence of free water or water held at very high potentials:
bacterial movement‚ for example‚ becomes negligible at matric potentials less than -0.01
MPa (i.e.‚ when pores of a diameter greater than ca. 30 are not completely filled
with water).

As soils dry‚ the respiration of micro-organisms declines below certain ranges of
matric or osmotic potential‚ characteristic for the various groups. In wet but not saturated
soils‚ most organisms may be active although as soils progressively dry the bacteria
rapidly cease to be active. Soil bacterial respiration‚ for example‚ may be minimal at
water potentials less than -1.5 MPa. Soil fungi are much more tolerant of low matric
potentials than soil bacteria and may remain active to quite low potentials. Papendick and
Campbell (1981) state that some micro-organism activity may still be detectable where
soil air relative humidity exceeds 70 per cent.

The growth rates of fungi in vitro are clearly related to the water potential
although the limitations to growth below certain potentials may be as much due to their
inability to absorb nutrients as water (Jennings‚ 1995). Responses to matric and osmotic
potentials have different forms with growth declining nearly linearly with but that

values from -0.1 MPa to those that grow little at osmotic potentials less than -15 MPa.
The reactions of micro-organisms over their active ranges of water potentials are

complicated by other factors than the matric and osmotic potentials. Antagonisms occur
between and within groups and both fungi and bacteria may grow at much lower
potentials in pure than in mixed cultures‚ or in the soil. In the natural environment‚
fungal growth may not be closely related to immediate water potentials due to the

with showing an increase to an optimum followed by an approximately linear decline
(Griffin‚ 1981a).

Griffin (1981a) defined five overlapping groups of micro-organisms defined by the
osmotic potential ranges within which they grow. Overall‚ this range includes poorly-
tolerant species that fail to grow at less than -0.2 MPa to the highly xerotolerant species
that continue to grow at -40 MPa or less and which may fail to grow at high potentials.
Soil micro-organisms belong to several groups but are largely included in the range of
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capacity of these organisms to translocate water and support growth into materials or
across sites where little water is present at potentials suitable for growth. The situation
is further complicated by additional interactions with temperature and nutrition. Griffin
(1981b) considers that water-retention energy alone is insufficient as a predictor of
microbial activity and that pore-size distribution‚ volumetric water content and other
soil factors are also of importance.

2.2.3.2 Faunal responses to water stress

Because of their eco-physiological adaptations to a soil-dwelling existence‚ the activities
of most soil animals are closely circumscribed by soil water status (Ghilarov‚ 1983).
With respect to soil water‚ common adaptations include the possession of permeable
integuments and a predominantly cutaneous respiration. Among the tracheate groups
living in the soil‚ spiracles are frequently absent; where present‚ their possessors are
often unable to regulate the rate of gas exchange through them.

Soil animals may be divided into two groups based on the ways they move through
soils (see Chapter III‚ section 4)‚ namely‚ those that are constrained to move through
existing interstices and those that can progress through the soil either by ingesting it or
transporting it out of their path. In terms of energy conservation‚ the reduced strength of
moist soils must be advantageous to members of the latter group. Four major macrofaunal
taxa belonging to this group are the earthworms‚ termites‚ ants and certain beetles.
Earthworms require high soil water potentials for activity and this is reflected in their
virtual exclusion from arid areas. In contrast‚ many species of termites and ants live in
the protected environment of the soil and members of the former group can at least
partially control the humidity of their nests by transporting water from deeper horizons.
For this reason‚ a range of species has been able to colonise dry tropical savanna
ecosystems and deserts successfully.

Despite the well-developed digging and burrowing capacities of a few groups‚ most
soil animals are constrained to move through existing soil pores and the size
distributions and inter-connectedness of these pores must constrain their mobilities.
Many small soil animals such as nematodes and protists are effectively aquatic and
also require water at high potentials for activity. For example‚ Wallace (1961) showed
that movement of the larvae of the nematode Ditylenchus dipsaci was optimal at poten-
tials between approximately -0.002 and -0.003 MPa‚ but also subject to satisfactory
pore sizes being available.

As soils dry‚ the larger mesofaunal species are affected by water availability only
below critical matric potentials specific to each species and beyond which they can no
longer maintain their internal water balance. For example‚ atracheate Isotomid Collembola
are affected at water potentials less than -1.5 MPa while the more desiccation-resistant
Cryptostigmata (Acari) are only affected below -9.8 MPa. A few Cryptostigmata may
sustain their internal water balances at water potentials down to -98 MPa‚ reflecting
the considerable variability present within some groups (Vannier‚ 1987).
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2.2.4 A BROAD CLASSIFICATION OF SOIL WATER

While the amount of water retained in a soil is a continuous function of the energy
required for its extraction (Figure I.25), it is convenient‚ and meaningful in terms of
the behaviour of certain crop plants‚ to consider three broad categories of soil water‚
based on their energies of retention within the soil matrix:
1.

diameter) or slowly (from pores of 10 to 50 diameter) towards the water table
under the influence of gravity. This fraction of the soil water is that held at
potentials of greater than approximately -0.03 MPa and is indicated as region A
in Figure I.25.
Capillary water corresponds to the water held in soil pores or on surfaces with
potentials in the range -0.03 to -3.1 MPa (region B in Figure I.25). It also corresponds
to water held in pores between the approximate diameters of 0.1 and 6.0 Below
potentials of -3.1 MPa‚ little further capillary water remains.
Hygroscopic water forms a thin‚ tightly-adsorbed (matric potential less than -3.1
MPa) layer held on the surfaces of the soil particles‚ particularly the clay minerals and
is represented as region C in Figure I.25. This category includes the inter-layer water
bound to the surfaces of clay particles by covalent and hydrogen bonds (Figure I.24)
and inter-particle water adsorbed within small tactoids formed from aggregated clays.

2.

3.

The mass of water held in a given volume of soil between the approximate potential
levels of -0.03 MPa (field capacity) and -1.5 MPa (the permanent wilting point) corre-
sponds to the plant-available water. This is the reserve (R) of water available to
certain mesophytic agricultural crop plants and is expressed in millimetres of water
using the formula:

where F and W are the percentages of water per unit mass retained at‚ respectively‚
field capacity and wilting point‚ D is the depth of soil and BD is the bulk density
(Duchaufour‚ 1997).

At a profile scale‚ the total water reserve may be calculated by summing estimates
made for each horizon. Such reserves may range from 50 to 60 mm for a shallow
(ca. 30 cm deep) soil to more than 400 mm for the water available to strongly
rooting plants in a deep silty soil (Mériaux‚ 1979). The store of “plant-available” water
calculated in this way will underestimate that actually available because the roots of
many plant species are infected with mycorrhizal fungi. Water held at potentials
substantially lower than -1.5 MPa may be made available to their host plants through
the medium of these fungi (Chapter IV.3.2.1.2). Further water may also be extracted
from the weathering zone beneath the soil (the R layer) by deeper-rooted species.

Gravitational water fills the larger pores (minimum diameter range 6 to >30 ) and
is retained in the soil with little energy. It drains rapidly (from pores greater than 50
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2.2.4.1 Water retention in different soils

On either a gravimetric‚ or mass per unit volume basis‚ the equilibrium water content
corresponding to any given water potential is strongly influenced by both soil texture
(textural porosity) and structure (structural porosity). At a given potential‚ the gravimetric
water content depends on the size-frequency distribution of the soil pores and‚ in
particular‚ the total interconnected pore space‚ i.e.‚ that which can be filled with water.
Since soils differ widely in pore space distributions‚ the total store of water in soils
also varies accordingly.

At high potentials‚ much soil water is held in the larger pores and soil structure
greatly influences the amount of water retained. The effect of structure is clear in strongly-
structured soils‚ but only at high potentials since structure controls the volume of
the large inter-aggregate pores that retain gravitational water. In a strongly-structured
Hawaiian soil‚ Sharma and Uehara (1968) found that almost all the water stored between
the aggregates had drained from the soil after drying to -0.029 MPa and that at lower
potentials‚ water was largely derived from within the aggregates.

At lower potentials the lesser importance of structure means that the shape of
the characteristic draining curve is largely dependent on texture and the specific surface
area of the soil. Soils with high clay contents have large internal surface areas and
a greater capacity to retain water at all potentials (Figure I.25). Coarse-textured soils
retain less water overall and have less plant-available water than the finer textured
loams and clays.
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Certain soils may undergo volume changes in response to variation in moisture status.
Vertisols shrink reversibly on drying‚ often presenting a surface pattern of deep polygonal
cracking that disappears on rewetting. The B horizons of certain andisols may shrink on
drying and beyond a certain level of drying this is largely irreversible (Maeda et al.‚ 1977).

2.2.4.2 Water retention by dead plant material and soil organic matter

Like clays‚ dead plant material and soil organic matter have very high water-absorbing
capacities and may hold up to several times their own weight of water. Guano for example‚
may retain 273 % water at field capacity (Vannier‚ 1970). Papendick and Campbell
(1981) report that a mulch of wheat-straw residues of 12 Mg may absorb up to 2.5
mm of rainfall thereby preventing much of the water incident on a site from reaching the
surface of the mineral soil.

The characteristic draining curve for plant material follows an exponential relation-
ship (Papendick and Campbell‚ 1981) of the form:

where is the matric potential‚ is the gravimetric water content and a and b are con-
stants. Most of this water is held at relatively low water potentials and is of limited use
to plants or micro-organisms except those‚ such as certain fungi‚ that are adapted to using
it. Myrold et al. (1981) showed that at -1.5 MPa‚ chopped wheat straw residues still
contained 45 % water and 26 % at -3.1 MPa while water contents at the same potentials
in a mollisol of silt loam texture were 9 % and 7 %‚ respectively. These authors also
showed that the osmotic potential of plant material may contribute appreciably to its
total water potential.

As plant material decays‚ the characteristic draining curve changes such that water is
held at a higher potential for any given level of gravimetric or volumetric moisture content.
Dix (1985) showed that the leaves and wood of oak Quercus robur  change with degree
of decomposition such that water becomes progressively more available for the decom-
posing fungi (Figure I.26); this may have a substantial influence on the succession of
organisms decomposing organic substrates.

2.3 Hydrological regimes

The fate of the water that falls on the landscape is a critical factor in all environments.
The amount and intensity of the rainfall incident on the soil surface controls the severity
of soil erosion‚ the quantity and quality of river water‚ recharge of subterranean aquifers
and the supply of water for man’s use. In the context of agriculture‚ the rainwater
incident on a site and its subsequent movement have important implications for such
cultural activities as the timing and nature of cultivation‚ the planting and harvesting of
crops and the need for irrigation or drainage.
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Soil water regimes are dependent on both the amounts of water input to the soil
surface and its form. While water is normally acquired as rainfall (and snowfall in
the colder parts of the world) inputs as dew and fog may be significant to plants and O
horizon processes in drier areas. Other factors affecting the amounts of water entering
the soil are rainfall intensity in relation to the maximum rate at which the soil will accept
water (the infiltration capacity) and the temporal distribution of the rainfall at both short
term and seasonal time scales.

Soil factors affecting hydrological regimes include water holding capacity and profile
depth‚ both of which define the maximum store of soil water that may be held in any
given soil. Losses of water from the profile depend on soil hydraulic conductivities‚ site
drainage and the thermal regime of the site. The latter factor determines the evapo-tran-
spiration rate‚ which is the sum of evaporative losses from the soil surface and the water
lost by plants to the air by evaporation and transpiration. Finally‚ surface micro-relief
may slow water movement across the soil surface and thereby increase infiltration rates.
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2.3.1 WATER BALANCE

The water balance at a site describes the partitioning and fates of the rain water that falls
onto a defined area of ground over a specified period. It depends markedly on the type
of vegetation present and the proportion of the soil surface that it covers. The factors
of importance in a simple water balance model (Figure I.27) for a closed forest with a
single canopy layer are the incident precipitation (P)‚ the amount lost from the canopy
by evaporation (Ec) of the intercepted precipitation stored by the canopy (Sc)‚ that lost
by transpiration (T) through the stomata of the leaves and the net amount of precipitation
that reaches the forest floor by flowing down the stems (stemflow‚ SF) and by penetrating
the canopy (throughfall‚ TF). In drier environments‚ substantial water may rise by
capillary action (C) from deeper in the soil and enter the root zone. Where the capillary
rise attains the surface‚ salts transported in this water may accumulate to salinate the
surface horizons to such an extent that plant growth is inhibited.

Once water reaches the forest floor‚ part will be involved in recharging the store of
water contained in the litter (Sl)‚ some will be lost by evaporation from the surface of
the litter (El) and the soil (Es). A further quantity (runoff‚ R) may move by surface flow
to sites lower in the landscape‚ and part will enter the soil. Some of the latter is retained
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to form the store of water available to the plants (Ss). That part of the water entering
the profile that exceeds its water holding capacity will be lost by drainage (D)‚ either
laterally to adjacent sites or to deeper levels in the profile‚ beyond the range of plant roots.
At sloping sites‚ surface runoff and sub-surface drainage waters from areas upslope of
the site of interest also contribute to the local water balance.

Neglecting capillary rise‚ the water balance may be presented as follows:

where the symbols have the meaning expressed in the paragraphs above. The term
evapotranspiration is often used to include the sum of the terms EC‚ El‚ Es and T in
the above equation.

In temperate France‚ Fardjah et al. (1980) compared the water balance of a bare soil
with two vegetation types‚ a beech wood (Fagus sylvatica) and an area colonised by
the grass Calamagrostis epigeios. The soil‚ a spodosol‚ was similar at all sites and
the study area was horizontal; thus no runoff or run-on effects were present. Table I.13
presents the major fluxes of water in the study areas and their partitioning over a period
of one year. The increased drainage component from the bare soil is due to the lack of
evaporation and transpiration from the canopy and is typical of unvegetated areas; it is
not compensated for by evaporation from the soil surface alone. The substantial
interception losses from the forest are characteristic of this vegetation type and are due
to the considerable turbulence that occurs at the top of the canopy.

2.3.2 VEGETATIONAL AND SEASONAL EFFECTS ON SOIL WATER

Figure I.28 presents the seasonal changes in the estimated reserves of plant-available
water taking place over nine months for the three plots studied by Fardjah et al. (1980).
The total‚ nominally ‘plant available’ soil reserve (i.e.‚ that held between water poten-
tials of -0.03 and -1.5 MPa) was estimated as approximately 127 mm over all plots.
Figure I.28 shows the effect of the predominantly winter rainfall in recharging the store
of soil water depleted by evapotranspiration over the summer period.
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The marked effect of the vegetation present is clear from the greater soil water store
in the unvegetated area and the longer period during which this reserve remained high.
In the vegetated area‚ the available store of soil moisture was exhausted twice during
the summer period. Precipitation after August restored the soil store by early October in
the bare area but not until December for the vegetated sites. Differences between the two
vegetation types are related to the effects of the forest canopy. As indicated above‚
increased turbulence at the top of the canopy meant that considerably less water reached
the soil in the beech wood: net interception was estimated at 15.1 % in the beech wood
and 8 % in the grassed area. Evaporation from the soil surface is similar in both vegetation
types and‚ in the grassed area‚ the low evaporation rate was due to the substantial litter
layer present.

2.3.3 EFFECTS OF TOPOGRAPHY ON SOIL WATER

Except for those in the highest parts of the landscape‚ soils at a particular site are
usually influenced by those surrounding. Normally‚ they acquire materials and water
from sites upslope and supply them‚ often in a modified form‚ to those downslope; such
suites of related soils are known as toposequences or catenas (Chapter II.4.5). The water
that flows to sites lower in the landscape by either surface runoff or subsurface lateral
flow profoundly influences their hydrological regimes.

Figure I.29 presents seasonal changes in moisture status at three such sites located
sequentially down a hillslope in a humid (1276 mm annual average precipitation)
savanna in the Côte d’Ivoire (Lavelle‚ 1978). The highest plateau site is dominated by
perennial grasses with a few woody shrubs‚ the sloping site has a similar cover with
more woody vegetation and the next lowest site has a near-complete herbaceous cover
with some palms. The soil of this latter site is described as hydric. That is‚ a soil whose
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development has been characterised by the frequent presence of excess water and which
is commonly saturated. At the lowest site‚ a gallery forest lines the bank of a stream.
The soil moisture data are partitioned into three matric potential ranges (> -0.03 MPa‚
-0.03 to -1.5 MPa‚ < -1.5 MPa) corresponding to saturation‚“plant-available” water and
water held at potentials below an arbitrarily-designated “wilting point”.

From the figure‚ the effects of topography and vegetation are clear. Sites become
wetter for longer periods with progression downslope. While all sites were saturated for
considerable periods during the wetter months‚ the surface (0-10 cm) of the hydric
savanna soil was saturated for 230 days during 1969‚ a dry year for the area. In contrast‚
the surface layer of the plateau soil was only saturated for 130 days. In the gallery
forest‚ the surface soil was saturated for just 119 days during the same year‚ illustrating
the substantially larger water usage of the rainforest canopy and the higher rates of
internal drainage in this soil.



I.3 SOIL RESOURCES

A wide range of resources are available to the organisms that grow in‚ or live within or
on the surface of the soil. These include mineral nutrients and a diverse range of organic
materials‚ both of differing degrees of availability.

Organic resources consist predominantly of dead materials that accumulate on
the soil surface (leaf‚ wood and other litter‚ dead micro-organisms or animals) or deeper
within it‚ localised at specific places in the soil profile (dead roots and other organisms).
In addition to these dead materials‚ soils offer a considerable variety of other living
resources (roots and soil organisms) and their secretory products (root exudates‚ micro-
bial mucilages and invertebrate mucus) to the organisms that are mechanically and
physiologically equipped to utilise them.

Most mineral nutrient elements are derived ultimately from soil parent materials
through weathering processes‚ although constant inputs of particular elements may also
be derived from atmospheric sources. Some of these nutrients accumulate in the living
biomass and are recycled through decomposition processes. A further part is retained
in the soil in mineral form‚ adsorbed more or less tightly to clay particles or organic
materials by electrostatic forces‚ or mechanically trapped within them.

3.1 Inorganic Nutrients

The major elements that combine to form organisms are‚ in order of importance:
hydrogen‚ oxygen‚ carbon‚ nitrogen‚ phosphorus and sulphur. These elements possess
distinctive chemical properties which allow them to contribute to the continuing creation
and maintenance of life (Taube‚ 1992). To be capable of this‚ they must be abundant‚
stable and capable of reacting together to form the complex molecules that comprise
structural elements‚ mediate the internal and external exchanges of materials and energy‚
transmit their genetic information and form the semi-permeable membranes responsible
for the necessary isolation of organisms from their environments.

In addition to the six elements considered above‚ only a small proportion of the total
of 91 naturally-occurring elements are known to be required for the normal development
of organisms. The nutrient elements defined as essential for an organism are those with-
out which it is not able to complete its life cycle (i.e.‚ produce viable propagules)‚ or
that form part of a molecule which is itself known to be essential (Epstein‚ 1972).
The designation of an element as an essential nutrient implies that it has an indispensable
structural or biochemical role. However‚ not all the roles of the essential elements are
known in detail and most nutrient elements have multiple roles. Numerous complex
interactions occur between the nutrient and non-nutrient elements. For some essential
elements‚ partial substitution may occur by another not known to be so and certain
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elements may interact to inhibit the uptake of others (antagonism)‚ or to promote it
(synergism). Beneficial elements are mineral elements which will stimulate growth but
are not essential or are essential only for certain plant species or under certain conditions.

A number of elements taken up by the roots and subsequently translocated throughout
the plant serve no known structural or biochemical function within the plant. Among these
are included such elements as selenium which are required by animals and constitute the
major source of supply to the higher members of biological communities. These and
other elements may also be taken up‚ even though some are actively inimical to the health
of living organisms‚ either through their radioactivity or because of their capacity to
inhibit natural processes at the functional level of the cell‚ organ or the whole organism.

A range of elements may also be absorbed through the leaf surfaces. Elements deposited
on these surfaces diffuse through the cuticle and may be actively absorbed by the cells
and transported elsewhere in the plant. This capability is used to alleviate deficiencies of
certain trace and other elements in some tree and other crops; however‚ it also provides
a pathway for pollutants such as lead to enter the leaves.

In an ecological sense‚ the nutrition of plants (and the animals dependent upon them)
is concerned with rather more than the events taking place at the surfaces where nutrients
are absorbed. Three separate and complex stages occur‚ namely‚ release of the nutrients
from their sources‚ transport to the roots and uptake by the plant (Chapin‚ 1988).
Each step potentially involves interactions between the inorganic components of the soil
and organic processes or products. Also‚ plants are not passive absorbers of nutrient and
other elements and may actively modify their root distributions in response to those of
certain elements or alter the environments around their roots in ways that modify element
uptake. Further‚ most higher plants enter into symbiotic associations with representatives of
one or more groups of micro-organisms that aid or effect nutrient uptake (Chapter IV.3.1.2.2).

Plants form the productive nutritional base on which animals ultimately depend‚
whatever their trophic level. Through its effects on plant productivity‚ the uptake of
nutrient and other elements by plants is of prime importance since it eventually affects
the entire biological community‚ including the higher order predators and the saprovores.

3.1.1 CLASSIFICATION OF THE NUTRIENT ELEMENTS

In addition to the nutrient and non-essential elements‚ the major components of
higher plant tissues are carbon and oxygen‚ each of which comprise ca. 45 % on a dry
weight basis. Table I.14 lists the elements known to be required by higher plants and
animals‚ the ionic forms in which they are most commonly taken up from the soil by
plants together with some ‘typical’ concentrations in the tissues of unspecialised plants.
In addition‚ for the elements needed by plants‚ the functional groups that they belong to
(see below) are also indicated (Mengel and Kirkby‚ 1987). The concentrations presented
in Table I.14 are indicative only and macronutrient tissue concentrations required
for highest production in crop plants are generally greater than those presented
(Marschner‚ 1995). Table I.15 presents the ranges of concentrations for six macronutrient
elements found in plant tissues sampled from a variety of natural environments.
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Certain elements may stimulate growth in higher plants even though they
are not essential or may only be essential for particular species. These are known as
beneficial elements and include Na‚ Si‚ Co‚ Se‚ Al and possibly I‚ Ti‚ V‚ La and Ce
(Marschner‚ 1995). For example‚ rice is known to accumulate Si which interacts with
other nutrient elements to confer resistance or tolerance to insect pests and diseases
and to such abiotic stresses as Al toxicity and salt injury (Savant et al.‚ 1997). Na is
essential for a number of species that use the C4 photosynthetic pathway such as
the halophyte Atriplex vesicaria (Chenopodiaceae) but not for others such as sugarcane
(Saccharum spp.).

While it is as yet unknown whether silicon and selenium are essential for higher
plants‚ certain prokaryotes require these elements‚ cobalt and vanadium (Salisbury and
Ross‚ 1991). Our knowledge of the trace element requirements of micro-organisms is
poor and it is likely that further elements will be demonstrated as essential for certain
organisms‚ but only in very minute amounts.

Certain micro-organisms may accumulate very high concentrations of essential
elements such as copper and zinc and non-essential elements such as lead‚ mercury and
cadmium (Lepp‚ 1992; Gadd‚ 1993). The human health consequences of ingesting
contaminated wild mushrooms can be severe although large inter-specific differences
in metal uptake occur. Further‚ eight to nine years after widespread contamination asso-
ciated with the Chernobyl reactor accident‚ and possibly also nuclear weapons testing
(Gadd‚ 1993)‚ wild mushrooms in affected parts of the Russian Federation were shown
to have substantially higher activity concentrations of radiocaesium than
other human foods. In these contaminated areas‚ human radiocaesium body loads were
highly correlated with mushroom intake (Skuterad et al.‚ 1997); other food chain effects
are also likely.
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As shown above‚ plants may absorb elements for which they have no nutritional
requirement or absorb nutrient elements to concentrations far in excess of nutritional
needs. Many of these elements may be taken up in substantial quantities. Halophytes‚ for
example‚ may accumulate substantial quantities of sodium and chloride. The summed
mean concentrations of these elements in the leaves of a variety of mangrove species
ranged up to 5.06 % of dry biomass (Walsh‚ 1974) while those of arid-climate Atriplex
species (Chenopodiaceae) are known to occur in concentrations in excess of 10 % of dry
weight (Sharma et al.‚ 1972).

Plants may be classified as excluders‚ indicators or accumulators‚ depending whether
their tissue concentrations of particular elements increase more slowly‚ in parallel with‚
or more rapidly than those in the surrounding medium. Glycophytes (non-halophytic
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species) may also accumulate substantial quantities of certain elements‚ some of which
may cause problems in animal nutrition through food chain effects. For example‚ in
certain accumulator plants growing in seleniferous soils‚ selenium may occur at
concentrations that make them toxic to grazing animals (Marschner‚ 1995).

Certain plants (extreme metallophytes) may accumulate extraordinarily large amounts
of metallic elements. Baker and Walker (1990) report the following concentrations of
metals in the foliage of various species of vascular plants: Cu 1.2 %‚ Co 1.0 %‚ Mn 5.1 %‚
Ni 4.7 %‚ Pb 0.8 % and Zn 3.9 % of dry biomass. Accumulation of metals by certain
plants and sometimes animals (indicator species) has been used by economic geologists
to indicate the presence of subterranean orebodies (Brooks‚ 1983); such accumulations
may also be indicative of contaminated sites.

Of the elements needed by higher organisms‚ some‚ the macro-nutrients‚ are
required in relatively large quantities. Macro-nutrients usually have relatively
well-defined roles in plant biology; for example‚ calcium is a major structural compo-
nent of the cell walls of higher plants where it occurs in conjunction with pectin‚ while
magnesium is a central element in the structure of chlorophyll‚ a magnesium porphyrin.
In contrast‚ the micro-nutrients are needed in only very small amounts although‚
as indicated above‚ they too may accumulate in plant tissues in concentrations much
greater than dictated by physiological requirements. Not all higher plants require all
the recognised nutrient elements. Sodium‚ for example‚ is a recognised micronutrient
only for those plants that possess C4 or crassulacean acid metabolism photosynthetic
pathways‚ and some cyanobacteria (Brownell‚ 1979).

The nutrient elements may also be classified into four major groups based on the
principal roles that they fulfil in plant tissues (Table I.16) (Mengel and Kirkby‚ 1987).
The group I elements‚ including carbon‚ hydrogen and oxygen are the principal
structural components of all living tissues and play important roles in enzymes and other
functional groups. They are taken up as liquids gases or as
ions from the soil solution (for example‚

Members of group II are taken up from the soil solution as the oxyanions - phosphate
borate or boric acid and silicate. The phosphate anion is particularly critical to energy
transfer mechanisms within the plant while boron is important in membrane function.
The group III elements are taken up from the soil solution and play osmotic and ion
balance roles within plant tissues. Other roles include more specific functions in enzyme
conformation and catalysis. Clarkson and Hanson (1980) state that members of this group
occur largely as free or reversibly-bound ions rather than as metallo-proteins. Members
of group IV occur in plants as structural chelates or metallo-proteins; Fe‚ Cu and Mo (and
Mn) participate in redox reactions. Uptake occurs in the form of ions or as chelates from
the soil solution. Table I.16 presents the forms assumed in plant tissues by a range of nutri-
ent elements and‚ for those important in forming salts and complexes‚ some major roles.

While many nutrient elements may accumulate in plant tissues at concentrations
above physiological requirements‚ most become toxic when present in considerable
excess. Although complicated by interactions with other elements and growth-related
factors‚ individual concentrations may be considered to lie within a spectrum of levels
which run from deficient to suboptimal to optimal to supraoptimal to toxic (Smith‚
1962)‚ a concept also pertinent to animal nutrition.
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In field conditions‚ the elements Cu‚ Ni and Zn are the micronutrients most commonly
implicated in toxicity. In glasshouse experiments‚ yields of maize (Zea mays) grown in
certain soils formed from ultramafic parent materials (oxisols) in New Caledonia were
negatively correlated with shoot Ni concentrations (r = 0.78). In addition‚ several crop
plants grown on lowland soils under reducing conditions had higher Ni concentrations
than those in well drained control soils (L’Huillier and Edighoffer‚ 1996).

In addition to growth impairment‚ plants exposed to either extreme may exhibit such
characteristic symptoms as leaf deformation‚ discolouration or necrosis. Manganese is an
example of an essential element that is deficient in some soils although‚ under reducing
conditions‚ it may also be taken up in sufficient amounts to produce concentrations toxic
to certain plants. In manganese-deficient plants‚ a chlorosis or yellowing occurs between
the veins of the leaves while toxic concentrations lead to an uneven distribution of
chlorophyll in the leaves and with brown spots mostly comprising precipitated
manganese oxides (Mengel and Kirkby‚ 1987).

Because of the basic biochemical similarities of all living organisms‚ most elements
required for the nutrition of higher plants are also needed by the lower plants and the
animals. There are‚ however‚ some exceptions to this. Selenium is required by animals
but not by plants and‚ conversely‚ boron is essential to the nutrition of higher plants but
is not known to be required by animals. Cobalt is needed by animals‚ the bacteria and
actinomycetes involved in nitrogen fixation and some fungi but perhaps not by higher
plants. Nutrient supply is rarely optimal in nature and one or more of the nutrients listed
above probably limit the growth and productivity of organisms in most situations.

Positive correlations occur between the concentrations of nutrient elements at the levels
of both the tissues of higher plants and the microbial biomass. Garten (1976) has shown
that‚ in terrestrial plants at least‚ foliar concentrations of nitrogen and phosphorus are
highly correlated‚ as are those of magnesium and calcium. Singh et al. (1991) report
correlations exceeding 0.85 among carbon‚ nitrogen and phosphorus concentrations in
the microbial biomass of savanna soils. For the above reasons‚ correlations may also be
expected to occur between a wider range of essential elements.
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3.1.2 SPECIFIC ELEMENTS

3.1.2.1 Carbon

While not a nutrient element‚ carbon is a major component of the tissues of all organisms
and is one of the elements most closely associated with life. Indicative concentrations
(dry weight basis) in a range of organisms are (Matsumoto‚ 1976; Bowen‚ 1979;
Anderson and Domsch‚ 1980; Spain‚ unpublished):

bacteria 43 %;
fungi 32-38 %;
marine algae 28-35 %;
terrestrial higher plants ca. 43 %;
Insecta (whole termites) 17-69 % (equivalent to 45-66 % on an ash free basis);
Insecta (whole ants) 45-60 %;
fish 47 %;
man: muscle 67 %‚ bone 36 %.

Carbon is the vehicle for biological energy transfer within the biosphere at landscape
and ecosystem scales‚ and within organisms. Large stores of this element occur in
the lithosphere (including soils)‚ the biosphere‚ the atmosphere and the hydrosphere.
Mass transfers of carbon occur between the lithosphere‚ the biosphere‚ the seas and other
water bodies and the atmosphere as part of the global carbon cycle (Schlesinger‚ 1997).

The world’s carbon stocks are distributed between four reservoirs (Table I.17) three
of which are in dynamic equilibrium with each other. Apart from a small proportion
extractable as fossil fuels (estimated mass 4000 Pg)‚ the large geological reservoir

may be considered as inert (Eswaran et al.‚ 1993). The oceans comprise
ca‚ 85 % of the dynamic stocks while the atmosphere contains less than 2 %. However‚
it should be noted that fossil fuel carbon stocks are more than five times the size of
the atmospheric pool.
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The carbon in the world’s vegetation biomass (Post et al.‚ 1992) is estimated to be
about 1.2 % of the total dynamic pool‚ approximately 37 % of the soil reservoir and
slightly less than that of the atmosphere. Organic carbon in the top 100 cm of the world’s
soils appears to be close to 1500 Pg (Eswaran et al.‚ 1993; Batjes‚ 1996) while an esti-
mated further 900 Pg may occur between 100 and 200 cm (Batjes‚ 1996). Estimates for
the carbonate carbon of the top 100 cm of the soil range from 720-930 Pg (Batjes‚ 1996).
Total soil carbon stocks therefore represent approximately 6.9 % of the carbon contained
in all except the largely-inert geological pool.

Figure I.30 presents the major compartments and flows occurring at an ecosystem
scale. The major carbon stores are the above-ground plant structures‚ the litter layer and
the soil store‚ including plant roots. Within the soil‚ the biomass comprises the living
roots‚ the microbial biomass and the meso- and macro-fauna. The soil organic matter
component consists of dead materials of a range of ages and degrees of decomposition
varying from recognisable plant‚ microbial and animal remains to the highly-stable
humic compounds so important for soil stability and functioning. Carbon is transferred
onto the soil surface and into the mineral soil horizons through litter fall‚ root death and
decomposition and in leachates and exudates of various types. Litter fall includes dead
leaves‚ bark‚ stems and reproductive structures originating from the higher plants; it also
includes faecal materials‚ secretory products and the dead bodies of the above-ground
fauna. Carbon losses include the carbon dioxide respired by all sections of the biota and
by abiotic oxidative processes (Warneke et al.‚ 1999)‚ that in dissolved and particulate
organic carbon exported off-site in deep drainage‚ overland or subsurface lateral flows.
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Soil carbon stocks are reduced by 20 to 40 % following clearing and cultivation and
much of this is lost in the first two to five years‚ depending on climate (Davidson and
Ackerman‚ 1993). The stocks that remained after cultivation formed a constant fraction
of the pre-clearing amounts in the largely North American studies collated by these authors.
Major off-site exports also occur through biomass harvesting in cropped agricultural and
forest plantation systems.

Carbon is present within soils in all three phases and in the biota; its chemical composi-
tion‚ distributions‚ concentrations and movements within the soil are of great pedogenetic
and applied importance. Carbon in soils occurs in an enormous variety of compounds
ranging upwards in complexity from carbonates to simple gases to aliphatic acids to
large structured macromolecules. It also forms part of a range of poorly-defined humic
polymers‚ often colloidal in nature.

The carbon content is a major factor influencing such factors as the bulk density of
the soil mass‚ as illustrated by Walker and Adams (19S8) for 22 New Zealand soils
(Figure I.31). However‚ as shown by its generally favourable effects in promoting
soil structural development‚ this is much more than the simple dilution effect of higher
organic matter concentrations. The carbon concentration strongly influences nutrient
supply to plants and is important in determining soil stability.

In the solid phase‚ carbon occurs predominantly in the living biomass and dead
organic matter and in the soils of drier areas as calcium‚ magnesium and other carbon-
ates precipitated in situ and sometimes forming discrete layers or horizons. Soils formed
from calcareous parent materials such as certain limestones may also contain substan-
tial carbonates.

Considerable carbon may occur as charcoal in the upper profiles of soils whose
vegetation cover has been subject to burning‚ or be present as bands in soils subjected to
periodic ash showers. In addition to its presence as discrete bands in certain soils‚ finely-
divided charcoal occurs widely in almost all Australian soils (Skjemstad et al.‚ 1997)
and may be expected to be so in many tropical environments‚ and wherever biomass
burning has been common. Skjemstad et al. (1996) estimated that finely-divided charcoal



90 CHAPTER I

represented up to 0.83 % of the soil mass in three of four Australian soils (two mollisols‚
an oxisol and a vertisol) and formed a substantial proportion of total soil carbon.
Charcoal consists of condensed or cross-linked aromatic rings resistant to microbial and
probably chemical decomposition (Skjemstad et al.‚ 1996). It comprises a substantial
proportion of the aromatic material less than 53 in size and may be confused with
partially-decomposed lignin and humic substances. Charcoal is measured as organic
carbon in conventional wet chemical estimations and this has considerable implications
for studies of carbon turnover in soils.

Carbon comprises ca. 43 % of the dry biomass of fresh plant residues although con-
centrations decline as decomposition proceeds. The terminal products of organic matter
decomposition include humic and fulvic acids‚ a range of carbon-rich organic polymers
with high cation exchange capacities and affinities for trace metals. In addition‚ large
quantities of polysaccharides are produced in the rhizosphere although these may have
relatively short turnover times. Considerable amounts of carbon are included in the living
biomass of the soil external to the roots; estimates of microbial biomass are in the order
of 1 to 5 per cent. of organic carbon (see‚ for example‚ Brookes et al.‚ 1984; Sparling‚ 1992).
However‚ this excludes the biomass carbon of the mesofauna and the macrofauna‚
particularly the earthworms‚ termites and ants‚ which may represent 10-20 % of the
microbial biomass.

As considered earlier‚ carbon gases‚ notably carbon dioxide and methane‚ may occur
in the soil environment at concentrations considerably higher than atmospheric. In the
liquid phase‚ dissolved gases and other soluble carbon compounds play important
biological and pedogenetic roles in chelation and complexation reactions and thus the
transport of metals. Carbonate weathering and leaching will lead to the movement of
bicarbonate ions in the groundwaters of environments where these minerals occur in
the soil.

The chemical form of the dissolved organic carbon in soil interstitial waters is
poorly known. Fulvic acids are generally present in greater concentrations than humic
acids while a large proportion of the dissolved organic carbon consists of low-molecular-
weight organic acids. Some compositional differences occur between drainage classes
and the humic and fulvic acids of the interstitial waters differ from those of bulk soil.
Current estimates of the concentrations of dissolved organic carbon in soil interstitial
waters lie in the range 5-1000 mg C (Malcolm‚ 1993).

Carbon concentrations in soils differ widely reflecting climatic conditions‚ local
ecosystem productivity‚ the types and amounts of the clay and other minerals present
(notably carbonates)‚ internal and external environmental conditions and cultural
practices. The organic horizons of peat soils (histosols) may have carbon concentrations
similar to that of plant tissues (up to ca. 43 %) while those of mineral soils are much
lower. Figure I.32a presents the carbon concentrations of the A horizons of 1975 soils
from throughout Australia. It has been estimated that more than 75 % of the Australian
land surface is covered with soils having less than 1 % organic carbon while soils
having high levels of organic carbon are very limited in extent (Spain et al.‚ 1983a).
Other less-arid continents have greater proportions of their soils and landscapes in
higher concentration classes.
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Because of ecosystem transfer processes‚ carbon is normally most concentrated near
the soil surface and‚ at a smaller scale‚ in close proximity to the roots. Figure I.33
presents the depth distributions of carbon in six contrasting soils. That in Figure I.33a is
an alfisol formed from sandstone parent materials and supporting a savanna woodland
dominated by Eucalyptus species (Isbell and Smith‚ 1976). The low carbon concentra-
tions reflect the semi-arid environmental conditions and the constraints of a reduced
nutrient status resulting partly from the considerable ages of these landscapes. The data
in Figure I.33b are from a spodosol formed on a beach ridge in the humid (average
annual rainfall >3000 mm) tropics of north-eastern Australia (Murtha‚ 1986). It supports
a sclerophyllous vegetation (species of Acacia‚ Casuarina and Melaleuca) and illustrates
the bleached E horizon and illuvial increase in humic materials and sesquioxides
characteristic of the B horizons of these soils. Figure I.33c illustrates the distribution
of carbon in an oxisol supporting a tall‚ species-rich‚ closed-canopy rainforest in humid
(ca. 3000 mm) tropical northeastern Queensland (Spain et al.‚ 1989a). The substantial
carbon stocks (234 Mg to 120 cm) of this permeable‚ strongly-structured soil are
related to the high secondary productivity of the rainforest (fine litterfall 8.6 Mg
3 year mean) and the iron and aluminium oxide-rich soils. The depth distribution of
carbon presented in Figure 1.33d is that of a very young andisol from the footslope of
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a recently-active volcano in Papua New Guinea (Bleeker and Sageman‚ 1990). The site
receives ca. 3500 mm of rainfall annually and currently supports a cover of coconuts
(Cocos nucifera) and cocoa (Theobroma cacao). The C:N ratios suggest ready decom-
posability (Chapter IV.1.3.3). However‚ the mineralogy of the soil is dominated by ver-
miculite‚ volcanic glass‚ allophane and imogolite which implies that some protection
of the organic matter may occur (see Chapter IV. 1.3.2). Figure I.33e presents data from
a poorly-drained acid histosol supporting a forest cover of Southern Beech (Nothofagus
spp.) and podocarps (Podocarpus spp.) located on the humid (2020 mm annual rainfall)
western coast of South Island New Zealand at ca. 42°S (Mew and Lee‚ 1981). The thick
(44 cm) peat O horizons (depths conventionally indicated by negative numbers) are
underlain by loess and alluvium (largely greywacke and granite). Carbon contents in
the upper peat horizons are equivalent to those of fresh plant material but diminish
with increasing depth and undergo an abrupt reduction at the transition with the pre-
dominantly-mineral horizons. Appreciable carbon still occurs in the upper gleyed
mineral horizons and diminishes with depth in the solum‚ apart from a slight increase
in the upper B horizon. C:N ratios (see below) are typically high‚ up to more than 80
in the O horizon and greater than 53 in all mineral horizons. Figure I.33f presents
the depth distribution of carbon concentrations in a vertisol from warm temperate east-
ern Australia (Ross‚ 1986). This soil developed on alluvial‚ slightly-calcareous parent
materials beneath an open forest vegetation of Acacias with perennial grasses. Ratios are
typical of other Australian vertisols and vary little with depth.

Close associations of carbon with nitrogen‚ sulphur‚ phosphorus and other nutrient
elements occur in dead plant and animal tissues. As discussed later in this book‚ these
tissues must generally be broken down by the soil biota to allow their contained nutrient
elements to be recycled.
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3.1.2.2 Nitrogen

Nitrogen is an element of major biological importance in all terrestrial and aquatic
ecosystems. It is the dominant element in the atmosphere (Table I.9) where it occurs
principally as dinitrogen gas and in low concentrations as the various gaseous
oxides and as ammonia. Large reservoirs of these gases also occur in dissolved form
(and in suspension)‚ often at saturation concentrations‚ in the oceans and other water
bodies and in living organisms. Substantial amounts of nitrogen also occur in
the lithosphere‚ in coal‚ shales and in liquid and gaseous hydrocarbons. Table I.17
contrasts the estimated sizes of the world’s major pools of carbon and nitrogen.
The overall carbon: nitrogen ratios in the vegetation biomass‚ the top 100 cm of the soil
and the microbial biomass are thus 55‚ 8-13 and 5‚ respectively.

As part of the global nitrogen cycle‚ constant exchanges occur between
the atmosphere‚ the biosphere and the oceans and other water bodies. Ecosystem level
cycles occur in all terrestrial environments and internal cycles also occur in such
large water bodies as the oceans (Schlesinger‚ 1997).

Substantial modification to the global nitrogen cycle has occurred in recent years
through mans’ activities. These include a greater than doubling of the rate of nitrogen
transfer from the atmosphere to biologically-available terrestrial pools (Vitousek et al.‚
1997) and a decoupling of the close linkages between the carbon and nitrogen cycles
(Asner et al.‚ 1997). Very high rates of nitrogen deposition in certain North American
and European environments (Holland and Lamarque‚ 1997) have contributed to soil
acidification‚ nutrient element impoverishment‚ ecosystem degradation and damage to
downstream environments (Vitousek et al.‚ 1997).

Nitrogen is critical to all forms of life. It is an essential component of such basic
biological building blocks as amino acids and thus their polymers: peptides and proteins.
In the micro-organisms‚ nitrogen-containing materials such as chitin (polymers of amino
sugars) are major cell wall constituents of the fungi and the bacteria. This polymer is also
a major component of the endo- and exo-skeleton of the arthropods. Nitrogen is a com-
ponent of the nucleic acids DNA and RNA and is thus of importance in reproduction and
evolution. As an important constituent of many biologically-active compounds‚ nitrogen
plays a part in the integration of life at levels from the cell to the population. There is no
major category of biological function in which nitrogen does not play
a major part.

The productivities of micro-organisms‚ higher plants and animals are commonly
limited by low nitrogen concentrations (Vitousek and Howarth‚ 1991). Nitrogen is
found in soil mainly within the organic matter fraction where it occurs largely in humic
compounds but also in plant roots‚ the microbial biomass and in decomposing organic
materials. While low concentrations of inorganic nitrogen (nitrates‚ ammonium) are
found in most soils‚ their turnover rates are usually high and seasonally-related changes
follow from variation in environmental conditions and thus micro-organism activity.
A variety of other nitrogenous compounds are present in soils and include dinitrogen gas‚
the gaseous oxides of nitrogen‚ ammonia and other excretory products.

The nitrogen concentrations of higher plants range from less than 0.10 % of dry
weight in woody tissues to more than 4 % in actively-growing tissues (Table I.15) and
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even higher in seeds. Strong ontogenetic changes occur with much reduced nitrogen
concentrations characteristic of older tissues and minimal concentrations in litter.
In most environments‚ tissue nitrogen concentrations are higher in those species that
have nitrogen-fixing symbionts associated with their roots than in those not so endowed.
As estimated from laboratory cultures‚ mean tissue nitrogen concentrations of ten
species of soil bacteria were 7.7 % while those of fourteen species of soil fungi ranged
from 4.4 to 4.75 %‚ all on a dry weight basis (Anderson and Domsch‚ 1980). Values in
nature may be much lower and Foster (1994) considers that most soil micro-organisms
are in a constant state of near starvation. N concentrations in the fruiting bodies of
a number of field-collected fungi ranged from 1.5 to 7 % of dry weight while mycelial
values as low as 0.68 have been reported from wood-rotting Basidiomycetes (Cowling
and Merrill‚ 1966). Whole termites have N concentrations of the order of 3.5-12.3 % of
dry biomass (Matsumoto‚ 1976; Spain‚ unpublished) and ants 9.2-12.7 % of dry biomass
(Spain‚ unpublished). In man‚ nitrogen concentrations in soft tissues are approximately
7.2 % while bone contains 4.3 %; hair and nail tissues are somewhat higher at 15-16 %‚
again on a dry weight basis (Bowen‚ 1979).

Considerable energy is required to break the bond in dinitrogen gas‚ whether
this is carried out by organisms‚ or in the production of nitrogenous fertilisers.
Thus‚ the large pool of atmospheric nitrogen is largely unavailable directly to higher
plants and can only be obtained through fixation by lightning and the ability of certain
symbiotic‚ associative and free-living prokaryotes to fix it into useable forms. It is also
unavailable directly to most animals. However‚ N-fixing organisms exist in the intestinal
tracts of many termites (Slaytor and Chappell‚ 1994) (Chapter III.4.3.2.1) and certain
other insects and some evidence exists for N-fixation in the gut of certain earthworms
(Barois et al.‚ 1987). The advantages of these symbioses to the host animal are clear given
the very high C:N ratios of the diets of such animals as termites.

Despite the fixation of atmospheric nitrogen by prokaryote organisms‚ most of
the nitrogen required for plant growth in terrestrial ecosystems must be supplied through
faunally‚ microbially - and abiotically - mediated decomposition processes (Amundson
and Davidson‚ 1990)‚ or through fertiliser application. The nitrogen in plant tissues
occurs principally as protein. On tissue death‚ these proteins are initially broken down
through proteolysis and mineralised to yield ammonium ions. These ions may be
adsorbed onto the internal or external surfaces of clays‚ assimilated by plants and
micro-organisms or volatilised after conversion to ammonia gas. The rest largely
undergoes nitrification by aerobic chemautotrophs (or‚ under certain conditions‚ by
heterotrophs) to produce nitrite ions which may be reduced to nitrous oxide

or oxidised further to nitrate ions The nitrate thus formed may move out
of the soil system‚ be taken up by plants or micro-organisms or broken down through
anaerobic denitrification processes (biotic but also abiotic in acid environments) to give
gaseous oxides of nitrogen and dinitrogen gas (Figure I.34).

Higher plants and many micro-organisms may take up inorganic nitrogen either
as or as although micro-organisms preferentially take up inorganic nitrogen
as Certain groups of higher plants may favour a specific form‚ while others appear
to be indifferent. There is evidence that amino acids may form an important source of
nitrogen for plants which may therefore compete with soil micro-organisms (Chapin
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et al.‚ 1993; Jones and Darrah‚ 1994). Micro-organisms may also take up nitrogen in
organic form. For example‚ all fungi appear able to utilise some organic nitrogen sources
while certain plant pathogenic fungi may be unable to utilise inorganic forms (nitrate or
ammonium) (Jennings‚ 1989). Ericoid‚ some ectomycorrhizal and other fungi (notably
wood-rotting species) produce diffusible enzymes around the roots and assimilate the
lower molecular weight breakdown products of protein degradation (Read et al.‚ 1989)
to meet their nitrogen (and sulphur) requirements (Chapter IV.3.1.2.2).

Nitrogen transformations (and other plant assimilation processes) have clearly different
effects on soil pH. Assimilation of nitrogen as (and other positively charged ions)
by both plants and micro-organisms leads to proton production and soil acidification‚
while assimilation as results in hydroxyl or bicarbonate ion production. European
examples of the former group (acidophiles) are pines (Pinus spp.) and spruces (Picea
spp.); these species are well adapted to acid soils and take up their nitrogen as
In contrast‚ neutrophiles are species which are adapted to less acid soils and take up
nitrogen as nitrate; they include the elms (Ulmus spp.)‚ birches (Fraxinus spp.) and the
maples (Acer spp.). The oaks (Quercus spp.) and the beeches (Fagus spp.) appear less
exigent in terms of soil pH and may take up both forms of nitrogen (Duchaufour‚ 1997).
Overall‚ nitrification and denitrification processes also have‚ respectively‚ acidifying and
neutralising effects (Sprent‚ 1987).

The mobilities of nitrate and ammonium ions in soils differ substantially. While
ammonium ions are held at the negatively charged surfaces of clays and organic colloids‚
nitrate does not interact appreciably with the exchange complex and moves readily in
the soil solution. It is thus susceptible to loss off site through deep leaching or in over-
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land and lateral subsurface flows. In soils subject to excessive nitrogenous fertiliser
application‚ nitrates may leach through the soil to depths below the range of the roots
and contaminate local aquifers. Nitrate is toxic in excess and health problems may ensue
when contaminated waters are consumed by humans or domestic stock (Spalding and
Exner‚ 1993) (see also IV.2.6.2).

Substantial quantities of nitrogen may be lost from ecosystems in other forms and
losses of  through volatilisation and from living plants‚ and of nitric oxide (NO) and
nitrous oxide during nitrification may all be significant. Denitrification occurs in
anaerobic soils and in anaerobic microsites within aggregates‚ even within otherwise
well-aerated soils (Figure I.15) leading to the loss of denitrification gases
Such ‘greenhouse’ gases are of importance in global climate change scenarios.

Ammonia volatilisation occurs through the hydrolysis of ammonium compounds and
may be a source of major nitrogen losses where such compounds are applied as fertilisers
to agricultural systems‚ particularly in alkaline soils. More than 50 per cent. of the nitro-
gen applied may commonly be lost‚ depending on the chemical form of the fertiliser and
the depth of its application‚ the temperature and the buffer capacity of the soil (Peoples
et al.‚ 1995). Nitrogen losses from animal secreta and from alkaline areas where nitroge-
nous fertilisers have been applied can be particularly severe in certain grazing systems
(Jenkinson‚ 1990). In environments where biomass burning is frequent‚ nitrogen losses
through volatilisation are also likely to be substantial (Vitousek and Howarth‚ 1991).

Since ca. 90 % of soil nitrogen reserves are organic (Sowden et al.‚ 1977)‚ the distri-
butions of nitrogen and carbon are usually closely correlated. This is apparent in the
similarities of the frequency distributions of Figures 1.32a and 1.32b which compare
the frequency distributions between carbon and nitrogen in the A horizons of 2099
Australian surface soils. Figures 1.33a-f present the related depth distributions of carbon
and nitrogen in the six selected soils discussed in the previous section. In most of these‚
the general nature of the concentration decline with depth is similar although the C:N
ratio clearly alters with depth in the alfisol and the spodosol. In contrast‚ the histosol
has a characteristically higher C:N ratio throughout although it varies somewhat within
both the peaty O and the mineral-dominated horizons.

Soil organic nitrogen comprises ca. 40 % proteinaceous materials (proteins‚ peptides‚
amino acids)‚ 5-6 % amino sugars‚ ca. 35 % heterocyclic compounds (including purines
and pyrimidines) and ca. 19 % -N (Schulten and Schnitzer‚ 1998). Some geographic
variation has been detected with‚ for example‚ amino acid and amino sugar N forming
a greater proportion of total N in soils from cooler areas (Sowden et al.‚ 1977). Much soil
organic N appears to be protected in associations with humic materials‚ clay or the hydrous
oxide minerals.

3.1.2.3 Phosphorus

Phosphorus is a further major nutrient element required by all forms of life. It plays an
important role in energy metabolism (through its involvement in ATP and ADP) and in
a range of metabolic pathways. It is a structural component of coenzymes‚ phospho-
proteins and phospholipids; as a component of nucleic acids‚ it forms a part of the genetic
information system. In higher animals it plays an important additional structural role in



deposition from the atmosphere may be in the range 0.07 to 1.7 kg (Newman‚
1995). Thus‚ within an ecosystem‚ phosphorus must be supplied largely through organ-
ic matter decomposition‚ turnover of the microbial biomass‚ weathering of the parent
material or‚ in agro-ecosystems‚ as fertilisers. Therefore‚ the efficient cycling of phos-
phorus assumes great importance in natural ecosystems‚ particularly in older landscapes
where soils have been weathered to depths below the zone occupied by the roots.
Phosphorus plays a particularly important part in pedogenesis (Walker and Syers‚ 1976).

A wide range of phosphorus concentrations occurs in soils‚ depending principally
on the parent materials (Walker and Adams‚ 1958) and the age of the landscape (Walker
and Syers‚ 1976) or the degree of soil development (Cross and Schlesinger‚ 1995).
For example‚ soils formed from basic igneous rock parent materials usually contain
higher concentrations of phosphorus (Norrish and Rosser‚ 1983). A factor in long term
phosphorus retention in soils and the unavailability to plants of much of that present‚
is the occurrence of other elements with which phosphorus forms insoluble associations‚
notably iron‚ aluminium‚ manganese and calcium and other carbonates. The forms in
which inorganic phosphorus occurs in soils and their different availabilities depend
much on pH (see Figure I.35‚ and below) and the other minerals present in the soil;
Brady and Weil (1996) discusses this from an agronomic perspective. Plant-available
forms are principally and (Table I.14).
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skeletal tissues and ca. 80 per cent. of body phosphorus occurs in teeth and bones
(McDonald et al.‚ 1988). Deficiencies in phosphorus limit the productivities of many
biological systems and phosphalic fertilisers are widely applied to agricultural systems
to compensate for this.

Concentrations of phosphorus in the tissues of higher plants range up to more than
1 % of tissue dry weight (Bowen‚ 1979) although typical values are generally much
lower than this (Tables I.14‚ I.15). Phosphorus concentrations differ substantially
between species‚ between tissues within species and with organ development. Because
phosphorus is relatively mobile within the plant‚ it is most concentrated in the biologi-
cally-active tissues to which it is actively translocated from senescing leaves. Plant tissue
concentrations also depend on the readily plant-available phosphorus present in the soil.

Within the lower plants‚ uncontaminated bryophyte tissues contain 0.07-0.2 per cent.
phosphorus while bacteria may contain much higher concentrations‚ up to 7.7 per cent.
of dry weight in laboratory cultures (Anderson and Domsch‚ 1980). Field collected
fungi‚ principally Basidiomycetales‚ typically have lower concentrations ranging from
0.10 to 1.4 per cent. of dry weight (Beever and Burns‚ 1980).

In the higher animals‚ phosphorus concentrations differ notably between hard and soft
tissues. Bone concentrations in man range from 6 to 7 per cent. of dry weight while those
of a range of organs vary from 0.3 to 0.9 per cent. (Bowen‚ 1979).

While phosphorus has no gaseous phase in its biogeochemical cycle‚ dry and wet
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Figure I.32c presents the concentrations of total phosphorus in the A1 horizons of
1788 Australian soils. It can be seen that most of these soils have very low concentra-
tions; continents with younger landscapes and wider distributions of basic igneous rocks
are likely to have a greater proportion of their soils in higher concentration classes.

Much of the phosphorus in non-agricultural soils is organic and this form of phospho-
rus may assume very high proportions of total phosphorus in highly-weathered soils.
Singh et al. (1991) reported that organic phosphorus comprised 98 per cent. of total
phosphorus in the highly weathered soils of an Indian savanna environment. In a con-
trasting climate‚ Walker and Adams (1958) found that‚ over 22 different New Zealand
soils and at depths to 53 cm‚ organic phosphorus was highly correlated with carbon
(r = 0.79) and comprised a large part (median 67 %‚ interquartile range 52-80 %) of total
(organic plus inorganic) phosphorus. Not surprisingly‚ the lowest ratios were found in
a few soils containing phosphorus-rich limestone. Further‚ the amount of organic phos-
phorus declined from a median value of 78 per cent. in the surface 18 cm to 59 per cent.
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at a depth of 36-53 cm. Over all soils and depths in the Walker and Adams data set‚
organic phosphorus was highly correlated with sulphur (r = 0.86) and nitrogen (r = 0.86).
However‚ there also appeared to be separate relationships between organic carbon and
phosphorus at different depths in the profile.

The individual components of the organic phosphorus fraction of soils are poorly
known; most (10-50 per cent.) occurs as inositol phosphates‚ probably of microbial
origin while phospholipids and nucleic acids account for 1-5 and 0.2-2.5 per cent.‚
respectively. As considered earlier‚ from 2-20 per cent. of the organic phosphorus in soils
may be contained within the microbial biomass (Brookes et al.‚ 1984).

As indicated above‚ much of the inorganic phosphorus in soils is occluded in minerals
or occurs in insoluble forms unavailable to higher plants. The phosphorus available to
these plants appears to be largely taken up in inorganic form from the soil solution‚
although a small proportion is also taken up in low molecular weight organic forms.
The soil solution inorganic phosphorus is maintained by the mineralisation of organic
phosphorus from soil organic matter and decaying plant residues and through the turnover
of soil microbial populations. This may be augmented by the slow solubilisation of some
inorganic forms (McBride‚ 1994). However‚ in most soils‚ much of the inorganic
phosphorus added as fertiliser quickly becomes unavailable through fixation processes.

Phosphorus fixation refers to its removal from solution through chemisorption and
precipitation processes (McBride‚ 1994) and its subsequent inclusion in insoluble
inorganic forms‚ very largely unavailable to plants. The forms in which phosphorus is
fixed differ with pH‚ although the forms present at any pH value may overlap those
present at adjacent values. At very acid values‚ fixation mainly occurs through chemical
reaction with soluble Fe‚ Al and Mn while at slightly higher pH‚ fixation occurs on
the surfaces of the hydrous oxides of these elements. Solubility‚ and thus availability
to organisms‚ is greatest at slightly acid to neutral pH values while at alkaline values‚
phosphorus is increasingly fixed as calcium phosphates (Brady and Weil‚ 1996).

Certain forms of soil phosphorus may be preferentially available to some soil
micro-organisms over the higher plants. Fungi can grow towards sources of phosphorus
and can also utilise a wider range of forms including condensed phosphates‚ insoluble
phosphates and organic forms. Some fungi‚ together with certain bacteria and actino-
mycetes are able to solubilise otherwise insoluble phosphates through the secretion of
organic acids and phosphatase enzymes (Jennings‚ 1989‚ 1995).

The phosphorus in soils that is available to plants is particularly difficult to measure
in a direct way. A range of methods has been developed which involve leaching the soil
with various chemical extractants. While some of these may provide agronomically-
useful indexes of availability under restricted circumstances‚ the variety of chemical
forms of soil phosphorus‚ the different plant rooting strategies and the complexities
involved in defining the interactions with mycorrhizal and associated organisms suggest
that a simple universal chemical assay is unlikely to be found. Because of this‚ approaches
that determine foliar phosphorus concentrations (and sometimes those of other elements)
are often used‚ particularly in tree cropping situations.
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3.1.2.4 Sulphur

Sulphur is an essential major element for all living organisms and plays important roles
in a number of metabolic pathways. It is a component of the essential amino acids
cystine‚ cysteine and methionine and thus forms a structural part of tissue proteins and
enzymes important in photosynthesis and nitrogen fixation. In higher animals‚ it also
occurs in certain vitamins and in the hormone insulin (McDonald et al.‚ 1988).

In soils‚ sulphur occurs in inorganic form as sulphates‚ sulphides‚ elemental sulphur‚
sulphur-containing gases and a variety of other forms‚ depending on the climate‚ soil pH‚
the degree of soil aeration and biological activity. Concentrations depend on the parent
materials and are generally higher in soils formed from basaltic than other parent
materials. Total soil sulphur concentrations in surface soils are usually in the range

(Table I.2). Figure I.32d presents the frequency distribution of the con-
centrations of total S in the surface horizons of 572 Australian soils while Table I.15
presents typical concentrations in plant materials from a range of natural and semi-
natural environments.

In most soils‚ sulphur occurs largely in organic form and this may be subdivided
between that associated with the soil organic matter and that with decaying plant residues.
As with the other essential nutrient elements‚ a further small labile pool occurs in the
microbial biomass which may be either a source or a sink of sulphur. In fourteen
temperate-climate acid soils this pool ranged between 0.7 and 1.9 per cent. of microbial
biomass carbon with an average of 1.2 per cent. (Wu et al.‚ 1994); Banerjee et al. (1993)
found that this pool comprised slightly higher values‚ ca. 3 per cent. of microbial
biomass carbon. Organic sulphur is mineralised to sulphate which is the form normally
taken up by plants. The sulphate ion is relatively mobile in soils and may be subject to
leaching losses. Sulphur dioxide a common atmospheric pollutant‚ is absorbed
through the leaf surfaces and while it may contribute to plant nutrition at low concen-
trations‚ it quickly becomes toxic with increasing concentration.

In arid and semi-arid areas‚ sulphate sulphur may accumulate in soils as gypsum

(e.g.‚ may occur in certain environments depending on the pH and
other factors.

In contrast‚ in wetland soils and those that are submerged frequently enough to
become effectively anaerobic‚ inorganic sulphur may occur largely in reduced form as
sulphides such as pyrite and in other reduced forms. Hydrogen sulphide is
one of the characteristic end products of the mineralisation of organic sulphur under
such conditions and is largely responsible for the distinctive odour associated with
such wetland environments as mangroves communities. This gas is also produced in
aerobic environments although it is quickly oxidised to elemental sulphur. Other
sulphur containing gases such as and COS are also produced in soils through
microbial activity.

epsomite or as thenardite and other minerals.
Toward the drier end of the climatic spectrum‚ gypsum may form cemented horizons
at varying depths from the surface. More complex sulphur salts such as the jarosites
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Unlike that of phosphorus but like nitrogen‚ the biogeochemical cycle of sulphur
has a significant gaseous component. The importance of this component has recently
been emphasised through the effects on the atmosphere of fossil fuel consumption and
the emissions from certain industrial processes. These have lead to increased atmospheric
concentrations of sulphur (and nitrogen) and increased deposition of acid forms of these
elements in both particulate form and in solution‚ particularly in areas associated with
industrialisation. In such areas‚ a major consequence has been the reduction of rainfall
pH to low levels‚ the ‘acid rain’ phenomenon‚ although this is also due to inputs of
nitrogen-containing acids.

When sulphur-rich wetland environments are drained during the processes of land
reclamation‚ the sulphur present in reduced form may be oxidised to sulphuric acid
leading to a drastic reduction in pH and the solubilisation and mobilisation of metals
(Dent and Pons‚ 1995). The effects of sulphur oxidation may be severe. The acid-sulphate
soils that result from such acidification are particularly difficult to manage and environ-
mental damage‚ including fish kills‚ may be incurred in down stream aquatic ecosystems.
A similar situation frequently follows exposure at the surface of sulphide-containing
overburden and processing waste materials associated with the mining of many minerals
of commercial importance (see‚ for example‚ Ripley et al.‚ 1996).

While much of the sulphur needed by agricultural crops is provided through the
mineralisation of organic matter‚ low sulphur concentrations commonly limit the growth
of crops and pastures. Sulphur adequate for the needs of many crops is supplied through
the application of such phosphatic fertilisers as superphosphate. In situations of intensive
production‚ however‚ regular sulphur additions may be required to maintain satisfactory
levels of productivity. The application of inorganic sulphur has an acidifying effect on
soils; elemental sulphur may sometimes be applied to alkaline soils to reduce their pH.

3.1.2.5 Calcium and magnesium

Calcium and magnesium are bivalent elements belonging to the second group of
the periodic table‚ the alkaline earth elements; a group whose hydroxides form strong
bases. They are amongst the few most concentrated elements in both the earth’s crust
(Table I.1) and in soils (Table I.2).

Calcium is one of the soil macro-elements and median concentrations are ca. 1.5 %
in non-calcareous soils. In contrast‚ airborne calcium inputs may lead to the formation
of discrete horizons of calcium and magnesium carbonates or gypsum in
the calcareous soils of semi-arid and arid areas (Birkeland‚ 1984). Surface efflorescences
or crusts dominated by calcium may form in depressions‚ in areas where subsurface
lateral flows emerge to the surface or through the capillary rise of saline waters.
Shallow calcareous soils also form from such calcium-rich parent materials as limestone
and chalk.

Both elements have essential roles in the nutrition of living organisms and‚ through
a strong association with soil pH status‚ calcium concentrations (in particular) strongly
affect the availability of other elements to plants. Both elements may strongly influence
soil structural stability.
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Roles of calcium in plants and animals
Calcium occurs at a median level of ca. 0.5 % by dry weight in higher plant tissues
while maximum concentrations in excess of 9 % are known in some calcicole species
(Table I.15). Monocotyledonous plants require lesser quantities than dicotyledons. Most
of the calcium in higher plant tissues occurs in exchangeable form associated with the
cell walls or the plasma membrane; intra-cellular calcium is most concentrated in the
mitochondria and leaf vacuoles (Marschner, 1995).

As a Group III element, calcium functions to regulate ion balance and osmotic
potential in plants. In addition to this, it has a major role in stabilising membranes
and maintaining cellular integrity. Calcium also has an important role in stabilising cell
walls and is essential to root elongation. It also has a minor role in activating a number
of enzymes.

Calcium is poorly mobile within the phloem, in cell-to-cell movement and between
tissues. Because of its low mobility in the phloem, the calcium needs of roots must be
largely supplied from the soil solution surrounding the root tip (Marschner, 1995);
this requirement may limit the penetration of the subsoil by plant roots in acid soils.
Little calcium is withdrawn from leaf tissues prior to abscission and forest and other
litters may often have higher concentrations of this element than the foliage from which
they were derived.

In higher animals, calcium comprises a major proportion of the structural tissues
(bone, teeth) and occurs in notable concentrations in the blood plasma. It plays important
enzymic roles in the transmission of nerve impulses and in muscle contraction. It is also
important in the coagulation of blood. In some soil animals (e.g., Isopoda, Amphipoda,
millipedes), calcium is an important structural component of the exoskeleton; calcium
concentrations strongly influence the distribution of earthworms (Lee, 1985) and other
soil organisms.

Roles of magnesium in plants and animals
Magnesium normally occurs in lower concentrations than calcium in the earth’s crust,
soils, higher plants and other terrestrial organisms. Typical concentrations in the earth’s
crust are about 1.3 % while non-calcareous soils contain ca. 0.5 %; concentrations in
higher plants are ca. 0.2 % with maximum values up to approximately 1 % of dried weight.

In addition to its important role in controlling intra-cellular osmotic potential,
magnesium is the central atom of the chlorophyll molecule and is therefore critical to
photosynthesis, and in protein synthesis. It is also responsible for activating a wide range
of enzymes and, together with calcium, has a structural role in stabilising the cell wall
(Marschner, 1995). In contrast to calcium, magnesium is highly mobile in the phloem.

In higher animals, magnesium is associated with calcium and phosphorus and ca. 70 %
of the magnesium in the body is found in the skeleton (McDonald et al., 1988). As in
plants, magnesium plays an important role in activating a number of enzymes.

Roles of calcium and magnesium in soils
In contrast to its immobility in plant tissues, calcium is relatively mobile in soils within which
it moves largely by mass flow. Encrustations around plant roots testify to its movement in
the mass flow of water and its contained elements caused by the transpiration stream.
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Calcium dominates the exchange complex of most well-structured soils where it exists
in an equilibrium state with the soil solution. Site losses occur through erosion, illuviation,
leaching, subsurface lateral flows, and plant uptake. It is the dominant metallic element
in areas dominated by silicate rock parent materials (Schlesinger, 1997).

Soil pH is strongly influenced by calcium concentration and it therefore indirectly
affects the supply of a number of nutrient elements. At high pH, for example, the avail-
ability of many of nutrient elements is severely reduced. In particular, phosphorus
availability is substantially reduced at pH values above 7, largely by fixation on inorganic
calcium minerals. Calcium promotes the flocculation of soil colloids and in agricultural
and other environments where it dominates the exchange complex, a well-developed
aggregate structure favourable to aeration and water infiltration normally occurs.
In contrast, magnesium (together with sodium) may have a dispersive effect.

Applied aspects
Because of the acid-producing effects of nutrient uptake, the removal of plant parts in
crops and the losses of calcium through erosion, leaching and the use of acidic fertilisers,
intensively-used agricultural lands tend to become progressively acidified. The applica-
tion of calcium as agricultural lime to raise soil pH is therefore a widespread and
regularly-required feature of intensive agricultural practice. The primary purpose of this
is to raise the soil pH to the range in which most nutrient elements are readily available
(Figure I.35) although the calcium supplied is also available as a nutrient element.

Calcium may be applied to the soil as agricultural lime in carbonate, oxide or
hydroxide form. Crushed limestone (largely is the most frequently used medium;
limestones may also contain a variable proportion of dolomite depending
on their sources. Calcium is also applied to soils as gypsum to alleviate
the high dispersivities and often crusted states characteristic of sodic soils. The dispersive
nature of these soils is reduced by replacing a proportion of the sodium ions with
leading to improved flocculation of the soil colloids, lessened dispersivities and a reduced
tendency to form surface crusts.

3.1.2.6 Potassium

Potassium is required by all living organisms, normally in relatively large amounts.
Its major roles in plants are in pH stabilisation, osmoregulation, enzyme activation and
membrane transport processes; these impact on protein synthesis, photosynthesis and
many other basic processes at both the cellular and physiological levels (Marschner,
1995). Potassium is very mobile in plants at the level of the cells, the tissues and at
the longer distance transport level of the phloem and the xylem; it is thus readily
redistributed in response to changing metabolic requirements. Leaves usually have higher
concentrations than the other plant parts (Table I.15) and potassium is, after
calcium, the most abundant metallic element in the cytoplasm of the leaves. Fertilised
crop plants in particular may take up substantially .more than their metabolic
requirements, that is, so-called ‘luxury’ consumption. Potassium is not an important
component of the structural tissues.
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In animals, potassium similarly plays important roles in osmoregulation and in main-
taining the acid:base balance. It is also necessary for nervous conduction, muscle
excitability and carbohydrate metabolism. It is the major cation within cells in contrast
to sodium, which is the major cation at the physiological level (McDonald et al., 1988).

In soils, potassium enters the soil solution largely through the weathering of such
primary minerals as micas, feldspars, etc. It is slowly released into the soil solution where
it equilibrates with potassium on the exchange complex or is taken up by plants. It may
also be fixed on to 2:1 clays in non-exchangeable forms. Potassium is continuously
leached from the aerial parts of plants, mineralised biological materials and soil organic
matter. As with other nutrient elements, it is taken up and released by micro-organisms
under constraints imposed by environmental conditions.

Likens et al. (1994) consider that potassium reserves in natural soils are not large but
are maintained by weathering and conservative cycling mechanisms. Plant uptake may
account for considerable proportions of the potassium available in the soil, particularly
in high-producing agricultural crops. To maintain crop production in these situations,
it must be replaced by appropriate fertiliser inputs (Brady and Weil, 1996). Because potas-
sium is highly mobile in soils, particularly those of coarse texture, the potassium cycle
is sensitive to such disturbances as the removal of a forest cover. Such practices can lead
to large site losses that may continue over many years (Likens et al., 1994).

3.1.3 GENERAL NUTRIENT SOURCES

The nutrient elements absorbed by plants are derived from geological, biological and, to
a lesser extent, atmospheric and anthropogenic sources. Chemical weathering of saprolite
below the soil horizons, fragments of the parent rock, or of other parent materials
resident in the soil may all release nutrient and other elements into the soil solution
(Chapter II.3.1). Mineral nutrient elements continue to be released from this source until,
over geological periods of time, all the weatherable minerals in the rooting zone have
been broken down. Because of this, many highly-weathered tropical soils have little
capacity to supply plant nutrient elements from this source.

Within the soil, nutrient elements are available through displacement from exchange
sites on soil colloids. These may include both phyllosilicate and other clays and organic
matter. Nutrient elements may also become available as a consequence of organic mat-
ter decomposition, through either the consumer or decomposer food webs (Chapter IV),
or from turnover of the microbial biomass. In particular, organic matter decomposition
supplies much of the nitrogen, phosphorus and sulphur available in unfertilised soils.

It has become clear from work carried out over the past few years that the microbial
biomass is an important component of plant nutrition. The microbial biomass comprises
a small pool of nutrient elements with high turnover rates and it may act as either a sink
or source of these elements (Singh et al., 1989). The phosphorus in microbial biomass
comprises 3-24 per cent. of total organic phosphorus in soils, although most values
lie in the lower part of this range; equivalent values for nitrogen are 1.7-6 per cent. (Singh
et al., 1991), and for sulphur are 1-3 per cent. (Banerjee et al., 1993; Wu et al., 1994).
Microbial biomass and its contained nutrients vary with climate, the type of vegetation
present, land use and cultural treatments (Wardle, 1992) (see also Chapter III.2.2.2).
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Turnover of the microbial biomass appears capable of supplying a substantial part of the
nutrient requirements of the higher plant community in both semi-natural and cropped
ecosystems (Wardle, 1992).

There may be considerable temporal variation in nutrient supply due to seasonal
variation in such biological factors as litterfall and root litter inputs, and of climatically-
associated soil conditions including soil water and temperature status. In many non-
agricultural situations, nutrients such as nitrogen and phosphorus may be partly or
largely supplied to plants through the activities of symbiotic micro-organisms
associated with the roots (Chapter IV.3.2.1).

Atmospheric inputs may play a significant role in the accession of nutrient and other
elements. Volcanic eruptions may provide nutrient inputs ranging in extent from minor
to substantial or may blanket an area with a thick layer of ash or other ejecta from which
new soils will form. The soils of large areas of the North Island of New Zealand (Molloy,
1988) and other regions bordering the Pacific Ocean owe their existence to the volcanic
activity that has showered their landscapes with ash. Appreciable annual inputs of nitro-
gen may occur through physical fixation processes occurring in the atmosphere.
Substantial quantities of both sulphur and nitrogen are distributed widely from sources
of industrial and other pollutants.

In the arid areas of the world, aeolian processes are responsible for considerable
surface erosion. Substantial masses of fine materials become detached from exposed
surfaces and entrained in air currents. These materials may subsequently be transported
for very long distances from their source areas, sometimes entraining further materials
in their paths (Pye, 1987). The amounts and sizes of the particles transported vary with
distance from the source. Accessions of fine particles over time may be large; Khalaf and
Al-Hashash (1983) reported an average annual depositional rate of ca. 23 Mg in
Kuwait, representing a layer of 1 mm thick. This particularly high value may represent
conditions relatively close to the source. Studies in western Africa (Stoorvogel et al., 1997)
showed that deposition rates from the seasonal Harmattan winds fell off rapidly with
distance from the source area falling from ca. 920 kg at 1000 km from the source
to ca. 60 kg at 2700 km. The particle size distribution also changed commensu-
rately: materials 1000 km from the source contained small proportions of materials
greater than 100 in diameter while at 2700 km only materials less than 20
were present.

On deposition, wind-transported materials may form superficial mantles of parent
materials (silt, loess, parna) from which soils have subsequently formed (Butler and
Churchwood, 1983). Lesser effects include modification of the textures of the surface
horizons of existing soils (Simonson, 1995).

Smaller amounts of materials and airborne salts are continually deposited by such
processes all over the earth’s surface. In the highly-weathered, impoverished soils of
Amazonia and Africa, nutrients in atmospheric inputs may be sufficient to support the
continued functioning of certain high-biomass rainforest ecosystems which survive
because of their efficient nutrient conservation mechanisms (Jordan, 1982; Stoorvogel
et al., 1993). Airborne salts may provide substantial inputs of sodium, chloride and
associated elements particularly to near-coastal areas; site differences are often related
to their distances from the sea and the prevailing winds (Schlesinger, 1997).
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Biological fixation by higher plants and some micro-organisms provide inputs of
atmospheric carbon to ecosystems. Nitrogen, despite its predominance in the atmosphere,
is largely unavailable to higher plants except through fixation by prokaryotes. These
organisms may be symbiotic, associative or free living, although species of intermediate
habits also occur. Of great agricultural and silvicultural importance are the bacteria of
the genera Rhizobium, Bradyrhizobium and Azorhizobium that form symbioses with
a wide range of tree, shrub, pasture and cropped legumes; however, not all legumes
form such associations. A number of other groups also fix nitrogen with varying degrees
of effectiveness. Actinobacteria of the genus Frankia form nitrogen-fixing symbioses with
a range of species (mainly trees) belonging to several families (Quispel et al., 1993).
Other symbiotic systems include the ancient associations of the lichens and the cycads
with cyanobacteria (Grobbelaar, 1993). Sugarcane and some other tropical grasses,
have been shown to fix nitrogen in association with bacteria of the genus Azospirillum
(Sprent and Sprent, 1990). The cyanobacterium Anabaena azollae forms a symbiosis
with aquatic ferns of the genus Azolla which is important in the nitrogen economy of rice
crops in some areas. A range of free-living bacteria, both aerobes and such anaerobes as
Azotobacter spp. and Clostridium spp., are widespread in soils and fix lesser but still
significant quantities of nitrogen.

Lastly, in many agricultural situations, fertilisers are frequently the major source of
a number of plant nutrient elements for crop plants and the simplified ecosystems of
which they form the autotrophic base.

3.1.4 MECHANISMS OF STORAGE AND RELEASE

3.1.4.1 Nutrient stocks (standing crops)

As indicated above, nutrient elements are derived from several different sources and
possess a wide range of mobilities and turnover times within the soil. The stock of a
particular element at a given site is defined as the total mass per unit area of that element
lying within a defined soil depth range, often the root zone. It may also be defined in
terms of the masses of particular fractions (often chemically defined) of such elements.
Such fractionations frequently aim to define a ‘plant-available’ fraction and this may
have restricted value in the context of crop growth within limited ranges of soil and
environmental conditions. Despite the above, fractionations based on functionally-realistic
criteria have proved very insightful, as discussed above in the context of phosphorus
fractionation (Cross and Schlesinger, 1995). As discussed below, fractionations on
various bases have also proved useful in studies of soil organic matter (see Figure I.13)
and in estimation of the nutrient element composition of the microbial biomass.

Nonetheless, the magnitudes and depth distributions of nutrient stocks in soils provide
an estimate of the total amounts of particular elements contained within a given soil
mass, or volume. Such estimates may reflect soil age, the pedological processes occurring
within them, the nature of their vegetative cover and environmental conditions.

Nutrient elements are not distributed evenly within soils: through biological and
pedological processes, they become concentrated at particular locations and remain
substantially lower throughout the remaining soil volume. Because of ecosystem recycling
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processes, greater reserves of most nutrient elements occur near the soil surface and,
at a smaller scale, close to the roots. Nutrient reserves are high near roots because of
exudation and their continual death and replacement. Close to the surface, such reserves
are a consequence of the greater inputs of litter and are associated with the higher organic
matter status of the A horizon. Figure I.36 shows the similar and decreasing patterns with
depth in the concentrations of carbon, exchangeable calcium, magnesium and potassium
in a tropical oxisol (Spain et al., 1989a). In contrast to the other elements presented, the
concentration of total phosphorus varies little down the profile, probably due to fixation
on the considerable amounts of iron- (haematite, goethite) and aluminium-containing
(gibbsite) minerals present in these soils (Isbell et al., 1976). However, as considered
below (see also section I.3.1.2.3), a substantial proportion of this element occurs in organ-
ic form in most soils.

Where the rate of accession of organic matter by the soil exceeds its rate of decom-
position or where decomposition rates remain depressed, as occurs with waterlogging,
little-modified plant remains may accumulate as a litter or peat layer (O or H horizons).
The presence of higher organic matter concentrations near the surface of the mineral
horizons has a number of consequences. Because of the high cation exchange capacity
of soil organic matter (see below), the cation exchange capacity of the whole soil
will normally be greatest near the surface and in locations where the roots are most
densely distributed. Such concentrations of organic matter are normally associated with
higher microbial and faunal activities and thus a more rapid turnover of the contained
nutrient elements.
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Stocks of nutrient and other elements may be calculated for specific areas by summing
the products of their concentrations and the bulk densities for successive horizons or
layers sampled within the soil. These values provide an estimate of the total amounts of
the elements in this soil and, for the nutrient elements, an estimate of overall reserves.
However, they provide little insight into biogeochemical processes, as considered below.

For many elements in many environments, nutrient element stocks included in the
vegetation biomass are small in relation to those held within the rooting depth of
the plant community. However, this may not be true of highly-weathered soils. This is
illustrated in Table I.18 which presents the distributions of four selected nutrient elements
in a Amazonian rainforest ecosystem formed on an extremely acid (pH 3.5) oxisol
(Klinge in Salati and Vose, 1984). The stocks of total nitrogen and phosphorus held
in the phytomass are equivalent to approximately 37 and 47 per cent. of those present in
the soil. In contrast, soil calcium concentrations were below detection limits and
the amount of magnesium in this highly-weathered soil comprised approximately eight
per cent. of total ecosystem stocks. Therefore, the stocks of these last two elements,
together with those of potassium and sulphur, occur predominantly in the phytomass.
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Nutrient stocks diminish with depth, often markedly in highly-weathered soils
paralleling the decline in organic matter concentrations. This is illustrated in the context
of organic matter studies in Table I.19 which lists the stocks of carbon and nitrogen
at selected depths in the oxisol profile presented in Figure I.33c. Other factors affecting
the magnitudes of useful soil reserves include the depth of the soil profile and
nutrient availability.

The ‘plant-available’ amount of a nutrient element in a soil is considered to be
the fraction of it that could potentially be taken up by plant roots and their associated
mycorrhizal fungi, at any given time. It must therefore be defined in relation to the
particular plant community or crop present and in relation to plant mycorrhizal status
and other factors affecting the ability of the root system to extract nutrients from the soil.
To be available, nutrient elements must be physically accessible, that is, not sequestered
within unweathered primary minerals or undecomposed organic matter. Further, nutrients
in parts of some profiles may not be accessible to roots because of genetic constraints.
For example, roots may not be able to grow to sufficient depths to exploit deeper
reserves. Inaccessibility may also result from the presence of impermeable pans or a layer
of permafrost, partial waterlogging leading to anoxia or undue soil dryness. In some
agricultural soils, past poor soil management practices may restrict the roots to the soil
volume above a compacted zone.

In non-calcareous soils, much of the store of readily plant-available basic cations
(Ca, Mg, and K) is retained at colloid surfaces and may be held in a state of equilibrium
with cations in the soil solution. The colloids involved are largely clay particles or
organic matter and comprise the major part of the whole-soil cation exchange capacity.

Nutrient and other elements may occur in soils in chemical forms that are insoluble
or can not be taken up by plants. This may occur because they are poorly soluble at
existing soil pH levels, as in the case of manganese considered above (Figure I.35), or are
occluded through reaction with other soil components. Low phosphorus concentrations
commonly limit plant productivity in many soils and phosphorus may be of particularly
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low availability in highly-weathered soils due to absorption by iron and aluminium.
Thus, measures of the total amounts of many elements in defined parts of a profile may
be of little value in predicting their availability to the biota although they may have some
use as indicators of the overall reserves present.

3.1.4.2 Release from dead plant materials and soil organic matter

The rates of nutrient release from decomposing plant remains depend on environmental
conditions and the nature of the materials under consideration. Where leaves are shed
naturally, a substantial proportion of the more mobile nutrient elements contained in
the living tissues are normally withdrawn prior to abscission. This contrasts with the
situation in such crops as sugarcane which, because they are harvested when the leaves
are still actively photosynthesising, leafy residues may still contain somewhat greater
quantities of elements. Such processes are analogous to those that occur through herbivory.
In pastures and other systems, the grazing of plant materials that possess a relatively
high nutrient status results in a direct transfer of a large proportion of the included
nutrients from the above ground biomass to the soil through their deposition in excreta
and secreta (Swift et al., 1979).

Table I.20 presents changes in the standing crop biomasses of selected nutrient
elements in sugarcane harvest residues decomposing as a surface mulch in the humid
tropical environment of northeastern Australia (Spain and Hodgen, 1994). The biomass
of dead plant material initially declines steeply and then less rapidly; such changes are
characteristic of many decomposing plant residues although such materials differ enor-
mously, depending on the chemical and.physical characteristics of the plant materials
concerned and environmental conditions. Percolating rainwater leaches away a portion
of the nutrient elements and other materials solubilised through microbial activity.
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Nutrient release during the initial phase may be rapid; during the first 21 days of
decomposition, 25 % of the nitrogen, 38 % of the phosphorus and 46 % of the more
mobile potassium was lost, compared with only 10 % of the biomass. The rate of release
per unit of biomass decomposed is slower during the later stages of decomposition and
its measurement is complicated by other factors, including admixture with soil materials
through earthworm casting into the remaining residues, the activities of other soil animals
and nitrogen fixation (Hill and Patriquin, 1990). Decomposition rates and the dynamics
of nutrient release from decomposing resources are highly variable since they depend on
a suite of hierarchically-organised factors (Chapter IV. 1.2).

3.1.4.3 Ratios of carbon to nitrogen and other elements (see also Chapter IV.1.3.3)

The ratios of carbon to other nutrient elements in decomposing tissues have a controlling
influence on their breakdown and on the recycling of their nutrient elements. In particu-
lar, the ratio of carbon to nitrogen (C:N) (Table I.21) has been widely used as an index
of tissue decomposability and of the capacity of various materials to supply nitrogen to
higher plants and to micro-organisms. However, other tissue properties, including the
lignin content, the ratio of structural tissues to cytoplasm and the presence of secondary
plant compounds also strongly influence the pattern of breakdown.

Heterotrophic micro-organisms decomposing plant tissues in terrestrial environments
normally have to cope with materials with higher C:N ratios than those of their own
tissues. In such environments, micro-organisms in increasing their numbers will absorb
the available inorganic nitrogen to incorporate into their own biomass. Since micro-
organisms preferentially absorb nitrogen as (or as low molecular weight organic
compounds), they may have a competitive advantage in this and immobilise much
nitrogen in their tissues that could have otherwise been available to higher plants.

During decomposition, the C:N ratios of litters and harvest residues vary in similar ways
although the time scales differ widely due to both intrinsic and environmental factors.
In the harvest residues of sugarcane (Saccharum spp.), initially high values (ca. 170)
increase slightly which may result from the loss of the most assailable materials;
this is followed by a lengthy decline and perhaps a plateau at a C:N of ca. 70 (Figure I.37)
(Spain and Hodgen, 1994). Description of the changes occurring during the later phases
of decomposition is complicated by N fixation in the decomposing residues (Hill and
Patriquin, 1990) and by their admixture with earthworm casts. In soils, lower C:N ratios
generally pertain in the heavy fraction of the soil organic matter and, in both the light
and the heavy fractions, the C:N ratio generally declines with decreasing particle size
(Baldock et al., 1992).

As considered above, nitrogen deficiencies may limit the productivities of both micro-
organisms and plants, depending on the nature of the decomposing materials and their
stage of decomposition. Stevenson (1986) considered that net mineralisation leading to
an increase in inorganic nitrogen will occur below a C:N ratio of 20, an approximate
equilibrium state will pertain between 20 and 30 and that, over 30, net immobilisation
will take place constraining the supply of nitrogen to plants, as described above.
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In undisturbed, fully-developed soils and those at approximate equilibrium with their
management regimes, C:N ratios are relatively constant, although clear differences exist
between environments and soil taxonomic groupings at a range of scales (Batjes, 1996).
Spain et al. (1983a) analysed the C:N ratios of the A1 horizons of more than three
thousand Australian soils and the data for three selected areas are presented in Table I.22.
As shown, few consistent differences were apparent between temperate and tropical
climate soils. In general, however, soil C:N ratios tend to be lower in arid regions
because of accumulation of inorganic N in the soil while in areas with higher rainfall,
they are more dependent on decomposition rates. Thus, soils of hot humid climates tend
to have lower C:N ratios than those of cold areas (Post et al., 1985). Differences between
vegetation types also exist and cultivated lands tend to have lower C:N ratios (ca. 10)
than forests (ca. 14-30) (Attiwill and Adams, 1993).

Clear differences were also apparent between some soil taxonomic categories.
Spodosols and histosols, rarer in Australia than in many cool temperate and boreal
regions, tended to have the highest C:N ratios (up to more than 70). Slight decreases
occur with depth in many soils reflecting the greater humification and greater age of
the organic carbon stored deeper in the profile; however, this does not occur in vertisols
because of the profile churning that occurs (Batjes, 1996). In some soils, C:N ratios may
decline with increasing soil depth because of the greater amounts of fixed           at depth.
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The situation discussed above may be generalised to other elements. Stevenson (1986)
states that, while some local variation occurs, the ratio C 140:N 10: S: 1.3:P 1.3 remains
relatively constant across a wide range of environments. Where C:organic P and C:S ratios
are less than 200 and 400, respectively, net mineralisation will occur. Net immobilisation
of P and S will occur at C:P and C:S ratios above 300 and 400, respectively.

3.1.4.4 Roles of symbiotic micro-organisms

As considered above, certain micro-organisms (for example, Rhizobium and related
species, Frankia spp., Actinobacteria) enter into symbioses and looser associations with
many legumes and some non-legumes to fix atmospheric N a variable portion of which
may become available for use by the host plants. The biological N fixation
process underpins the agricultural economies of many areas and offers the species
involved a competitive advantage in N-deficient environments. The other micro-
organisms important in mediating nutrient acquisition for their hosts are the diverse
groups of fungi that form mycorrhizal relations with many higher plants.

For most plant groups in most environments, it is not likely to be profitable to con-
sider their nutrition independently of the actual or potential activities of these organisms.
Their roles are addressed in greater detail in Chapter IV.3.2.1.2 and IV.3.2.1.3.

3.2 Organic resources

In soils, energy flows either through the consumer or decomposer foodwebs (see
definitions in Chapter III). The decomposer foodwebs are the most complex in that
decomposing organic resources are progressively transformed through sequences
of ingestion-egestion processes which form what Swift et al. (1979) have aptly called
cascade structures. Consequently, organic resources are extremely structurally and
chemically diverse and, of the enormous range of compounds known, almost all are
likely to be found in soils. These resources are here characterised by their quality,
availability in time and space and, where possible, quantified.

Organic resources present in soils are distributed among the following four major
classes of materials:

Dead leaves, woody litter and reproductive structures which fall to and may accu-
mulate on the surface of the mineral horizons;
Living and dead roots;
Organic matter accumulated in the soil profile; and
Soluble organic compounds, including bark, foliar and litter leachates, root exudates,
polysaccharides and other materials produced by both micro-organisms and inverte-
brates.

1.

2.
3.
4.

3.2.1 RESOURCE CLASSIFICATION

In ecological systems, the quality and availability of resources in time and space largely
determine patterns of consumer usage and the organisation of the consumer communities.
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The relationships between consumer organisms (competition, commensalism or mutual-
ism) will also depend on resource properties: quality (Swift et al., 1979; Lavelle, 1985),
distribution in time (Price, 1984) and space (Southwood, 1977) and, eventually, interac-
tions (Tilman, 1982).

The quality of a resource is defined by its chemical composition (which determines
its ease of digestion) and such physical properties as its size, shape and hardness which
govern its susceptibility to ingestion by consumers. Resources may be of high, medium
or low quality, depending on the degree of adaptation required for their exploitation
(Lavelle, 1985) (Table I.23).

Resource availability over time is defined as the temporal pattern of its presence in
relation to the generation time of the organisms using it. Price (1984) recognises
the following five classes of resources (Figure 1.38):
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Rapidly increasing (example: foliage of deciduous trees in relation to herbivores in
temperate climate spring);
Rapidly decreasing (example: rapidly decomposing litter in tropical rainforests in
relation to primary decomposers);
Constantly renewed (example: soil organic matter in relation to geophages);
Constant (example: bird nesting sites, soil pores at certain scales of time in relation to
micro-organisms);
Pulsed (example: root exudates, litter leachates in relation to the soil microflora).

1.

2.

3.
4.

5.

Variation in resource availability over time is of considerable importance since
interactions between consumers competing for the same resource will depend on both
the timing of its availability and the capacities of consumers to respond to it by increasing
their populations. To illustrate, the exploitation of a rapidly-increasing resource is
unlikely to lead to competition among consumers since their populations will increase
too slowly to create density-dependent effects. In contrast, such competition is more.
likely where resources are regularly-renewed or rapidly-decreasing. However, even in
these circumstances the likelihood of competition taking place may be reduced by
the spatial distribution patterns of the resource (Table I.24; Price, 1984).

The ways in which consumers exploit a resource and the nature of the relationships
they develop with other consumers of that resource is dependent on the spatial
distribution of the resource. The spatial distribution of a resource may be evaluated by
relating resource patch size to the home and migratory ranges of its consumers
(Southwood, 1977).

The following three classes of resource spatial distribution may therefore be defined
(Figure I.39):

Evenly distributed and available to all consumers in the area;
Occurring in large, isolated patches located further apart than the normal migratory
ranges of the consumer species; and

1.
2.
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Occurring in small but closely-spaced patches falling within the home ranges of
the consumer species.

3.

Resource interactions: the classification proposed by Tilman (1982) is based on
the extent to which resources are necessary for plant growth and how they interact.
In considering the relative importances of two pairs of resources (R1 and R2) and their
influences on individual plant growth, eight different outcomes may result (Figure I.40):

Resources may be perfectly substitutable: replacement of a given quantity of R1 by
a same amount of R2 does not change plant growth.

Resources are complementary when a given amount of the mixture of R1 and R2
gives a better growth than the same amount of R1 or R2 alone.

Resources are antagonistic when a mixture of the two resources gives lower growth
than the same amount of any single resource. Two resources that are totally antagonistic
are said to be switching.

Resources may also be essential. They are said to be interactive essential if an
optimal combination of both resources allows growth maintenance with a lower overall
consumption. If one of these resources may be replaced by the other, it is said to be
hemi-essential. Finally, they are inhibitory if an increase in each resource beyond a given
threshold diminishes growth. This classification does not consider only the feeding value
of resources, interactions described by Tilman integrate the costs associated in obtaining
and exploiting the resources together with their distribution patterns. The drawback of
this approach is that it limits the analysis to single pairs of resources.
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3.2.2 SURFACE LITTER

3.2.2.1 Quality

The dead leaves, wood and reproductive structures which form the major part of
the surface litter differ strongly in quality both within and between species. Quality also
depends on soil nutrient status and changes markedly with time, as decomposition proceeds.

Composition of fresh litter
Leaf litter may be broadly classified as being of low to moderate accessibility. Its quality
is positively related to its concentrations of soluble carbohydrates, hemicellulose, nitrogen
and other nutrient elements and negatively to its concentrations of lignin, cellulose and
secondary plant compounds, including polyphenols and other toxic modifiers

Fresh leaf materials usually possess high concentrations of soluble carbohydrates,
mainly reducing sugars, e.g., 15 to 18 % in savanna grasses (Lavelle et al., 1983a), 7.2 %
in oak leaves (Waksman, 1952) and 29.6-33.8 % in the leaves of three Salix species
(Slapokas, 1991). However, concentrations of these substances may decrease sharply
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during senescence and prior to leaf abscission, partly through their translocation to other
parts of the plant.

The tanning of cytoplasmic proteins by polyphenols released from vacuoles at cell
death is a further process of particular importance for decomposition (see Chapter IV).
This results in the formation of highly decomposition-resistant tannin-protein complexes
(Handley, 1954; Toutain, 1987a). The accessibility of remaining water-soluble sugars
may be further reduced by the presence of such soluble toxic components as polyphenols,
waxes and resins (Mangenot and Toutain, 1980).

Litters may thus be classified into the three following broad groups:
Litters with high concentrations of soluble carbohydrate whose exploitation is not
limited by extreme physical or chemical characteristics. Examples include the litters
of hornbeam (Carpinus spp.) and birch (Betula spp.) in temperate areas and those of
such tropical legumes as Sesbania or Erythrina;,
Litters with high concentrations of soluble carbohydrates, waxes and/or polyphenols
including those of conifers, European oaks (Quercus spp.), chestnut (Castariea sativa)
and the tropical leguminous shrub Inga edulis (Palm and Sánchez, 1991);
Litters with low concentrations of soluble carbohydrate such as European beech
(Fagus sylvatica).

1.

2.

3.

The chemical quality of fresh leaf litter thus depends on the compositions of
the leaves of the individual plant species present and their relative contributions to
the overall mass of litter present.

Many plants accumulate quite specific sugars and a wide range of waxy materials,
terpenes and alkaloids, especially those of tropical areas (Waterman and McKey, 1989;
Baas, 1989). The chemical variability of leaf litter in tropical forests may well exceed
that of temperate forests because of the greater species diversity and complexity of
tropical plant material. However, in a tropical Bornean rainforest, only 4 of 306 species
present contributed more than 5 % to litterfall, the maximum proportion being 10 %
(Burghouts, 1993). Similarly, at a single location at the foot of an individual tree in
a French Guyanese rainforest, only 16 to 21 % of the litter sampled came from the tree
above and more than 20 different species contributed significantly to the liner collected
at this location throughout a yearly cycle (Leroy, unpublished data).

The quality of leaf material also changes with its position on the tree (‘light’ as
opposed to ‘shade’ leaves) and the nutrient status of the soil (Heath et al., 1966;
Dickinson and Pugh, 1974; Ellsworth and Reisch, 1993).

Woody litter
Wood has more structural supporting tissue implying higher cellulose and lignin and
substantially-lower nutrient element concentrations than foliage. The accessibility of
woody litter is reduced by its hardness and the low surface to volume ratio it offers to
potential consumers; its accessibility is therefore substantially lower than that of leaf
litter (Table I.25).
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Changes in chemical composition with decomposition
Once deposited at the soil surface, the chemical composition of litter changes continuously
as decomposition proceeds. Water-soluble carbohydrates and hemicellulose decompose
steadily while cellulose and lignin decompose slowly; phenols and waxes are resistant
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to decomposition. Similarly, Table I.20 illustrates the decline in concentrations of five
biological nutrient elements and thus the reduction in quality that occurs during the
decomposition of sugarcane harvest residues. Such changes imply a clear overall diminu-
tion in the chemical quality of decomposing materials associated with the increasing
proportion of resistant compounds (Minderman, 1968 and Chapter IV.1.3.3).

Where temperature and moisture conditions do not limit biological activity,
mineralisation is rapid and little resistant material remains after periods of a few months.
This situation is typical of leaf litter dynamics in wet tropical lowland forest situations.
However, when drought, water-logging or low temperatures restrict decomposition,
highly-polymerised chemical compounds (e.g., fulvic and humic acids) may accumulate
and impart a very low chemical quality to the decomposing material. This is a common
situation in cold and temperate-climate regions.

In some circumstances, resource quality may increase over time, following the removal
of strong chemical or physical constraints to decomposition (Heal and Dighton, 1985)
(Figure 1.41 and see Chapter IV. 1).
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3.2.2.2 Availability in time

Fresh litter inputs are normally seasonal, even in humid tropical forests (see, for
example, Spain, 1984) (Chapter IV.2.6). The general pattern of availability is a rapid
accumulation of fresh material during the dry or cold season followed by a progressive
decrease in the standing crop biomass up to the start of the next dry or cold season.

Where decomposition is rapid, as in some temperate mull systems and many lowland
tropical rainforests, most of the annual litter input may be decomposed or exported in as
little as six months. Under these circumstances, litter is defined as a rapidly-diminishing
resource,.according to Price (1984).

Conversely, in environments where decomposition is slow, the O horizon may
comprise several layers corresponding to the accumulated remains of successive yearly
inputs. Under such circumstances, litter is considered a regularly-renewed resource,
regardless of the chemical differences between successive layers. This situation is
illustrated in Figure I.42 (Garay et al., 1986a).
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3.2.2.3  Spatial distribution

Horizontal distribution
Initial impressions often suggest that surface litter is evenly distributed in many ecosys-
tems. However, interactions between wind, microtopography, gravity and the distribution
patterns of such entities as trees and efficient liner consumers like termites and white-rot
fungi lead to the formation of accumulation and depletion zones in which decomposition
processes may proceed differently (see, e.g., Garay, 1989; Hafidi, 1989).

As shown above for tropical forests, further spatial variability may result from
inter-specific differences in litter quality. This heterogeneity is likely to increase with
the number of species present and may therefore be lower in grasslands than in forests,
and in temperate or cold regions than in tropical regions.

Vertical distribution
In many forest environments, litter accumulates at the soil surface and forms relatively
compact layers of accumulated material in intimate contact with the underlying soil.
However, in certain grasslands the pattern may be quite different with dead leaves some-
times remaining attached to the plant for long periods leading to the formation of a more
diffuse ‘duff’ with poor soil contact.

Finally, in humid tropical environments, significant amounts of litter are intercepted
by ferns, orchids, Bromeliad and other epiphytes, large branches, or Pandanus and palm-
tree leaf axils. These form characteristic suspended liner systems with no soil contact
(Lavelle and Kohlmann, 1984).

3.2.2.4 Annual inputs and standing crop

As with primary production, leaf litter production is determined by a suite of hierar-
chically-organised factors. Climate is the predominating influence and is expressed
through temperature and rainfall conditions (Figure I.43). Meentemeyer et al. (1982)
used the close relationship between litter production and actual evapo-transpiration to
estimate world total fine linerfall (excluding large wood) and leaf litterfall production.



3.2.3 ROOTS

Root biomass may be extremely high in soils and often constitutes the major resource
for soil organisms. This is especially true of ecosystems in which surface litter is regu-
larly removed by cropping (agro-ecosystems) or burned (sugarcane crops, many savan-
nas). Relative to surface litters, root material is still a rather poorly-known organic pool
since assessment of root abundance and decomposition patterns has long been limited by
the lack of an appropriate methodology. Root material may be classified as being of
slight to moderate accessibility.
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Total biomass production was estimated at (equivalent to ca. 23.6 Pg of
carbon per year) of which 64-70 % was leaf material. Across a temperature and latitudinal
gradient of biome and ecosystem types, litter accumulates in increasing quantities from
tropical forests to the tundra, depending on climatic conditions. Nonetheless, soil charac-
teristics and vegetation type are important secondary factors, as discussed in Chapter IV.2.

At Butte Montceau, near Fontainebleau (France), the outcropping of superimposed
sand and limestone sediments creates downslope a pH gradient in the A1 horizon with
values increasing regularly from 3.8 to 8.0 over a distance of 500 m; climatic conditions
and the composition of the tree cover remain identical over this distance. In the upper
part of this gradient, acidity limits earthworm populations and depresses decomposition
rates leading to the accumulation of substantial litter layers containing large arthropod
populations (Lavelle and Faille, unpublished data) (Figure I.44). With rising pH, earth-
worms become more abundant and increasingly dominate the litter system (see the
drilosphere system, Chapter IV.4.1). Rapid earthworm burial of litter means that it
increasingly decomposes within the soil, rather than on the soil surface.
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3.2.3.1 Chemical quality

For the same reasons, much less information is available on root than on leaf litter
chemical composition and even fewer studies differentiate between coarse and fine roots.
Apart from their mineral nutrient contents, little attention has been paid to the chemical
composition of roots. Nutrient concentrations are often higher in roots than in leaves:
in the strongly nutrient-limited soils of the Amazonian tierra firme forests, fine roots
have much higher concentrations of all nutrient elements except calcium (Table I.26)
(Cuevas and Medina, 1988).

In a temperate-climate European deciduous forest, coarse roots generally had lower
concentrations of most nutrient elements than fine roots, except for potassium and sodium
(Table I.27). Dead roots of all sizes had greater concentrations of the nutrient elements
calcium, magnesium, sulphur and aluminium (not a nutrient) with values approximately
twice as high as those of living roots) but only slight differences in potassium, nitrogen
and phosphorus. Finally, comparison of nutrient element concentrations in the fine roots
of Amazonian and temperate climate forests (Tables I.26, I.27, see also Table I.15)
highlights some substantial differences: in the tropical forest, higher concentrations
of potassium (x 15-29), magnesium (x 1.8-2.4) and nitrogen (x 2-2.6), slightly higher
concentrations of phosphorus (x 1.2-1.8), and much lower concentrations of calcium
(x 0.18-0.22) were apparent.

In humid African savannas, roots of the dominant perennial grasses contain more
lignin and cellulose than leaves and are therefore much harder materials. Water-soluble
compounds are present in lower concentrations, although most are only available to
consumers when lipids and waxes have been removed; some appear to contain toxic
compounds (Lavelle et al., 1989). Consequently, the overall quality of these roots is
much lower than that of the leaves. This may be interpreted as a defence against soil
herbivores, comparable to those developed against folivores (Table I.28).
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In the same soil, the nitrogen concentrations of roots decrease with depth (Abbadie, 1983).
As decomposition proceeds, the chemical composition of the roots changes. In the early
stages, the quality of this material (as assessed by the growth rates of invertebrates feed-
ing on it) increases and this is probably related to the loss of soluble toxic compounds.

3.2.3.2 Availability in time

As a first approximation, roots may be considered a constantly, although irregularly-
renewed resource. Most studies of seasonal changes in root biomass in grasslands or
forests show no clear patterns. In humid African savannas, there appear to be phases of
intense growth or mortality directly related to immediate conditions (Cesar, 1971;
Abbadie, 1983). In climates with more marked seasonality, root growth may have clear
patterns with pulses of fine root production in the growing season (van Praag et al., 1988).

However, roots comprise at least two distinct resources, living and dead (see
Chapter III.3). Living roots may be classified as constantly-renewed resources
whereas dead roots may vary from constantly-renewed to a pulsed pattern of production,
following sudden or unpredictable mortality. The scales at which decomposers operate
substantially affect the ways in which such changes are perceived.

Coarse perennial roots are a constantly renewed resource whereas fine roots are
ephemeral, living for only a few weeks to months. While fine roots are constantly
present, pulses of growth and mortality occur regularly. At certain scales of time and
space, they may thus be classified as rapidly decreasing resources (or increasing, if dead
fine roots are considered) (see, e.g., Fairley and Alexander, 1982; Kalela, 1957; Persson,
1978 and 1980; Vogt et al., 1980 and 1981).

3.2.3.3 Spatial distributions

Root distributions differ greatly from those of litter materials in that roots may be
dispersed throughout the entire upper soil volume. Also, they are normally in intimate
contact with the soil matrix over their entire surfaces. Roots may occur at any depth
although they are particularly concentrated in the upper part of the profile and diminish
sharply with depth. This pattern is clearer in grassland than in forest, in situations where
the plant-nutrient status of the soil is low or where the water table frequently comes
close to the soil surface (Chapter III.3.1). Tree root systems are more deeply and evenly
distributed with depth than those of grasses. Tree roots are also clearly differentiated into
coarse perennial supporting structures and finer, short-lived absorbing roots. In contrast,
grasses have fasciculated, or bundled systems of functionally-similar roots.

A further factor in the differing “rooting strategies” that occur between plants groups
is the variation that occurs in their patterns of horizontal distribution.

3.2.3.4 Annual inputs and standing crop

Root biomass may vary from a few hundreds of kilograms to more than
depending on the dominance of grasses or tree components and soil characteristics.
As developed further in Chapter III.l, forest ecosystems normally have a higher root
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biomass (especially coarse roots) than grasslands and, for a given type of ecosystem,
the ratio of above-ground to below-ground biomass tends to be higher in tropical than
temperate regions.

3.2.4 SOIL ORGANIC MATTER

3.2.4.1 Quality

In mineral soils, organic matter comprises only a small proportion of the total soil volume.
In terms of its utilisation, a major factor is the size of the organisms exploiting it.
Soil organic matter has a markedly discontinuous distribution at the micro-organism
scale while, at the larger scale of geophagous invertebrates, it is effectively continuous,
although of low energy density. A sample from the upper 10 cm of a savanna soil with
ca. 1 % organic matter in West Africa had an energy value of                 (Lavelle, 1978)
while, in an English beech (Fagus sylvatica) wood, a soil with 18 % organic matter had
an energy value of                    (Bolton and Phillipson, 1976).

The quality of soil organic matter, when treated as a resource, depends on its:
chemical properties (as defined in section I.3.2.2.1);
the shape and proportional representation of different particle size classes (

(i)
the par-

ticle-size distribution); and
(ii)

(iii) accessibility in the soil matrix (which, in turn, depends on its inclusion within
aggregates and whether it is combined with minerals to form organo-mineral complexes).

Particle size distribution
Soil organic matter is a mixture of plant and animal residues normally present in all
stages of degradation and comprises particles of a wide range of size classes. Part com-
prises amorphous colloids flocculated following the precipitation of soluble compounds
leached from the surface litter. The larger particles (i.e., those greater than  are
assumed to be more susceptible to decomposition than those of smaller size, partly
because the latter have already undergone a degree of microbial degradation.
These smaller particles contain high concentrations of such complex molecules as
lignin and humic materials and are therefore more resistant to microbial attack; such
particles are considered to be chemically protected. Other forms of chemical protection
include the formation of clay:humus and clay:metal ion:humus complexes. Such effects
are greatest with allophane and progressively lower in smectites, illite and kaolinite
(van Breemen and Feijtel, 1990).

Tiessen et al. (1984) have confirmed the relationship between soil organic matter
quality and particle size (Table I.29). Carbon and nitrogen concentrations were shown to
increase with decreasing particle size down to  while the C:N and C:P ratios
decreased indicating a greater degree of humification of the organic material. This was
associated with increased concentrations of highly aromatic humic acids which further
contribute to their recalcitrance to decomposition, Notably, the finest fraction
differs from the other fine fractions in that it has higher concentrations of fulvic acids
(predominantly aliphatic) and hydrolysable nitrogen (Anderson et al., 1981; Tiessen et
al., 1984; Catroux and Schnitzer, 1987).
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The particle size distribution of soil organic matter varies considerably between soils,
and with depth in the profile (Figure I.45). The results presented below were obtained in
regions of comparable climate (average annual rainfall: 1200-1300 mm; mean temperature
26-27 °C) and suggest that:
(i) Soils with high concentrations of active clays such as vertisols accumulate much
larger amounts of organic matter than sandy soils which have a relative dominance of
coarse and fine particles;
(ii) Tropical forest soils have a larger proportion of coarse organic particles (39.5 % as
compared to 23.4 % in the adjacent grass savanna), and a larger overall abundance of
organic matter;
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The particle size distribution of soil organic matter is strongly affected by land use
practices. In Martinique, ten years of intensive vegetable production in a vertisol resulted
in the loss of two thirds of the organic matter, particularly from the coarse
(loss of 78 %) and the finest fractions (Martin, 1990; Albrecht et al., 1986)

Distribution within aggregates
Organic particles may be enclosed within organo-mineral aggregates and thus physically
protected from microbial digestion. This protection appears to be most effective when
oxide minerals are abundant; their significant amounts of positive charge attract the
negatively-charged humic molecules. At the scale of larger aggregates (i.e., 50 to

and more), simple dilution of organic panicles in the often compact mineral
matrix makes them less susceptible to microbial attack. For example, mineralisation
of soil organic matter in the casts of geophagous earthworms is much slower than in

aggregates (>5 mm diameter) with low internal porosity which limits microbial  activity

From the above, the distribution of soil organic matter particles between the different
size classes of aggregates may affect their accessibility to decomposers. The sharp
decrease in soil organic matter concentrations following cropping, especially in the
tropics, is largely correlated with a reduction in the degree of aggregation (Feller
et al., 1995).

In most soils, the difference in particle size distributions after (a) gentle separation of
aggregates (by dry-sieving or gentle shaking in water) and after (b) total disruption by
sonication (use of ultrasound energy) provides a measure of the effective strength of
aggregates. Protection of soil organic matter within aggregates depends on both the
degree of aggregation and the resistance of these aggregates to dispersion by water or
more powerful forces.

Scheu et al. (1996) found considerable increases in microbial respiration following
removal of protection by the disruption of aggregates collected from three temperate-
climate forested soils. The effect was most marked in the larger aggregates and in the
most clay-rich of the three soils sampled.

Temporal variation of soil organic matter quality
When ecosystems are in an approximate state of equilibrium, the amounts and qualities
of soil organic matter vary little with time. However, in situations of strong seasonality
and rapid soil organic matter turnover, the quality of the soil organic matter may differ
seasonally. This occurs, for example, in sandy alfisols in the moist savannas of the Côte
d’Ivoire where the nutritional value of the soil for geophagous earthworms is greatest at
the end of the rainy season and lowest a few weeks after the onset of rains (Lavelle and
Meyer, 1983). Microbial respiration follows a similar temporal pattern in these soils
(Abbadie, personal communication).

At longer temporal scales, changes in the vegetation cover are reflected in different
soil organic matter characteristics. Table I.30 illustrates the changes measured in a West
African humid savanna due to an increased dominance by trees following protection
from fire (Martin et al., 1990). While only slight differences in carbon concentrations are

(Martin, 1989)(Chapter IV.4).

smaller aggregates (less than 2 mm) formed in the same soil. These casts occur as large
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apparent between the grassy and the shrub savanna, substantially-increased surface soil
carbon concentration result from fire protection. As shown by changes in the stable
carbon isotope compositions (as values, see section I.3.2.4.2 below) of the sites
studied, the effects on organic matter are most apparent in the surface soils. Increased
values also occur at depth in the fire-protected soils although only in the surface soils
do these values approach those of the gallery forest.

In addition to large reductions in organic matter concentrations, substantial changes in
its quality follow clearing and cultivation, as shown in Sections I.1.1.3.2. and I.1.1.3.3.
Such changes appear to be largely confined to the light fraction (Skjemstad et al., 1997)
although fertiliser nitrogen applied to the cultivated soil may also be stabilised into
a number of heterocyclic forms (Gregorich et al., 1996).

3.2.4.2 Isotope natural abundance

The ratio of the two stable isotopes of carbon and in biological and other
materials may be expressed as values which relate this ratio to an international
standard. values vary considerably between plants depending whether they use
the C3 or the C4 photosynthetic pathways and, to a lesser extent on a number of other
environmental factors. C3 plants incorporate the carbon of atmospheric into C3
compounds and have values of -22 to -38‰ (mean ca. -27 ‰) while C4 plants
incorporate their carbon into C4 compounds and have values of -9 to -21‰
(mean ca. -13 ‰); CAM plants are intermediate with average values of ca. -17‰
(Tieszen, 1991).

The values of soil organic matter reflect the history of the organic materials that
have been input to the soil system, with only small changes. There is no evidence that
differences in isotopic composition affect the nutritive value of soil organic matter for
soil organisms and this property of soil organic matter is a useful label, especially when
rapid changes of vegetation or organic inputs of a contrasting nature have taken place
(Smith and Epstein, 1971; Cerri et al., 1985; Balesdent et al., 1987; Martin et al., 1990).
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Most plants in cold and temperate regions belong to the C3 group while, in the tropics,
grasses usually belong to the C4 group and trees and shrubs to the C3 group. Organic
matter formed from decomposed plant residues retains the value of its parent plant
with only small changes (Table I.30) and these values may thus be used to determine its
origin. Continuous cultivation of corn (a C4 plant) for 23 years lead to significant changes
in the value of soil organic matter in a soil which had previously received inputs of
solely C3 organic matter (Balesdent et al., 1987). The mean value had increased
significantly, with the most marked changes taking place in the coarser (200-2,000
and surface litter) and in the finest                    fractions (Figure I.46). These differences
have been used to assess the turnover times of organic matter (Cerri et al., 1985; Martin
et al., 1990) and to investigate the origin of organic matter assimilated or transported by
invertebrates (de Niro and Epstein, 1978; Spain et al., 1990; Martin et al., 1991; Spain
and Reddell, 1996) and are illustrated further in Chapters III.4.3.2.1 and IV.5.3.2.4.

values increase by 0 to 1‰ per trophic level along food chains (Petersen and Fry, 1987).

Stable isotope ratios of other elements may also be useful as source tracers and
process indicators in the same way as those of carbon. The ratio of to (adjusted
to relate the ratios of these isotopes to the air as a standard, values) has been used
in this way and has potential uses in soil-based and related studies as an indicator of
trophic level and other processes (Petersen and Fry, 1987).

values of the tissues of plants possessing nitrogen-fixing symbionts may be used
to indicate the proportional contributions of N fixation to total plant nitrogen supply,
provided that certain other information is available, or may be assumed (Shearer and
Kohl, 1989). In forests, values of decomposing materials increase with depth in
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the litter layers and with increasing depth in the mineral soil, probably due to the
cumulative effects of a number of small fractionations (Nadelhoffer and Fry, 1994).
Addition of nitrogenous fertilisers may lead to substantial changes in the values of
the organic matter breakdown products.

Sulphur isotopes fractionate very little between trophic levels and are therefore
efficient tracers (Peterson and Fry, 1987). measurements have recently been used
to plot the change in plant sulphur source that occurs during the growth of the North
American desert xerophyte Tamarix aphylla (Yang et al., 1996). values of the rings
of older trees were shown to change systematically from the centre of the stem (ca. 13‰)
to the exterior (ca. 20‰). Yang et al. (1996) used a three stage model and a knowledge
of the values of the groundwater (17-20‰) and the atmospherically-derived sulphur
of the near-surface unsaturated zone (ca. 7‰) to explain the distribution of sulphur
stable isotopes. During the first stage of early growth, values of ca. 13‰ indicated
that plant sulphur originated from atmospherically-derived sources in the upper soil
horizons but, with ongoing root development (stage 2), these values progressively rise
reflecting the increasing utilisation of phreatic water sources. In the third stage, the
tissues have stable values of ca. 17‰, similar to those of the dominant phreatic
sulphur source.

3.2.4.3 Spatial distribution patterns

Vertical distribution
Soil organic matter concentrations and overall stocks generally decline from the surface
to deeper horizons (see, for example, Tables I.19, I.30, Figure I.36) reflecting the local-
isation of inputs, i.e., litter deposited at the surface and roots largely concentrated in
the upper horizons. Further, because of their deeper root systems, higher organic matter
concentrations may occur at depth in forest than in grassland soils.

This is illustrated in Table I.19 which presents the distributions of C and N in the upper
120 cm of the profile of the undisturbed rainforested oxisol described in Figure I.33c.
Both C and N masses decline with depth and more than 57 % and 65 %, respectively, of
the masses of these elements occur in the top 30 cm of the soil. As shown, substantial
masses of carbon still occur at depth in this and in similar soils elsewhere in the region.
At this site, from 4.7 to more than of C were present at depths of 150-180 cm
in the profiles.

Some grasslands may have carbon stocks equivalent to those illustrated above. Fisher
et al. (1994) reported the large carbon mass of in the top 100 cm of a soil
supporting improved pastures in humid tropical Colombia; more than 40 % of this
amount was present below a depth of 40 cm.

As considered in Section 1.1.3.2, the quality of the organic matter resource changes
notably with increasing depth. Only the most recalcitrant materials remain in the subsoils.

Horizontal distribution
Soil organic matter concentrations vary greatly in the horizontal dimension. This is
a consequence of small to medium-scale variation in the quantity and quality of inputs
and of such environmental conditions as moisture, temperature and soil depth.
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While not all plants affect soils this way, organic matter may vary systematically at
the scale of single perennial plants to produce surrounding islands of enhanced fertility
with organic matter concentrations declining with increasing distance from the plant
(see, for example, Figure I.47, Jackson and Caldwell, 1993). At a larger scale, Figure I.48
presents a contour plot of the distribution of carbon in the A horizon (0-5 cm) of a soil
(inceptisol) derived from basaltic parent materials in semi-arid (535 mm annual average
rainfall) tropical northeastern Australia (McIvor et al., 1991). The site (ca. 40 ha) supports
a savanna vegetation, is nearly level and was chosen for its apparent uniformity.
The contours were generated from samples taken at the intersections of a square
40m grid.
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3.2.4.4 Quantity

Organic matter accumulation in soils depends on three processes, viz.:
Plant production, which provides most of the inputs;
The capacity of soil to stabilise and store organic matter, which depends on soil

(i)
(ii)
depth, the amount and types of the clay and other minerals available to form stable
organo-mineral compounds; and

The rate of mineralisation through biological oxidation which is, in turn, determined(iii)
by a suite of hierarchically-organised factors, namely, climate, certain soil properties
(clay type and amount, pH) and biological activities (especially of the larger organisms)
(Lavelle et al., 1993).

CHAPTER I
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Because of variation in the above, substantially different amounts of organic matter
accumulate in soils. This may be considered at the following different scales:

Large biomes;
Climatic zones (as defined by Holdridge, 1947); and
Regional and locational differences due to changes in the vegetation cover.

(i)
(ii)
(iii)

Recent estimations of the stocks in the world’s soil and other carbon pools were pre-
sented in Table I.17. Soil carbon stocks differ widely between soil taxa and with climate.
They generally rise with increasing annual average rainfall and, for a given average
rainfall, increase as temperatures fall (Post et al., 1982) (Figure I.49). Carbon stocks also
increase with soil clay content and are influenced by litter quality (Schimel et al., 1994).

The lowest carbon stocks recorded (Batjes, 1996) occur in certain warm temperate
deserts and subtropical dry forests (2.6) while, apart from the peats, the highest
values in mineral soils are found in rain tundra (36.6), boreal rainforest (25.6), wet tundra
(22.2) and in tropical wet forest (21.0). Further, large amounts of soil organic carbon are
stored below 100 cm in a number of deep tropical soils (Batjes, 1996). Thus, the belief
that tropical rainforests have much lower organic reserves than temperate forests (see,
e.g., MacNeil, 1964; Bohn, 1976) is seen to be incorrect (Greenland et al., 1992).

Sánchez et al. (1982) have shown that no significant differences in organic matter
reserves exist between soils of temperate and tropical areas, provided that they belong to
the same order of Soil Taxonomy (Soil Survey Staff, 1999). In tropical areas, the oxisols
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discussed by Sanchez et al. (1979) have significantly higher overall organic reserves
than the alfisols and ultisols In temperate

regions, mollisols were found to have higher C reserves than alfisols (5.0) and ultisols (3.8).
In addition to the above, large differences exist among soils, even within small areas,

depending on variation in the local soil forming factors. At the regional scale of tropical
northeastern Queensland, rainforested soils derived from basaltic materials have sub-
stantially greater organic matter levels than those formed from granitic or acid-volcanic
parent materials (Spain, 1990). In the same study, both carbon and nitrogen concentrations
(Figure I.50) were negatively correlated with temperature and precipitation; topography
was also shown to be of importance through its control of drainage and soil depth.
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Important differences also exist between vegetation types. In tropical areas, forest
soils have greater organic reserves than savannas in the upper 15 cm, but may have
equivalent amounts in the soil profile down to 100 cm. In contrast, temperate climate
grasslands have significantly more organic matter than forest soils.

3.2.4.5 Conclusions

The low quality of the soil organic matter resource is partly due to its dilution in large
volumes of inorganic soil materials but it may be due to its chemical or physical protection
against decomposer digestion through humification and soil aggregation processes, or
through associations with particular minerals (Chapter IV.1). It is a regularly-renewed
resource, with inputs concentrated at the soil surface and in the root zone. Soil organic
matter concentrations decline rapidly with depth in most soils and commensurate changes
in quality also occur. It has a relatively homogeneous lateral distribution at the scale of
decimetres to metres and this contrasts with its discontinuous spatial distribution at
microscopic scales.

3.2.5 SOLUBLE RESOURCES

A range of water-soluble resources are produced in soils by roots (exudates sensu lato),
earthworms (cutaneous or intestinal mucus) and other invertebrates; soluble organic
matter may also originate from the leaching of foliage, bark and litter. These assimilable
materials are pulsed resources as defined by Price (1984) since their availability to the
soil biota is highly dispersed in time and space, and largely unpredictable. They are
characterised by large fluxes but low stocks and are known as “ecological mediators” for
their important role in activating the microbiota at selected scales of time and space
(Lavelle et al., 1994a) (see Chapter IV.1.4).

Estimates of the rates of production of this relatively-diverse suite of soluble and
colloidal resources are still poor since they degrade rapidly and techniques are not yet
available to measure their fluxes under field conditions. Production of root exudates is

(1966) measured an annual flux of 350 of water soluble organic matter in a
English Quercus petraea forest.

probably in the order of several Mg in most ecosystems (Chapter III.3.2.3).
Certain invertebrates also produce such readily-assimilable organic resources as mucus.

Endogeic earthworms may add from 6 to 40 % of the dry weight of the ingested soil as
intestinal mucus, a mixture of a low molecular weight glycoprotein, sugars and amino-
acids. This mucus is released in the anterior part of the gut, and may be largely
reabsorbed in the mid and posterior gut, after part of it has been used by the ingested
soil micro-organisms to increase their activity. Although similar products have not been
identified and quantified in other soil invertebrates, it is likely that they exist.

The production rates of foliar and litter leachates have rarely been quantified.
Their occurrence in ecologically-meaningful amounts is clearly demonstrated by
the changes that occur in the redox potential (Eh) of the mineral soil underlying the
litter layers. These are related to the temporary accumulation of water-soluble organic
compounds, mainly sugars with high reducing potentials (Toutain, 1974) (Figure I.51).
In one of the very few measurements of the production of this resource, Carlisle et al.
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I.4 SOIL HETEROGENEITY

The complexity of the soil environment results from the interactions of four factors.
These are the types of energy input to the soil system, spatial and temporal patterns and
functional structures.

4.1 Diversity of energy types

Three different forms of energy dissipate within the soil. Physical energy linked to
gravity and the electrostatic forces of capillarity and attraction are responsible for
the movement of materials, in solution or suspension, which play such a predominant
role in soil formation. Another form of physical energy is the important release of
mechanical energy during mineral crystallisation (Pedro, 1964). Chemical energy
may also play an important role through abiotic oxidation and reduction reactions.
Scharpenseel et al. (1984) have demonstrated that up to 20 % of the decomposition of
humic acids in sandy and silty soils may result from the abiotic oxidation of these
compounds. Photosynthetic energy becomes available to soil organisms as calorific
energy contained in the organic matter deposited on the soil surface and incorporated into
the mineral soil through such diverse biological activities as oxidation (respiration),
hydrolysis (digestion) and mechanical mixing (burrowing, transportation, construction).

The dissipation of these energies has quite separate effects. Chemical and physical
energies induce diffusive effects whereas the energy produced through photosynthesis
promotes the cycling of nutrient and other elements, and modification of the soil environment
by a specific group of invertebrates called “ecological engineers” (II.2.4 and Chapter IV).

4.2 Heterogeneity

Heterogeneity is a normal feature of ecosystem structure. It is not an expression of
disorder but originates from the diverse and multiple interactions between ecosystem
components. In soil, heterogeneity is expressed in the spatial and temporal distributions
of biotic and abiotic elements, and through their inclusion into different functional entities.

4.2.1 SPATIAL HETEROGENEITY

Spatial heterogeneity in soils occurs at widely different scales. At continental and
regional scales, the units shown in pedological maps reflect the effects of the soil forming
factors (largely climate, topography and the distributions of parent materials discussed
in Chapter II) on their distributions. At the scale of several hectares, the toposequences
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(or catenas) that form down slopes and the vertical succession of horizons that occur
within soil profiles are pre-eminent features. Micro-relief structures occur at a smaller
scale. Finally, within specific soil horizons, macro-aggregates are subdivided into a
diminishing hierarchy of smaller macro- and micro-aggregates which comprise the
subsequent levels of the aggregate structure. Common soil properties such as clay
and organic matter concentrations often have clearly-defined spatial patterns that vary
depending on the scales at which they are considered (Figures 1.47-1.49).

4.2.2 TEMPORAL HETEROGENEITY

Chemical and physical soil transformations may occur over a broad range of time scales.
In terms of profile formation processes, these range from the near-geological times of
the ca. years required for the formation of a fully-developed oxisol profile to less
than 100 years which is the approximate time needed for the formation of a fully-developed
A horizon (Birkeland, 1984). Biological processes may operate on time scales that are
effective over the hundreds to thousands of years needed for succession in certain plant
communities to the annual and seasonal scales, to those of a day or an hour, the genera-
tion time of fully active bacteria.

4.2.3 FUNCTIONAL HETEROGENEITY

Soils comprise a wide variety of components and structures varying in nature from biotic
to abiotic and intermediate (the necromass). Any one of these units, from the simplest
inorganic molecule to an aggregate may form part of larger composite functional entities
and, therefore, potentially have many different effects. For example, soil nutrients
sequestered within a pool of resistant organic matter with a slow turnover rate will have
a much different impact on plant growth than the same nutrients incorporated into labile
compounds with rapid rates of turnover. As indicated above (section 1.1.3), soil organic
matter may be divided into pools of differing qualities, turnover times and abundances.
Similarly, the effects of the broad biological systems of regulation (for example, the
rhizosphere and the drilosphere, Chapter IV) and the histories of the soil components
within which they are included (e.g., successional processes taking place in the
rhizosphere, ageing process within invertebrate faecal pellets) influence the present
and future of these molecules.

Some of the difficulties associated with the study of soil processes arise from the
variety of factors involved. Each phenomenon results from the multiple interactions of a
diversity of components and sub-processes operating at different scales of time and
space. It is necessary to understand the structure of this heterogeneity in order to incor-
porate the systems of interaction into a coherent intellectual framework. An hierarchical
approach has been developed in Chapter IV to provide a more integrated approach to the
study of soil processes (Mesarovic et al., 1970; Allen and Starr, 1982).
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SOIL FORMATION

The rocks that outcrop at the surface and other surficial parent materials are generally
not in equilibrium with the atmosphere and the biosphere and are slowly transformed into
soil, an intimate mixture of fine mineral panicles and organic matter. As sub-components
of ecosystems, soils are open thermodynamic systems through which energy flows and
dissipates and this is reflected in the diversity of biological and physical structures present
within them.

Soils are the products of complex interactions between the lithosphere, atmosphere and
biosphere, and reflect the specific influences of each. While mainly comprising mineral
materials from the lithosphere and organic matter, the pore spaces of soils possess
distinctive atmospheres and hydrological environments. Water moves under the influence
of gravity and capillarity, transporting solutes, colloidal and larger particles, while gases
and vapours move by diffusion and mass flow. Water and gases react with the mineral
matter in both physical and chemical interactions to release chemical energy through
hydrolysis and oxidation.

Plants inject energy into the soil system partly through the growth and penetration of
roots. More importantly, organisms also add energy to the soil as the partially-degraded
products of their metabolic and digestive processes inluding such metabolites as root
exudates, leachates, microbial polysaccharides, earthworm mucus and, eventually, their
own dead biomasses.

Soil formation processes are driven by the expenditure of energy derived from
predominantly biological sources and its dissipation through a series of inter-related
physical, chemical and biological processes. Soils are dynamic entities, highly reactive,
constantly-evolving and subject to the marked daily and seasonal rhythms of their
environments but buffered from their extremes. They are also subject to longer-term
variation associated particularly with climate change; the time scales of these range from
a few years to those measured at the scales of geological processes.

Considerable spatial variation occurs in soils due to the lack of uniformity in the way
internal processes act. Soil differentiation proceeds downwards from the surface leading
to the formation of characteristic horizons and layers representing zones in the soil
dominated by specific processes. The pore space is the site of the major interactions that
occur between soil components (minerals, gases, water, living organisms and organic
matter); in the confined environment of the soil, such interactions are a major feature of
soil development and function.

Soil formation is a slow process and the formation of fully-developed soils occurs
over time scales of tens to hundreds of thousands of years. It results from a balance
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between such aggradational processes as weathering and translocation, and degradational
processes, principally erosion and leaching. The nature and properties of the soils that
eventually form depend on the relative influences of the five soil forming factors
discussed below and their expression through the medium of soil processes.

This chapter describes the differentiation of soils into horizons or layers and examines
the factors important in soil formation. It discusses the major weathering processes that
alter parent and soil materials and the pedogenetic processes that are the proximal
agencies of soil formation and modification. It briefly describes the geographical
distributions of the major weathering and pedogenetic processes, the principal soils
that result and discusses approaches to their classification under various national and
international systems.



II.1 SOIL HORIZONS AND THEIR NOMENCLATURE

Because of the influences of soil processes acting over time, the profile usually becomes
vertically differentiated into a variable number of master horizons or layers that reflect
the dominance of particular processes (Figure II.1). The genetic horizons and layers may
differ in morphology, texture, the types of clay and other minerals, organic and nutrient
reserves. The term ‘genetic’ implies that the horizon concerned has developed under
the influence of the soil-forming processes considered later in this chapter. One horizon
(the C) and one layer (the R) may occur beneath the more superficial horizons. The C
horizon has been less influenced by pedogenetic processes and the R layer only slightly
or not at all. In some soils, morphological and textural differentiation is slight with only
gradual and sometimes continuous changes occurring with increasing depth.

Various schemes exist for naming the master horizons. However, those used in
the two principal international soil classification schemes, Soil Taxonomy (Soil Survey
Staff, 1999) the FAO-UNESCO scheme (FAO-UNESCO, 1990) and its potential
successor (The World Reference Base For Soil Resources / ISSS Working Group RB,
1998) are, with the exception of the H horizon, consistent at the master horizon level and
will be used here. Full definitions of the master horizons recognised in the above
systems are available in FAO-UNESCO (1990) and Guthrie and Witty (1982).
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It should also be noted that not all of the master horizons considered below occur
in every soil.

1.1 Predominantly organic horizons

The O or surface organic horizon is dominated by organic materials usually increasingly
decomposed with depth. The FAO-UNESCO (1990) scheme requires that O horizons
should contain more than 20 % organic carbon by weight. Under this system, O and
H horizons are differentiated on the basis that the former are saturated with water for no
more than a few days per year while H horizons undergo extended saturation.
Due to faunal mixing, mineral matter increases in concentration towards the bases of
many O horizons.

The H horizon
The H horizon comprises accumulations of organic matter that remain saturated for long
periods each year. This horizon is characteristic of peats, or the histosols of the two
classification schemes mentioned above. In Soil Taxonomy, the term H horizon is not
used and such materials are considered to be O horizons.

The O horizon
A range of classification schemes exists for O horizons and most depend on the degree
of decomposition of the accumulated organic materials. Because O horizons are best
developed under forests, some older classification systems have been narrowly based on
the layers pertaining in particular forest types. One such example is the classification
of the litter layers of temperate-climate conifer forests in which three distinct layers may
be recognised namely, the L (litter) layer comprising freshly-fallen needles, the F
(fermentation) layer comprising needles in an advanced stage of decomposition but still
recognisable as such and the H (humus) layer in which the original form of the needles
is no longer recognisable. However, grasslands may also develop substantial O horizons,
particularly where anecic earthworm populations are not sufficiently active to bury
the surface litter. These may be quite different morphologically from those described
above and sometimes comprise a diffuse layer with poor ground contact.

Other systems of classifying the O horizons divide them into layers depending
whether the original form of most of the vegetation is still recognisable to the naked eye.
One other system (Guthrie and Witty, 1982) bases its subdivisions on the reduction
of the fibre content with state of decomposition after the material has been rubbed
between the fingers.

Table II.1 presents the approximate equivalents of the divisions found in O horizons.
The dotted line represents the approximate division between materials whose origin
remains apparent to the unaided eye and those that are not.
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The A horizon
The A horizon normally occurs at the surface or beneath an O or H horizon, except
in the less common situations where such profiles are buried, for example, beneath
volcanic ash or alluvial deposits. A horizons are characterised by an intimate admixture
of humified organic matter and the predominantly mineral soil. They usually appear
darker than those below due to the organic matter present, some of which may form
coatings on the mineral panicles. The organic matter of the A horizon is usually derived
directly from plant and animal remains and is incorporated into it by biological activity,
rather than through physical translocation processes.

The E horizon
The E horizon usually underlies an H, O or A horizon and shows a concentration of sand
and silt-sized fractions high in resistant materials due to the loss of such relatively
mobile components as organic matter, silicate clays, iron and aluminium minerals.
The absence of organic coatings on the resistant grains remaining frequently gives this
horizon a lighter and sometimes an ashy colour.

The B horizon
This horizon is characterised by the complete or almost complete loss of original
sedimentary or rock structure. B horizons possess one or more of the following:
(i) Accumulation of illuvial materials, such as clays or organic matter translocated
downwards from overlying parts of the profile;
(ii) The presence of residual accumulations of materials such as sesquioxides
(the oxides and oxy-hydroxides of iron and aluminium); or
(iii) Evidence of alteration of the soil material from its original state.

1.2 Predominantly mineral horizons
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The C horizon
This horizon comprises unconsolidated material in various stages of weathering and
from which the soil is considered to have formed. Roots are often active within this
horizon and play important roles in weathering. Illuvial accumulations of organic
matter, clays and larger particles, calcium carbonate and silica are often present in
fractures and other voids within this horizon (Graham et al., 1994).

The R layer
This is the hard layer of underlying rock which may include quartz, basalt, sandstone
and other parent rock types. It supports no significant root activity.

1.3 Transitional and sub-horizons

The master horizon designations may be modified by the addition of qualifying suffixes
to permit differentiation between vertical subdivisions within horizons and to identify
the horizons in a general sense across different soils. One example is the need to reflect
different textural properties within the B horizon and such sub-horizons may be denoted
as B1, B2, B3, etc. Similarly, the designation Ap denotes a sub-horizon disturbed by
tillage and the designations Bh, Bt, Bk and Bs denote B horizons with, respectively,
accumulations of organic matter, translocated clay, pedogenic carbonate and sesquioxides
combined with organic matter. Indurated horizons are indicated by m. More than one
suffix may be used and an horizon that is largely or completely cemented with deposits
of pedogenetic calcium carbonate is denoted by the term Bkm. It should be noted that
the qualifying suffixes do not always have the same connotation in different systems
of classification.

The boundaries between adjacent master horizons may be discrete or transitional
horizons may occur with some of the properties of both. Such horizons are named from
their adjacent master horizons, that most ressembling the transitional horizon taking
precedence. Thus, a transitional horizon lying between the A and B horizons but most
ressembling the B would be designated BA. Alternatively, horizon boundaries can be
convoluted and the horizons may interdigitate into each other; occasionally small parts
of one horizon may become completely surrounded by the materials of that adjacent.

While many soils acquire dust and other inputs over long periods, certain soils may
have a layer of some other material, such as volcanic ash, loess or alluvium deposited on
their surfaces and these then become the parent materials of new soils. Over time, such
parent materials differentiate into new horizons and, where such additions recur over
time, sequences of buried horizons may be apparent in such exposures as road cuttings,
notably in the volcanically active areas of the world.



II.2 THE SOIL FORMING FACTORS

During the latter part of the nineteenth century, the Russian pedologist Dokuchaev
developed the integrating concept that soils form under the influence of the five
soil forming factors: climate, parent material, time, the biota and topography.
In the intervening years, considerable efforts have been made to further develop this
theory of soil formation and to quantify the effects of the individual factors (Jenny,
1941, 1980). However, these have only been partially successful. Jenny’s ideas of
independence between the soil forming factors and his limited appreciation of
the biological influence (notably omission of the role of biomechanical processes) on
soil development much constrained its further development. In addition, no account was
taken of the capacities of soils to develop without corresponding changes in the soil
forming factors. Despite these drawbacks, development of this theory has provided
a stable conceptual basis for soil formation; its substantial contributions to soil and
related sciences are undoubted (Johnson and Hole, 1994).

With the exception of time, the soil forming factors are now considered as dependent
and mutually interacting with multiple feedback effects occurring between them (see, for
example, Chesworth, 1992). Furthermore, an hierarchy exists with climate playing
a dominant role over parent materials and topography. The biotic factor is now
considered to encompass the effects of all groups of the biota that impinge on soils either
by living within them, on their surfaces or contributing organic matter to them. Time is
a different sort of factor but of great significance because of the differing and extended
periods over which soil development occurs. Hole (1961) considered that a sixth factor,
space, should also be included in soil formation theory because of the importance of
lateral differentiation.

The soil forming factors operate wherever soil and soil-forming materials occur,
although their relative influences differ between soils and with location on the earth’s
surface. The soil forming factors do not directly influence the soil but are considered to
act through the medium of soil processes. These processes act in potentially different
combinations in each environment and their myriad combinations and degrees of
expression are reflected in the wide diversity of soils found on the surface of the earth.

2.1 Climate

The regional climate is a dominant factor controlling the formation of all soils (Birkeland,
1984), since it circumscribes the forms and rates of local weathering, the translocation
of weathering products and other pedogenetic processes. It interacts with, and conditions
the effects of the other factors in determining the biota that can survive in particular
environments and the seasonality of its activities. Through its control of temperature and
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moisture regimes, climate determines the phase of the soil water and the intensity of
water fluxes. It thereby controls the transport of solid particles and dissolved materials
within developing soils, over their surfaces and laterally in the landscape.

2.2 The parent material

This is the basic inorganic material from which the soil will be formed and, depending
on its physical, chemical and mineralogical composition, strongly influences the
composition and texture of the resulting soil.

The chemical and mineralogical composition and the physical structure of the parent
material set the initial conditions of the incipient soil. Thus, soils formed from basaltic
rock parent materials usually contain higher concentrations of phosphorus, alkaline earth
elements and iron than those formed from other parent materials because of the higher
concentrations of such elements in these compared with most other rock types.
The forms in which they occur and the concentrations of these elements affect the
ability of the soil to supply biological nutrient and other elements and thereby condition
the way in which the profile develops.

The grain size of the parent rock is important in that coarse grained igneous rocks
usually weather more rapidly than do those of finer grain size (Birkeland, 1984). It also
sets the size of the units that are initially detached from the parent rock by weathering
processes. Thus, soils derived from fine-grained basaltic parent materials have a finer
texture than those derived from coarse-grained granitic parent materials.

The type of the parent rock affects soil formation particularly through (Brewer, 1954):
(i) The amount of clay that may be potentially formed by in situ weathering. This
varies with the nature of the parent rock and intensity of water fluxes. It may vary from
quite small amounts to large: for example, 12 % kaolinite from a sandstone to 33-55 %
from biotite granite to 99 % kaolinite from an amphibolite-pyroxine schist (Macias and
Chesworth, 1992);
(ii) The amounts of alkali (notably Na, K), alkaline-earth (largely Ca, Mg) metals and
iron that can be released by weathering;
(iii) The ease of release of the above metals;
(iv) The permeability of the parent rock.

While rocks are the most common parent materials, soils also develop on a diverse
range of materials transported by wind, water, gravity and vulcanism, and on the trun-
cated profiles of previously eroded soils. Agriculturists profoundly modify soil chemical
and physical properties through such practices as drainage, flooding and the addition
of organic and inorganic ameliorants; these are also new parent materials for further
soil development.

In addition to the parent materials considered above, a range of incipient soils are
currently developing on parent materials provided through man’s activities. These include
such materials as urban organic and inorganic wastes and materials dredged from
wetland environments. A variety of overburden materials are deposited at the surface
from mining operations and these, together with waste materials from initial mineral
processing, manufacturing and power-generating industries also provide a diversity of
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unusual parent materials, some with properties that may be inimical to soil development
processes. For this reason, composite soils are often formed by topdressing with a layer
of fully-developed soil transported from elsewhere to provide a favourable base for
the growth of stabilising vegetation.

2.3 Time

Soils undergo extended and complex series of reactions and processes during formation
from their parent materials. The net effects of these eventually lead to the differentiation
of fully-developed profiles and, at a landscape scale, of suites of related soils. Depending
largely on parent materials and environment, the development of fully-differentiated
profiles occurs at widely variable rates. Chesworth (1992) considered that in humid
temperate climates, the formation of a metre of temperate soil from aluminosilicate
parent materials is likely to take approximately 20,000 years and half that on carbonate-
rich parent materials. The formation of a similar depth of ferrallitic soil (oxisol) in
the Côte d’Ivoire may take up to 77,000 years (Leneuf and Aubert, 1960). In contrast,
an Andisol with a distinct AC horizon structure may form in Japanese volcanic ash in
as little as 500 years although more than 1000 years is required for a fully differentiated
ABC profile to develop (Yamada, 1968 in Wada, 1985).

Duchaufour (1982, 1997) divides soils into those forming over short and long cycles.
The short-cycle soils develop over periods ranging from less than to years.
Some soils in this group owe many of their properties to those of their organic matter
inputs; they include such groups as the peats (histosols) and the spodosols. Other soils
in this category include those whose pedogenetic differentiation has progressed little
(entisols, inceptisols), those forming on rapidly weathering parent materials (for
example, certain mollisols forming on carbonate-rich parent materials) and those whose
pedogenetic development requires relatively small changes to the parent materials
(vertisols). The long-cycle soils require periods of to years for development and
are typified by the highly-weathered soils of the humid tropics, the ultisols and oxisols.

Over long periods of time, soils continue to change with on-going inputs and weather-
ing while climatic change and mechanical disruption may influence profile differentiation.
In the absence of disturbance, most changes that occur are smooth (Bockheim, 1980b)
although exceeding a threshold in some critical process may invoke relatively rapid
change in the direction of development, as illustrated in Section II.4.1 (Birkeland, 1992).

As discussed later in this chapter (Section II.4.4.3), extended weathering leads
eventually to soils that are highly depleted in plant nutrient elements and possess
characteristic suites of the simpler clay minerals, typically with low and pH-related
cation exchange capacities and therefore very limited capacities for nutrient retention.
Chesworth (1973a) points out that differences between soils formed on various parent
materials are greatest in younger soils and diminish but rarely disappear completely with
time. The chemical compositions of old, highly-weathered soils become remarkably
uniform with chemical compositions increasingly dominated by the elements Al, Fe and
Si, irrespective of their original parent materials (Chesworth, 1973b).
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2.4 Biota

As developed further in later chapters, the biota is the major factor in soil formation in
that its effects define the difference between soils and ‘not soils’. The biota has continuing
inputs into soil genesis from its earliest stages and in soil maintenance and long-term
development. In the past, the effects of this factor have been wholly or largely attributed
to the effects of higher plants (see, for example, Jenny, 1941; Birkeland, 1984).
However, it is clear that the important roles of other sections of the biota must not be
neglected if further progress is to be made in understanding soil formation (see, for
example, Johnson and Hole, 1994). The biotic factor is now considered to include the
trophic and non-trophic effects (Jones et al., 1997) of all living organisms that impinge
on the soil, both directly and through the products of their metabolism and decay.

The initial colonisation of a new parent material by organisms marks the start of its
stabilisation and of soil formation. Links between initial ecosystem establishment and
development processes and those of soil formation are so complete that it is inappropriate

Table II.2 illustrates the approximate minimum times required for fully-developed
profiles to differentiate from their parent materials in selected orders of Soil Taxonomy
(Birkeland, 1984). However, full development within these orders may take
considerably longer. Further, a number of soils may develop sufficiently over
time to require classification into other orders. As pointed out by Birkeland (1984),
categorisation of the landscape distributions of soils at the level of order provides
information on the relative and approximate actual ages of the different parts.



SOIL FORMATION 153

to attempt to separate them, except perhaps in the case of the most incipient soils, some
man-made and heavily man-influenced soil systems.

The initiation of simple energy flow and basic material cycling pathways occurs at
the earliest stages of ecosystem development and soil formation and these trophically-
based systems continue to develop in degree and complexity over time (Odum, 1983).
Of major importance in ecosystem and soil development and maintenance are those
species that directly or indirectly control the availability of resources to other species,
the ecosystem engineers (Jones et al., 1997). Through their non-trophic activities, these
organisms physically modify, maintain or create new habitats for other organisms.
One effect of such organisms is to create greater habitat diversity which may in turn
lead to increased species diversity.

Physical ecological engineers may be divided into two groups. The first comprises
the autogenic physical engineers that modify their environments through endogenous
processes such as tree growth that alter the structure of the engineer which then remains
as part of the environment. Allogenic engineers alter their environments by transforming
living or non-living materials from one physical state to another, as occurs in the creation
of large voids in the soil through root decay (Jones et al., 1997). Trees also act as
geochemical engineers in that deep roots take up soluble silica released through litter
decomposition processes in the surface horizons, thereby ensuring the stability of clay
minerals (Lucas et al., 1993).

A number of organisms may also be designated ecosystem chemical engineers for
the roles they play in mediating changes to inorganic and organic substrates through
secretory and excretory activities. This group includes the micro-organisms because of
their roles in such diverse processes as rock weathering, organic matter breakdown,
nutrient cycling, nitrogen fixation and the acquisition of nutrients through mycorrhizal
associations. Other organisms including higher plants and animals also play substantial
roles in this respect. Many examples of both major types of engineers appear throughout
this book.

Close interactions between the biota and the other soil forming factors are also clearly
apparent. Climate, parent materials and topography control the continually-changing
chemical and physical environment within which the biota acts. In turn, the biota acts to
progressively modify topography, the parent materials and the developing soil.

2.5 Topography

The importance of topography lies in its control of site hydrological regimes and it
therefore exercises an important influence on soil development and maintenance.
In addition, through its influence on the distribution of erosional products, topography
modifies the effects of such pedogenetic processes as creep and frost heave thereby
affecting the landscape distributions of such parent materials as colluvium. The lateral
and downhill transport processes that occur at and below the soil surface in all
landscapes are largely controlled by topography and lead to the formation of the suites
of spatially-related soils known as toposequences or catenas, discussed later in this chapter.



II.3 THE STAGES OF SOIL FORMATION AND
DEVELOPMENT

The formation and evolution of soils involve a series of physical, chemical and biological
processes which act progressively over time, are controlled by climatic variables and
are greatly influenced by topography. Simonson (1978) divides such processes into
additions from without the soil system, removals or losses, translocations (or transfers)
within the system and transformations of contained materials.

The original parent material is transformed by in situ weathering into a mixture of
stable mineral components which blend intimately with organic materials to form the soil.
The parent material is first broken down into its primary minerals whose decomposition
products may be partially transformed into secondary or neoformed minerals.

From this early stage, the nutrients necessary for plant production and such other
essential components as Al and Fe accumulate progressively in the upper parts of the
incipient soils. Clay fractions are formed firstly through alteroplasmation i.e., transforma-
tion of primary minerals into clays with no subsequent modification of rock structure.
Pedoplasmation is a subsequent transformation whereby clay minerals acquire a
pedological structure and such specific properties as swelling and shrinkage.

The initiation of biological activities within the developing substrate leads to the
accumulation of organic matter. This organic matter mixes with the weathering mineral
components to form an A horizon that becomes an active source of further physico-
chemical changes in the underlying parent material to develop a C horizon. evolved
from decomposing organic matter also participates in the process. With further
development, weathering and downward transport of materials progressively modify
the deeper strata of the parent material and, depending on the processes operating, E and
B horizons may form. At this stage, translocation, biological transport and erosion
become the dominant processes in the evolution and differentiation of the soil profile.

Nutrient and other elements (e.g., Si and Al, Cornu et al., 1997) and organic materi-
als are continually lost in solution and suspension through erosion and by
transport in sub-surface water flows. Such losses are expected to be greatest in incipient
soils with juvenile ecosystems and to diminish with ecosystem and soil development
(Odum, 1983).

3.1 Weathering

Weathering is the sum of the processes involved in the alteration of materials at and near
the surface through complex interactions between the lithosphere, the atmosphere,
the hydrosphere and the biosphere that occur over time. It may extend far below
the surface and includes all the physical and chemical processes responsible for rock
fragmentation and the production of dissolving ions. Weathering in the upper part of
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the parent materials has been considered separately as pedochemical weathering because
of the considerable influence of the biomass in the production of, inter alia, complexing
agents, substances that attack clay minerals or form organo-mineral complexes.
However, biological weathering influences may extend well into the underlying regolith
(Graham et al., 1994), although increasingly attenuated with depth.

While physical weathering is often considered separately from chemical weathering, in
reality they operate together, often in a synergistic way (see, for example, Ugolini, 1986b).
Weathering involves the simultaneous activities of a range of processes including
physical fragmentation, inorganic chemical processes (hydrolysis, oxidation, hydration
and dissolution) and biologically-mediated processes (e.g., acidolysis and acido-
complexolysis). The weathering processes predominating at a site are determined by
climatic, biological and lithological factors and the degree of evolution of the soil
(Jenny, 1980).

In all weathering systems, water plays dominant physical and chemical roles. In the
solid phase it is a major agent of landscape sculpting and transport while as a liquid,
it is also an important agent for the diffusion and transport of materials. It is a potent
medium of physical disruption through volume change, both as a consequence of phase
change and through involvement in hydration and related reactions. Chemically, it is
an effective solvent, a component of many reactions and of neoformed products, and
an important buffering agent (Chesworth, 1992). Little chemical weathering occurs in very
dry and frozen environments.

3.1.1 PHYSICAL FRAGMENTATION

Physical fragmentation of the parent rock is linked to the development of stresses inside
the rock or individual minerals. These initially lead to the development of micro-fissures,
then to systems of fissures and extensive fracturing (Robert and Tessier, 1992) thereby
opening the materials to chemical weathering processes. Fragmentation may result
from a range of mechanisms although the relative contributions of chemical and
physical processes are still a matter of some debate (Ugolini, 1986b).

Water plays a major role in physical weathering both directly through abrasion and
in transporting the products of breakdown. Past glaciation, in particular, has been broadly
effective in modifying landscapes and producing till which is a common parent material
in some parts of the world. In such cold, arid environments as Antarctica, the efficiency
of fluid water-based physical weathering is substantially limited by the scarcity of water
and the brief period during the year when it is available for transport and other processes
(Campbell and Claridge, 1987).

On freezing, water increases in volume by approximately 9 % and when it penetrates
rocks and subsequently freezes, sufficient pressure may be exerted to fracture rocks along
lines of weakness. The effects of freezing and thawing differ between rock types but are
most effective where this boundary is crossed frequently and in rocks that contain
considerable water. In certain rocks, such effects result in the production of considerable
silt but also clay-sized materials (Ugolini, 1986b). Legros (1992) reported that the freeze:
thaw boundary is crossed ca. 165 times per year at an elevation of 2500 m in the French
Alps and leads to the fragmentation of exposed rocks and scree formation.
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Insolation and fire are other temperature-related factors involved in rock fragmentation
through the differential expansion of rock constituents and layers. Disruptive pressures
may also build up through volume increases consequent on the weathering of such
minerals as biotite and plagioclase to clays (Birkeland, 1984). Volume increases in rock
constituents may also result from such salt weathering effects as crystallisation, changes
in the level of hydration and thermal expansion, and through chemical reactions such as
the formation of iron oxides (see, for example, Robert and Delmas, 1984).

Wind erosion is highly effective in desert environments through both particle trans-
port and abrasive detachment, that is a ‘sand-blasting’ effect. In the northern polar desert
and the cold desert of Antarctica, this is evidenced by the preferential erosion of the sides
of boulders facing the prevailing winds (ventifacts) and the patterns of transport and
sorting of surrounding finer particles (Campbell and Claridge, 1987). It is also evidenced
by the widespread formation in these areas of lagged surfaces (desert pavements) in which
a layer of small hard rocks forms a protective cover over the finer underlying materials.
Measured rates of wind erosion on exposed rocks are of the order of 1 mm per year
(Ugolini, 1986b).

Fungal hyphae are capable of penetrating intact rock surfaces thereby accelerating
micro-division (Robert and Berthelin, 1986). Lichens are common inhabitants of rock
surfaces in many environments and secrete chelating and other agents which affect rock
surfaces. In a study of the lichen:rock surface interface of a volcanic rock, Adamo and
Violante (1991) recorded the extensive physical disintegration of the rock surface with
separation of surface particles and widespread etching of the mineral grains.
They also found a mixture of rock-forming minerals, clay minerals and poorly ordered
alumino-silicates thus demonstrating the close interactions between physical and
chemical weathering. More complex communities of bacteria, algae and fungi exist
in lithic communities (Vincent, 1988) although their roles in rock weathering remain
to be defined.

Roots and burrowing soil animals may penetrate the matrix of the weaker and
chemically-weathered rocks and indurated layers. As an example of the latter situation,
Johnson et al. (1987) reported the widespread local disruption and surface deposition
of a dense 0.5m-thick calcrete (Bkm) horizon and the underlying C horizon through
the burrowing activities of wombats (Marsupalia: Vombatidae) in South Australia.
In stronger rocks, roots may penetrate and enlarge cracks and fissures thereby exposing
enlarged areas of reactive mineral surface to the actions of the major chemical weather-
ing agents and water (Graham et al., 1994).

3.1.2 CHEMICAL PROCESSES

Chemical weathering results from the reactions that take place between primary and
secondary minerals and a weathering solution (Figure II.2). The primary minerals are
degraded, secondary minerals including clays and clay-humus complexes are formed,
some of the weathering solution is retained and a leachate is produced. Silica is exported
and new crystalline minerals may be precipitated from materials dissolved in both
the retained solution and the leachate through the process of neoformation (Pédro, 1979):
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Depending on the pH and the composition of the leaching solution, different chemical
weathering and a wide range of processes may ensue (Table II.3). Chesworth (1992)
classifies such processes into three major weathering trends (acid, alkaline and reducing).

Dissolution
Dissolution is the movement of materials into solution and occurs in the presence of
solvents; it may be either rapid or slow, depending on the solubilities of the materials
involved. Most common minerals are poorly soluble and dissolution often complements
other processes by removing their more soluble products in solution.



Salinolysis
In highly saline solutions, hydrolysis is replaced by salinolysis in the pH range of 5
to 9.6 (chlorides or sulphates) and alkalinolysis (solonisation) where the pH is greater
than 9.6 (carbonates).

Acido-complexolysis
Acido-complexolysis occurs when organic acid components (simple aliphatic or fulvic
acids) form mobile soluble complexes with the Fe and Al of the primary clay minerals
and impede the formation of secondary minerals. This is the characteristic mode of
weathering in the spodosols.

where all components are soluble.
Through these reactions, the primary silicates are broken down, dissolved and their

constituents transformed into secondary minerals (silicate clays, oxides, hydroxides).
Pédro (1964) showed in laboratory weathering experiments simulating tropical condi-
tions, that a variety of parent rock materials (basalt, granite and andesitic lava) are rapidly
hydrolysed to form secondary sesquioxides (i.e., Fe and Al oxides and hydroxides)
within a few months. In contrast, crushed granite placed in lysimeters under simulated
temperate climate conditions showed a significant microdivision of the rock, but no
mineralogical modification. Hydrolysis therefore appears to be the dominant process
occurring under conditions of high environmental temperatures and available free water.

Partial acidolysis may lead to aluminization, a transformation in which the 2:1 clay
sheet structure is preserved leading to aluminized clays (Pédro, 1989).

Acidolysis
Acidolysis occurs in the presence of such acid solutes as the organic acids released from
biological materials; the reaction is:

where the occurs in the form of the crystalline solid gibbsite.

Neutral hydrolysis
Hydrolysis is the degradation of aluminosilicate minerals by the free or ions of
water in weak saline solutions and at pH values between 5 and 9.6; it is accelerated by
the presence of dissolved As an example, the hydrolysis of feldspars may be writ-
ten as follows (Pédro and Sieffermann, 1979):

158 CHAPTER II
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Salinolysis of feldspars leads to the following reaction:

Alkalinolysis may be written:

Hydration and oxidation
Hydration and oxidation may supplement the above processes. Hydration transforms
the original minerals through the addition of water molecules. A few specific hydration
reactions are relevant to soil formation e.g., formation of the iron hydroxide
goethite) from iron oxide which constitutes the cement of some sandstones and may lead
to their subsequent degradation. Oxidation is often mediated by oxygen dissolved in
water. When associated with hydrolysis, it particularly affects reduced iron which may
be retransformed into ferric oxide (Section I.1.2).

Neoformation
As weathering progresses, primary rock-forming minerals break down through hydrolysis
and other processes. Secondary minerals may form through the degradation of
the primary minerals or new (neoformed) minerals may crystallise from the ions released
into solution. These new minerals are more stable in the near-surface environment.

The types and amounts of neoformed minerals that develop depend on the weathering
environment and the age of the landscape. The distributions of the dominant chemical
weathering processes throughout the world and the typical products of neoformation are
discussed below in relation to soil-forming processes (Section II.4).

3.1.3 BIOLOGICALLY-MEDIATED PROCESSES

The four chemical weathering processes described above may involve purely abiotic
interactions and can occur in the absence of biological influences. However, they may
often be promoted directly by biological activity, or indirectly by the activities of simple
metabolites or organic compounds. Nutrient element uptake by plants is offset by
the release of equivalent quantities of protons to maintain a net electrochemical balance
(Grimaldi and Pédro, 1996). It has been well documented that simple organic and humic
acids from decomposing litter can destroy silicates through acidolysis (Lossaint, 1959;
Juste, 1965). Carbon dioxide produced by respiration and other metabolites may also
promote acid hydrolysis, alkalinisation, oxido-reduction or acido-complexolysis
(i.e., acidolysis by acid organic complexes) (Berthelin, 1976).
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Direct substrate alteration results from:
(i) Microbial activity in the rhizosphere (Leyval and Berthelin, 1982; Stucki et al., 1992);
(ii) Enzymatic reduction of iron (Berthelin and Kogblevi, 1974);
(iii) The direct activity of roots which may absorb and concentrate such minerals as
calcite in their cells (Jaillard, 1983), or at their surfaces.

Roots may produce some secondary silicates (Callot et al., 1992), and this over time
may influence much of the soil volume through exploration by the root system. Silica is
precipitated in substantial quantities in plant tissues and is returned to the soil in litter
as phytoliths (Section I.1.1.1.2). Also, clay minerals may be altered during transit
through the earthworm gut and by termites through manipulation in the buccal cavity
(Boyer, 1973a).

Indirect alteration is the modification of mineral structures by soluble organic
compounds which have the capacity to attack minerals and thereby promote rapid
weathering and leaching. However, products of this attack may be insolubilised through
precipitation or flocculation-coagulation processes in the presence of active minerals
(clays, active Fe cations) (see e.g., Toutain, 1974) or metabolised when microbial activity
is intense (Berthelin et al., 1979). In temperate regions, weathering and subsequent
leaching are also intense although aggressive organic compounds may be neutralised
rapidly through insolubilisation. Soil invertebrates often play a cardinal role in mediat-
ing these processes.

Soil invertebrates produce two kinds of faeces within which contrasting reactions occur:
(i) The casts of anecic earthworms (those that ingest a mixture of soil and surface
litter and inhabit galleries) are macro-aggregates of 2.5 to 10 mm in diameter and form
what are known as ‘macroaggregate closed-systems’, since they are a mixture of organic
and mineral elements supporting intense microbial activity. This leads to the rapid
flocculation of soluble organic compounds and largely restricts mineral weathering.
(ii) Arthropods that live in the surface litter and holorganic horizons produce small

and unstable faecal pellets. Such aggregates are composed of partly commin-
uted, but largely-untransformed organic matter with low concentrations of associated
minerals. Microbial activity in these aggregates is generally low. These aggregates are
subject to intense leaching and the aggressive organic compounds released promote
intense weathering and the loss of minerals. They form the basis of what is known as
‘aggressive leaching systems’.

Therefore, under comparable conditions of climate, mineralogy and cation concentra-
tion, the structure of invertebrate communities can substantially influence prevailing
weathering patterns. Equivalents of both these systems may also be found in the rhizo-
sphere and their activities will depend on the chemical compositions of the root exudates
and root litter present.

3.1.4 THE MAJOR WEATHERING PATTERNS

Weathering transforms the original bedrock into a mixture of large, slightly-altered
mineral fragments and other materials, the soil skeleton; such materials, except through pedo-
turbation, are little subject to movement during soil formation. Smaller secondary minerals
and soluble materials (the soil plasma) result from weathering of the primary minerals
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(alteroplasmation), or secondary crystallisation following the precipitation or floccula-
tion of solutes and colloids (pedoplasmation) (Flach et al., 1968). This plasma mainly
comprises clays and other minerals of colloidal size which may subsequently be redis-
tributed during soil formation.

Two main forms of weathering have been defined (Pédro, 1983):

3.1.4.1 Aplasmogenic weathering

Aplasmogenic, or congruent weathering occurs in situations where no plasma is formed
because of the complete dissolution of the alterable minerals and the absence of
secondary minerals from the weathered substrate. This type of weathering pattern is
characteristic of soluble salt minerals such as halite and gypsum which dissolve into
their component ions. Calcite dissolves in the same way in the reversible reaction
(Birkeland, 1984):

Further examples include the acidolysis and acido-complexolysis that occurs in
podzols, alkalinolysis by sodium carbonate in certain alkaline soils (solonetz,
Duchaufour, 1997), or attacks on minerals by acidic cations at the interface between dry
and flooded parts of the soil, ferrolysis. This last process is a special case of salinolysis
by ferrous cations in soils affected by intermittent waterlogging; it leads to the loss of
bases, acidification and clay mineral destruction, as occurs in planosols (FAO-UNESCO,
1990) or argialbolls (Soil Survey Staff, 1999).

3.1.4.2 Plasmogenic weathering

Plasmogenic, or incongruent weathering is characterised by the formation of secondary
minerals which are precipitated to comprise the plasma of the weathering materials.
Two forms may be distinguished, depending whether weathering is complete or partial.

If weathering is complete, no primary minerals remain and the plasma may be
composed entirely of secondary minerals. This process is particularly favoured in humid,
moist conditions where hydrolysis is complete, and the plasma comprises neoformed clay
minerals, ferric and aluminium oxides and oxy-hydroxides (oxisols, Soil Survey Staff,
1999). Three separate stages may be defined, depending on the intensity of hydrolysis:

Bisiallitisation
Bisiallitisation occurs where clay minerals of the 2:1 type (Section I.1.1.1.2) are formed
secondarily. This occurs, for example, in vertisols where smectites form under conditions
of impeded drainage. In these soils, silica is retained although partial dealkalinisation
(i.e., removal of alkaline cations associated with the clay sheets) occurs.
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Monosiallitisation
Monosiallitisation is the process which leads to the formation and accumulation of
secondary 1:1 clay minerals, most commonly kaolinite. In this situation, the alkaline
cations from clay sheets and pan of the silica have been lost a situation typical of
ferrallitic soils (oxisols and ultisols; Soil Survey Staff, 1999).

Allitisation
Allitisation is an extreme stage of hydrolysis, rarely achieved, in which all the silica and
alkaline cations have been lost and only gibbsite derived from the original
clay minerals and hydrated ferric oxides remain.

Apparent bisiallitisation
Where weathering is limited to slow and incomplete hydrolysis, as in cold or dry
climates, primary minerals remain largely unmodified for long periods. Under these
circumstances, the plasma comprises primary 2:1 minerals (micas) inherited from
the parent material and secondary minerals resulting from their transformation.
The formation of secondary minerals is limited to hydrated iron oxides and Clay
minerals of the 2:1 type are dominant and weathering involves a partial hydrolysis of the
primary clays through replacement of the interlayer with hydrated and ions
from the weathering solution. This leads to the formation of vermiculite and then
smectite (Pédro and Sieffermann, 1979) in an apparent bisiallitisation. Examples of this
are found in the brown soils (udalfs; Soil Survey Staff, 1999) of temperate regions
and fersiallitic soils (ustalfs; Soil Survey Staff, 1999) of semi-arid regions.

3.1.5 EFFECTS OF CLIMATE ON THE WORLD DISTRIBUTION OF THE MAJOR
WEATHERING PROCESSES

Climate is the major determinant of the weathering process through its control of
temperature and moisture, water flux and the decomposition rates of organic materials.
In extremely cold climates, weathering is dominated by physical processes while in cool
and temperate climates a limited biochemical weathering dominates. As the climate
becomes increasingly warm, a more intense geochemical weathering gradually
supervenes to become completely dominant in humid equatorial soil environments
(Duchaufour, 1997).

The coldest soils of the world occur in the cold desert of Antarctica and perhaps in
northern Greenland (Campbell and Claridge, 1992); only slightly less cold are those of
the subadjacent northern polar desert (Ugolini, 1986a). The dominant weathering
processes in these largely unvegetated environments are physical although a limited
chemical weathering of rocks and soils is evidenced by the red and brown staining that
occurs on rocks, the oxidised horizons that occur in the soils and the presence of soluble
salts derived from rock weathering. Some hydration and transformation of the 2:1 clays
present has also been reported (Campbell and Claridge, 1992). The major chemical
weathering processes in these environments are salination (and sometimes alkalinisa-
tion), calcification and oxidation (Ugolini, 1986ab).
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Bockheim (1979) found several well-defined relationships between soil chemical
properties and age in Antarctic soils. For example, there was a linear relationship
between water-soluble salt content (as electrical conductivity, EC) in the horizon of
maximum salt content and age for soils ranging from 18 000 to 135 000 years:

The tundra occurs to the south of the polar desert zone and is characterised by a closed
vegetation (Ugolini, 1986a); organic components thus have a much greater organic
influence on soil development. Most soils in the tundra are formed in heavy-textured
alluvium in low-lying environments where the permafrost is close to the surface.
These soils occupy 90-99 % of the landscape and are largely saturated with meltwater
during the summer thaw. Soil processes are therefore dominated by reduction, gleying
and low rates of mineral weathering. The low rates of organic matter decomposition lead
to peat formation. At well drained sites, the weathering processes are transitional with
the southern tundra soils showing some of the acidolysis, acido-complexolysis and
translocation typical of spodosols. The northern tundra soils evidence little of this with
an A horizon in which the soil organic matter is stabilised in humus complexes
and a B horizon that shows little evidence of illuviated materials, apart from some silt
(Ugolini, 1986ab).

In cool climates with vegetation, decomposition is slow to intermediate and
water-soluble acid solutions are very active in promoting hydrolysis, acidolysis or acido-
complexolysis. Biological activity in temperate regions is normally high, and may lead
to a rapid immobilisation or insolubilisation of organic acids; partial hydrolysis becomes
the main weathering process. However, where the parent material is of low nutrient
status (for example, ‘acid’ materials high in silica) or the vegetation produces ‘low quality’
litters resistant to decomposition, active biological communities may not develop which
leads to weathering conditions dominated by acidolysis or acido-complexolysis.

In contrast, weathering in hot and humid climates is considered to be dominated by
geochemical weathering processes that extend over very long periods (Duchaufour,
1997). In these climates, decomposition is so rapid that intermediate organic compounds
may have little effect beyond the surface horizons. Hydrolysis becomes massive because
of high temperatures and high carbon dioxide concentrations in the soil solution,
particularly at depth. concentrations normally increase with soil depth, sometimes
markedly (Section I.1.2.2). Concentrations found at depth in an Amazonian oxisol
(Lucas and Chauvel, pers. comm.) have been up to forty four times greater those of
the atmosphere and may accelerate the alteration of primary minerals by lowering the pH
(by up to 0.5 units).

Monosiallitisation and allitisation are the dominant processes of humid tropical climates,
unless drainage is impeded when neoformed smectitic 2:1 clay minerals may accumulate.
Where longer dry seasons occur, weathering is limited to mono- and bisiallitisation.
In hot deserts, physical weathering processes predominate although important chemical
weathering processes may still occur (Watson, 1992).
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Table II.4 summarises the major chemical weathering processes. The minerals that
form in hot and humid tropical environments are typically kaolinite and goethite and,
at the wetter extremes, gibbsite. In warm areas with alternating wet and dry seasons,
smectites are typically the dominant clay minerals. Degradation rather than neoformation
is typical of temperate climates and incompletely altered minerals such as exfoliated
illite and chlorite, irregular mixed layers, vermiculite and degraded smectites are
characteristic. In the cold areas of the high latitudes and altitudes and in the arid areas of
the world, hydrolysis is limited by the lack of water. Few necformed clays are formed
and the clay sized materials present consist largely of the minerals also present in the
parent rocks. The broad scale patterns given above are modified by local conditions of
relief, poor drainage, salt accumulation and other factors.

Figure II.3 presents a highly generalised map of the dominant weathering processes
occurring in different parts of the world. This is based on the four major weathering
types recognised by Pédro and Sieffermann (1979) and also indicates the largely
ice-covered continents of Antarctica and Greenland where appreciable chemical
weathering is limited to the non ice covered areas.

The dominant weathering processes in the acidolytic area are acidolysis and acido-
complexolysis and are associated largely with the cold humid environments of North
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America and Asia. The hydrolytic environments cover the largest areas of the terrestrial
surface and the major processes dominating in these areas are, in decreasing order of
importance, hydrolysis, acido-complexolysis, salinolysis and alkalinolysis. The areas of
arid climate have lower rates of chemical weathering and are dominated by salinolysis
and alkalinolysis; little chemical weathering occurs in the extreme desert environments.

3.2 Formation and structure of organic reserves

3.2.1 DYNAMICS OF ACCUMULATION

Living organisms colonise soils from the very early stages of their formation.
Photolithotrophic micro-organisms and plants fix atmospheric carbon and nutrients from
the weathering parent materials and incorporate them into their tissues.

While they live, plants release such metabolites as root exudates and foliar and bark
leachates into the soil. These are supplemented with microbial by-products and animal
mucus and polysaccharides to form part of the metabolic organic matter defined
by Parton et al. (1983) (Figure II.4).
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Dead organisms quickly come in contact with the soil surface, or die within it, and
immediately start to decompose. The biomass of these organisms is arbitrarily divided
into decomposable and resistant materials (Jenkinson and Rayner, 1977). Metabolites and
decomposable organic matter are considered to degrade rapidly and are incorporated in
the ‘soil biomass’ compartment, which is the sum of the biomasses of all living organisms,
including the micro-organisms and soil fauna. Because of physical or chemical protec-
tion from decomposer attack, a considerable proportion of the original organic matter
accumulates in forms resistant to further decomposition and undergoes protracted
decomposition.

Thus, as a result of this extended decomposition, organic matter gradually accumulates
in pools with increasing levels of resistance to decomposition (Jenkinson and Rayner,
1977) (Table II.5). Balesdent et al. (1987) estimated the origin of soil carbon by using
natural isotopic labelling in temperate soils that had been cropped first to C3 forages
and then to com (Zea mays) (a C4 plant) for more than 30 years. They showed the
remarkable stability of the older organic matter from the original grassland (57 to 75 %
of total C) and a gradual replacement of C3 carbon by C4 organic matter produced by
the corn crop. After 35 years, less than 20 % of C3 carbon remained and an equivalent
amount of C4 carbon from the maize had accumulated (Figure II.5).
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Natural radiocarbon isotope dating has proved to be a useful tool for investigat-
ing the residence times of carbon in soils. The half life of (5730 years) provides a tool
for aging the old carbon in soils. In contrast, the recent injection of into the atmo-
sphere by nuclear tests in the 1960s (‘bomb radiocarbon’) labelled all photosynthesised
material and provides a tracer of younger organic carbon. Figure II.6 shows a radiocarbon
profile of a temperate-climate, forested alfisol (Elzein and Balesdent, 1995). Positive
values in the upper layers denote the incorporation of bomb radiocarbon in the soil. The
L layer had a radiocarbon content equal to atmospheric in 1993. In the F layer,
a five-year mean carbon residence time was calculated. Higher values in the upper 5 cm
of the A horizon correspond to the peak of bomb-radiocarbon in the 1960s. The authors
simulated the carbon and radiocarbon profiles (lines) with a model that couples the
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decomposition of carbon compounds with downward movement. In applying the model
to this soil, diffusion due to bioturbation and soil homogenisation by the soil fauna
accounted for most of the movement. Since burial occurs more slowly than decomposition,
the rapidly decaying components are confined in the upper part of the soil. In contrast,
old organic matter is more homogeneously distributed throughout the entire profile.

3.2.2 FACTORS REGULATING ABUNDANCE

The total amount of organic matter accumulated in any soil varies with the rate of
supply of biological materials and the nature of its timing. It also depends on soil age,
whether the soil environment is conducive to rapid organic matter decomposition,
the chemical composition of the material to be decomposed and the capacity of soil to
retain organic matter. This latter capacity is largely dependent on the types and
concentrations of the soil clays.

Time
Balesdent et al. (1987) considered that organic stocks in recent volcanic soils (Andisols)
in Martinique comprised two pools of different ages. The first had a mean age of 38 years
and corresponds to the decomposable plant material, soil biomass and physically-
stabilised pools of Jenkinson and Rayner (1977). The mean age of the second pool
was estimated at 1,400 years and included the chemically-stabilised organic matter.
Accumulation of organic matter in the second pool was considered to cease after ca.
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2,000 years. However, from studies carried out in several other environments, much
older organic matter (from 3,000 to 12,000 years) has been found to occur in the
resistant pool (Stout et al., 1981).

Climate
Decomposition of organic matter is a combination of two contrasting processes.
The first is mineralisation, which is associated with the disappearance of organic matter
and its reduction to mineral components, and humification which leads to the formation
of highly-polymerised and decomposition-resistant compounds. Jenny et al. (1949) found
a satisfactory relationship between temperature and moisture conditions and both C
and N contents in soils of the Great Plains of the USA. It has been conventionally
considered that the high temperatures and favourable moisture conditions that prevail in
the wetter tropics would favour mineralisation over humification and therefore result in
high rates of organic matter breakdown. Since decomposition rates increase faster with
temperature than primary production, it was also considered that, despite their higher
organic inputs, soils of the tropical regions would have lower organic reserves than those
of colder areas (see e.g., Beck, 1971; Scharpenseel, 1988). However, extrapolations of
Jenny’s model systematically under-estimated soil organic contents (Laudelout, 1990)
and the reality is much more complex (Greenland et al., 1992).

Sánchez et al. (1982) compared the total carbon contents of 61 randomly-chosen
tropical profiles with 45 similarly-chosen profiles from the temperate region, classified
as belonging to equivalent orders of the USDA classification (Soil Survey Staff, 1999).
These authors could find no significant difference between these two groups. Thus, it
appears that the increased inputs and decomposition rates in the tropics do not necessarily
lead to significant differences in accumulated carbon stocks. Coefficients of variation
within each group, however, ranged from 32 to 79 %, which indicates that many local
variables influence the dynamics of organic matter accumulation.

Local factors
Among the local factors that influence the accumulation of organic matter are the types
and quantities of the different clay minerals present. Some clays may form very stable
organo-mineral associations with soil organic matter. Organic colloids may be physically
protected from enzyme attack by their insertion between the clay platelets, or by adsorp-
tion onto their surfaces.

The nature and amount of inputs also helps to determine soil organic matter dynamics
and further stabilisation (Swift et al., 1979).

3.3 Translocation

Translocation may be defined as any movement of soil components within a profile that
affects soil development. Such movements may. either promote or act to inhibit or
partially reverse (pedoturbation) profile differentiation (Hole, 1961). Translocation may
result from both physical and chemical processes that involve the movement of soil
materials by such agencies as water and air flows and gravity; it may also occur through
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volume changes consequent on freezing:thawing or hydration:dehydration, as in the
mechanical pedoturbation (churning) that occurs in vertisols.

Biological processes may also effect a translocation of soil materials (bioturbation)
and can result from the activities of soil animals (faunal pedoturbation) and through such
processes as windthrow by plants (floral turbation) (Hole, 1961). Bioturbation largely
takes place within the upper 30 to 60 cm of the soil whereas physico-chemical processes
may operate throughout the whole soil profile, and within the underlying regolith
(Brabant, 1991).

One consequence of continued bioturbation has been the widespread formation of
biomantles. These are defined as differentiated zones in the upper parts of soils produced
largely through bioturbation but aided by other subsidiary processes (Johnson, 1990).
Such biomantles may be single to multilayered depending on the combination of agents
that gave rise to them. Over time, continued erosional redistribution of bioturbated mate-
rials may give rise to surface layers characteristically-different from the underlying
materials in particle size distribution and in structural and other properties.

3.3.1 PHYSICAL AND CHEMICAL PROCESSES

Some soils are formed by weathering in place. They have a Bw (w = weathering) horizon
in which the accumulated clay minerals (colloids) result from in situ weathering of the
parent material. In other soils, the differentiation of a Bt (translocated) horizon results from
the movement or redistribution of certain components of the weathered materials (par-
ticularly clays) down the soil profile by two important processes: leaching and eluviation.

Leaching has been defined previously as the movement of material through the soil
profile both in solution and suspension. However, it seems desirable to restrict the word
leaching to the transport of materials in solution and to define eluviation (or pervection)
as the transport of solid particles in suspension (Duchaufour, 1982). Leaching occurs
when there is substantial movement of water through the profile and this may occur
either downwards or laterally beneath the surface. It affects the more soluble salts such
as potassium or sodium rather than the less soluble alkaline earth metals, calcium and
magnesium. Under some circumstances, upward movement of salts may occur through
capillaries. As shown in Chapter I (Section I.1.1.1.2), even poorly-soluble compounds
such as silica, particularly where present as phytoliths, may be broken down to silicic
acid and either leached from the system or taken up by plant roots (Lucas et al., 1996).

Translocation in soils may occur through the following five major processes differing
in their intensities (Duchaufour, 1997) (Figure II.7).

Salination
Salination typically occurs in arid or irrigated soils when soluble potassium and sodium
salts present in the profile accumulate close to the surface. These salts move to
the surface in capillary water as a consequence of high evaporative demand, or because
of high saline water tables. In soils where the deeper horizons contain appreciable salt,
salination may result from tree clearing since the water not transpired or evaporated can
leach sub-surface salts which may appear as saline surface seeps in lower-lying parts
of the landscape.
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Calcification
Calcification is characterised by the downward movement of Ca salts through the profile
either by leaching and precipitation, or by the eluviation of small particles from surface
horizons (see Milnes, 1992). This process is typical of arid and semi-arid environments
subject to alternating periods of wetness and dryness. Leaching is most effective for
the highly soluble salts but less so for those of lower solubility such as the salts of
the alkaline-earth elements, notably Ca and Mg. These may precipitate as calcite or
dolomite and accumulate in the soil profile to form Bk horizons or, following complete
cementation, dense petrocalcic horizons known as caliche or calcrete (Bkm horizons).

Eluviation
Eluviation is a stronger translocation process and describes the removal in suspension of
soil materials from particular layers and is most likely to occur when the soil particles
are not strongly aggregated and in soils where large macropores are present. Under these
conditions, clays, sesquioxides, silica (notably as phytoliths) and humic compounds may be
translocated downwards depending on the intensity of eluviation and climatic conditions.
Clays and other substances may be displaced down the profile to accumulate in the B
and sometimes in the C horizon. This process is characteristic of alfisols and ultisols
(e.g., leached brown soils, fersiallitic or ferruginous tropical soils).

Podzolisation
Podzolisation is a comparable process in which a pronounced downwards translocation
of iron, aluminium and organic matter takes place. Clays in the upper horizons are decom-
posed under acid conditions into sesquioxides and silica by soluble organic compounds.
The breakdown products are then translocated downwards to precipitate and reform in
the B horizon. Thus, an eluvial E horizon typically overlies the illuvial accumulation of
these materials in the B horizon.
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Podzolisation is often associated with the presence of a fluctuating perched watertable
created by the blockage of pores in the deeper horizons by translocated clay minerals
(Guillet et al., 1979).

Andosolisation
This process is characteristic of soils forming on eruptive materials containing volcanic
glass or readily-weatherable fine-grained crystalline materials. A major feature is the
presence of active aluminium, either amorphous or associated with allophane. In this
process, the precursors of humic compounds are rapidly insolubilised by active aluminium
giving substantial protection against mineralisation. In turn, this protection reduces
the production of crystalline clay minerals and only small amounts of halloysite are
normally produced. Andosolisation is accompanied by a continuing loss of basic cations
and silica (Duchaufour, 1982, 1997).

Vertisolisation
Vertisols are soils with high clay contents that form under conditions of contrasting
seasonal climates, notably in the tropics and sub-tropics and characteristically in
base-rich locations with restricted drainage. The clays typical of these soils are largely
neoformed smectites (Section I.1.1.1.2) which shrink markedly and deeply on drying to
form polygonal patterns of cracks and swell on rehydration. The consequence of this
dehydration:rehydration process is a churning or a turnover of the upper profile leading
to its homogenisation. This occurs through materials falling into the cracks that form
during dry periods; on rehydration, the centres of the polygons formed are lifted upwards
to accommodate the extra materials deposited at depth. This churning gives rise to
characteristic structures (slickensides) in the soils formed where blocks of soil slide
against each other.

Ferrallitisation
Ferrallitisation is characterised by the contrasting apparent downward movement of silica
and the accumulation of sesquioxides. Such processes are characteristic of conditions
of active tropical soil weathering. As occurs during podzolisation, the original clays are
broken down and poorly crystallised kaolinite or the aluminous mineral gibbsite are
recrystallised. Active alteration and translocation result in a significant lowering of
the soil surface associated with the loss of materials (Chauvel, 1976; Lucas et al., 1996).

Additional processes
Three additional processes are recognised which may occasionally superimpose their
effects on those listed above:
(i) Gleying, movements of iron and manganese and their accumulation in reduced
forms under conditions of impeded drainage and low redox potential.
(ii) Rubefication, the in situ weathering of iron oxides and their transformation into
deep red, poorly-hydrated ferric oxides haematite) under climates with
marked seasonal contrasts.
(iii) Solonisation (or alkalinisation), the leaching and illuvial accumulation of clays
and sesquioxides in the B horizons of alkaline soils (Duchaufour, 1997).
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3.3.2 BIOLOGICAL TRANSLOCATION: BIOTURBATION

The translocations considered above result from the expenditure of physical energy (grav-
ity, capillarity, osmosis) within the soil. Movements of soil materials also result from
the expenditure of biological (photosynthetic) energy by roots and soil animals, largely
invertebrates but sometimes mediated by the burrowing and other soil-disturbing effects
of vertebrates (see authors in Meadows and Meadows, 1991; Butler, 1995). Such effects
may be direct (effective transportation) or indirect, for example, the translocation of soil
materials through galleries and other channels (biopores) formed by soil invertebrates.

Faunal pedoturbation is most apparent when it involves the deposition of soil materials
at the surface. However, much faunal pedoturbation is less apparent since it involves the
vertical and horizontal movement of ingested and transported materials within the soil.
The materials displaced may simply be deposited behind the animal as it moves through
the soil, as with certain earthworms or packed into pre-existing voids, as occurs with
certain termites, ants and some burrowing vertebrates.

Because they are unable to move through existing cracks and crevices in the soil, the
larger invertebrates and vertebrates must rearrange the soil to accommodate their general
life patterns and movements. Johnson et al. (1987) recorded the contrasting effects of
two burrowing rodents in California. During burrow construction, the Ground Squirrel
Ostospermophylus beecheyi causes considerable profile homogenisation extending to
the C horizon. However, it deposits much of the soil it excavates into abandoned burrows.
In contrast, the Pocket Gopher Thomomys bottae deposits most of the materials exca-
vated during burrow construction on the surface and therefore acts to promote profile
differentiation. Soil materials deposited at the surface become available for erosional
detachment and transport and may contribute substantially to hillslope processes.

Some of the larger invertebrates simply eat their way through the soil, thereby trans-
porting soil upwards or downwards, depending on the net direction of their movements.
Most selectively ingest the finer soil particles which are thereby concentrated in
their faeces. The main agents of such biological translocations are the earthworms and
certain termites. Both termites and ants also transport fine particles of an upper size limit
related to that of their mouthparts. Members of these three groups frequently effect a net
transport of finer particles to the surface during the excavation and construction of nests,
burrows and other structures.

Humphreys (1994) quantitatively described a number of micro-morphological features
of a southeastern Australian ultisol heavily faunally-turbated by ants, termites and other
animals (Figure II.8). It is clear that most activity occurs in the coarse-textured A and E
horizons with about 8 % of the soil volume being represented by faunal constructs.
However, the surface of the B horizon was being mined for clay and biologically-formed
structures (pedotubules) were distributed throughout the C horizon, although in diminished
amounts within the lower Cr horizon. Of particular note is the large proportion (80-98 %)
of the A and E horizons comprising macular colour since this represents the remnants of
reworked pedotubules. Faunal deposition of soil materials on the surface exposes them
to rainwash with the finer particles being transported away in runoff waters leaving the
coarser particles to form the surface soil horizons. It is clear that the A and E horizons of
this soil owe much of their structure to faunal activity and therefore comprise a biomantle.
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Biomantles may also be defined in terms of the activities of the three major groups
discussed below and in particular locations to the effects of certain surface and
soil-dwelling vertebrates. Other groups such as the Crustacea are also responsible for
considerable bioturbation in a few terrestrial environments (Butler, 1995) and their
effects are particularly clear in many tropical mangrove forest soils.

Earthworms
In the temperate grasslands of Europe, earthworms may mix and displace up to 500 Mg
of soil on a dry weight basis (Bouché, 1975) although only part of this soil is
deposited as casts on the surface. Darwin’s (1881) estimates from English pastures
showed that casts deposited on the soil surface annually represented the approximate
equivalent of 0.25-0.50 mm of sub-surface soil and reflect the significant inversion and
mixing of the upper profile caused by these animals.

In the humid grass savannas of Africa, the estimated annual transit of soil through
the intestinal tracts of earthworms may be as high as 1,000 to 1,200 Mg of soil
also on a dry weight basis. Again, only a small amount (25 to 30 Mg or ca. 2.5 %) of the
total is deposited on the soil surface as casts. These amounts are equivalent to layers of,
respectively, 8-10 cm overall and 1 -2 mm of fine particles deposited annually on the soil
surface (Lavelle, 1978).

Since earthworms have marked diurnal and seasonal vertical movements, soils from
different horizons may be mixed and in some cases, this may reduce or completely
offset the effects of leaching and eluviation. However, the activities of most earthworm
species are essentially concentrated within the A horizon and very little material is
normally brought to the surface from the deeper horizons.

Despite the above, the impacts of soil mixing by earthworms on soil function and
structure may be large. Three great groups of mollisols (vermustolls, vermudolls and
vermiborolls) are defined as having more than 50 % of the volume of their A horizons
(below any Ap horizon present) occupied by such earthworm constructs as galleries,
casts and infilled voids (Soil Survey Staff, 1999).
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Termites
In the tropical areas of the world where they are dominant, termites can be potent agents
of pedogenetic change and their activities may extend throughout the whole soil profile
and well into the underlying regolith. The mass of soil brought to the surface annually
to be built into mounds and temporary foraging shelters has been estimated at up to 1.8
Mg , in African savannas (Nye, 1955c; Lepage, 1974; Roose and Lelong, 1976).
Roose (1980), however, calculated that, in the savannas of Burkina Faso, 4 to 33 % of
this clay-enriched soil was washed away by sheet erosion, resulting in the formation of
a poor, sandy top soil (Josens, 1983).

To a limited degree, termites select the sizes of the particles that they ingest or transport.
Most select the finer particles, although this varies with the soil and species involved
(Lee and Wood, 1971a). For example, Kemp (1955) found that the mounds of Cubitermes
sankurensis have a small proportion of particles between 100 and in diameter but
greater proportions less than and greater than This results from the trans-
port of fine particles in their crops while larger particles are carried in their mandibles.

Wielemaker (1984) reported the upwards and downwards transport of soil materials
by termites in Kenyan soils and the illuviation of clays through galleries created by
these animals.

The effects of termites on soils are further considered in Chapter IV.

Ants
Although perhaps of less pedogenetic importance than termites, ants are ubiquitous,
especially in the tropics and may effect substantial changes to the soil (see also Chapter III).
At a local scale, ant bioturbation (Lévieux, 1976; Cowan et al., 1985; Lockaby and
Adams 1985) involves continuing profile modification with differences between species
largely related to their nesting habits. Such effects also depend on whether they are mound-
building species or nest underground and whether the ground is sloping or not so that
bioturbated materials deposited on the surface may eventually be transported downslope.
Within the soil, their effects form part of continuing cycles of void formation and
infilling and they contribute to processes influencing infiltration, gas exchange, organic
matter incorporation and nutrient flows in the ecosystems of which they form a part.
Information available on their roles in soil processes is limited to effects recorded from
a small range of sites and species and, beyond acknowledging their undoubted impor-
tance, only limited generalisation appears possible at our current state of knowledge.

Many ants build sub-surface nests and their contributions to soil mixing and transport
have been considered as largely restricted to the surface deposition of soil excavated
from their subterranean nests on the surface. The amounts may be considerable. Lévieux
(1976) estimated that 0.3 Mg of B horizon material was deposited on the soil
surface by the ant Paltothyreus tarsatus in the humid savannas of the Côte d’Ivoire.
Lyford (1963) reported the surface deposition of some 0.6 Mg over the course of one
year in a North American oak forest. In a Nearctic desert environment, Whitford et al.
(1986) estimated that 0.8 Mg was moved to the surface during the same time period,
a similar amount to that reported by Humphreys (1981) from an open forest environment
in southeastern Australia.
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The leaf-cutter ants of the tribe Attini (Chapter III) occur throughout much of the
Neotropical and the southern part of the Nearctic regions. Certain members of this group
excavate large quantities of soil materials during nest construction, much of which may
be deposited on the surface. The pedogenetic effects of these ants are indisputable.
Alvarado et al. (1981) reported an amount equivalent to 460 Mg of AB and B horizon
subsoil spread over the soil surface and Boulet et al. (1995) estimated at 0.21 to 0.23 mm
the thickness of the layer annually deposited at the soil surface.

Other ants construct epigeal nests on the soil surface and these may become abundant
in certain environments. Population densities of the mounds of Lasius flavus recorded by
Wells et al. (1976) from British grasslands were locally equivalent to 5000 mounds per
hectare and their bases occupied 15.6 % of the site surface area. The selective nature of
their contribution to vertical translocation is evidenced by the finer texture of the soils
comprising the mounds.

Apart from these single nests, compound structures built by ants may achieve
several metres in diameter and rise well above the local topography; these have entirely
different soil characteristics from those surrounding (Cox et al., 1992). Construction of
these large mounds occurs through generations of ants building nests in the same
location, starting from a local topographic high point and gradually extending through
a combination of vertical and lateral transport of materials selected from the underlying
and adjacent soils.

In addition to translocating soil materials to the surface, ground-dwelling ants return
organic foodstuffs to their nests. In particular, the downward translocation of organic
materials into the nests of certain leaf-cutting ants may be substantial; reported
consumption estimates range up to the equivalent of several tonnes per hectare per
year of dry plant materials (Fowler et al., 1986). Further, ants can have considerable
effects on profile morphology. Eschenbrenner (1994ab) reported the presence of
chambers that had been back-filled with loosely-packed mineral soil in attine
ant nests in Martinquan Andisols while Alvarado et al. (1981) found similar structures
infilled with organic matter and mineral soil in Costa Rican inceptisols. The latter
authors also reported large modifications to the number and type of the horizons present
because of the large amounts of soil translocated. Underground galleries and chambers
may be infilled by illuviation and other transport processes after their abandonment.

Because of their abundances, particularly in the inter-tropics, ants indirectly influence
soil processes through predation and other trophic interactions with the rest of the biota.
Non-trophic interactions (ecological engineering; Jones et al., 1994), include habitat
creation for other animals. Humphreys (1994) reported constructs formed by small
mesoarthropods active within infilled ant galleries excavated in soils formed from
quartzose sandstones in southeastern Australia.

Faunal induction of translocation and creep
Where they occur together, termites and earthworms may have complementary effects.
In forested areas of Nigeria, Nye (1954, 1955abc) described a topographic sequence of
soils with two primary horizons: a surface horizon of soil material moving slowly
downhill under the influence of soil creep (Cr) and an underlying sedentary horizon (S).
The Cr horizon is subdivided into three separate layers namely, a CrW, formed from
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earthworm cast material, a CrT formed by material transported by termites, and a CrG of
accumulated gravel. CrT varies from 10 to 60 cm depending on the degree of maturity;
it is underlain by a 1.25-2 cm CrW horizon with a high humus content. Nye considered
that the CrT derived from the CrG and S, and CrW derived from CrT. The gravel-free
horizon formed by the fauna promotes soil creep down-slope and plants constantly
acquire minerals from the continuously decomposing parent material. The total amount
of soil brought to the surface by termites and accumulated in the CrT was estimated to
be 30 cm in 12,000 years (i.e., 0.025 mm and up to 0.10 mm in some situations).
This soil would clearly qualify as a biomantle (Johnson, 1990).

In another tropical forest of Côte d’Ivoire, Nooren et al. (1995) hypothesised that
selective erosion of earthworm casts rich in clay was responsible for the creation of
sandy surface soils.

3.4 Erosion

The removal of solid particles from surface soils through erosion is a normal geomor-
phological process and a dominant factor in landform evolution through the movement
of soil materials to lower parts of the landscape. In contrast, accelerated erosion occurring
as a consequence of poor land use practices is a major problem in the management of
a wide range of agricultural soils and in the urban environment.

The factors controlling soil loss through rainfall erosion are given by the revised
universal soil-loss equation (Renard et al., 1994):

A = RKLSCP where A, the predicted soil loss, is the product of
R = climatic erosivity (rainfall and runoff);
K = soil erodibility;
L = slope length;
S = slope gradient or steepness;
C = cover and management;
P = erosion control practices.

Wind may be just as important an agent of erosion as water, notably in drier areas.
Predicted losses due to wind are described by the following interacting factors (Brady
and Weil, 1996):

where: E = the predicted wind erosion;
I = soil erodibility factor, including soil properties and slope;
C = the climatic factor which includes wind velocity, soil temperature

and precipitation (through its effect on soil moisture);
K = the soil-ridge-roughness factor which includes the size distribution

of the soil surface unit (clods in cultivated soils), the vegetation
cover and whether ridges are present;

L = is the width of the field in the down-wind direction; and
V = is the vegetation cover factor which describes the characteristics of

the vegetation cover present.
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Erosion is normally a slow process, generally in equilibrium with the creation of
soil through pedogenesis. For example, Leneuf (1959) estimated natural erosion in
forested areas of the Côte d’Ivoire to be 0.15 Mg i.e., 1 m in 100,000 years.
The period for complete alteration of 1m of granite in the same area was considered
to be between 20,000 to 100,000 years. In natural humid tropical ecosystems, soil loss
estimates of 0.05 to ca. 6 Mg have been reported (Smith and Stamey, 1965;
Roose and Lelong, 1976; Capelin and Prove, 1983). Lombardi Neto and Bertoni
(1975) consider that values as high as 4.2 to 15 Mg are the limits of acceptable
soil loss tolerance within which the functioning of these soils would not be signifi-
cantly impaired.

In contrast, extremely large annual soil losses have been reported from sugarcane
agro-ecosystems in northern Queensland, due to inappropriate land use practices.
Average values under a cultural regime of burning the crop prior to harvest and any
post-harvest residues and cultivating the soil was 148 Mg with extreme values
exceeding 500 Mg The mean soil losses under regimes involving no-tillage,
no pre-harvest burning of the crops or of post-harvest residues reduced this to approxi-
mately 21 Mg In the United States, rates of total erosional soil losses
considered tolerable in terms of maintaining long-term agricultural production range
from 5 to 11 Mg (Brady and Weil, 1996).

Depending on its intensity, natural erosion slowly alters the nature of the soil profile
(Roose, 1980; Lal, 1984). Under conditions of low slope gradients and thick vegetation
cover, sheet erosion and sub-surface lateral translocation may remove fine particles from
the upper horizons. The soil fauna may partially offset such losses by depositing fine
materials derived from deeper horizons on the soil surface.

When the rates of soil loss by sheet or creep erosion become greater than those of
the formation of humified surface soil, the soil profile may be altered to form either an AC
or a truncated (BC) profile. In the first case, the soil, although shallow, may be relatively
fertile due to the constant input of nutrients from newly-weathered parent material.
Conversely, in the second case, extended soil weathering may lead to the formation of
biologically-exhausted infertile horizons. Eroded material accumulates in low-lying
areas as footslope and valley floor deposits and a continuing flux of new material from
upper parts of the slope or the watershed may be an important feature of the evolution
of landscapes and soils.



Soil formation is an enormously complex series of reactions and processes that may
continue to operate over long time periods. It encompasses weathering but also involves
the range of reorganisational and translocational processes discussed above, together
with the build up of soil organic matter and all that this entails in terms of biological
processes and bio-mineral interactions (see, for example, Ugolini, 1986a).

It is the interactions of the soil-forming factors (particularly climate) that determine
the general direction of weathering and pedogenesis in any given area and, as time
passes, the soil will develop towards a idealised transient steady state, the pedoclimax.
However, because of continuing weathering losses and changing environments, the
directions of pedogenesis will also change. The differing climatic conditions experienced
during the development of soils in the older landscapes will usually be reflected in their
morphological, chemical or physical properties.

Local factors may be important determinants of pedogenesis which normally alters
gradually along continua, except where abrupt changes of parent material, vegetation or
drainage occur (Ugolini, 1986a). These may lead to the formation of very different soils
within the same environment.

4.1 The pedoclimax concept and its limitations

Climate is the dominant factor in pedogenesis and early systems of soil classification
defined ‘zonal soils’ as the idealised pedoclimaxes of individual climatic zones. However,
Duchaufour (1982) considers that this concept should be restricted to processes related
to humification. Different major trends occur in pedogenesis, depending on the prevailing
climate: ferrallitisation in humid tropical soils and brunification in temperate regions.
Temperature and precipitation are the two major aspects of climate. Temperature is
important in that it determines the rates of chemical reactions and the metabolic rates of
most organisms. Precipitation is the major determinant of moisture regimes and water
fluxes, and hence of chemical weathering, pedogenesis and water supply to organisms.

As discussed earlier in this chapter (Section II.2.3), extended periods of time may be
required for soil development (see also Table II.2) and the changes that occur are mostly
gradual. However, the evolution of soils over time is not always continuous. Climatic or
other changes that affect ecosystem stability may lead to further phases of pedogenesis
in which an existing soil is replaced by one that differs in its mineral composition and
fabric (Lucas and Chauvel, 1992) (Figure II .9). Transformation fronts appear which may
progress laterally. In Central Amazonia for example, the lateritic cover developed
on Tertiary sediments is being replaced by spodosols (Lucas and Chauvel, 1992).
These transformations may be determined by rapid changes in plant cover following
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deforestation. On the plateau, elements released by surface degradation are transported
deep into the profile. Al is concentrated as kaolinite and gibbsite and Si is
leached. On slopes, lateral water flow is more intense and greater amounts of Al are
leached resulting in a relative concentration of as quartz sand. Podzolisation occurs
in these sandy areas, starting from low-lying areas and progressing upslope as the
slope develops. This transformation is related to percolating water and starts at the
plateau edges from where it progresses towards the centre, further contributing to slope
development. In French Guiana, contrasting systems occur in which podzolisation
progresses from the centre to the edges. In the latter case, podzolisation is initiated by
the formation of a perched water table following clay eluviation and deposition lower
in the profile (Boulet et al., 1984). The properties of very old soils (palaeosols) are
discussed in Section II.4.4.3.

Local differences in parent materials (Section II.2.2), drainage, topography and
the biota may lead to large differences between soils over short distances. Pedogenetic
processes may be conditioned by the characteristics of the original parent material.
As discussed earlier in this chapter, clear differences may result between soils formed
on different parent materials although these diminish with soil age (Chesworth, 1973a).
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The contrasting soils that form on calcareous and acid rock parent materials are
discussed below.

Both climatic factors and the nature of the parent materials generally determine
the broad compositions of biological communities and pedogenesis in many areas may
largely result from the activities of organisms and the reactions induced by their
metabolites. This will exclude the areas of hot and cold deserts and those soils subject to
deep geochemical weathering where the biological influence on soil weathering is much
reduced. Whether occurring naturally or through man’s activities, major structural
changes in the plant cover, as from forest to grassland, across sites with similar soils
usually lead to large changes in the soil environment. These include different litter and
sometimes mycorrhizal types and thus altered chemical weathering processes and
microclimatic regimes in the upper soil and the area immediately above it.

A major factor in pedogenesis across all zones is drainage status since soils differing
in this regard also differ strongly in chemical, physical and biological regimes.
Where drainage is inhibited, soils often have low redox status and hydromorphic
properties characterised by reduction and segregation of Fe (Section I.1.2.3) and a
reduced or inhibited rate of organic matter decomposition. A wide range of these soils
exists - permanently to intermittently saturated associated with poorly-drained coastal
and inland areas and such water bodies as rivers, ponds and lakes and areas flooded for
rice production. Apart from the coastal hydromorphic soils and the areas cultivated
for rice, such soils are distributed from sea level to the highest mountain ranges.

Whole regions may be influenced by inhibited drainage. In the tundra environment,
for example, seasonal melting of the upper permafrost layer leads to saturation of
the upper profile resulting in acid reducing conditions, reduced decomposition rates and
peat formation. Across the tropical world, peats (histosols) occur in poorly-drained
environments with the greatest areas being in South East Asia, Papua New Guinea and
Africa (Andriese, 1988).

Table II.6 summarises the dominant weathering and pedogenetic processes operating
across the earth’s surface and the characteristic soils that result. It also lists the principal
processes involved in the transformation and neoformation of clays. Areas included in
the table do not include hot deserts and ice-covered areas where minimal chemical
weathering occurs or areas of carbonate-rich or tephritic parent materials.

4.2 Pedogenetic processes in tropical climates

Ferrallitisation is the dominant process in the hot, moist climates of the equatorial
regions covered by rainforests. Under such conditions, the original bedrock becomes
deeply and highly-weathered, irrespective of its initial composition. Hydrolysis is
the dominant process because of the acid soil solutions resulting from elevated
concentrations of dissolved carbon dioxide. Reactions with soil organic matter are
considered to be of lesser importance than in other environments and geochemical
weathering is considered to dominate in the freely-drained areas of the tropical regions
(Duchaufour, 1997).
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In tropical environments, weathering is intense and as much as 57 % of the original
material, mainly comprising bases and silica, may be leached or eluviated out compared
with 24 % under equivalent temperate-climate conditions (Lelong and Souchier, 1972).
Primary minerals disappear while sesquioxides accumulate and low activity clays such
as kaolinite are formed. These clays may be further degraded in the upper horizons and
nutrients leached out. Depending on their final nutrient status, these soils are defined as
unsaturated ferrallitic soils (ultisols and oxisols; Soil Survey Staff, 1999).

Under drier conditions, weathering is less complete and a proportion of the primary
minerals may persist leading to the formation of ferruginous soils (alfisols; Soil Survey
Staff, 1999) which have a higher nutrient status than the ferrallitic soils.

As discussed above (Section II.3.3.1), vertisols are predominantly formed in areas of
low relief and from basic parent materials in climates with strongly differentiated wet
and dry seasons (Millot, 1979). Where unexploited, most have appreciable nutrient
reserves. Such soils are widespread in Australia, Africa, India and in parts of Central
and South America.

4.3 Pedogenetic processes in cold and temperate climates

Soil processes differ very strongly below and above the Arctic treeline and in the ice-free
areas of Antarctica. The latter two areas are underlain by frozen ground and northwards
of the tundra are subject to an increasing aridity, also characteristic of the Antarctic climate.

4.3.1 COLD CLIMATE PROCESSES

In going northward from the Arctic treeline, the tundra supervenes with its continuous
cover of vegetation (Ugolini, 1986a) and this progressively gives way to the sub-polar
desert, the polar desert and finally the cold desert. This latter zone may occur in
northern Greenland but its major representation is in the ice-free areas of Antarctica
(Campbell and Claridge, 1992). North of the tundra zone, the environment becomes
increasingly arid and the vegetation becomes increasingly discontinuous with
a commensurate reduction in its influence on soil processes. Finally, in the cold desert,
the vegetation is restricted to a few scattered mosses and lichens in favourable locations.
To the north of the Arctic treeline, the soils are largely frozen or underlain by permafrost.
These are all subject to the substantial physical effects of wind erosion and
cryoturbation including the patterned ground common to the polar and cold desert
soils (Ugolini, 1986b).

Because of the ice melting during the summer thaw, most soils in the tundra are very
wet. They typically have a surface horizon of decaying vegetation up to 15 cm thick
overlying 10-30 cm of light olive to olive-gray very wet silt loam overlying very dark
grey permanently frozen silt loam. Physical processes associated with freezing and
thawing dominate the landscape while reduction, gleying and the very slow
decomposition of organic matter dominate the pedogenetic processes (Campbell and
Claridge, 1992). In the lesser areas of dry tundra, acid Arctic Brown soils (inceptisols)
are typical with humic A horizons and dark brown to yellow brown colours in the B



SOIL FORMATION 185

horizon. Weathering is minimal in these youthful soils and most clays are inherited from
the parent materials (Ugolini, 1986a).

North of the tundra zone the soils are marked by decreasing biological inputs and
increasing dryness. Desert pavements become more apparent and A horizon development
is minimal with a brownish-yellow Bw horizon often present below the desert pavement
(Ugolini, 1986a). The soils are structureless, coarse-textured, saline and pH ranges from
neutral to alkaline (Campbell and Claridge, 1992).

Soils of the Antarctic cold desert are typically coarse-textured, with desert pavements
at the surface and an horizon of salt accumulation. Salinity is high and salt
efflorescences and calcite crusts are common. The salts present include nitrates and
sulphates of aerosolic origin inland and those derived from rock weathering; marine
aerosols deposit salts close to the sea. Soil reaction ranges from mildly acid to alkaline.
A permafrost typically occurs within 100 cm of the surface. Very limited chemical
weathering occurs although older soils may have an oxidised horizon comprising thin
oxide coatings over the mineral grains (Campbell and Claridge, 1992). While the soils
are generally of coarse texture, up to ca. 5 % of clay sized materials occur within the older
soils, often largely comprising finely subdivided parent materials. However, limited
transformation of micas and illites has been noted and smectites have been recorded
from alkaline environments (Campbell and Claridge, 1992).

4.3.2 TEMPERATE CLIMATE PROCESSES

In temperate climates chemical weathering is greater than in the cold regions but is less
intense than in tropical areas. Consequently, for a specific landscape age, the parent
material influences are greater and the roles of plants and soil organisms and their
metabolites are of particular importance.

Pedogenesis follows very different pathways depending whether the parent materials
are calcareous (limestones) or acid (e.g., granite, sandstone or gneiss).

4.3.2.1 Calcareous bedrock

The main weathering processes occurring in the softer calcareous rock parent materials
are the dissolution of carbonates by carbon dioxide (decarbonation), organic acids and
nitrates dissolved in the soil solution and accumulation of the remaining silicate clay
minerals. However, Al and Fe may originate from sources other than bedrock residues
including aeolian deposits (Cornu, 1995). Dissolved minerals are leached to
subterranean waters or accumulate in low-lying areas; such monovalent ions as and

are leached much more rapidly than their divalent counterparts
Biological activity is intense and mineral element losses are reduced by the intimate
mixing of mineral and organic components which promotes the formation of stable
organo-mineral complexes. Under such conditions, clay mineral alteration is reduced
and the neoformation or the conservation of clays with high silica contents is favoured.

The soils that form on hard indurated limestones are of a very different character and
are often old polycyclic soils that have formed on heterogeneous parent materials and
undergone additions of other materials during development. In contrast to soils formed
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from the softer limestones, the amounts of active carbonate are small and the profiles
may be rich in sesquioxides (Duchaufour, 1982).

4.3.2.2 Acid rocks

Brunification is the dominant pedogenetic process occurring on all well-drained,
non-calcic parent materials although they must be capable of supplying adequate
clays and iron through weathering. This process also requires a mull humus type and a
pH in the range 5-6. It is characterised by the formation of silicate clay-ferric
ion-humus complexes. In the upper organic horizons, the ferric cations act to bridge
the humic acid molecules and clay minerals to form stable complexes that protect
the organic materials from decomposition and the clays from eluviation. In the pre-
dominantly mineral horizons, iron also forms films of hydrated amorphous oxides
surrounding the clay minerals (Duchaufour, 1982).

Chemical weathering rates in these parent materials are lower than in tropical conditions.
Active earthworm populations lead to the formation of biological closed-aggregate
structures through their casting activity and this protects minerals from the aggressive
hydrolytic activity of soluble organic acids. Consequently, such soils may contain
variable proportions of largely-unweathered minerals. Their clay contents are generally
low and minerals, mainly smectite and illite, are largely derived from neoformation
processes. Most of the elements released by the dominant carbonic acid weathering are
soluble and are progressively translocated down the profile leading to the formation of
leached brown soils (alfisols, Soil Survey Staff, 1999).

With more acid substrates, and particularly where biological activity is restricted by
low quality or toxic litter (e.g., that of most conifers) and seasonal waterlogging,
biological aggressive leaching microstructures dominate. They accelerate the destruction
of existing clay minerals while neoformation rates are very slow. This leads to the
intense leaching and eluviation of clays, bases, sesquioxides and organic matter from
the surface horizons to form an E or eluvial horizon. The leached and eluviated materials
accumulate (podzolisation) in the B horizon to form the spodosols characteristic of,
but not restricted to, the areas where conifers dominate.

4.4 Chronosequences

Soils gradually pass through a series of intermediate stages during profile development.
Under some circumstances, the profile may be constantly rejuvenated by creep or erosion
and the formation of a fully-developed profile may be much delayed. Thus, under defined
conditions of climate, topography, parent material and the biota, Chronosequences (i.e.,
age sequences) of soils occur that correspond to the successive stages of increased
weathering, translocation, and other transformations. However, Birkeland (1992) points
out that earth-surface processes have not been constant over time and that soils older
than the Holocene have been subject to variable soil forming influences due to changes
in the climate and therefore in other soil forming factors.
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4.4.1 TEMPERATE CLIMATES

On acid parent materials in the temperate regions, fine particles derived from weathering
mix with newly-accumulated organic matter to form a young ‘sol brun’ (brown soil)
with an AC profile (Figure II. 10). In cold regions, most soils are too youthful to have had
sufficient time to have evolved further and organic matter may accumulate continuously,
due to the prevailing slow decomposition and mineralisation rates.

However, over time weathering becomes active and cations are leached. At a later
stage, clays, iron oxides and oxyhydroxides are translocated and accumulate in a
Bt horizon (possessing translocated illuviated clays) to form a ‘sol brun lessivé’ (acid
leached brown soil, or alfisol).

Under even more acid conditions, biological activity gradually changes and closed-
macroaggregate systems are progressively replaced by aggressive-leaching systems.
Epigeic litter-dwelling arthropods become dominant and replace the anecic earthworms
which normally drag litter into their galleries and mix it with the soil. Under such
conditions, Fe and Al complexes are translocated down the profile to form a Bs horizon
that is possessing high concentrations of illuvial materials apparently amorphous under
X-ray examination, comprising carbon, the oxides of Al and perhaps Fe. The A horizon
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is reduced and a bleached E (eluvial) horizon is formed. This is the beginning of
the podzolisation process, which is completed by the translocation to depth of humic
material which accumulates in a Bh (rich in dispersible, amorphous humus) horizon
(Duchaufour, 1982). As vegetation changes, pedogenesis proceeds; the pioneer grassland
vegetation gradually evolves toward a deciduous forest which is, in turn, progressively
replaced by coniferous forest or heath, depending on the climate.

Where the parent material is calcareous, its dissolution rapidly leads to the formation
of a rendzina (rendoll, mollisol; Soil Survey Staff, 1999). These soils have thick
and active A horizons, in which earthworms are generally abundant and within which
casts act as stable closed-aggregate systems. As dissolution proceeds, carbonates are
progressively eliminated leaving a residuum of clay and silt. At a further stage, leaching
and eluviation translocate cations and clay minerals further down the profile to accumu-
late in a Bt horizon. The fully developed soil that forms under such conditions is a
‘sol brun lessivé ‘ (leached brown soil or alfisol; Soil Survey Staff, 1999) characterised
by an intense biological activity in the A horizon due to the neutral to alkaline pH
(Figure II. 11).
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The development of spodosols on an age series of aeolian beach ridges forming on
dominantly-quartzitic parent materials in southern New South Wales provides an
example of a chronosequence that has formed during the Holocene (Bowman, 1987).
The developing soils were accurately aged from the carbon contained within shell
fragments. Figure II.12 presents a cross section of the site indicating the short time
required for initial horizon formation (less than 1000 years) and its rapid development
with age in these permeable materials. A number of other soil properties were found to
be related to soil age and this is illustrated in Figure II.13a which shows the exponential
increase in organic matter content of the B horizon and, in Figure II.13b, the linear
decline in C horizon pH with time before the present.
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4.4.2 TROPICAL CLIMATES

In the humid tropics, the intense weathering is considered to result largely from
hydrolysis, rather than the action of aggressive organic compounds. These latter appear
to have a limited influence on the weathering zone since, with exception of certain
deeply-weathered rainforested soils (Section I.3.2.4.3), organic matter generally accu-
mulates close to the surface. Ferrallitisation may be achieved through three successive
stages leading to a series of progressively more weathered soils (Duchaufour, 1991):

Fersiallitisation
Fersiallitic soils are those in which neoformed or inherited silica-rich 2:1 clay minerals
persist in the profile and the exchange complex remains saturated, or nearly so.
They occur in environments with strong seasonal contrasts. Clay eluviation leads to
the gradual formation of an argillic Bt horizon and its red colour betrays the common
presence of haematite (fersiallitic soils, Duchaufour, 1982; largely alfisols, some ultisols;
Soil Survey Staff, 1999).

Ferrugination
In ferruginous soils much of the original clay has been destroyed and some
desilicication has occurred. The primary minerals have been largely replaced by
neoformed kaolinite although some 2:1 clays are still present. Base status is variable
depending on the length and intensity of the dry season. These soils are known as
ferruginous tropical soils (Duchaufour, 1982; some alfisols, mostly ultisols, Soil Survey
Staff, 1999).
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Ferrallitisation
Ferrallitisation is a later stage during which all of the primary minerals except quartz
have been weathered. Neoformed kaolinites are the dominant or sole clays and because
of their resistance to movement by water, eluviation has effectively ceased. Most of
the silica has been lost and the oxide minerals gibbsite, haematite and goethite are
characteristically present. Finally, further bases are lost, leading to
the formation of acid, base-unsaturated ferrallitic soils (Duchaufour, 1982) (Figure II.14)
(oxisols; Soil Survey Staff, 1999).

4.4.3 PALAEOSOLS

Weathering and leaching processes continue to affect soils even after the formation of
fully-developed profiles and lead to gradual changes over time. Some changes are
reversible and involve variably-lagged adjustments that follow those of the environment.
Soil organic matter status may alter in this way and such adjustments to environmental
conditions occur over relatively-short time periods. However, most are irreversible and
include progressive changes to the minerals present in the soil and losses of nutrient
and other elements that inevitably accompany such weathering processes as leaching,
eluviation and runoff.
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The soils that result from extended periods of weathering are known as palaeosols.
These soils possess characteristic suites of properties that depend on the properties
of their parent materials, the weathering environments to which they have been
subsequently exposed and any additions that have been made in the form of, for example,
dust or volcanic ash. Within their profiles, structures such as hardened layers or horizons
of silica (silcretes) or iron (ferricretes) may reflect pedogenetic processes that occurred
under climatic conditions that no longer exist. Two major ecological features of these
soils are their diminished capacity for biological production and their susceptibility to
the loss of a large proportion of their often-limited nutrient capital following disturbance.

Perhaps the world’s most fertile soils are those associated with the geologically
active areas of the world which include such areas of recent vulcanism as the Pacific
‘Rim of Fire’, recently uplifted and glaciated areas and locations where recent
deposition has occurred. In contrast, highly-weathered and poorly-fertile soils are
abundant in stable continental areas of low relief, remote from active plate boundaries
(Fyfe et al., 1983). Such areas are widespread in the old landscapes of the world’s
tropics, notably Australia, Africa and South America.

Rejuvenation of these landscapes is dependent on large-scale depositional or tectonic
events to provide a new parent material base for weathering into soil. A further source of
rejuvenation is large-scale erosion which may expose underlying, unweathered parent
materials.

Highly-weathered soils tend to be rich in neoformed clays because of the gradual
replacement of rock-forming minerals by those more stable in the near-surface environ-
ment. The dominant phyllosilicate clays present in these soils are those with low cation
exchange capacities and the mineralogy of many older tropical soils is dominated
by such 1:1 clays as kaolinite and halloysite together with the oxides of iron and
aluminium (Section I.1.1.1.2). Because of the oxide minerals and organic matter present,
the cation exchange complexes of these soils often possess an appreciable pH-dependent
charge component.

Concentrations of the biologically-important elements in such highly-weathered soils
are characteristically low. Phosphorus is a key element in both biological productivity
and in pedological development and is supplied very largely by the parent material
(Walker and Syers, 1976). However, Newman (1995) reports annual aerial deposition
rates of 0.07 to and some sites may be in approximate balance with
weathering losses. Nonetheless, in highly-weathered soils, concentrations are low and
a large proportion of that present occurs in organic form; depending on the pH, much
of the remainder may be occluded and therefore largely unavailable to organisms
(Section I.3.1.2.3). Deficiencies of phosphorus and other essential elements commonly
limit productivity in palaeosols.

Because of the low nutrient status of highly-weathered soils, aerial inputs of elements
in rainfall and dust (Section I.3.1.3) may become significant components of site nutrient
balances in areas where such soils occur (Artaxo et al., 1988). Jordan (1982) considered
that, in tropical Amazonia, the maintenance of the large evergreen rainforest biomass
is dependent on such inputs.

The biological implications of extended soil weathering are substantial. Since palaeosols
have a poor capacity to supply and retain plant nutrient elements, they naturally support
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highly mature ecosystems whose continued function is dependent on the efficient
recycling of nutrients and the fixation of nitrogen, consistent with Odum’s (1983)
hypothesis of the diminished ‘leakiness’ of mature ecosystems.

Stark (1978) presented a theoretical model of the biological consequences of
the evolution of soil properties over time. After an initial period where shallow
soils support only cryptogams, a vegetation develops that is largely dependent on
indirect nutrient cycling, that is the take up of inorganic nutrient elements directly from
the soil. As the soil becomes progressively impoverished in nutrient elements over time,
the biological community adapts to the diminished nutrient supply by developing
such nutrient conservation mechanisms as efficient mycorrhizal networks which cycle
nutrients directly from the biomass to the host plant. However, nutrient stocks continue
to diminish with continued weathering leading over time to a series of vegetation
communities dominated by, sequentially, small trees then shrubs then cryptogams.
Finally, a terminal exhausted state was considered to supervene wherein effectively
no nutrients are available.

Because much of the ecosystem stock of certain nutrients may be tied up in the
biomass or is associated with litter and surface-soil organic matter, these systems are
highly susceptible to degradation. Such disturbances as clearing, high-temperature
firing and severe erosion may deplete the biomass and soil organic matter stocks and
lead to further substantial reductions in the remaining nutrient stocks. This is consistent
with Odum’s (1985) hypothesis that disturbance tends to return ecosystems to earlier
‘leakier’ developmental stages. Following disturbance of some very highly and deeply
weathered soils, the previous ecosystem trajectory may not necessarily ensue.

Successful agricultural development of highly-weathered soils may therefore be difficult.
Clearing normally involves the destruction of most of the above ground biomass and
considerable disturbance to at least the surface soils. The above ground biomass is
usually disposed of by firing and this contributes directly to site nutrient losses through
volatilisation and leaching of the ash by subsequent rainfall (Stark, 1978). Because soil
organic matter may be the major source of negative charge in these soils, its depletion
following forest clearing can lead to greater proportional reductions in cation exchange
capacity and nutrient retention capacity than in less highly-weathered environments
(Allen, 1985). After clearing, loss of soil structure may ensue and continuing soil dis-
turbance through cultivation often leads to an even lower organic matter equilibrium
in the surface soils and an even more diminished capacity to retain nutrient elements.
Overstocking is of frequent occurrence in pastoral situations and may lead to a reduced
vegetation cover, structural degradation and accelerated erosion.

4.5 Toposequences

Topography is an important factor in soil formation at micro, local and greater scales and
erosional transport of materials downslope may substantially influence landscape
morphology and soil development processes (Millot, 1977). Soils in different parts of
the landscape do not operate independently from others around them; they contribute
water, solutes, suspended and larger materials to those downslope and are similarly
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influenced by those further upslope. Thus, under defined conditions of climate, parent
material and soil age, suites of related soils (toposequences or catenas) will develop
across landscape assemblages of similar topography in which the soils will vary in
predictable ways between different landscape locations. This also implies that at
specific landscape locations within comparable toposequences, similarities in soil profile
morphology, the suites of clay minerals present and soil nutrient status may be expected.

The differences between soils within toposequences are therefore attributed to the
effects of gravity, drainage and relief. It should be noted that within toposequences,
biotic effects may not necessarily act equally on all member soils. This occurs because
of the mutual interdependence of the activities of the biota in soil formation and particular
soil properties. Thus, between the members within a particular toposequence, different
biotic communities may be expected, particularly where drainage extremes occur.

Toposequences form under general erosional influences and any processes (biotic or
abiotic) that lead to the detachment and transport of soil materials will contribute to their
formation. With downhill movement, coarser colluvial materials tend to be deposited
near the bases of slopes while finer materials are deposited further away. Of particular
importance are the movements of soluble soil materials and fine particles entrained in
lateral and downslope water flows, both below and above the soil surface. In addition,
local modification of Eh conditions often plays a significant part in their differentiation
(Duchaufour, 1997).

A great variety of toposequences have been formed due to variation in the balance
of the soil forming factors. Figure II.15 presents a toposequence of five related soils
comprising four spodosols and a peat (histosol) formed on greywacke (fine sandstone)
parent materials and supporting a vegetation dominated by Nothofagus cliffortioides
in an alpine, ice-cut, environment in South Island, New Zealand (Molloy, 1988).
Processes of downslope movement, leaching, eluviation:illuviation, creep and differential
movement have lead to a suite of related soils with many properties of the downslope
members depending on those further upslope.

Drainage is free in the upper slope positions but poor at the base of the slope leading
to some gleying and a reduced rate of organic matter decomposition. The predominantly
mineral soil is covered by an O horizon of decomposing litter comprising (with increasing
depth) the following three sub-horizons: Oi (slightly decayed), Oe (moderately decayed)
and Oa (highly decayed). The O horizon increases in thickness downslope and
the sequence culminates at the toeslope position in a series of deep peat sub-horizons
overlying the C horizon.

The A horizon only appears at the lower footslope position while the characteristic
E horizon lies immediately below the O in the upper three profiles. The E is subject
to reducing conditions at the lower footslope position and is absent in the histosol.
The B horizon has an upper thin (Bhs) sub-horizon enriched in illuvial humus and
the oxides and hydroxides of iron and aluminium (sesquioxides) in the upper three
profiles and, in the lower footslope position, this horizon also contains some illuviated
phyllosillicate clays (Bhst). At the summit and backslope positions, a weathered zone
(Bw) overlies an R layer of the fine sandstone parent material. At the footslope position,
the lower Bg horizon has some gleying indicating reducing conditions and overlies
a modified C horizon of parent rock weathering in situ. At the lower footslope position,
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weathered parent rock is evident with some illuvial accumulation of sesquioxides and
amorphous organic matter. Finally, at the toeslope location, the organic horizons overlie
an horizon of weathering parent rock.

The changes in profile morphology illustrated and described above are paralleled by
similar differences in the suites of clay minerals present; allophane and sometimes
gibbsite are features of the Bw and Bs horizons, particularly. All subsoils are acid,
deficient in a number of nutrient elements and have limited cation exchange capacities.

4.6 Classification of soils

4.6.1 INTRODUCTION

As with the study of all natural phenomena, there is a need to group or classify soils into
meaningful categories. That is, into groups that possess an internal homogeneity with
respect to those not so included, for some defined combination of characteristics.
This need arises from the enormous variety and complexity of natural materials and
environmental conditions which is expressed in the wide diversity of soils that exist on
the surface of the earth: natural, influenced or formed by humankind. Appropriate soil
classifications are indispensable to the acquisition, organisation and dissemination of
knowledge about soils and in defining their capabilities and limitations in many aspects
of their use and function.



196 CHAPTER II

Soil classification has its roots in antiquity. Systems of classifying soils on the basis
of their suitabilities for growing food plants existed in China and Rome approximately
4000 and 2000 years ago, respectively (Simonson, 1984). This has remained a common
influence on many soil classifications up to the present. However, there are many
reasons for wishing to classify soils, commensurate with the diversity of uses to which
they are put. Classifications exist in which soils are rated in terms of their suitabilities
for various categories of land use within agriculture or forestry, although there is
a developing need for classifications that are more environmentally oriented. Soils are
also commonly classified (and mapped) on their capabilities for particular engineering
uses, including road making and architecture. Indeed, Kellogg (1974) reported that
ca. 50 % of the benefits of soil survey in the U.S.A. were derived from urban planning,
ca. 25 % from planning the locations of engineering structures and the remaining 25 %
of the benefits were derived from planning in relation to agriculture, forestry and recreation.

The above are known as technical classifications and aim to characterise soils in terms
of their capabilities for single or restricted purposes. They may therefore have little
utility beyond the purposes for which they were created or beyond a narrow range of
soils. Technical classifications contrast with the more general pedological classifications
which do not aim at classifying soils for any specific end land use or other function but
treat them as natural bodies. However, the pedological classifications are usually
effective in broadly predicting many soil functional and technical properties.

In contrast with the technical classifications, pedological classifications are relatively
recent in conception. Initially, these were based largely on geological characteristics.
However, the Russian pedologist Dokuchaev is credited with creating, during the latter
part of the nineteenth century, the first system of soil classification based on an
appreciation of soil formation as the product of the five soil forming factors discussed
above (Simonson, 1984).

As discussed below, a range of modern pedological soil classification systems exist
and many countries have developed their own national classifications. Some of these
include, either implicitly or explicitly, concepts related to soil genesis although most
recent systems rely more on directly-observable soil characteristics.

4.6.2 PROBLEMS OF SOIL CLASSIFICATION

In classifying soils, decisions need to be made as to the size and properties of the smallest
unit needed for adequate description and accurate representation. In contrast to biological
classification where the limits of non-colonial individuals are generally clear, the lateral
boundaries of soil units are often relatively diffuse and the problem of subdividing a
continuum emerges in delineating units.

The profile is the basic unit of study in many systems and is defined as a two
dimensional section extending through the vertical depth of the soil and into the C horizon,
A three dimensional extension of this, the pedon, has been defined as the equivalent unit
of primary study in Soil Taxonomy (Soil Survey Staff, 1999). Whatever the basic unit
used, it must be deep enough to cover the full depth of the soil and of sufficient lateral
extent to include small-scale cyclic variation. In practice and depending on the intensity
of the sampling program, mapping individual soils is often carried out from a knowledge
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of landscape relationships and verified using limited profile sampling at locations
considered representative for the unit under study. Under Soil Taxonomy, the individual
soil is considered to be a polypedon, an association of similar and closely-associated
pedons. Practically, the profile remains the individual study unit with a very limited
lateral dimension related to sampling. Other decisions to be made include the extent of
variation acceptable within any one taxonomic unit, at all levels.

Other units have been advanced as the appropriate basic unit of classification systems.
Fitzpatrick (1967) considered that the soil horizon was the appropriate unit in this regard
and, more recently, the Référentiel Pédologique Français (discussed below) takes
a similar approach. Holmgren (1988) presented a scheme for the point recognition
of soil properties which avoids some of the conceptual ambiguities of the current
pedon definition.

A particular problem in soil classification is that of deciding the relative importances
of different characteristics. This becomes especially subjective in trying to interpret
imperfectly-known characteristics related to soil genesis. Of similar importance are
the large-scale, systematic geographical differences that occurs in the distribution of
soils across the face of the earth. Because of the varied environments, surficial
materials, landscape ages and biotas that occur world wide, most countries possess
only a small portion of the spectrum of world soils; this has lead to differing conceptions
and emphases in studies of soil genesis and relationships. In consequence, no agreed,
world-wide system of soil classification exists and this continues to pose real problems
of communication between soil scientists and those concerned with information transfer
associated with soil management.

4.6.3 TYPES OF SOIL CLASSIFICATIONS

Two pedological systems of soil classification dominate the world soil science literature,
namely, ‘Soil Taxonomy’, the American system of classification (Soil Survey Staff,
1999) and the ‘Revised legend to the Soil Map of the World’ published by FAO/
UNESCO (1990). More recently the ‘World Reference Base for Soil Resources’ (WRB)
has been established (ISSS Working Group RB, 1998a) to build on and extend the
FAO/UNESCO sytem through a merger with one of the reference based systems, IRB.
Other systems exist but have not received widespread recognition.

A range of national systems of soil classification has been developed. Some examples
include those of Australia (Isbell, 1996), Brazil (Camargo et al., 1986), Canada (Canada
Soil Survey Committee, 1978), China (Chinese Soil Taxonomic Classification Research
Group, 1990), France (Association Française pour l’Etude du Sol, 1998), Germany
(Muckenhausen, 1965), New Zealand (Hewitt, 1992), South Africa (Soil Classification
Working Group, 1991) and the United Kingdom (Avery, 1980). However, most have
little currency beyond areas within which they were produced. In many countries
a succession of systems has occurred, new ones replacing the previous when their
utility is perceived to have diminished. In addition to the national classifications,
lower-level, local systems have also proved necessary (see, e.g., Isbell, 1990)

Taxonomic groupings may not necessarily be correlated between the different soil
classification systems because different criteria are used in defining the various categories.
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However, partial correlations may sometimes be made for certain groupings, particularly
at the higher levels of classification. The New Zealand system, for example, attempts to
link the national system with ‘Soil Taxonomy’ by making explicit correlations at certain
hierarchical levels (Hewitt, 1992).

Duchaufour (1997) divides the systems of soil classification into hierarchical and
reference-based and, within both of these categories, into those based on combinations
of soil characteristics and those with a genetic base. The hierarchical systems are those
in which soil individuals are divided into a ranked series of categories within which each
member is grouped with others of similar properties into a common member at a higher
level. Information is most specific at the lower levels and become increasingly
generalised with progress up the hierarchy.

Reference-based systems, for example, the ‘Référentiel Pédologique Français’ (Associa-
tion Française pour l’Etude du Sol, 1998), take a more flexible approach, reducing or
eliminating the hierarchical structure of taxonomic units and defining soil individuals in
relationship to a series of well-described soils that serve as bases for comparison.

Soil Taxonomy, the American system of classification (Soil Survey Staff, 1999), is
an hierarchical system with six levels. The highest level of classification is the order of
which there are currently twelve. The soil orders are defined by their degree of develop-
ment, by the possession of specific diagnostic horizons (either at the surface or forming
part of the B horizon), environmental factors, the degree of cracking, the possession
of highly organic surface horizons or, for the andisols, by their largely pyroclastic
parent materials. Recent keys to the orders and subordinate categories of this evolving
system are presented in Soil Survey Staff (1999). Table II.7 lists the orders and
summarises some major properties (Fanning and Fanning, 1989); Wilding et al. (1983)
provide detailed discussions of the ordinal concepts of Soil Taxonomy.

In contrast, the WRB as a potential successor to the FAO/UNESCO (1990)
classification, has two levels of classification with 30 highest level groups and a likeli-
hood that 200-250 second level groupings will eventually be defined (ISSS Working
group RB6, 1998). This system concentrates on creating major soil groupings at a glob-
al scale. At its upper level of classification, soils are divided on the basis of major
pedogenic processes with some groups being differentiated on the basis of specific
parent materials. Its emphasis is on morphological rather than analytical properties and
it has borrowed extensively from a number of national systems.
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4.6.4 MAN-MADE AND MAN-INFLUENCED SOILS

In most parts of the world, soils increasingly occur that have been strongly influenced or
directly created by humankind. This varied group includes agricultural soils whose
original properties have been substantially modified by such practices as deep mixing,
cultivation carried out over long periods, flooding, drainage, re-contouring, large and
continued additions of organic matter and other ameliorants, and other cultural practices.
Further groups of soils include the so-called urban soils, those created from domestic and
industrial refuse, dredged materials and land-fill materials of various types.

Another class of materials is those derived from various geological strata that are
exposed on the surface as a consequence of mining operations. Depending on the type
of mining and the strata present, these may range from highly inimical materials often
extremely acid or extremely alkaline as are common in the metalliferous and coal
mining industries. Some materials, such as those derived from the mining of bauxitic lat-
erite, are relatively benign in terms of their propensities for supporting the growth of
higher plants and require little more than appropriate fertilisation and seeding (Reddell
et al., 1992). Waste products such as the tailings created by initial ore processing may be
similarly variable.

Some of these materials scarcely qualify as soils. However, in many countries,
particularly in the case of mining spoils and wastes, there is a social or legislative
requirement to stabilise them with a vegetative cover or return them to some form of
agricultural production. Where rehabilitation procedures are successful, these materials
may develop some of the properties of incipient soils in relatively short periods
(see, for example, Reddell et al., 1992).

A number of classifications include categories for many of these man-influenced and
man-made soils, often at the highest level of organisation (see, for example, ISSS
Working Group RB, 1998; Hewitt, 1992; Isbell, 1996). In these systems they may be
designated as anthrosols or anthropomorphic soils. Other systems include these soils at
lower levels within existing groups; in Soil Taxonomy, for example, they may be
included among the Entisols. Because of the continuing widespread creation of these
soils, their incipient nature and their often unusual properties, these is a clear need to
develop a more effective approach to their classification.
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SOIL ORGANISMS

III.1   GENERAL FEATURES

Soil is a dark, still, porous, semi-aquatic medium within which temperature and moisture
conditions are highly buffered. Soils were among the first terrestrial environments to
be colonised since they possess environmental conditions intermediate between aquatic
and aerial media. As such, soils have played a key role in evolution and the presence of
many primitive organisms in soils is considered a testimony of this phase of biological
evolution (see, e.g., Ghilarov, 1983; Vannier, 1985).

The composition and structure of soil communities reflect both the spatial organisation
of soil and the major role this environment plays in decomposition processes.
Since decomposition is the main role of soil, many soil organisms are adapted to
feeding on decomposing organic materials which are relatively poor quality resources.
Soil organisms are subject to severe spatial constraints since they occupy a semi-
discontinuous network of pores filled with air and/or water, or water films which cover
solid particles.

Soil organisms have responded to these constraints through a variety of adaptive strategies
of which body size and respiratory patterns are the major characteristics (Table III.1).

the hydrobionts are aquatic organisms which live and feed in the free water
and soil. They belong mainly to the microflora (Kingdoms Fungi and Bacteria,
including the Actinobacteria or Actinomycetes), and microfauna (protists and
nematodes). Their size rarely exceeds 10 to 50      and most are only a few
micrometres long. They are generally well adapted to occasional desiccation
and/or shortage of food in their micro-environment. The spatial scale at which they
operate is that of a few millimetres and their generation times are of the order of a
few hours to a few days.
hygrobionts are invertebrates which possess an aerial system of respiration but still
depend on high moisture levels and often require free water in their environment.
Depending on their size, two main categories are defined. The mesofauna include
the microarthropods and the Oligochaeta (Enchytraeidae); these groups have body
widths of 0.1 to 2 mm, which allows them to move freely through the large pore
network within the surface litter and soil. They operate at scales of space and
time of, respectively, centimetres and weeks to months. The larger invertebrates,
the macrofauna, are much wider than most soil pores; they live in the surface
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litter (e.g., most Arthropods) or dig galleries in the soil (most earthworms, termites
or endogeic Coleoptera larvae). The average scales of time and space at which they
operate are, respectively, months to years and decimetres to metres.

Plant roots are considered as hygrobiont organisms. Fine roots operate at meso- space
and time scales. Large roots operate at macro scales since they have long life-spans
and may ramify for distances up to 30 metres from the trunk.



III.2   MICROBIAL COMMUNITIES

2.1 Taxonomic composition

The soil microflora comprises five main groups: Viruses, Bacteria, Actinobacteria, Fungi
and Algae (Table III.2).

2.1.1 VIRUSES

Viruses are the smallest micro-organisms, arguably living or inanimate (Margulis and
Schwartz, 1998); they are acellular and comprise a central nucleic acid core (DNA or
RNA) with a protein covering. They are specific internal parasites of plants, animals,
bacteria and occasionally fungi. Their size generally ranges from 0.01 to 1 and their
role in controlling other members of the soil microflora is still poorly understood.

Some viruses are specifically associated with soils. Many viruses released from
decomposing infested debris do not survive a dry period in the soil. Nonetheless, a few
species such as the tobacco mosaic virus retain their infectivities for long periods and
survive heated-steam sterilisation treatments. These may be considered as true soil-
borne viruses.

They are usually transmitted in soil, by either nematodes or fungi. When transmitted
by nematodes, viruses occur in patches and their spread is slow. Dissemination by fungi
is much faster, probably due to the aerial dispersion of infected spores by wind or
animal vectors.
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2.1.2 BACTERIA

Bacteria are unicellular prokaryotes, i.e., their nuclear material is not separated from the
cytoplasm by a nuclear membrane. They range from 0.3 to more than 3 in size, and
possess great specific and functional diversity (Figure III.1). The higher classification of
the prokaryotes is currently somewhat unstable. It is considered to comprise two sub-
kingdoms, the Eubacteria and the Archaea, a group of methanogenic, sulphate-reducing
and extremely halophilic and thermophilic organisms (Woese, 1992). Most groups of
concern to soil functioning belong to the Eubacteria, using the classification of Margulis
and Schwartz, (1998). They will generally be referred to here simply as bacteria.
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The species concept is difficult to apply to bacteria because of their genetic
plasticity (Tiedje, 1995). Recent methodological advances have allowed the estab-
lishment of a molecular basis for the definition of genera and species of bacteria.
Characterisation of bacterial 16S rRNA, allows the separation of bacteria at the genus
level; DNA/DNA and DNA/rRNA hybridisation techniques separate species and,
finally, RFLP (Restriction Fragment Length Polymorphism) techniques allow an
evaluation of genetic polymorphism among strains within a single species (Murray
et al., 1990). The concept of bacterial species has been recently redefined on the basis
of experimental results obtained using these techniques. Two bacterial strains belong
to the same species if the percentage of DNA reassociating at 60 °C, using the S1
nuclease technique, is greater than 70 % (Grimont et al., 1980; Wayne et al., 1987).
These authors suggest that higher levels of classification such as classes and families,
which cannot be defined by experimental criterion, should be abandoned (Heulin
and Berge, 1992).

The classification of bacteria has conventionally been based on phenotypic characters
including e.g., cell morphology (rods, cocci, bacilli, ...), cell wall structure (separation
into Gram-positive and Gram-negative through specific staining), the presence of
endospores, the mobility of cells and the shape and position of flagella, where present.
Physiological characteristics usually complemented such descriptions as recognisable
morphological and anatomical characters are often few and variable in bacteria.
Physiological or “functional” classifications are often preferred as they are more informative.
Four categories are first defined depending on the energy source that they use (light or
energy from redox reactions) and the nature of the electron donor (organic or mineral):
(i) photolithotrophic bacteria which acquire energy from light and use oxidisable
mineral substrates (essentially sulphides) as electron donors;
(ii) photo-organotrophic bacteria are photosynthetic organisms that use oxidisable
organic substrates (e.g., organic acids) as electron donors;
(iii) chemo-lithotrophic bacteria use the energy produced by redox reactions and
four kinds of mineral substrates as electron donors (i.e., reduced nitrogen, sulphur or iron
compounds and hydrogen);
(iv) chemo-organotrophic bacteria are typical heterotrophic organisms which take their
energy from redox reactions and use organic compounds as electron donors.

Finally, “functional categories” are defined by the chemical transformations bacteria
perform as geochemical agents in laboratory cultures. Some of the most common examples
are the bacteria that mediate the reactions of the carbon cycle (e.g., aerobic or anaerobic
cellulolytic, chitinolytic...) or the nitrogen cycle (e.g., nitrifiers, N-fixers, denitrifiers, ...).

2.1.3 ACTINOBACTERIA

The Actinobacteria (formerly the Actinomycetes) are filamentous bacteria. They are
Grampositive, except for members of the family Sphaerophoraceae. They possess a
ramified pseudomycelium whose diameter (0.5 to 1 is much smaller than that of fungi.
They are generally poorly tolerant of acid pH environments and most are unable to
grow in media more acid than pH 5 (see e.g., Waksmann, 1952; Dommergues and
Mangenot, 1970). Their classification is based on the structure of the vegetative
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apparatus (rods or mycelia), reproductive patterns (fragmentation, formation of vegetative
conidia or sexual sporangiospores) and their tolerance to acid pH levels.

Actinobacteria are usually set apart because of their unusual metabolic capabilities,
e.g., the production of pigments and antibiotics and the assimilation of acetylene. Species
of the genus Frankia form symbiotic, nitrogen-fixing associations with Casuarinales
and a few other higher plants.

2.1.4 FUNGI

Fungi are eukaryotes with a filamentous vegetative structure called a mycelium. Most
are Eumycota; they have chitinous membranes and, in the most common soil fungi, their
reproductive organs do not possess flagellae. Four main groups commonly occur in soils,
viz., Zygomycota, Ascomycota, Basidiomycota and Deuteromycota (Fungi imperfecti).
They differ in the structure of their mycelium and reproductive organs. Zygomycota have
a non-segmented mycelium of which only the growing extremes are living. Ascomycota
and Basidiomycota have segmented mycelia with pores in the transverse septa which
allow successive segments to communicate and live cytoplasm to be translocated
towards the growing ends. Sexual reproduction leads to the formation of spores
produced by several different kinds of organs: sporangia, ascini or basidia (Figure III.2).

Another important group in soil is the Deuteromycota (= fungi imperfecti ), which
comprises species with no known sexual stages.

Finally, yeasts (Ascomycota) are unicellular fungi that are normally poorly represented
in the soil system, although they may occasionally play important roles.
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2.1.5 ALGAE

The soil algae are a rather heterogenous assemblage of uni- and multicellular, motile
and immotile eukaryote organisms. They comprise several hundreds of different taxa.
They appear to become important only in extreme conditions such as dry deserts or
extremely nutrient poor systems. Nonetheless, the roles they play in, e.g., humid and
temperate ecosystems, may well have been underestimated since they have been little
studied to date. On the other hand, they are highly sensitive to all the relevant parameters
of soil fertility and pollutants e.g., pH, nutrients and pesticides (Pipe and Shubert, 1984).

2.2 Quantitative estimates

The satisfactory estimation of microbial abundance in soils has long been limited by
the lack of reliable techniques. Improved methods are presently available and a better
appreciation of the distribution patterns and biology of micro-organisms is helping to
define appropriate sampling designs.

Bacteria and fungi are the major components of microbial communities and generally
account for most of their biomass. Actinobacteria are often included with the bacteria
and may occasionally comprise 30 to 50 % of overall abundance.

2.2.1 TECHNIQUES FOR ESTIMATING ABUNDANCE

Micro-organism abundances may be assessed by direct methods such as counting cells
or analysing soils for specific components of their cells. Indirect or “physiological”
methods may be preferred since they are less time-consuming to perform and provide
a valuable index assessment of microbial functions in soils (see reviews of Jenkinson
and Ladd, 1981; Nicolardot et al., 1982; Parkinson, 1982).

(a) Indirect counting by the soil dilution plate method has long been the most com-
monly used method. Dilution series are prepared from a soil suspension and inoculated
on to an appropriate solid or liquid culture media. The number of colonies that develop
gives an estimate of the number of colony forming units (CFU). Despite the use of a
variety of culture media, this method generally results in underestimations of 2 to 4 orders
of magnitude and its use should be restricted to semi-quantitative estimates in compara-
tive studies (Brierley et al., 1928 and detailed procedures in Pochon and Tardieux, 1962).
The major drawbacks of this method are (i) that culture media are selective towards
particular groups of micro-organisms and are exaggeratedly nutrient-rich in comparison
to soil conditions and (ii) that a single fungal CPU may be derived from either a spore
or from a large piece of mycelium, which are not comparable in either biomass or
associated activity.

(b) Direct counts of bacterial cells and measurements of fungal hyphae may be
conducted on thin soil sections or, rather, thin agar films prepared from a soil suspension
(Jones and Mollison, 1948 modified by Thomas et al., 1965) or through filtration of
determined amounts of the suspension and direct observation of the filtrate (Sundman
and Sivelä, 1978; Bingle and Paul, 1986).
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The soil suspension may be obtained by a gentle trituration in water, or a more intense
dispersion using a blender or ultrasound. The latter methods which disintegrate microag-
gregates generally give higher estimates (see, e.g., Babiuk and Paul, 1970).

Micro-organisms are observed in phase contrast or fluorescence microscopy, using
appropriate stains such as aniline blue and aceto-orcein for fungal hyphae and acridine
orange for bacteria. Stains may be used in combination as proposed by Anderson and
Westmoreland (1971) and fluorescent stains such as fluorescein isothiocyanate (FITC)
may also be used (Jenkinson and Ladd, 1981).

(c) Chemical methods include estimation of the soil concentrations of ATP
(Ausmus, 1973), DNA (Torsvik and Goksoyr, 1978), phospholipids (White, 1988;
Zelles et al. 1995), nucleic bases (Cortez and Schnitzer, 1979) or chitin, an important
component of hyphal membranes, and hexosamines (Swift, 1973).

(d) Physiological methods assess microbial enzymatic activity or respiratory
activity under different conditions.

Relating the activities of soil enzymes to microbial abundance has proved
difficult because a number of other soil characteristics also determine enzyme activity.
An unknown proportion of this activity may be attributed to extracellular enzymes fixed on clay
minerals (Burns, 1986). Schnürer and Rosswall (1982) proposed that the hydrolysis of fluores-
cein diacetate (FDA) into fluorescein is a useful index of microbial activity. Most soil micro-
organisms are able to effect this transformation and the method is therefore considered valuable.

(e) Respirometric methods are widely used. Direct respirometry is widely used for
comparative studies (see, e.g., Petersen’s method as modified by Rashid and Schaefer,
1985; Verdier, 1983). Quantitative estimates may be derived by measuring the increased
respiration that occurs after adding glucose to the soil (Anderson and Domsch, 1978).
The use of selective respiratory inhibitors allows the separation of bacterial and fungal
respiration. However, their utilisation may be difficult.

(g) The biocidal method (Jenkinson and Powlson, 1976) is currently the common-
est technique used to estimate microbial biomass. The soil sample is fumigated with
chloroform to kill the microflora and is then incubated under controlled conditions.
Microbial biomass is estimated from the magnitude of the “flush” of carbon dioxide
produced from the decomposition of dead micro-organisms by surviving or newly-
inoculated ones. Microbial biomass estimated by this technique includes such soil
microfaunal components as protists and nematodes.

The biocidal method has been further developed and improved by a number of
authors. Specific methodologies have been designed to measure the amount of nitrogen
contained in biomass (e.g., Brookes et al., 1985; Amato and Ladd, 1988; Alef et al.,
1988). A simplification of the method consists of an extraction and titration of microbial
organic C rendered extractable by 0.5 M (Vance et al., 1987). A similar method
has been proposed by Davidson et al. (1989) for measuring microbial biomass nitrogen.
Finally, Hendricks and Pascoe (1988) have demonstrated that micro-organisms may be
killed by microwave irradiation instead of chloroform with equivalent results.

(f) Comparison of methods. Several authors have compared the results obtained using
the different methods available.

Culture techniques produce the most variable results. Variability decreases with
direct counts and chemical methods and is least when physiological methods are used
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(Domsch et al., 1979). Bae et al. (1972) calculated that plating techniques can only
detect 0.1 to 1 % of the organisms present.

Biomass estimates obtained from the chloroform fumigation technique, direct counts
and ATP analyses are often comparable (see compilation in Jenkinson and Ladd, 1981
and Jenkinson, 1988). However, the fumigation technique is less efficient at acid pH
levels less than 4.5 (Anderson and Domsch, 1978; Amato and Ladd, 1994) and the
conversion of ATP content or FDA activity into biomass estimates may be of dubious
value (Ross et al., 1980). Finally, Jenkinson and Ladd (1981) recommend using more
than a single method and Nicolardot et al. (1982) make a clear distinction between
methods which estimate biomass directly (direct counts, chloroform fumigation) and
index methods which asses the activity of microflora (ATP content, FDA activity,
respirometry). The cross calibration of the two sets of methods is potentially difficult.

2.2.2 DENSITY, BIOMASS AND PRODUCTIVITY OF THE MICROFLORA

There have been relatively few estimates of the population densities of micro-organisms.
The use of methods with unequal efficiencies makes comparisons and comprehensive
approaches difficult. However, the studies that use direct counting methods associated
with specific staining are considered to give realistic assessments. Densities in soils may

dry wt of soil, with a mean value of 4.64 (Table III.3). Hyphal length ranged
from 0.14 to 2.03 dry wt with an average of 0.88 km. Differences have been found
between agricultural treatments with bacterial densities decreasing from grasslands to
fallows while cereals and other crops have intermediate densities. Hyphal length showed
a different pattern of variation, with cereals having the maximum values, three times
greater than that of fallows.

be as high as bacteria (in Japanese paddy fields, Hasebe et al., 1984) and
of fungal hyphae (in the F layer of a Pinus stand in Sweden, Söderström, 1979).

In twenty soils from temperate regions, bacterial populations ranged from 1.1 to 19.7
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Microbial biomass, obtained either from direct counts or estimated by the fumigation
technique, has been estimated for a wide range of soils. Values of 300 to 2240 kg dry
weight have been measured in a variety of temperate and tropical soils (Jenkinson
and Ladd, 1981). This usually represents ca. 1 to 5 % of the total soil carbon and 2 to 6
% of nitrogen (Figure III.3) (Insam; 1990)

Values of up to 8.7 % carbon have been measured by Hasebe et al. (1985) in rice paddy
soils of Japan. However, these authors considered that the fumigation technique over-
estimates the biomass since decomposition rate of the non-microbial, easily-
decomposable organic matter is enhanced. Microbial biomass is generally high where
substantial carbon inputs occur. Several authors have observed increased biomasses
where organic fertilisers were added to the soil (see, e.g., Kaczmarek, 1984; Hasebe
et al., 1985; Schnürer et al., 1985).

Microbial biomass is also influenced by soil texture and nutrient content (e.g., Chaussod
et al., 1986), and by roots and faunal activities (Bakonyi, 1989; Edwards and Bohlen,
1996; Fyles et al., 1988; Helal and Sauerbeck, 1986; Holt, 1996 and Chapter IV).

Fungi and bacteria are the main components of the microbial biomass. Their relative
importance varies substantially with organic matter content and such other soil charac-
teristics as texture and pH. In seventeen agricultural and forest soils selected
for their wide range of carbon contents, the relative contributions of bacteria and fungi
to microbial biomass averaged, respectively, 25 % (10-40%) and 75 % (60-90) (Anderson
and Domsch, 1980; Christensen and Funck-Jensen, 1989). Similar proportions have
been indicated by Clark and Paul (1970) in Canadian grasslands. Fungi are usually
dominant in forest ecosystems. Nonetheless, bacteria may represent 78 to 98.2 % of
biomass in paddy soils although organic fertilisation increases the fungal biomass
and thus their relative importance (Hasebe et al., 1985). In some cultivated Polish soils,
bacteria represented 72 to 85.6 % of biomass with the lowest values occurring in plots
receiving organic fertilisers (Kaczmarek, 1984).
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These differences appear to be largely attributable to differences in the overall composi-
tion of decomposing resources and to pH (see Chapter II Resources): fungi are mainly
primary decomposers feeding on carbohydrates whereas bacteria are generally more capable
of digesting substrates with higher protein contents and low C:N ratios. Fungi tend to
dominate at low pH values since bacteria are favoured by more neutral pH conditions.

2.3 Biology of Soil Micro-organisms

The biology of micro-organisms determines their roles in soils, either directly or in asso-
ciation with other soil organisms. It is also important to identify the major constraints
facing these organisms when living in soil and their adaptations. The other important
task for soil ecology is that of integrating the multitude of chemical transformations
carried out by micro-organisms and the results of their interactions with biotic and
abiotic soil components. The gap between overall estimates of abundance or activity
(e.g., data presented in section III 2.2) and the detailed knowledge accumulated on
individual species under laboratory conditions is still too large. Its reduction is a
tremendous challenge and probably constitutes one of the major limitations to the
progress of soil ecology.

2.3.1 GENERAL CHARACTERISTICS

2.3.1.1 Bacteria

Water relations
Bacteria are aquatic organisms which live in the free capillary or gravitational water
of the soil. As such, their activities are directly dependent on relatively high soil water
contents and optimal activity occurs at water potentials between -0.01 and -0.03 MPa
(i.e.,within pores larger than  2-4         filled with water) (Figure III.4).
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As soils dry to matric potentials less than -0.05 to -0.3 MPa, most bacterial activities
(movement, fungal lysis, chemical transformations, respiration) are substantially
reduced. Below potentials of -0.3 to -0.6 MPa, bacterial respiration declines rapidly and
becomes negligible at -2.0 MPa (Griffin, 1981b). Bacterial activity generally ceases at
potentials below -1.5 MPa. Nonetheless, the lower tolerance potentials of some bacteria
may be much more negative (e.g., -10 MPa in Clostridium) (Paul and Clark, 1989), and
significant activity has been recorded at potentials of-15 to -30 MPa.

The ability of bacteria to survive in dry conditions is probably due to the selective
colonisation of favourable microhabitats, and differences in the vertical and horizontal

distributions of soil moisture.

Mobility
Bacteria are normally associated with the surfaces of mineral or organic particles and
assemblages. Most are unable to move and even those which have flagellae (mostly
Gram-negative species) have very limited ranges of movement. Consequently their
dispersion is dependent on water movement or root and faunal activity.

Digestion
As with all micro-organisms, bacteria have a system of external digestion mediated
through the production of extracellular enzymes, especially in the Gram-positive
bacteria (Hattori, 1973).

Part of the metabolites released by extracellular digestion may be used by other
organisms thus creating a trophic stimulus for opportunistic or cooperating micro-
organisms (Figure III.5). Intracellular enzymes may also be released by dead cells which
can contribute to the nutrition of the colony. When active, bacteria have high levels of
metabolic activity of 50-1200        dry cells

Functional Diversity
Bacteria are able to perform an extremely wide range of chemical transformations.
They are, however, only active over a very narrow range of environmental conditions.
For example, non-symbiotic fixation of atmospheric nitrogen by Azotobacter is only
possible if easily metabolisable carbon substrates are available and N-compounds
such as ammonia or nitrates are either absent or present at extremely low concentrations.
Fixation occurs between pH levels of 6 and 9 and is at a maximum between 7.2 and 7.6.
Growth factors, vitamins and high levels of phosphorus are also required. Soil water
potentials of greater than -2.4 to -0.4 MPa, temperatures between 10 and 37 °C (with
optimal fixation at 25-30 °C) and low oxygen tensions are other necessary conditions.
Azotobacter is inhibited by a large range of toxic mineral and organic compounds but
may tolerate relatively high salinity. Colony growth and N-fixation is enhanced in the
presence of clays. Finally, Azotobacter develops synergistic relationships with a number
of other bacteria (particularly cellulolytic bacteria) which provide assimilable-carbon
(Dommergues and Mangenot, 1970).

Recent development of techniques using fluorescent rRNA-targeted oligonucleotide
probes has enabled the detection of bacteria of different phylogenetic levels, from the
subspecies to the kingdom level (Stahl and Amann, 1991).
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2.3.1.2 Fungi

Fungi are primarily heterotrophic decomposer organisms although it is clear that they
have a more diverse metabolic capacity than generally recognised and may mediate a
range of chemical transformations in soil (Wainwright, 1988). Many species are
pathogenic on the tissues of higher plants while others form symbiotic mycorrhizal asso-
ciations with their roots. Because of their importance to the growth of their host plants,
the fungi involved and the associations that they form, mycorrhizal fungi are considered
in more detail in Section IV.3.1.

Saprophytic fungi derive their carbon and energy requirements largely from the prod-
ucts of cellulolysis, cell wall materials, cellulose, hemicellulose and lignin. White-rot
Basidiomycota and some other fungi are among the few organisms able to degrade lignin
and the brown phenol-protein complexes of leaf and root litter. They are much less
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dependent on water than other micro-organisms and while there is a considerable range
of tolerances to low moisture potentials, some xerophytic fungi such as Aspergillus spp.
survive in pure culture at potentials as low as -40 MPa (Parr et al., 1981). Facultative
anaerobiosis is also widespread in fungal species. However, in the field, tolerance is
effectively reduced due to interactions with other micro-organisms. Temperature, solute
concentrations in the soil solution and the nutritive resources available will also influence
the relationships between fungal activity and soil moisture levels (Griffin, 1972).
Their oxidative capacity, which is in the range of 10 to 12 dry cells is
substantially inferior to that of the bacteria.

Digestion is external. In contrast to bacteria which attack organic substrates from the
outside by direct contact, some fungi produce mycelial extensions which breach the cell-
walls (Figure III.2a). These then penetrate the living or dead tissues allowing a rapid
digestion of cell contents and a further breakdown of cell walls. Digestive capacities and
nutritional requirements are diverse and Garrett (1951) has classified the fungi into five
trophic groups: saprotrophic sugar fungi which live on simple sugars and the products of
cellulolysis, lignin-decomposing, coprophilous, root associated (mutualistic or antagonistic)
and predaceous fungi that feed on nematodes. The activity of fungi starts in the living
leaves and roots, is at a maximum in decomposing leaves and wood and tends to diminish
in the later stages of decomposition.

It is known that the fungi active in the soil environment may simultaneously use a
wide range of carbon sources including gases and volatiles. Attempts to classify fungi
into exclusive ecological categories, have proved difficult due to the wide versatility of
their metabolic capacities and the diverse patterns of growth, reproduction and dispersal
(Swift 1976; Pugh, 1980; Wainwright, 1988).

Fungi have the ability to move by growing new mycelium and may translocate living
protoplasm towards the growing ends (Dowding, 1976; Schnürer, 1985). This leads to
an accumulation of large masses of dead mycelium which may exceed the biomass of
living mycelium by several times. In six European temperate forest soils, live mycelium
comprised from 2.4 to 82 % of the total. Average maximum values ranged from 50 to
70 % in the L and F layers and minimum values of approximately 17 % were found in
the H layer and A horizon (Kjöller and Struwe, 1982).

Five main growth patterns have been distinguished (Burges, 1960):
(i) In the Penicillium type, the fungi densely colonise organic substrates but mycelia
do not extend into the surrounding soil;
(ii) In contrast, in the Mucor ramannianus type, the fungal mycelia grow into the
surrounding soil and produce numerous spores following colonisation and exploitation
of an organic substrate;
(iii) Fungi of the Zygorrynchus type produce isolated hyphae in the soil although these
have no obvious relationship with organic substrates;
(iv) In the Basidiomycota, growth from a colonised substrate occurs by the production
of mycelial strands and rhizomorphs;
(v) In the “fairy ring” type, fungi form an expanding annulus with a dense network
of mycelium unrelated to substrate accumulation. Associated changes in soil chemical
properties make such zones conspicuous, especially in grasslands.



SOIL ORGANISMS 215

Despite the relative mobility due to their growth patterns, many fungi are dependent on
invertebrates, especially earthworms (Reddell and Spain, 199la), microarthropods and
Diptera larvae, for their dispersal through the soil sometimes involving selective grazing
and spread (Arpin et al., 1980; Swift and Boddy, 1984; Hanlon and Anderson, 1980).

Bacterial cells and colonies and fungi may live for more than 50 years in vegetative
form, or as spores (Hattori, 1973). Sneath (1962) surveyed the organisms present on
plant roots in herbaria and observed that while few micro-organisms survived more than
50 years, it would take 1000 years to sterilise the roots. Micro-organisms spend most of
their lives just surviving. Estimates of the turnover time of microbial biomass in soils are
1,000 to 10,000 times less than the values measured in optimal laboratory conditions (ca.
one day). This means that, on average, bacteria may be inactive for several successive
months or even years after a period of activity and may thus be fully active only every 3
to 30 years. Environmental conditions seldom meet their often-specific requirements.
Unable to move and search for suitable conditions, they possess adaptations to permit
them to survive long periods of inactivity.

Four main mechanisms are involved in this survival:
(i) cannibalism;
(ii) cell maintenance with minimal energy expenditure;
(iii) physical protection in favourable micro-environments; and
(iv) the production of resistant spores.

When nutritional conditions decline and micro-organisms start to die, part of the colony
may survive by ingesting the products of the lysis of dead cells. This cannibalism may
be efficient and 13 dead cells were found to be sufficient to allow the doubling of one
living cell (Nioh and Furusaka, 1968 quoted in Hattori, 1973). The liberation of endoen-
zymes after lysis of dead cells may also allow the production of assimilable substances
in the remaining live cells. Short-term survival of colonies through these processes is
obviously dependent on their initial size.

The maintenance energy of dormant cells is in the range of 1.6-4.3 mg glucose
biomass dry wt Equivalent values for active cells are in the range 0.004-0.17, i.e.,

three orders of magnitude smaller than those measured for growing cells in laboratory
cultures (Anderson and Domsch, 1985a, b). Jenkinson and Ladd (1981) estimated that the
average maintenance energy for inactive microbial biomass in a cropped soil at Rothamsted
(England) was 21 % of biomass per year. Such low values can only be explained by
assuming that starving cells have a different metabolism and may use endocellular rather
than exocellular substrates for their respiration.

Long-term survival involves either endospore production or physical protection in
suitable micro-environments. When environmental conditions are no longer suitable for
growth, some individuals produce endospores, for example, the Gram-positive bacteria
which live outside microaggregates (Hattori, 1973). However, Kilbertus et al. (1977),
observed that, in laboratory cultures, few individuals were able to produce these endospores
because sporulation requires specific chemical compounds which may be absent.

2.3.2 SURVIVAL



216 CHAPTER III

Physical protection in suitable sites within microaggregates allows many fragile
Gram-negative bacteria to survive unfavourable conditions. The simplest situation is
where clay particles are adsorbed onto the cell surface: under appropriate conditions of
pH, bacteria and clay particles may have opposing electrical charges which favour their
association (Dorioz and Robert, 1987). Adhesion may also be effected by a simple
attraction effect (Van der Waal’s forces) or, more commonly, by the production of
a polysaccharide cover (Figure III.1).

Kilbertus and Mangenot (1981) consider that adsorption of clay particles would
constitute a protection under natural conditions. This may be more efficient than the
production of endospores because of the specific nutrients required for cells to produce
spores.

Another efficient protection system is that afforded to the Gram-negative bacteria that
live in the micropores that occur within microaggregates. These micropores are general-
ly filled with water and offer suitable physical conditions for microbial life. Hydrological
conditions are generally favourable but oxygen diffusion may be slow and promote
anaerobic conditions. This protection is very efficient and Gram-negative bacteria may
survive drastic soil treatments (Gray and Postgate, 1976). For example, most bacteria
surviving the chloroform fumigation treatment of soils are found in narrow

dry weight) to boreal forests temperate grasslands and forests (3000
and tropical forest However, these are only broad approximations

pores of microaggegates or enclosed in thick layers of their own extracellular
polysaccharides (Foster, 1988).

The survival of fungal populations is mainly achieved by the translocation of living
cytoplasm towards the growing mycelial ends, and the production of resistant spores.

2.4 Community structure

The structure of microbial communities varies considerably in time and space at all scales:
micro-, meso- and macro. Such variation is related to their population characteristics,
their ability to use specific substrates, their colonisation strategies, and to external
factors including the characteristics of the physical environment and available resources.

Spatial and temporal distributions of microbial communities reflect the combined
effects of these four factors. Successions at different stages in the decomposition of
a resource especially reaffirm the major roles of resource quality and competition in
determining the balance of different groups between microbial populations at all stages
(Swift, 1982).

2.4.1 SPATIAL DISTRIBUTION

Variation on a geographic or macro scale has been little studied. Mishustin (1966 quoted
in Hattori, 1973) in comparing different soils from the USSR, identified a clear North-
South gradient of microbial abundance with total numbers increasing towards the South
but the relative importance of other bacteria decreasing in favour of the Actinobacteria.

Swift et al. (1979) confirm this pattern with hyphal lengths increasing from tundra (ca.
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since regional variation may be very high: British and Scandinavian tundra soils, for
example, have densities 3 to 100 times higher than equivalent North American ecosys-
tems (Kjöller and Struwe, 1982). Furthermore, microbial biomass seems to be roughly
proportional to the amount of organic matter (Figure III.3). Since there is no clear geo-
graphical pattern for organic matter accumulation in the soils of vegetated regions
(Sánchez et al., 1982), regional and local factors are more likely to determine microbial
abundance than factors operating at larger scales.

On a regional scale, vegetation, soil characteristics and types of land-use influence the
abundance and composition of the microflora by modifying water and temperature
regimes and oxygen and energy supply. In Swedish agricultural soils, the density of
bacteria increased with soil organic matter concentration in cultivated fields (Figure III.6)
(Schnürer et al., 1985). The effect of soil type has also been observed by Kaczmarek
(1984) in Polish cultivated fields with mean densities of 5 and 18 g dry soil
respectively in sandy and muck soils.

The meso-scale may be considered as that represented by vertical heterogeneity down
a soil profile or horizontal heterogeneity created by plant distribution or microrelief.

2.4.1.1 Vertical distribution

Bacterial population densities diminish with depth in parallel with organic matter contents.
However, other factors such as the water-logging of deep horizons or differences in
the physical structure of successive horizons may confound this pattern leading to
different patterns of decrease with depth (Dommergues and Mangenot, 1970).

Population densities of most micro-organisms decrease regularly with depth (type I):
maximum density occurs close to the surface and the rate of decrease may vary depending
on the species. However, some micro-organisms attain their maximum densities at
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particular depths (type II). This may be due to the leaching of toxic substances from
the surface litter e.g., the distribution of Azotobacter in forested rendzinas (mollisols).
Micro-organisms may also have a concave type of distribution. This has been observed
in soils where chemical compounds toxic to micro-organisms, have accumulated in
intermediate soil layers thus depleting the microbial community. The deeper horizons of
higher pH in calcareous soils are favourable for the greater development of populations
of micro-organisms.

The depth distributions of bacteria also change seasonally. In the upper 8 cm of
a forested rendzina (mollisol), Proth (1978) observed three patterns of distribution,
depending on the season (Figure III.7). Kjöller and Vestberg (1985) made similar obser-
vations on seasonal variation in the distribution of bacteria in the holorganic (L+F +H)
layers of an alder forest soil waterlogged for most of the year. At their study site,
variation in environmental conditions during decomposition was responsible for these
changes and differences in the representation of particular functional groups of
micro-organisms.

The abundance of fungi generally decreases with depth, especially in forest soils
where they preferentially colonise the litter and humus layers (e.g., reviews by Kjöller and
Struwe, 1982; Bissett and Parkinson, 1979; Rodriguez et al., 1990). Within the O horizon,
abundance increases from the surface to the F or H layer and then decreases sharply.
In grasslands, the decrease with depth may be far less clear and Harris (1971) has
reported greater abundances at 10-30 cm than in the upper ten centimetres.
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2.4.1.2 Horizontal distribution

The horizontal distribution of micro-organisms on a mesoscale is determined by geological
and pedological factors. Plant distribution also greatly influences the distribution of soil
micro-organisms on the soil surface by the litter effect, and within the predominantly
inorganic soil, by the rhizosphere effect. Large invertebrates such as termites and earth-
worms may also significantly affect the distribution of micro-organisms in their respec-
tive functional domains (see Chapter IV). The development of bacterial populations in
leaf litter is limited and they are most abundant within the upper mineral soil horizon
where their horizontal distribution is influenced by the availability of energetic resources.
They are most concentrated in the rhizosphere where they live on readily assimilable
root exudates and dead root material. Other sites in the soil with concentrations of
organic matter may be preferentially colonised by bacteria and include structures built
by soil invertebrates, such as the linings of earthworm burrows or the walls of termite
galleries and fungal chambers (see Chapter IV).

In leaf litter, fungal populations often show patchy distribution patterns. This is
especially clear for white rot fungi (Basidiomycota), essential decomposers of the litter
system, which form patches of a few square centimetres (Bartolozzi, 1984 in Garay, 1989).

The microscale distribution of bacteria is that at the microaggregates, i.e., small
structural units of a few tens of micrometres in size. Bacteria may live inside microag-
gregates or outside, on their surfaces or in the pores between them (Hattori and
Hattori, 1976; Balkwill et al., 1977).

Outside the aggregates, the flux of water is rapid which facilitates the supply of
energy, nutrients and oxygen, although conditions may quickly become limiting when
soils dry out. The microflora is mainly composed of fungi, spore-forming Gram-positive
bacteria and Actinobacteria (Figure III.8). Members of these groups are opportunistic
organisms whose populations can vary rapidly depending on microclimatic conditions
and their ability to resist adverse conditions.
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Within the aggregates, the microflora essentially consists of largely dormant
Actinobacteria and Gram-negative bacteria which exist there under buffered moisture
conditions, at times limited by oxygen supply (see Figure III.1 A). They occupy micropores
and may be released into the ‘external’ medium when microaggregates are disrupted
under conditions of high moisture or assimilable energy supply. In six different
temperate climate soil-vegetation associations, the average diameter of micropores
occupied by bacteria inside microaggregates, was 1.43 to 2.24 (Kilbertus, 1980;
Schwartz,1981). The ratio d/D of mean bacterial diameter (d) to the mean diameter of the
pores they colonise (D) was 0.33 on average, with remarkably little variation among the
six soils investigated (Table III .4).

Postma and van Veen (1990) have proposed the classification of soil porosity into
three categories based on the ability of pores to host bacterial cells of the genus
Rhizobium and protect them from predators: accessible pore space that is large enough

and protective space that is inaccessible to bacterial predators.
Bacteria rarely occur as isolated individuals. In a forested rendzina soil (mollisol), 90 %

of individuals were grouped in colonies of 6 to 300 individuals, most colonies having
ca. 10 individuals on average (Proth, 1978). Inside the microaggregates, an average
number of 0.8 bacteria was found per of pores colonised. Bacteria represented
0.29 % of the volume of the aggregate and the overall volume of the pores they colonised
was 6.21 %.

The above results are important in that they clearly demonstrate that potentially-
assimilable organic matter may be protected from microbial attack because of its location in
non-colonised micropores, or within non-porous microsites within aggregates (Foster, 1985).

to let micro-organisms enter, habitable pore space that comprises pores larger than 0.8
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They also explain why, at low moisture potentials, non-spore forming cells may survive
in moist microsites. Finally, they illustrate how opposing processes (e.g., nitrification
and denitrification) may occur at any time in closely adjacent microsites (see Fig. I.15,
p40), as emphasised by Berg (1986).

Different types of micro-aggregation, and therefore soil structure, may influence the
composition of the overall microbial community. Some soils will have more opportunistic
micro-organisms located in non-protected microsites whereas others with a well-developed
micro-aggregate structure will have large amounts of Gram-negative specific bacteria
protected in micropores (see Section III 2.4.3).

2.4.2 TEMPORAL VARIATION

Microbial populations may change rapidly. In a few hours, or days, rapid changes in
environmental conditions, e.g., a sudden input of assimilable organic matter or moisten-
ing of a dry soil, may trigger a flush of microbial activity and rapid cell division.

On a seasonal scale, progressive changes in climatic or energy supply conditions
may be reflected in changes to the densities and biomasses of microbial populations.
Over longer time-scales, organic matter transformations during decomposition may
be followed by changes in micro-decomposer populations resulting in very different
microbial successions.

2.4.2.1   Short-term variation

Dormant micro-organisms may rapidly reactivate when conditions again become
favourable. Bacteria which are protected inside microaggregates may leave this shelter
24 h after a sucrose solution has been added to the soil (El Bahlki et al., 1978) and it takes
a similar time for fungal or bacterial spores located outside the aggregates to germinate.
Consequently, bacteria can increase their numbers dramatically within a few days, although
little variation occurs within 24 h (see, e.g., Zaitzeva and Zviagintzev, 1978; Clarholm
and Rosswall, 1980).

In the humus layer of a Swedish conifer forest, Clarholm and Rosswall (1980)
observed increases in population density and biomass of, respectively, 2 to ind

and 4.2 to 17.6 mg dwt dry wt soil over three days following rainfall. An analysis
of the structure of bacterial populations showed that, under such conditions, 15 to 30 %
of the formerly-dormant population grew actively with a generation time of 14 to 17
hours. After a maximum has been reached, both density and biomass decrease following
intensive grazing by protists and nematodes (Figure III.9).The initial rise in biomass
resulted from an increase in the size of individual cells, as shown by the significant rise
in the number of large rods observed in the population. Numbers subsequently declined,
probably because they had started to divide into small coccoid cells.

Bottner (1985), simulated the alternation of 8 to 10 day dry and 15 to 20 day moist
periods in a Mediterranean soil. Drying killed 25 to 33 % of the biomass (bacteria +
fungi) although during the wet periods, biomass returned again to the same level present
before drying.
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2.4.2.2   Seasonal variation

In some environments, monthly sampling conducted in several soil and vegetation types
has revealed clear patterns of variation, in the numbers, biomass and activity of bacteria.
For example, in the Swedish coniferous forest soil studied by Clarholm and Rosswall
(1980), bacterial biomass underwent a clear seasonal pattern of variation with a minimum
of 5 g dry wt in June and a maximum in September, nearly 10 times higher (Figure

III.10). The seasonal variation observed in a Japanese grassland by Higashida and Takao
(1985) had a lesser amplitude; the maximum density occurred in August which was
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twice as high as the May minimum. In cultivated soils at Kjettslinge (Sweden), season-
al variation of total biomass was much smaller with a difference of 25 % between the
minimum value in June and the August maximum (Schnürer
et al., 1985).

Kilbertus et al. (1982) observed quite large variation in the bacterial population
density of the top few centimetres of the A horizon of a conifer forest: the maximum
density, in June, was nearly 100 times greater than the minimum in December. The pro-
portion of bacteria protected in microaggregates (released by sonication of the soil
samples) varied greatly over the year, with minimum values in the middle of the year
and maximum in winter (Figure III.11). A similar pattern was observed in an adjacent
deciduous forest with a lesser proportion of protected micro-organisms (40 % on aver-

age compared with 58 % in the coniferous site).
Several studies of fungal populations in temperate forests have revealed some

significant seasonal variation in the relative abundances of species in microfungal com-
munities (e.g., Bissett and Parkinson, 1979; Widden, 1986). In volcanic soils on slopes of
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Mt Popocatepetl (Mexico), clear seasonal variation has been observed in the composition
and abundance of fungal communities, especially at high altitudes (3660 m) (Bettucci
et al., 1990). In temperate forest ecosystems, fungal activity, as measured by the growth
of mycelium on buried nylon gauze, was at a maximum in Spring, early Summer and
Autumn although no significant change in the amount of live hyphae was observed
(Nagel de Boois 1971; Cancela da Fonseca, 1975; Tôth and Hammer, 1977). Nonetheless,
significant differences have been observed in the growth of mycelia in litter of contrast-
ing quality, i.e., Pinus sylvestris and Carpinus betulus (Garay, 1989).

2.4.3 TURNOVER OF MICROBIAL BIOMASS: THE SLEEPING BEAUTY
PARADOX

The turnover time of microbial biomass has been estimated in a limited number of soils
by comparing the average microbial biomass to plant-C input to the system, assuming
that the production of microbial biomass is equivalent to 50 % of the organic inputs to

the soil (Table III.5).
Jenkinson and Ladd (1981) used a mathematical model to calculate generation

intervals of 912 and 456 days in, respectively, English and Australian soils. Chaussod
et al., (1988) gave similar estimates of 522-659 days in cultivated fields near Paris,
although, under laboratory conditions (28 °C at field capacity over 56 days), the turnover
time decreased to 133-179 days. Turnover time may however be significantly greater in
soils that experience thermic or hydric stresses, especially those with a sandy texture.
For example, turnover time of the microbial biomass was estimated at 1600 days
in Saskatoon (Canada), 570 days at Rothamsted (England) and 460 days in Brazil
(Paul, 1984).
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These estimates are 1,000 to 10,000 times longer than those obtained for isolated
microbial colonies under optimal laboratory conditions and imply that soil micro-
organisms are only active during short periods of time in a limited number of microsites.
Further, cytochemical tests indicate that very few cells are physiologically active (Foster,
1988). Microbial communities thus appear as ‘a huge, largely dormant population, with an
enormous richness of species and an ability to survive hard times’ (Jenkinson and Ladd,
1981). The first characteristic is considered a response to the heterogeneity of soils and
the second, a response to their inability to search for food. This striking contrast between
the potential for an extremely fast turnover and field reality has been called the ‘Sleeping
Beauty Paradox’ (Lavelle et al., 1994a). Macro-organisms (i.e., roots and invertebrates)
that have the ability to move the soil and change environmental conditions at the scale
of micro-organisms can interrupt this dormancy (acting as ‘Prince Charming’) and hence
appear to be major regulators of microbial activities (see Chapter IV). Interactions
among micro-organisms with high capacity to digest almost all organic substrates
and ‘macro-organisms’ that have potential for mechanical activities, are the basis of
the biological systems of regulation that determine soil function (see Chapter IV).

These results also emphasise the need to assess microbial processes at much finer
scales than a hectare or a year. Identifying the appropriate scales requires an in-depth
knowledge of the biology and population dynamics of these organisms.

2.4.4 COMMUNITY STRUCTURE

2.4.4.1 Species richness

The total estimated number of microbial species is very high. Fungi are the most diverse
group with an estimated number of 1,500,000 species whereas algae and bacteria may
comprise, respectively, 60,000 and 30,000 species (Hawksworth and Mound, 1991).
Studies of microbial DNA extracted from a Norwegian forest soil showed the existence
of more than 4000 independent genomes of bacteria in a gram of soil (Torsvik et al.,
1990). Based on the assumption that individuals with more than 70 % DNA homology
pertain to the same species (Wayne et al., 1987), these authors suggest that there may be
as many as 20,000 to 40,000 bacterial species per gram of soil.

The soil microflora is commonly said to be poorly specific to any one environment
as many species of bacteria and fungi are found in a great variety of soil types and
microclimates; some species have world-wide distributions. Comparison of three
fungal communities from forests in southern Quebec (Widden, 1986), heathland from
northern England (Widden, 1987), and tropical montane forests of Mexico (slopes of
Mt Popocatepetl, Rodriguez et al., 1990) showed that four species are common to these
very different environments i.e., ca. 15 % of the species represented at each site.
This assessment however, is a matter of controversy as the concepts of species and
ecological niches are difficult to apply to micro-organisms (especially bacteria and
actinobacteria) because of their high genetic variability and ecological versatility (see e.g.,
Szábo, 1974; Swift 1976). Further, morphological criteria are few and often difficult to
observe. Indeed, such criteria may be entirely misleading since colonies with very different
morphologies have been shown to have the same DNA and, thus belong to the same
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species (Tiedje, 1995). Finally, different isolation techniques and sampling designs may
lead to large differences in the estimated species richness of a single site.

The number of fungal species found in the litter of temperate forests may be as high
as 161 species although numbers generally decrease with depth towards the H layer and
A horizon. In contrast, the Actinobacteria tend to have greater species richness in the soil
than in the litter (Table III.6).

Twenty seven species of fungi were identified in the mixed deciduous litter. However,
the number of fungal species found on individual leaves was very low on fresh litters
(0-3 depending on the tree species) but increased to 1-6 after four months of incubation. In
the presence of Collembola, 1 to 7 species had colonised the fresh litter after 2 months
incubation (Proth, 1978). Species richnesses of up to 161 species for a single mixed
deciduous temperate forest have been reported (Novack and Whittingham, 1968).

These results demonstrate the effect of resource quality on the species richness of
microbial communities. The rapid changes in quality that occur during decomposition,
are followed by similar changes in the microbial community, as shown by the marked
successional patterns that occur.
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2.4.4.2 Community structure and dynamics

Large scale patterns: microbial successions on decomposing substrates
Primary resources often form a spatial mosaic comprising such structures as the decom-
posing twigs, branches, leaves or inflorescences of the individual species present. As a
result, microbial communities which colonise these substrates have a hierarchical structure
(Swift, 1984). On each fragment of the mosaic, a community develops, generally
consisting of a limited number of species.

Swift (1976) found that small pieces of branches of beech-wood, 10 cm long and
2 to 5 cm in diameter were colonised in the early stages by up to nine species with
a modal value of four. Fifty six species were identified among the 32 branch samples;
most of these species were found on a small number of branches and only five species
were found on more than five branches. The efficiency of the different ‘unit-communities’,
expressed in terms of decomposition rate, was rather similar.

As predicted by the islands theory of MacArthur and Wilson (1967), the number of
species is proportional to the size of the substrate. According to Swift (1976) two main
processes determine the dynamics of such unit-communities: stress and disturbance
(Grime, 1979; Pugh, 1980; Boddy et al., 1988). Stress is defined by Grime as the
external constraints which limit the production of plants. Disturbances are unpredictable
events which limit the plant biomass by destroying it, partly or entirely.

On fresh substrates, stress is first represented by the initial quality of the resource
(e.g., high C:N ratio, lignin and polyphenol contents). At later stages, shortage of
substrate, unfavourable microclimatic conditions or antibiosis are common stresses that
micro-organisms are subject to. Disturbances are by definition unpredictable events. This
may be the fall of a dead branch which may occur after it has lost 20 to 80 % of its
weight. Another frequent example of disturbance is the ingestion of the substrate by
a soil invertebrate or the grazing of growing fungi. Microclimatic events such as drought
or frost are other possible disturbances.

Stress leads to successions of communities over time. Species disappear when they can
no longer adapt to the changed conditions of the substrate and new colonisers replace
them. The general pattern is an increase in the number of species to a maximum value
and a decrease when the substrate becomes exhausted or unsuitable for micro-organisms
(Figure III.12). Disturbance generally breaks the dynamic equilibrium between species
by accelerating the extinction of species and the immigration of new colonisers.

Micro-organisms may adapt through two supra-strategies: the ‘occupation’ and the
‘window’ strategies. Micro-organisms of the first group are adapted to persist on a
changing resource. In the second group, the strategy is one of rapid colonisation when
conditions are suitable and dispersion when they have changed. Within each of these two
types, r and K strategies occur, as defined by Pianka (1970) or ‘ruderal’,’ stress-tolerant’
and ‘competitive’ as defined by Grime (1979) for higher plants.

In such a context, the formation and evolution of unit-communities appears to be
a highly stochastic process. Important differences are expected to occur however,
depending on the nature and size of the substrate; communities certainly behave
differently on large substrates such as decomposing logs, in comparison to those on
leaves or small inflorescences.
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In the subsoil, the patterns of community structure are not known. Outside the rhizo-
sphere, soil organic matter is highly dispersed in the soil matrix and bacteria, the most
important micro-organisms, have a higher potential metabolism but, on average, depend
more on specific environmental conditions. Their strategies are thus likely to be more of
the ‘window’ category and the process of assemblage of their species in communities
more stochastic than observed in fungal communities of the surface litter.

Successions on decomposing substrates
Decomposition processes generally start while the plant material is still alive. In the
early stages, the yeasts and phyllosphere bacteria present on the surfaces of leaves and
fungi may attack both leaves and roots, especially when they have been damaged by
frost or insect attack. After death of the plant organs, the cytoplasm is rapidly trans-
formed with tannin-protein compounds being important components of the decompos-
ing material (see Chapter IV.1.3.3).
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Decomposition rates subsequently increase. In the initial stages, fungi predominate,
since they are more capable than bacteria and actinomycetes of degrading the sugars
and polysaccharides of the primary resources. Fungi colonise fresh litter, dead roots
and logs. Unlike bacteria, they may tolerate relatively unfavourable environmental
conditions in order to penetrate cell walls and metabolise the condensed cytoplasm and
cell wall constituents.

Primary resources often have a mosaic pattern of distribution and communities of
a few species may develop on each part of this. Early colonisers may be ‘sugar-fungi’ as
defined by Garrett (1963). Although polysaccharolytic fungi soon colonise the substrate,
Swift (1976) points out that even though simple sugars decompose more rapidly than
cellulose, more cellulose than sugar disappears at the beginning of decomposition
because of its much greater abundance. Beside sugar-fungi which colonise the leaf before
its death, resource-specific polysaccharolytic fungi develop. The metabolites released by
their external digestion create a trophic attraction (‘appel trophique’) and commensal
secondary sugar-fungi, also defined as ‘resource non-specific’, may develop (Garrett,
1963; Reisinger and Kilbertus, 1980). Under some circumstances, the presence of
secondary sugar fungi may benefit the polysaccharolytic organism by preventing the
catabolic suppression of enzyme production that can follow the accumulation of
simple carbohydrates (Figure III.12).

During the later stages of this original phase of decomposition, fungal communities
include increasing numbers of resource non-specific organisms, species diversity
decreases and unit-communities tend to be more homogenous (Hogg and Hudson, 1966;
Swift, 1976). As the substrate changes, specific resources become exhausted leading to
competition. The most persistent fungal flora includes components that have the highest
capacity to produce antibiotics (Penicillium spp.) and the widest range of enzymatic
capacities (Basidiomycota) (Webster, 1970; Swift, 1976).

Finally, fungi produce spores and die. New colonisers spread which are better adapted
to the changed environmental and trophic conditions of the substrate.

The decomposing substrate changes and its relative nitrogen content increases as
the proportion of mycelial material increases. After three months of decomposition in
temperate forests, 50 to 80 % of biomass of decomposing hornbeam (Carpinus betulus)
foliage is composed of fungi mycelium. Two months later, in early spring, the proportion
increases up to 90 to 95 % (Proth, 1978). Environmental conditions, change as this
material is progressively incorporated into the soil. Bacteria and actinobacteria then become
predominant. They are more capable than fungi of using substrates with relatively high
nitrogen contents and many of them possess chitinases to decompose mycelial cell-walls.



III.3 ROOTS

Roots are the principal biological components of the soil system since they comprise the
largest part of the living soil biomass and exercise a major control over such processes
as pedogenesis, soil organic matter, nutrient and water dynamics. In terms of their function
in the soil system, they act as true heterotrophic organisms since they obtain their energy
and carbon from the above-ground part of the plant and their nutrients and water from
the soil. Roots supply energy and return absorbed nutrients to the soil through the produc-
tion of below-ground root litter and, while living, through the production of exudates, a mix-
ture of readily-assimilable compounds and modifiers (i.e., growth factors, hormones and
allelopathic substances).

Their importance as pedogenetic agents is widely recognised and they have major roles in
soil reinforcement and in the maintenance of structure (see Chapter I.1.3.3). The spatial and
temporal patterns of their growth through soils are particularly important to the ways in
which they utilise soil water and nutrient resources.

Finally, roots have close relationships with the free-living microflora and fauna, and
in a wide range of natural and agricultural ecosystems, frequently form associations
with such symbionts as nitrogen-fixing bacteria, fungi (mycorrhizae) or actinobacteria
(actinorhizae).

3.1 The morphology of the root system.

3.1.1 DEFINITIONS

Root topology influences both the exploration and transport characteristics of the root
system. Differences in the efficiencies of seven theoretical systems, all with 16 tips, but
with different branching systems are illustrated in Figure III.13. System B is most
effective at exploiting a restricted soil volume and is most common in nutrient rich
soils; system A is less efficient in exploiting zones of high nutrient concentration, but
better adapted to exploration (Fitter, 1985). Systems C to F are intermediate in nature.

Root systems may initially be described in terms of their vertical branching patterns
(see e.g., Jenik, 1978; Kahn, 1984). The order and importance of their ramifications
may also be considered. Basically, two main types of root systems may be defined:
(i) A sinker or tap rooting system in which secondary roots originate from a primary
root which grows vertically into the soil;
(ii) A lateral, or fasciculated rooting system in which roots expand from the base of
the stem in all directions. Many intermediate patterns occur between and within species
and represent modifications of a genetically-determined design imposed by local envi-
ronmental conditions. The root system of the grape vine (Vitis vinifera), e.g., comprises
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three types of roots: (i) large tap roots which anchor the plant to the soil and convey the
phloem sap, nutrients and water; (ii) thin lateral roots, which ramify mainly close to the
surface and in a nutrient-rich layer of marl deposited at 10-30 cm depth; and (iii) deep
lateral roots which extract water from the lower horizons, at 60-120 cm depth. (Figure III.14)
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Root diameter is also an important parameter. Thick suberised roots have a clearly
different function than fine, unsuberised pale-coloured roots. An important step towards
a functional interpretation of root morphology was made when coarse and fine roots
were distinguished, depending whether their diameter was more or less than an arbitrary
limit of 2 mm. Jenik (1978) uses the terms‘proximal’ and ‘distal’ roots to define coarse
and fine roots while Lyford and Wilson (1964) proposed the terms ‘macrorrhizae’ and
‘brachyrrizhae’ to qualify the two above-mentioned categories.

Coarse roots are generally highly suberised and lignified. They support the mass of
the plant and conduct water and nutrients from the soil to its aerial parts, and soluble
carbohydrates formed in the leaves to the root extremities and out into the soil.
Coarse roots are perennial and form the framework on which new root growth occurs
(Bowen, 1984). These roots are longeval and may persist throughout the life of the plant.

Fine roots are specialised for the assimilation of water and nutrients. They are neither
lignified nor suberised and are generally pale-coloured and covered with hairs, which
increase their absorptive surface area. Their life-spans are generally of the order of months
but may vary from a few days for non-mycorrhizal roots to several years when they are
infected with mycorrhizae. A number of other biotic and abiotic factors may determine
root lifespan such as soil fertility, root herbivory, climate and competition with other
plants (Eissenstat and Yanai, 1997). Fine roots will therefore be replaced many times
during the life of a perennial plant and may be considered the endogeic analogues of
leaves. Annual or ephemeral plants produce only fine roots and, in perennial grasses, it
is difficult to differentiate between coarse and fine roots. Root hairs that grow on fine
roots have even shorter life spans, of the order of a few days (see, e.g., Fusseder, 1987)

Specific root length (SRL), the ratio of total root length to weight, is a useful index
for estimating the relative importance of fine and coarse roots.

3.1.2 ROOTING ‘STRATEGIES’

The importance of the soil-root contact may be evaluated by the overall surface area of
roots (Callot et al., 1982). This surface is relatively small, and part of it may actually not
be in contact with the soil solution when roots follow old termite or earthworm galleries
or cross soil macropores. The root surface of a mature wheat plant is about 1 whereas
the overall surface of soil particles in the volume of soil exploited by these roots may be
close to 10,000 On average, the ratio of the total surface of soil particles to roots is
approximately or including the surface area of the absorbing hairs. In contrast,
the diffusion of water and nutrients in soil is relatively slow and may be quite limited in
amount [see Chapter I]. In consequence, the total mass of roots produced, and their
horizontal and vertical distributions within the soil, are particularly important factors
in plant fitness.

Rooting strategies may be defined as the way roots exploit soil nutrient and water
resources. This, together with the energy that plants allocate to growing roots, may be
described in terms of root topology, biomass, root:shoot ratio (above-ground to below-
ground biomass), specific root length, horizontal and vertical distribution and concen-
tration in fertile patches of the soil. Several factors may influence these parameters,
including nutrient and water supply and soil physical characteristics.
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3.1.2.1 Root:shoot ratios and specific root length

As indicated by (Bray, 1963), root:shoot ratios are characteristic of species and communi-
ties although they are sensitive to environmental influences and may vary markedly over
the life of a single plant. They generally increase with increasing nutrient, water or cold
stress and decrease with the amount of light or increasing biomass. High phosphorus
availability favours greater root production (Callot et al. 1982; Strong and La Roi, 1985).
Grazing by nematodes also tends to increase the root:shoot ratio (Rovira, 1978).
Comparable patterns have been observed at the community level (Scholes, unp. data)
(Figure III.15) and temperate ecosystems tend to have much higher root:shoot ratios
than tropical.

Grasslands tend to have much higher root:shoot ratios than forests. Measured values
range from 1:5 to 10:1 in temperate ecosystems, and 1:100 to 1:2 in forests. Root:shoot
ratios tend to be lower in tropical ecosystems than in temperate or boreal situations since
above-ground biomass increases much more rapidly than below-ground. The root:shoot
ratio is five times greater on average in temperate than in tropical ecosystems.
Nonetheless, considerable variation has been noted, reflecting the local and regional
effects of different soil types, nutrient status and soil water regimes, together with
variations among plant taxa.

At a smaller regional or local scale, root development may be severely curtailed
by high soil strength and, where this occurs, roots may follow large communicating
pores or channels where these are present. Low porosity often has inimical effects
on root development, particularly when associated with high bulk density, fine texture,
high clay contents or compact structure since the size, distribution and continuity of
macropores directly influences oxygen supply to roots (van Noordwijk et al., 1993).
When grown on clay, loam and alluvial sand, the total root lengths of mature wheat
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plants were, respectively, 2.5, 10.3 and 17.5 m (Callot et al., 1982). Aeration is also
important for root growth and anaerobiosis often limits elongation while the frequency
of pathogenic lesions is increased. In poorly structured and compacted soils, distances
between macropores and cracks may be large and roots tend to concentrate in cracks
(Ringrose-Voase, 1987). Aluminium toxicity may also limit root extension in acid
tropical soils of low nutrient status (Alva et al., 1986).

Specific root length varies with a range of factors (Fitter, 1985) including:
(i) Interspecific variation (Figure III.16);

(ii) Genotype. Variation from 11.8 to 21.8 has been observed in different maize genotypes;
(iii) Age. Higher values are generally found in young plants, simply because coarse
roots have not completed their growth;
(iv) Soil fertility. Higher values usually occur in poor soils, as shown in Figure III.16
for eight grass species;
(v) Temperature. High specific root lengths are associated with low temperatures
(Veresoglou and Fitter, 1984) whereas moisture responses appear to differ with the species;
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(vi) Grazing by rhizophagous herbivores. Root consumption by nematodes has been
reported to affect the specific root length of wheat plants which is doubled in their
absence (Rovira, 1978) (Table III.7);
(vii) Depth. The specific root length of wheat plants increases markedly from the
upper few centimetres to 1 m depth (Drew and Saker, 1980).
This may be interpreted in terms of the age of the roots which decreases with depth.

3.1.2.2 Horizontal and vertical distribution of roots in the soil profile

Plants develop different strategies in the lateral exploitation of soils. In tropical forests,
Kahn (1984) observed four phases in the horizontal development of the root system:
i)- formation of a tap root axis and production of a few lateral rootlets; ii)- production of
large lateral roots from the initial tap root axis; iii)- development of these secondary axes
which moves the exploitation zone of distal roots away from the axis; and iv)- production
of new large lateral roots from the tap root (or from the trunk, or the bases of the major
lateral axes); these roots will exploit the soil close to the axis which is no longer exploited.
During the last two phases, the tap root system develops through the elongation of
the primary axis and the formation of new axes with positive geotropism from the large
lateral roots (Figure III.17).

In most plants the root system seems to develop at random. Nonetheless, roots tend
to maintain a minimum distance from each other in order to avoid crossing and to
optimise the extraction of water and nutrients available in the volume of soil that they
exploit. This is especially true for perennial species in arid environments (e.g., Fernandez et
al., 1988) (Figure III.18). In a maize plantation, the half mean distance between roots was at
a minimum in the upper 0-6 cm of soil (0.5 cm) and increased towards deeper horizons to a
maximum value of 2.86 cm (Tardieu, 1988). In compacted areas, much higher values of up
to 6.3 cm were observed in the deepest (71-78.5 cm) horizon. In arid environments, the
average distances of fine roots of perennial shrubs ranged from 1.62 to 2.34 cm with higher
values in surface than in moister deep horizons (Figure III.19).
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Depth distributions depend on the rooting strategies of individual species, soil physi-
cal conditions and nutrient status. However, the basic determinants are the vertical gra-
dients of nutrient availability and the simple fact that roots generally start growing from
close to the surface. As a result, root biomass is generally highest in the upper part of the
profile and diminishes with depth (Figure III.20). Departures from this general pattern
are due to the effects of four main factors viz., strategies of the individual plants, nutri-
ent availability, depth of the water table and the horizontal distributions of nutrient ele-
ments.

In the Banco tropical forest, coarse roots are evenly distributed in depth on the plateau
whereas they are concentrated in the upper 40 cm in the humid low lying areas of the
valley bottoms. Fine roots are more abundant close to the surface in both situations.

In a temperate forest at Ardennes (Belgium), fine roots have grown deeper than coarse
roots and the general pattern of rooting varies with tree species and the age of the stand
(van Praag et al., 1988) (Figure III.21).
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Individual strategies
Trees usually have much deeper root systems than grasses (see, e.g., Singh and
Srivatsava, 1984; Fournier, 1991). Their root systems are often differentiated into a lateral-
superficial system specialised for absorbing nutrients from decomposing litter and the
upper organic soil and tap roots that penetrate deeply into the soil searching for water
(Figure III.14). In grasslands, most roots are concentrated near the surface. In the humid
savannas of Lamto (Côte d’Ivoire) for example, César (1971) collected 78 % of root
biomass in the first 20 cm. In shrub savannas, the root distribution showed a bimodal
pattern with the first mode corresponding to grass roots close to the surface (65 % in the
upper 20 cm) and shrub roots comprising a second mode at a 30-40 cm depth.

The maximum depths at which roots have been found exceed 61 m, for Juniperus
monosperma roots from underground mine workings. The maximum radial extent of tree
roots is more than 50m from the stem and 30m has been recorded for a number of species
(Stone and Kalisz, 1991).

Nutrient availability
In highly nutrient-limited soils the superficial roots may form mats up to 40 cm thick
which grow into the litter layers. Mycorrhizal fungi link the roots and the litter
layers ensuring direct nutrient reabsorption from the decomposing leaves (Stark and
Spratt, 1977). This root mat has proved to be highly efficient in the interception of
nutrients and, in a South American rainforest, 99 % of a radioactively-labelled solution
of phosphate sprayed on its surface was taken up by the plants (Stark and Jordan, 1978).

Dynamics of water in the soil profile
The distribution of deep roots appears to be closely related to soil water status and par-
ticularly the depth to the water-table. In two oxisols of the equatorial forest, Humbel
(1978) showed that root penetration was markedly reduced where water tables occurred
at shallow depths; in well-drained soils, roots normally explore much deeper soil strata.
In the Banco tropical rain forest (Figure III.20), the presence of a water-table in the low-
lying areas of the valley bottom limits the extension of coarse roots to 40 cm in depth
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whereas on the plateau, they grow down to the bedrock, at a depth of 130 cm. In soils
restored after open-cast mining, Fairley (1985) showed that drainage tends to reduce the
root biomass and specific root length in Perennial Ryegrass (Lolium perenne).
Conversely, roots may also extend deep into the soil to seek water from the water table
or moister deep soil horizons. As an example, (Seguin, 1970) showed that the deeper
roots of the grape plants were concentrated at 60-120 cm and that maximum water
extraction occurred at that depth (Figure III.14). In the Australian dry tropics, the roots
of Ficus spp. growing on karst landscapes have been observed to extend many metres under-
ground through faults and caves to reach the water table (Clarke, 1968 in Bowen, 1984).

Soil horizontal variability
The distributions of absorbing roots and their associated mycorrhizae are greatly affected
by the horizontal distributions of soil resources. St. John et al. (1983) have shown that
tree roots in the Amazonian forest grow at random but, when a nutrient-rich site is
encountered, branching is increased and favours a more intensive exploitation of the site.
Similar results have been found by Robinson and Rorison (1983) in ‘split-root’ experi-
ments. In such experiments, parts of the root systems supplied with high levels of
nitrogen show large increases in specific root length. The other part of the root system
may also show a similar response, but with a significant time-lag (Figure III.22). Such a
growth pattern may explain the negative binomial distribution of roots and their
associated mycorrhizae observed in this forest.



in dry savannas to maximum values of up to 100 Mg in temperate and tropical
forests (Figure III.15).

Roots generally account for 40 to 85 % of primary production in temperate ecosystems
(Fogel, 1985) and 16 to 68 % in tropical savannas and grasslands (Scholes, unp. data)
(Table III.8). In high-input annual crops, root production is relatively low (e.g., 104 g
and 16 % in a fertilised plot of Barley as compared to 150 g and 21.5 % in an
unfertilised adjacent plot in southern Sweden (Hansson et al., 1987). Perennial grass leys
have proportionally higher production of respectively 460 g and 31.4 %, and 480 and
30.4 % in a grass and a lucerne ley in the same locality (Andren et al., 1990).
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3.1.2.3 Root biomass and production

Root biomass is always very high, with average values ranging from 0.9 Mg dry wt
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Production is generally calculated by summing the positive increments of root biomass
observed at regular time intervals. Such a method certainly underestimates production
because it does not take into account the roots which may have died and decomposed
between adjacent sampling occasions. Methods taking into account root decomposition
or using direct measurements based on rhizotrons give estimates up to 180 % higher than
simple core harvest techniques (see, e.g., Hansson and Steen, 1984; van Praag et al., 1988).
Root production, particularly of fine roots, may be highly seasonal and heterogenous
in space. Root systems seem to develop in an opportunistic way, taking advantage of
favourable conditions to develop new fine roots; when conditions become difficult,
a large part of these rootlets may die. Consequently, root biomass may vary greatly
with season and because of particular climatic episodes. Methodologies which do not
accurately track these variations are likely to give highly-biased estimates of biomass
and production.

Estimates of fine-root production vary from 0.6 to 11 Mg over a range of
temperate climate ecosystems (Fogel, 1985; Aber et al., 1985; van Praagh et al., 1988).
Turnover of fine roots is rapid and the ratio of fine root production to standing crop may
be as high as two in a young stand of Pinus sylvestris in Sweden, and 0.9 in an adjacent
120-year old stand (Persson, 1985). Similarly, the proportion of fine roots dying annually
ranged from 40 to 92 % of total weight in the series of deciduous and coniferous temperate
forests listed by Fogel (1985). In a coniferous forest, estimates of the annual input to the
soil of dead fine roots and associated mycorrhizae ranged from 14.6 to 18.8 Mg
These values are two to five times greater than the contributions of leaf litter and
branches to soil organic matter. Forests have the highest production levels, whether they

(2 to 9 Mg In a tall-grass prairie, production was 5.1 Mg In crops,
estimates range between 0.6 and 4.2 Mg on the same areal basis, depending on the type
of crop and soil conditions.

In tropical grasslands and savannas, root production increases over that of cooler
climates and, within the tropics, increases with rainfall. Root production estimates as
high as ca. 20 Mg have been measured in moist African savannas at Lamto
(César, 1971). Nonetheless, in many situations, waterlogging or nutrient deficiencies
may limit root growth (see e.g., Cuevas and Medina, 1988). In South American savannas,
Fisher et al. (1994) found that conversion of savannas into highly productive pastures might
account for the sequestration of 100-507 Mt carbon per year. Too few measurements of root
production in tropical forests have been made to identify general trends.

Root production is a highly seasonal process. For example, in temperate areas fine
root production by apple (Malus pumila) trees showed two marked annual peaks in spring
(April to June) and late summer (September) respectively (Figure III.23). In African
savannas, root production by perennial grasses seems to be more opportunistic since
rapid increases of root biomass may occur at any time of the year, provided that the soil
moisture status is favourable (César, 1971; Fournier, 1991).

are coniferous (with production of fine roots of 1.2 to 11 Mg or deciduous
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3.2 Biology of Roots

The major factors in root biology are the uptake of water and nutrients, resistance to
water stress and their relationships with microbial symbionts.

3.2.1 UPTAKE OF WATER AND NUTRIENTS

3.2.1.1 Plant ‘feeding regimes’

A wide range of chemical elements have been found in plants including eleven major or
macro-elements and fourteen trace or oligo-elements (Callot et al., 1982). The four macro-
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elements, carbon, hydrogen, oxygen and nitrogen comprise most of the biomass.
Sulphur, phosphorus, potassium, calcium, magnesium and occasionally silicon are other
important components and chloride and sodium, to a lesser extent. Their concentrations
are of the order ofmg that of the minor or trace elements is of (Chapter I.3.1).

Plants absorb water and nutrients selectively and their mineral compositions are thus
different from those of the soil solutions from which they derive their nutrients. Each
plant species has its own specific composition in terms of its concentrations and balance
of nutrient elements (see, e.g., Callot et al., 1982).

Thus, it may be possible to define for plants the botanical equivalent of the animal
dietary regimes, listing the nutrients used and the amounts of each needed to sustain
growth. A further characterisation of nutrient resources may also be envisaged using
Tillman’s (1982) system of classification for pairs of resources. Depending on the shape
of the nutritional isoclines observed, resources may be recognised as substitutable,
complementary, antagonistic or essential (see Chapter I, Figure I.30). However, the data
necessary to define such hypothetical nutritional regimes are still largely lacking.

3.2.1.2 Internal and external factors of nutrient assimilation.

Nutrient absorption by roots depends on:
(i) The availability of nutrients in solution in the surrounding soil;
(ii) The relative mobility of ions, and,
(iii) The capacity of the rooting system to absorb these elements.

Availability of nutrients in soil solutions
Callot et al., (1982) calculated that 200 kg of potassium per ha, (i.e., about five times the
stock of exchangeable K in a current temperate brown soil, inceptisol) in solution would
only be in contact with 45 % of solid particles of an arable soil. As nutrient solutions are
generally much less concentrated and discontinuous, an adequate nutrient supply implies
appropriate levels of nutrient transport through diffusion or mass flow. Nutrient supply
to the plant actually depends on the mobility of ions and root density (Figure III.24) and
Bowen (1984) states that ‘the limiting factor in uptake of ions moving to the root by
diffusion is not usually the absorption ability of the root but the movement of ions to
the root’. This is especially true for non-mobile ions such as phosphorus, whereas the
absorption of mobile ions such as nitrates may be limited in some circumstances by
the ability of the root to assimilate this element (Scholes et al., 1993).

Thus, all the factors which affect diffusion and mass flow such as texture, structure
and soil moisture will determine the accessibility of nutrients to roots. Drying especially
affects diffusion and massflow by increasing the tortuosity of the water film. At poten-
tials less than -0.2 MPa, soil water retreats to voids less than 1.5 in diameter which
are inaccessible to root hairs (Clarke and Barley, 1968).

In some cases, roots may dissolve specific nutrients (especially nitrogen) through
interactions with micro-organisms that have been triggered by the input of high-energy
exudates (see Section IV.3.2.1.1) (Elliott et al., 1979; Clarholm, 1983; Sallih and
Bottner, 1988; Billès et al., 1990).



immobilisation of instead of nitrification are considered efficient ways to conserve
N (Marrs et al., 1991) (see also Chapter IV.3.2).

Absorption of nutrients by roots
Absorption of water and nutrients by plants may be active (i.e., against electrochemical
or water potential gradients) or passive (i.e., with the gradient)

Passive absorption is due to the accumulation of ions in a ‘free’ space, which is
equivalent to 20-30 % of the root volume. This ‘free space’ is the sum of a diffusion space,
i.e. cell spaces from which ions may diffuse in or out freely and the ‘Donnan space’ in
which ions are retained by fixation and exchange due to the negative charges borne by
cell wall constituents and cytoplasmic proteins (Callot et al., 1982). The maximum
concentrations attainable by passive absorption may exceed those in the soil solution
by this exchange process as the exchange occurs on the basis of equality of chemical
potentials rather than concentrations. The total amount of cations that roots are able to
absorb through this ‘Donnan equilibrium’ is called the cation exchange capacity of roots.
Low cation exchange of roots, as for example, in the Gramineae, is considered an
adaptive advantage as anion diffusion occurs more readily. If the concentration gradients
are reversed, ions which have been passively absorbed are desorbed and move towards
the external solution.
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Specific allelopathic compounds in soil solutions (such as phenols) may directly
inhibit nutrient absorption by roots or impede the transformation of ammonium into
nitrate. In nutrient poor soils, two mechanisms seem to limit the production of nitrates
i.e., i - the low rate of ammonification due to low amounts of assimilable carbon to trig-
ger the reaction, and ii- inhibition of nitrification by water soluble substances produced
by roots (e.g., Meiklejohn, 1962; Munro, 1966; Lensi et al., 1992). Conservation or
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Active absorption refers to the selective accumulation of ions and is generally more
important than passive absorption. It is an energy-consuming process which may be
limited when energy reserves are depleted. Active absorption is only possible after
negative potential and pH gradients have been created by the hydrolysis of ATP by
ATPases. Some ions, such as are absorbed by passive absorption while others,
such as are only absorbed by active processes. The selectivity of absorption
processes is still poorly understood.

3.2.1.3  Dynamics of absorption

Plant growth is more likely to be limited by the availability of solutes rather than by
the intrinsic absorption capacity of roots. In general, as little as one fifth of the root
system immersed in a suitable nutrient solution may provide sufficient root area for
adequate nutrition. For example, maize plants 45-75 days old have a root biomass of
ca. 500 g although only 30 to 35 g of this is necessary to adequately supply the plant
(Nye and Tinker, 1978; Callot et al., 1982).

Under natural conditions, low nutrient availability and metabolic limitations in the
utilization of absorbed nutrients necessitate the existence of a well-developed root
system and its further extension with mycorrhizal mycelia.

In laboratory experiments, all parts of the root system of maize plants appear to have
equal absorptive capacities, even those parts called coronary roots specialised for
anchoring. Nonetheless, absorption is usually highest near the apex of the young
unsuberised roots and by mycorrhizae (Bowen and Theodorou, 1973). When the plant
is immersed in a nutrient solution, branching does not appear to affect absorption (Callot
et al., 1982). Similarly, age also has little influence although the relative positions of
absorbing roots are important; when two roots are left, absorption is greater if they are
diametrically opposed rather than adjacent. Genotypic variation may also be important.
In seven genotypes of corn, nitrate uptake by six-day-old root systems varied from 44 to
86 f wt during an 8 h period; differences in lateral root proliferation
and root elongation were considered to explain these differences (Pan et al., 1985).

Finally, the importance of the volume of the above ground part of the plant influences
the rate of uptake by roots through a ‘sink’ effect. As a result, excised roots have lower
rates of uptake than similar amounts of roots with their above-ground parts still attached
(Maertens and Clauzel, 1980).

3.2.2 RESISTANCE TO WATER STRESS

The uptake of water by roots is closely linked to that of ions. The major mechanism is
evapotranspiration of leaves and shoots which creates a net flow of water and ions from
the soil solution to the roots.

As with most soil organisms, roots are very sensitive to water stress and have devel-
oped both short and medium-term mechanisms of coping with it.
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3.2.2.1 Short-term mechanisms

Under conditions of moderate water-stress, root elongation may initially be favoured
(Sharp and Davies, 1985) and root production is enhanced (Comeau and Kimmins, 1989).
In this situation, a continuous proliferation of roots into unexplored regions of the soil
profile may help to avoid the effect of rapid water depletion at the soil-root interface
(Newman, 1969). With persistent water stress, short-term resistance results from the
accumulation of amino acids (particularly proline) and soluble reducing sugars (e.g.,
sucrose, glucose) due to limitations in the allocation of translocated photosynthates to
growth and in the hydrolysis of starch. As a result, osmotic pressure is increased which
helps to prolong turgor and delays wilting (Vartanian, 1977). In roots of Sinapis alba
submitted to water stress, the total carbohydrate contents of the roots did not change
although the ratio soluble sugars:polysaccharides increased up to six times. Similar
observations have been made on Carex spp. (sedges) and Gossypium sp. (cotton) plants
(Hubac, 1978) although, after some time, the accumulation of soluble sugars and amino
acids may inhibit enzymatic activities and impede root recovery.

3.2.2.2 Medium-term mechanisms

When transpiration starts to decline due to water stress, some plants develop short
tuberous roots which neither grow in length nor produce root hairs. Cortical cells swell
and accumulate starch reserves. When moisture conditions again become favourable,
these roots extend rapidly and produce active root hairs (Sabatier and Vartanian, 1983;
Vartanian and Chauveau, 1986).

3.2.3 EXUDATION AND RHIZODEPOSITION

3.2.3.1 Definition

Part of the carbon fixed in the leaves as photosynthates and translocated to the roots via
the phloem is transferred to the soil as a mixture of soluble and insoluble substances,
together with sloughed cells, through the process of rhizodeposition. Rhizodeposition is
important because of the huge flux of carbon and nutrients involved (up to 10-25 % of
carbon fixed by photosynthesis and 30-40 % of the photosynthates translocated to the
roots). Through this process, a wide variety of chemical compounds is added to the soil
and this is of critical importance to the organisms close to the roots.

Rhizodeposition gives the soil-root interface its characteristically high metabolic
activity and roots are therefore the major regulators of biological activities and nutrient
cycling in their sphere of immediate influence, the ‘rhizosphere’ (see Chapter IV.3).
Several constituents may be distinguished (Rovira et al., 1979; Hale et al., 1981) fig III.25:
1. Exudates sensu stricto are water-soluble, low molecular weight compounds leached

from the roots without metabolic control by the plant;
2. Secretions include compounds of low molecular weight released by metabolic

processes;
3. Plant mucilages are insoluble organic compounds of four different origins:
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a) mucilage secreted by Golgi organelles in the root cap cells;
b) hydrolysates of the polysaccharides of the primary cell wall between the

epidermal cells of the primary wall and sloughed root cap cells;
c) mucilage secreted by epidermal cells and root hairs. The development of

a secondary wall of epidermal cells proximal to the root tip stops the production
of secretions and mucilages;

d) mucilage produced by bacterial degradation of dead epidermal cells;
4. Mucigel is the gelatinous material at the surface of roots grown in non-sterile soil.

It includes plant mucilages, bacterial cells and their metabolites, together with colloidal
mineral and organic matter from the soil;

5. Lysates and sloughed cells from the epidermis and cortex.

Hale et al. (1981) and Curl and Truelove (1986) also consider leakages as compounds
of low molecular weight which diffuse into the apoplast (cell walls) and, via the apoplast,
move to the root surface or leak directly from the epidermal or cortical cells. Leakages
include a number of volatile compounds that have a wider sphere of influence on soil
micro-organisms, beyond the immediate environs of the root surface.

The term exudates is often used to designate the mixture of exudates sensu stricto and
secretions because of the difficulty of identifying the origin of these products.

3.2.3.2 Sites and mechanisms of exudation

The meristematic region behind the root cap is an area of active exudation, although it
may also occur along the whole length of the roots of herbaceous species, including parts
covered with root hairs (Figure III.25). Two principal features of the exudation occurring
in the active, non-woody roots of herbaceous and woody plants are (Smith, 1970; Dart,
1971; Greaves and Derbyshire, 1972; Bowles and Northcote, 1974; Hale et al., 1981):
(i) An intense release of sloughed cells and mucilage from the apices of lateral roots;
(ii) A diffuse exudation of soluble compounds all along the root axis, with a maximum
occurring immediately behind the root tip (Pearson and Parkinson, 1961)

Exudation involves both passive leakage and active secretion processes. The photo-
synthates produced in leaves are translocated to the roots via the phloem by a ‘source-to-
sink’ effect. They accumulate in a soluble pool and are transformed into other compounds.
They may be leached out by passive diffusion (i.e., exudation sensu stricto) along a
concentration gradient from the root to the surrounding medium. A pool of soluble
compounds has to be formed in the root prior to any release into the soil. McDougall
(1970) observed that fixed        was translocated to roots as sucrose and that after 10 hours,
50 % of the sucrose had been transformed into other molecules (mainly other sugars and
amino acids); 33 % of the appeared as exudates after 24 hours.

Secretion implies the expenditure of metabolic energy to transport molecules across
cell membranes to the soil, occasionally against electrochemical or chemical potential
gradients. Morré et al. (1967) and Burke et al. (1974) have shown that the Golgi appa-
ratus of the outer root-cap cells of wheat and maize secretes polysaccharides which are
transported out of the cells and form viscous droplets at the root tips.
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Exfoliation of sloughed epidermal and cortical cells is part of the normal growth
processes. These cells have a life span of a few weeks (Holden, 1975) and after their
death, cell walls and cytoplasm mix with the root and microbial mucilages adhering to
the extremity of the root to form the mucigel.

3.2.3.3 Chemical composition of exudates (sensu lato)

General pattern
Root exudates are basically a mixture of carbohydrates (simple sugars and polysaccha-
rides), amino compounds, organic acids, nucleotides, flavones, enzymes and growth
factors (see, e.g., Smith, 1970; Rovira and Davey, 1974; Chaboud and Rougier, 1981;
Curl and Truelove, 1986) (Table III.9). The chemical diversity of exudates is compara-
ble to that of living cells since most cytoplasmic components have the capacity to
be leached. For example, Bowen and Theodorou (1973) identified 10 carbohydrates,
14 organic acids and 21 amino acids from the seedlings of ten forest species. Exudates
of seven species of cultivated plants (wheat, oats, maize, peas, lucerne, rice and peanut)
included 21 amino acids, 9 organic acids and 10 carbohydrates (Lespinat and Berlier,
1975). In both cases, significant differences among species were observed.
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Growth factors may be present together with a range of chemically-undefined substances
that possess demonstrated stimulatory effects on micro-organisms, including plant
pathogens and such parasites as nematodes. However, not all exudates are stimulatory in
nature as evidenced by the presence of hydrocyanic acid and saponins. No relationships
have been observed between total sugar content of root exudates and the degree of VA
mycorrhizal infection of annual plants (Azcon and Ocampo, 1984).

Allelochemicals (principally phenolic acids) have also been identified (see, e.g., Hoagland
and Williams, 1985; Pope et al., 1985). Ions are generally absent from exudates with
the exception of phosphorus which has been found in the exudates of wheat seedlings.
Volatile organic compounds may also be produced. Most compounds found in exudates
have low molecular weights and in axenic cultures of wheat, 98 % of exudates had
molecular weights below 25,000 Da and 90 % of that fraction was below 800. An important
proportion of these compounds is water soluble: 17-25 % for three-week old wheat plants
(Barber and Martin, 1976), ca. 30 % for maize (Zea mays) (Guckert and Balandreau,
1981) and 44 % for axenic cultures of oats (Avena saliva) (Trofymow et al., 1987).

Most exudates have a high C:N ratio (ca. 30) due to a predominance of polysaccharides
(80 %) and low protein content (1-5 %) (Lynch, 1982). As excreted into the soil, they
are mixed with substantial amounts of water and this is of great importance in relation
to the reaction of the rhizosphere communities.

Factors influencing the composition of exudates
The composition of exudates varies depending on the species, age of the plant and
general environmental conditions. Exudate production is sensitive to a variety of
external factors such as light intensity, temperature, aeration, nutrient availability and
soil characteristics (Lespinat et al., 1975). Defoliation, as with any adverse effect on
plant metabolism (pesticides, insect attacks), may also affect exudation.

Qualitative and quantitative variations
Seeds also produce exudates that differ from those produced by seedlings. Seedlings,
in turn, often produce quite different exudates than the unsuberised root-tips of mature
plants; exudates from the unsuberised root tips of mature sugar maple (Acer saccharum)
trees had less abundant and diversified carbohydrates than seedlings. Nonetheless, mature
trees produce more abundant and diversified amino acids than seedlings, and six times
greater amounts of organic acids (Smith, 1970). These results indicate the difficulties in
extrapolating results from seedlings to mature plants.

Lighting, through its control of photosynthesis, is logically a major factor in the amount
of root exudates produced and Rovira (1959) observed that shading significantly
modified the composition of tomato root exudates. Exudation from maize plants still
occurs during the night although certain pigments are only produced during light
periods (Richter et al., 1968).

Stress generally leads to increased exudate production (Lespinat et al., 1975).
Low temperatures (Vancura, 1967), high carbon dioxide concentrations in the
rhizosphere (Rittenhouse and Hale, 1971), nutrient deficiencies (Shay and Hale, 1973)
and the alternation of dry and moist periods have all been shown to increase exudation
(Vancura and Garcia, 1969). However, the response to progressive drying is not simple
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and exudation increases from potentials of 0 to -0.19 MPa, decreases between -0.19 and
-0.55 MPa and increases again below the latter figure. Finally, accidental defoliation
(Smith, 1972) also leads to increased exudation of specific compounds (i.e., fructose,
cystine, glutamine, lysine, phenylalanine and tyrosine).

Interactions with soil organisms are a particular feature of root exudation since plants
tend to produce more exudates in the presence of the soil microflora than under axenic
conditions. Heulin et al. (1987), e.g., have observed a 16 to 37 % increase of exudation
following the inoculation of axenic rice seedlings with strains of Azospirillum. The soil
microflora acts as a sink for root exudates and may stimulate production by up to 100 %
(Barber and Martin, 1976; Prikryl and Vancura, 1980). Thus, extrapolating results from
plants grown in axenic solutions to soil conditions may well be misleading.

Exudation decreases following attacks by parasites such as nematodes and by
pathogenic fungi (Jalali and Suryanaryana, 1971; Claudius and Mehrotra, 1973)

3.2.3.4 Quantitative estimates

The quantitative production of root exudates has been measured in a number of
situations. The variety of the methods used (plants grown in axenic nutritive solutions
or the tracking of -labelled photosynthates), the units employed (percentage of
biomass or percentage of photosynthates fixed by the leaves) and plant species
considered (trees or cultivated herbaceous plants) make comparisons difficult.

Overall, this work indicates that a large part of plant production, ca. 10 % of
net production and 33 % of the assimilates translocated to roots may be exuded into
the rhizosphere annually. This is an overall input of several Mg a vitally-
important flux of readily-assimilable resources for the soil organisms (Table III.10).

Insoluble mucilages and cell debris are the main constituents of exudates. Their pro-
duction has been estimated at 80 % of the total carbon released into the soil by wheat roots
(Guckert, 1985). Maize mucilage contains 94.4 % of polysaccharides, including 21.9 %
uronic acids and 3.6 % total protein (Guckert et al., 1975).

The production of sloughed cells is an important component of the release of organic
materials into soils since the functional life of cells from the root cap on the plant may
be as short as 22 to 33 hours (Clowes, 1976). For example, Griffin et al. (1976) have
calculated values of 1.5 mg dry root per week, i.e., 0.15 % of the root biomass for
groundnuts (Arachis hypogaea). In some cases, the production of cell debris may exceed
that of secretions (Holden, 1975; Martin, 1977).
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III.4 INVERTEBRATE COMMUNITIES

The biology and ecology of the major groups of soil invertebrates are also considered in
this chapter. Emphasis is given to the way in which these organisms adapt to the
constraints imposed by living in soil, the factors affecting their abundances and
distributions and the patterns of the community structures.

Soil invertebrates have been classified on the basis of size and water relations (see
Table III.l). They may also be classified in terms of the nutritional resources they use,
their microhabitats and possibly, related morphological and demographic characteristics.
Special attention is paid in this chapter to ecological classifications based on such criteria.
They are useful in that they permit preliminary evaluation of the assessment of the impact
of invertebrate communities without the need to consider each individual population.

4.1 MICROFAUNA

4.1.1 PROTOCTISTA (FORMERLY PROTOZOA)

4.1.1.1 General biology

Taxonomic classification
Soil protists belong to three phyla within the Kingdom Protoctista: Rhizopoda (or the
former Sarcodina) which include the naked Amoebae and the Testacea (amoebae protected
by a resistant test or outer covering), the Zoomastigina (formerly Mastigophora, or flagel-
lates) and the Ciliophora (or ciliates) (Dommergues and Mangenot, 1970) (Figure III.26).
The parasitic Apicomplexa (formerly the Sporozoa) also occur in soils as many infective
stages must pass through the soil (Stout et al., 1982).

For convenience, it is proposed to refer to the above soil dwelling Protoctista in
general as protists.

Microhabitat
Soil-dwelling protists occupy the pore space outside the microaggregates and their
growth rates have been reported to decrease when pore space has been reduced by
compaction (Coûteaux, 1985, Vargas and Hattori, 1986, Coûteaux et al., 1988). However,
this is not a general rule as those protists that possess fluid body forms such as the
pseudopods of the amoeba Acanthamoeba castellanii, may penetrate into micro-
aggregates to ingest bacteria colonising this microhabitat (Vargas and Hattori, 1986).

Size, metabolic rate and growth patterns
Soil protists are generally much smaller than those of aquatic habitats and have a size
range from a few micrometres to less than 100 micrometres. The larger species are
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restricted to the litter layers and the average size of individuals tends to decrease with
depth (Stout and Heal, 1967). Testacea tend to have simple and flattened tests with
a reduced pseudostome and a vestibule (Bonnet, 1975). Species living at the soil surface
tend to have the most flattened tests (Schönborn, 1968, Coûteaux, 1972).

The main factor limiting the size of protists is considered to be the pore-size
distribution (Stout and Heal, 1967). Pores must be water filled to allow the development
of protist trophozoïtes (active growing cells). In order that pores with an average diam-
eter of 30 µm remain filled, the matric potential must be around ca. -0.01 MPa (pF 2)
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(Darbyshire, 1976). Alabouvette et al. (1981) estimated that ca. -0.15 MPa (pF 3.2),
which corresponds to the filling of all pores of < 2 . is the theoretical lower limit for
water potential which allows protist activity. That is, small ciliates may swim freely in
the small micropores, and testate amoebae can immerse their pseudopods in the water
film covering solid particles.

Growth may be rapid, under favourable conditions generation time varies from two
to 48 hours for most species. The Testacea, however, have slower growth rates (of days
to weeks) and they always appear last in community successions after, respectively, flag-
ellates, naked amoebae and ciliates (Stout and Heal, 1967; Coûteaux and Ogden, 1988).

Feeding habits
Many flagellates are considered osmotrophic (Stout and Heal, 1967). However, most pro-
tists are mainly bacterial feeders and, of 258 species examined by Biczok (1965), 76 %
were at least partly bacteriophagous and 40 % could not use another food. Bacteriophages
are not generally considered to be specific in their diet (Coûteaux and Pussard, 1983).
They may however distinguish edible from inedible species, which are determined by the
presence of specific pigments (review in Stout and Heal, 1967). Under some circumstances,
the presence of edible bacteria has been reported to induce a rapid emergence from cysts
in certain protist populations (Kunicki-Goldfinger et al., 1967). Other food resources
may be used, either as an obligate food or as an alternative source of nutrition when
edible bacteria are exhausted. They include fungi, algae, yeasts, protists, small Metazoa
and also humic substances and cellulose (Lousier and Bamforth, 1990).

Water relations - Survival
Soil water potential is a major determinant of protist life. When the soil dries, the
osmotic potential in free water decreases and protists may cease activity if salinity
becomes too high. However, most tolerate salinities of up to 25-45 %o.

Protists are unable to move more than a few centimetres per day and may encyst when
conditions become unsuitable for their activity. True resistant cysts may withstand
extreme conditions of exposure to drought, temperature or acidity for many years.
Soil desiccation, increased salinity and the exhaustion of nutritive resources are
commonly considered as the main factors determining encystment. However, Coûteaux
et al. (1988), consider that cyst formation requires favourable nutritional conditions.
Following Singh (1941), Corliss and Esser (1974) and Coûteaux (1976) who found greater
numbers of cysts when feeding resources were not limited, they consider that encystment
starts as soon as cells have accumulated sufficient reserves. Conversely, where nutritional
resources are low, encystment is limited and many cells die if the soil dries out.

Community densities and biomasses
Most estimates of community density fall in the range 10 to 1000         individuals  and
biomass between 50 and 3000 mg   (Petersen and Luxton, 1982). Testate amoe-
bae are dominant in forest soils whereas naked amoebae replace them in cultivated soils.
Densities are highest in soils with elevated organic matter levels. Thus, amoebae may be
more numerous in woodlands with moder rather than mull-type humus (Volz, 1964).
This trend was confirmed by Schönborn (1982), although production was higher in
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mull than in moder. Amoebae also have high densities in tundra soils (450-900
individuals at Signy Island (Heal, 1965), and minimal densities in the equatorial dry
forests and savannas ofZaïre and savannas of Ivory Coast
(Coûteaux, 1978). There is some indication that protist abundance and diversity may be
greater in environments with relatively high levels of environmental stress.

Exceptions to this pattern are however known. Persson et al. (1980) presented data for
Swedish coniferous forests which clearly suggest that regional and local environmental
variability is at least as important as inter-regional differences in determining the
abundance of protist populations.

4.1.1.2 Community structure

Species richness
Protist communities of temperate and subantarctic communities may comprise
several tens of species in each of the three classes. Many species are cosmopolitan due
to the efficient dissemination of viable cysts and genetic stability (Stout and Heal, 1967).
Consequently, the overall world fauna is unlikely to be greater than a few hundred species.

In New Zealand soils, Stout and Heal (1967) reported species richnesses of 14 to 47
for rhizopods and 21 to 59 for ciliates, with values increasing from grasslands to forests
and subantarctic peats. In England, Stout observed an increase in testacean species from
calcareous mull to acid mor soils (10 to 20) while ciliates exhibited a reverse pattern
(35 to 21). In African savannas, at Lamto (Ivory Coast) 49 species of Testacea have been
found (Coûteaux, 1978) and comparable species richnesses (63) have been recorded in
a variety of forests and savannas in French Guyana (Coûteaux and Chardez, 1981).

Spatial distribution
Because of the nature of their feeding regimes and their water dependence, protists are
particularly concentrated in the upper organic horizons of soils. They are thus
generally more abundant in the litter layers than in the mineral horizons.

Generally, the spatial distribution of protists is similar to that of the micro-organisms
they feed on. This explains why they are such an important component of the rhizosphere;
populations may reach high densities and levels of activity while feeding on the abundant
microbial populations present (see e.g., Clarholm, 1985, Coûteaux et al., 1988).

Temporal distribution
In temperate soils, protist populations sometimes show clear seasonal patterns
of variation. Daily counts of populations in English cultivated soils revealed highest
population densities in autumn and lowest in summer (Cutler et al., 1922). Similar patterns
have been reported by other authors for temperate soils (Stout and Heal, 1967). Short-term
variation in population numbers is of similar amplitude to that occurring at seasonal scales.
In a pot experiment with a dry arable soil, Clarholm (1981) induced a sudden increase
of bacterial biomass by watering. Populations of bacterial-feeding naked amoebae had
peak biomasses 2 to 3 days after those of the bacteria, and their population density was
increased 30-fold (Figure III.27).
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As illustrated above, any sudden change in soil conditions which induces a burst of
microbial activity will affect protists, after a time lag of a few days. Among the events
which may trigger a burst of bacterial development, and subsequent protist abundance are
watering of a dry soil, rhizosphere activity (especially close to root-tips) and activation
of microflora due to invertebrate activity, particularly that of earthworms.

4.1.2 NEMATODES

4.1.2.1 General Biology

Nematodes are filiform, acoelomate Metazoa, with neither circulatory nor respiratory
systems, although they have a complete digestive apparatus. In soil environments, they
may be free-living in soil water films, or phytoparasitic and live at the surface or within
living roots.

Free-living, soil-inhabiting species are small (0.15 to 5 mm long and 2 to 100 µm wide
with individual weights of 20-60 ng) with the exception of the Mermithidae, a group of
giant nematodes up to 20 cm long which are a constant component of some humid
tropical soil communities (Goodey, 1963). They are hydrobionts and live in the water which
fills soil capillaries and covers roots and solid particles, or within plants as parasites.

Respiration occurs by simple oxygen diffusion through the cuticle, which is permeable
to water. Respiratory rate is high (ca, 100 ml f wt according to Nielsen, 1949).
A general relationship between respiration rate (R) and individual weight (m) is given by
theformula (Klekowski et al., 1972). Respiratory rates of phytoparasitic
nematodes decrease sharply when they are deprived of food (Reversal, 1981a).
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Reproduction is either amphimictic or parthenogenetic. Nematodes produce eggs and
most larvae reach the adult stage in ca. 20 days (5 to 50), after four stages separated by
moulting of the cuticle (Kühnelt, 1961). However, significant differences occur between
free-living nematodes which become adult in ca. eight days, and phytoparasitic species
which have much longer cycles of ca. 30 days. The length of the development period
may be significantly influenced by temperature conditions (Norton, 1978).

Nematodes progress by undulatory movements and crawl in thin films or swim in
thicker ones. Unable to move soil particles, they are restricted to pores and capillaries of
a diameter larger than their own. The presence of solid particles may be essential to their
growth although they can sometimes be bred in agar or liquid media (Cheng et al., 1979).

Basically, all nematodes feed on living protoplasm, including the cell contents of
plants, bacteria, microscropic algae, protists, small Metazoa or plant sap. Their simple
digestive systems do not permit assimilation of decomposing material that is not readily
assimilable. They often have chitinous stylets, spears or buccal armatures that they use to
pierce living cells; cell contents are ingested by a muscular pharynx, which acts as a pump
(Figure III.28).
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bacteria and the amount of N turned over in the range of 20-130 kg (review by
Coleman et al., 1984a).

Resistance to water-stress
When the soil starts to dry, nematodes may initially migrate. Since they have a limited
capacity for movement, they are unable to avoid desiccation and part of their population
will die. For example, nematodes were virtually eliminated from a fallow soil dried
out to < -6.0 MPa (pF 5.5) (Simons, 1973). However, in most cases, a proportion of
the population will survive since nematodes, as all soil hydrobionts, have developed
a considerable resistance to desiccation (Demeure and Freckman, 1981).

Resistance varies among species and, within populations, among the successive
stages. In some cases, eggs have an unexpectedly low resistance. Adults generally
tolerate desiccation better than juveniles; in a 22 week experiment with alternating dry
and moist periods, 84 % of adults, but only 24 % of juvenile Helicotylenchus sp. sur-
vived. With Tylenchorynchus sp., survival rates dropped to, respectively, 25 and 16 %, and
10 and 0 % with Paratylenchus sp. (Simons, 1973). On the other hand, juveniles of the
phytoparasite Meloidogyne javanica resist starvation better than the adults. In a laboratory
experiment, starved juveniles consumed their body food reserves 7.5 times more slowly
than adults and their motility and infectivity remained unchanged during the 10 weeks
of the experiment (Reversat, 1981b).

In the first stages of desiccation, nematodes may cease activity and coil, thus limiting
subsequent water losses (Demeure et al., 1979). Further resistance is obtained by
anhydrobiosis, encystment or protection in galls, i.e., specific tissues elaborated by
plants in response to the infection. In the genus Heterodera cysts are the bodies of dead
females whose cuticle has been tanned to form a resistant sac containing the eggs.

Ecological categories
Ecological classifications of nematodes are based on their feeding regimes and they are
divided into the following five categories (Banage, 1966; Wasilewska, 1971): phytophages,
bacterivores, fungivores, predators, and miscellaneous feeders.

Movements and dissemination
Most nematode genera, and even species, have cosmopolitan distributions which indicates
a capacity to live in diverse environments and high vagility. For example, Maggenti
(1961) records Plectus parietinus from Hawaii, continental USA, Antarctica, Australia,
Canada, England, Ireland and the Netherlands.

Cysts and active nematodes are disseminated by wind and circulating waters. At the
scale of a soil profile, nematodes may be attracted by decomposing organic residues
(Griffiths and Caul, 1993), roots (Prot, 1980) and bacteria (Andrew and Nicholas, 1976).
This attraction is mediated by specific chemicals such as ammonium, unidentified
components in root exudates, heat and light (Bilgrami et al., 1985 and diverse authors
quoted by Yeates, 1981). Another efficient medium-scale dissemination process is transport

Bacterial feeders may ingest up to 5000 cells or 6.5 times their own weight
per day. Forty to 60 % of cells are assimilated which results in a growth efficiency of
4-13 % of the consumed material. Overall consumption may be as much as 800 kg
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on growing root-tips. Selective reproduction in suitable environments is an additional
mechanism which favours the colonisation of soils (review by Yeates, 1981).

Density and biomass of populations
Nematodes have a remarkable ability to resist environmental stress. As a result, certain
community parameters, e.g., species diversity, density and biomass tend to increase along
a gradient of increasing environmental stress. This trend slows and later reverses in envi-
ronments with particularly high stress levels (Procter, 1990).

Most estimates of nematode populations are in the range of individuals
with a corresponding fresh biomass of 1-10 g (Sohlenius, 1980; Petersen and Luxton,
1982). Densities up to 30-50 ind.  have been recorded in such different environ-
ments as temperate grassland in France (Ricou, 1978), a meadow-steppe in Russia
(Ghilarov and Chernov, 1974) and an oak-ash forest with a mull-type soil in Gemany
(Volz, 1951).

Relatively high densities have been recorded in such extreme environments as

North of Siberia In sub-desertic areas of the USA (1.2 in Nevada) and
USSR (1.1 to 6 ) intermediate values have been reported (Chernov, 1975;
Freckman et al., 1975; Procter, 1977; Ryan, 1977).

Population densities less than ind. have only been recorded in desert soils
(Steinberger et al., 1988), extreme tundra soils (Point Barrow, Alaska) and some tropical
forests of Puerto Rico, Kenya and Uganda (Coleman, 1970; Kitazawa, 1971). In the
latter case however, the method used (centrifugation-flotation) is suspected to have given
underestimates and the densities of 1.5-1.9 reported for tropical forests of the
Congo Basin using classical methods (modified Baerman technique) (Maldague, 1961)
are considered more representative of that type of ecosystem (Petersen and Luxton,
1982). In New Caledonian tropical forests with ultrabasic soils, Yeates (1991) reported
densities of 95,000 to 265,000 and suggested that nematode populations in tropical
forests typically occur at the scale of hundreds of thousands compared with the
several millions found in temperate deciduous forests and coniferous forests. In the
tropical montane grasslands of Montagne Pelée (Martinique), Cadet and Van den Berg
(1992) reported population densities of 1.8

The main variables influencing abundance are the soil hydrological regimes and
the relative accumulation of organic matter on the surface. Populations are more
numerous in ‘mesic’ than wet soils with the lowest densities being found in ‘dry’ soils.
Abundances, and particularly biomasses, are greater in grasslands than in forests (due
to an increase of phytoparasitic populations), and in mineral mull-type soils than in
moders or acid mors with large surficial accumulations of organic matter (Petersen
and Luxton, 1982).

Finally, in grasslands in the USA, Yeates and Coleman (1982) observed positive
correlations between the abundance of nematodes and root biomass and above-ground
production. Such a relationship appears to be general in grasslands whereas, in forest
soils, contrasting observations, have been made.

the high arctic tundra at Devon Island and the Tajmyr Peninsula in the
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4.1.2.2 Community Structure

Species Richness
Nematode communities may comprise up to 70-100 species in such different ecosystems
as an English pastures (71), a Danish beech-wood (75), a prairie site in Dakota (80) a
Slovakian mixed deciduous forest (92) or wheat-soybean fields in Tennessee (100) (as
reviewed by Petersen and Luxton, 1982 and Bernard, 1992). An absolute maximum of
431 species has been recorded in a tropical forest in Cameroon (Bloemers et al., 1997),
Intermediate richnesses of 30-40 species have been recorded in temperate forests (Arpin
et al., 1986) and minima of 1-16 species are found in tundra soils (Signy Island) (Petersen
and Luxton, 1982).

Functional structure: interbiome comparison
The distribution of trophic groups within nematode populations (i.e., the functional
structure) has been assessed in a variety of environments including tundra, moorlands
and derived grasslands, temperate coniferous, deciduous and mixed forests. There is no
clear pattern of variation in functional structure between these biomes as variations
across biomes and between sites are often less marked than intra-site variation (see, e.g.,
Schmitt and Norton, 1972). Some trends, however, may be derived from the existing data:

bacterial feeding populations generally represent 30 to 50 % of the total community
(range 12.9 to 72 %) with higher proportions in coniferous forests and crops (ca,
50 %) than in grasslands and deciduous forests (30-40 %);
fungus-feeding nematodes commonly comprise 20-30 % of total density (range 3.1
to 50 %) with maximum abundances in forests. This may reflect the composition
of microbial communities with, typically, a dominance of bacteria in many grass-
lands and crops; in forests, especially with mor or moder-type humus, fungus-
feeders are more abundant (Arpin et al., 1986), commensurate with the fungal
dominance common in microbial communities in those environments.
root-feeding parasitic nematodes are of little importance in forest soils (range 0 to 14
%), but represent 25-40 % on average of grassland communities and up to 83 % in
moorlands. In crops, they comprise 17-33 % of the populations;
predators comprise a few percent of the community; they are nearly absent from
moorlands and coniferous forests; highest values (10 %) have been noted in a
short-grass prairie in Colorado (USA);
miscellaneous feeders have abundances of ca. 5-25 % with no clear interbiome
differences.

Nematode communities vary at a local scale with changes in the vegetation type, with
drainage and earthworm activities (Dash et al., 1980; Yeates, 1981) probably through
their effects on available food resources, bacteria, fungi, algae and fine roots. Tillage also
affects nematode abundance and community trophic structure. In a rye (Secale cereale)
field in Georgia (USA), the mean populations of bacterivorous, fungivorous and total
nematodes were greater in a conventional tillage system; in the summer, plant parasitic
and fungivorous nematodes were more abundant in the no-tillage system (Parmerlee and
Alston, 1986).
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Spatial distribution
At a mesoscale level of approach, that of an experimental plot, the horizontal distribution
of nematode populations is very uneven. At sites in nine prairies in Iowa, Schmitt and
Norton (1972) found more heterogeneity within than between sites. In a soy-bean field
in Michigan, Robertson and Freckman (in Roberston, 1994) found nematodes to be
distributed in large patches ca. 200 m in diameter with population density variations
spanning two orders of magnitude. In tundra soils, nematode communities reflect the
mosaic of microsites with densities a hundred times greater in grass stands than in bare
soil (Kuzmin, 1976). Similar differences have also been reported for soil within and
between rows in cultivated soils (Ferris and McHenry, 1976) and in a sugarcane field in
Martinique (Rossi et al., 1996, Figure III.29).

Such factors as total-C, assimilable P, pH, Ca, aeration and moisture may influence
the micro-distribution of nematodes (Yeates, 1981). Interactions with other organisms,
especially roots (which attract them) or earthworms (whose activities depress nematode
populations) also modify distribution patterns (Yeates, 1981). In consequence, the distri-
bution of phytoparasitic nematodes in cultivated fields largely reflects that of the plants
(Francl, 1986).

Vertical distribution
Nematode populations are generally concentrated in the upper 5 to 10 cm of soil
although they may also occur at depths of 50 cm and more (Sohlenius and Sandor, 1987).
Their distribution follows those of site organic resources and thus forest communities
have more superficial patterns of vertical distribution than grassland communities (see,
e.g., Yeates and Coleman, 1982; Hota et al., 1988). Vertical migration is limited, with
most movement being due to transport on growing root-tips (Yeates, 1981). Significant
differences exist between populations of different species and ecological categories
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(Sohlenius and Sandor, 1987)

Temporal variation
Samples taken at monthly intervals generally show some degree of seasonal variation
with different patterns emerging with changes in climate, vegetation (Arpin, 1983) and
with the trophic group under consideration (Seastedt et al., 1987). Large inter-annual
variation has also been observed (see, e.g., Arpin et al., 1985).

In a Brachiaria humidicola tropical grassland, Smith and Wallace (1976) found
centres of permanently high and low populations of Helicotylenchus dihystera which had
similar patterns of seasonal variation, but which fluctuated asynchronously at shorter
scales of time. Short term fluctuations may be expected to be frequent and intense since
the generation times of nematodes vary from 5 to 50 days. Further, in desert soils, Freckman
and Womersley (1983) have observed that anhydrobiotic microbivorous nematodes
may resume activity 15 minutes after rainfall has started and lay eggs immediately.

The species composition of nematode communities may also change with time.
In sugarcane plantations in the Côte d’Ivoire, Cadet and Debouzie (1990) showed that
population changes appear to depend more on changes of the environment (soil
microclimate, plant activity) than on interspecific interactions.

Nematode communities are highly sensitive to environmental change. The addition
of nitrogenous fertilisers results in decreases of the density of predaceous and
omnivorous nematodes whereas bacterivorous and phytoparasitic populations increase
(Wasilewska, 1989).

4.2 Mesofauna

MICROARTHROPODS

Microarthropods are constant inhabitants of leaf liner and soil interstices that, as a group,
function mainly as epigeic decomposers. Apterygote Collembola and Acari are generally
dominant by far, both numerically and in terms of biomass. However, other Apterygota
(Protura, Diplura and Thysanura), Micromyriapoda (Symphyla, Pauropoda and
Polyxenidae) or small Diptera larvae and Coleoptera may be locally important.
All respond, although differentially, to the dry funnel (‘Berlèse’) extraction technique.

4.2.1 COLLEMBOLA

4.2.1.1 General Biology

The Collembola or springtails, are a very diverse taxon with 21 families and twenty
thousand currently-described species. However, the total number of existing species is
expected to be close to 300,000 (Schaller, 1970; Massoud, 1976). They are apterous
hexapods close to the true insects, small and elongate with a characteristic saltatory
organ that, when fully developed as in surface-dwelling species, allows rapid jumping
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movements (Figure III.30). A further typical structure is the ventral tube whose many
functions include sensing the moisture status of the substrate, absorbing liquids, ions and
gases and attachment to the substrate (Sedlag, 1951). Their body lengths range from
a few tenths of a mm to 1 or 2 cm with individual biomasses of 1-20 µg dry weight
(ca. 3-60 µg fresh weight).

They live in the litter or in the pore space of the upper 10 to 15 cm of soil and are
saprophagous, feeding mainly on fungi, bacteria or algae growing on decomposing plant
litter (Christiansen, 1964; Anderson and Healey, 1972; Kilbertus and Vannier, 1979,
1981; Ponge, 1991). There is, however, considerable variation between species, especially
between litter and soil dwellers. Saur and Ponge (1988) showed that the soil dwelling
Paratullbergia callipygos ingests a substantial amount of soil (47.6 %) and can digest
cellulose as well as starch, tannins, fungal cytoplasm and chitin. Zinkler (1983) presented
evidence of digestion of hemicellulose by Collembola although it was assumed that it
may have been due to the activity of micro-organisms in the gut rather than the activity of
the animals’ own enzymes. Consumption and assimilation by such litter-feeding species as
Onychiurus zschokkei increases on the soil surface (Sadaka and Poinsot Balaguer, 1987)
due to a decreasing concentration of polyphenols and an increase in nitrogen
concentration of food resources.

Growth is continuous with 4 to 50 stadia, according to species (Hale, 1965a, b). Large
species generally have more stadia; nonetheless, for a given size, species with tracheae
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have fewer stadia than others. Development through the reproductive instars generally
takes 40 to 400 days and moulting is continuous throughout life (Massoud, 1971).

Reproduction may be parthenogenetic or bisexual. In the latter case, copulation does
not take place; males deposit spermatophores and females fertilise themselves by rubbing
their genital aperture with these spermatophores. A number of different behaviours may
facilitate this process, e.g., primitive or specialised courtships and the production of
pheromones (Schaller, 1953; Betsch-Pinot, 1977; Blanquaert and Mertens, 1977) although
Petersen (1980) considers this system to be inefficient. Parthenogenesis is more frequent
in species living in the soil interstices than in litter dwellers. This situation may have
been selected to obviate the problems faced by females in locating spermatophores in the
restricted environment of the soil pore space. Each female may lay 100 to 600 eggs
during her adult life time, which rarely exceeds one year.

Resistance to desiccation and low temperatures has been developed in some species.
Isotoma saltans is a common inhabitant of the surface of alpine glaciers and Anurophorus
subpolaris has been reported to survive temperatures of -50 °C in Antarctica (Wise, 1965;
Block, 1983). The physiological state of the individuals concerned partly determines
their ability to tolerate low temperatures (Vernon and Vannier, 1990).

A few cases of anhydrobiosis have been reported in Collembola (Poinsot, 1968).
Desiccation tolerance is generally limited to a metric potential of -5.0 MPa (pF 4.7)
(Vannier, 1970), although it varies greatly among species (Verhoef and van Selm, 1983).
The amount of water lost before activity ceased varied from 16.2 to 33.8 % of body
fresh weight in six liner-dwelling species from woodlands in the Netherlands (Vegter and
Huyer-Brugman, 1983). Vannier (1978) defined three types of transpiration regime
depending on the efficiency of body water control. Hydrophilic species exert no control,
mesophilic a limited control and xerophilic a strong control. Again this pattern separates
soil-dwelling from the liner-dwelling species which have a much greater drought
resistance (Figure III.31). Tolerance may change during life as juveniles are usually
much less desiccation tolerant than older animals (Betsch and Vannier, 1977).
In Allacma fusca, the difference was due to the absence of tracheae in the early stadia.
In some species, populations persist because of the survival of eggs whose drought
tolerance is greater than that of adults (Wallace, 1968).
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Ecological categories
Different life-forms (‘Lebensformen’) were recognised early by Gisin (1943) on the basis
of morphological characters while Petersen (1980) and Vannier (1978) have supple-
mented these with ecological and physiological characters. Three main groups may be
distinguished: epigeic, hemiedaphic and euedaphic (Table III. 11).

Epiedaphic Collembola (i.e., living in the ‘Atmobios’) live on the plant surfaces and
in the upper litter (L) layer. They are generally large species with long legs, antennae and
furcae; the eyes have numerous ommatidia and they have a dark pigmentation. Because
they live in an unpredictable environment, these species have developed a resistance to
desiccation. These Collembola use high quality nutritional resources which allow them
to sustain a high metabolic rate when changing conditions require increased locomotory
activity. In consequence, they have definite seasonal patterns of activity and reproduc-
tion and their demographic profiles are often of the ‘r’ type.

Euedaphic species are adapted to life in the pore space of the H and A horizons where
movement is limited and food is of relatively low quality, although environmental
conditions are more stable. These species are small and unpigmented and their
appendices and ocelli are reduced. Their demographic profiles appear to be of the ‘K’ type.

The relationships between demographic strategy and ecological categories of
Collembola are still unclear. Certain epigeic species have a high mortality rate due to



individuals (Petersen and Luxton, 1982) with most data falling in the range 10,000-
100,000. There is a strong thermo-latitudinal effect, with low values in colder tundra
sites (Devon Island, Canada) but maximum values in cold temperate grasslands (670,000
in an ornithogenic soil of Signy Island) and cold temperate forests (145-244,000 in
a Norwegian spruce forest). Densities in temperate forests range from 40,000 to 70,000.
In tropical forests, abundances may vary from a few thousands (Betsch and Betsch-Pinot,
1983) to 20,000-80,000 depending on soil type and drainage conditions. Tropical savannas
have significantly lower abundances (1100 to 3500 at Lamto, Ivory Coast)
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active predation and epidemics (e.g., Parisotoma notabilis); as a result, they are highly
fecund. Others, e.g., Orchesella spp. escape more readily from predators and have a
lower oviposition rate. In the soil, Collembola may be better protected against predators
although some specialised predators (e.g., Chilopoda, Geophilidae) have developed
adaptations for moving within the pore space. As soil-dwelling Collembola
cannot readily escape predators, some species have developed mechanisms for reducing
predation, e.g., the production of toxic secretions in the subfamily Onychiurinae.

Density and biomass of communities
As is normal in studies of microarthropods, Collembola are generally extracted by the
dry funnel technique, or an improved variant of this apparatus such as the ‘high gradient’
canister extractor (Macfadyen, 1961). Extraction is never complete due to the variable
reactions of different species and stages to the extraction stimuli. The efficiency of
extraction may be as high as 85-89 % when using the best techniques (Marshall, 1972);
extraction using simple dry funnel methods may be 2 to 10 times lower than with
high gradient designs (Macfadyen, 1961). A further source of error may arise from an
inefficient separation and counting of the extracted material.

Population densities reported from more than 200 sites varied from 100 to 670,000

and finally, a site in an American desert had the lowest densities (100 in a Californian
desert) (Figure III.32).
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In most areas, no significant differences in abundance have been observed between
wooded and non-wooded areas. This may be explained by the feeding habits of
Collembola: they do not directly feed on litter, but rather on the soil microflora which is
of comparable abundance in pastures, crops and forest soils. The effects of land manage-
ment are not yet clearly understood. In southern Sweden, Lagerlöf and Andrén (1991)
found densities of 12,430 to 30,410 ind. in four arable crops (fertilised and
unfertilised barley (Hordeum sp.), grass and lucerne (Medicago sativa) leys) while Persson
and Lohm (1977) recorded much higher values (66,000 ind. in summer, 194,500 in
winter) in a grassland soil. Low soil water potentials may also limit populations.

Biomass generally varies from 80 to 200 mg dry weight (i.e., 240-600 mg fresh wt).
The highest values have been recorded in cold temperate ecosystems, notably forests,
where individual mean weights are high. In tropical forests individuals are small and
biomass may be as low as 10-20 mg

4.2.1.2 Community structure

Species structure
The species richness (a diversity) at single sites may be as high as 60 to 80 species in
temperate deciduous forests although large variations occur among environments, with
a clear thermo-latitudinal effect (Petersen and Luxton, 1982). Tundraenvironments have
low species richnesses with 1-3 species at Signy Island (Antarctica), 7-13 at Devon Island
(Canada), and larger numbers at Barrow (Alaska): 20, Moor House (England): 13-25 and
Hardangervida (Norway): 21-29. In temperate deciduous forests, species richness is in
the range 27-60. In a mixed forest near Paris, 27 species were found over an annual
cycle; nonetheless, only 12 to 19 species were collected at each sampling time (Massoud
et al., 1984). A maximum of 85 species has been recorded across a range of biotopes
(ß diversity) in mixed forest at Senart in France (Ponge, 1980). In temperate grasslands,
communities may comprise 16-32 species, comparable to the arable land sampled in
Southern Sweden (32 species in cropped plots at Spiboke, Lagerlöf and Andrén, 1991).
No complete list of species seems to be available for tropical environments.

An elevated species richness has also been noted in a number of other soil arthropods
and has been discussed by several authors (see discussion in Section III.4.4.2). High levels
of predation on litter arthropods (up to 70 % mortality in adults, Ernsting and Joose,
1974) and a high mortality due to environmental factors maintain populations at low
densities, with limited, if any, competition (Ponge in Vannier, 1985; Persson, 1980).

Spatial distribution
Collembolan populations are largely confined to the surface holorganic horizons (Petersen
and Luxton, 1982). This illustrates the general function of Collembola as epigeic decom-
posers and, in many sites, 75 to 99 % of the population is concentrated in the upper 2.5 cm.
However, in such ecosystems as the boreal coniferous forest (McLean in Petersen and
Luxton, 1982) or moist African savanna (Athias, 1975), there may also be a significant
proportion of euedaphicpopulations living below 10 cm depth, down to maximum depths
of 30 or 40 cm. Persson and Lohm (1977) have also observed seasonal variation in
vertical distribution with a marked migration to depth taking place in winter (Figure III.33).
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In woodlands in Alberta (Canada), Hassall et al. (1986) have related vertical migra-
tions in populations of Onychiurus subtenuis to moisture conditions in the litter layers.
Populations that were concentrated in the deeper litter horizons during dry periods
returned to the surface liner layers within a few hours after summer rain storms and
remained there until the litter dried out again. These movements were instigated by
the development of populations of highly palatable micro-organisms in the surface
litter, including yeasts and the fungus Cladiosporum.

The horizontal distribution of Collembola is often highly aggregated at small spatial
scales, as some species may form colonies of 8 to 30 cm diameter (Kühnelt, 1961).
There is some evidence that this aggregation may be caused by the production of chemical
signals (pheromones) which attract the animals to the most suitable micro-environments
(Joose, 1970; Verhoef and Nagelkenke, 1977). At a meso-scale, local variation in litter
abundance and quality and/or microclimate may affect population distribution. Where
cushion-like vegetation forms or tussocks occur (see e.g., Stanton and Tepedino, 1977;
Garay, 1981b; Athias, 1976), Collembola generally accumulate in these structures. At a
regional scale such factors as land use practices (see, e.g., Massot and Cancela da Fonseca,
1986; Lagerlöf, 1987), humus type (Ponge, 1983) and local differences in soil moisture
status, depth, light and soil type (Ponge, 1980) influence the abundance and composition
of collembolan communities.

Seasonal variation
Seasonal variation has been observed on many occasions and in Swedish grasslands at
Spiboke, density was at a maximum in winter and a minimum in summer
(65,800) (Persson and Lohm, 1977). However, most euedaphic and hemiedaphic species
may reproduce during any favourable period throughout the year. Consequently, in soils
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where these groups are dominant (e.g., the arable land studied by Lagerlöf, 1987 or
the moist African savannas of Lamto, Ivory Coast (Athias, 1976), abundance may be
highly variable with rapid week-to-week variation and a slight but clear seasonal pattern.

Successions
Collembola are clear indicators of ecosystem change in successional situations because
of their large specific and functional diversity (see, e.g., Huhta et al., 1969; Bonnet et al.,
1976; Betsch and Betsch-Pinot, 1983). Recolonisation may be rapid although euedaph-
ic species tend to recolonise more slowly than epiedaphic species (Dunger, 1975).
Recolonisation of reclaimed areas does not appear to proceed evenly; population
aggregates appear at the edges of the colonised area and further split into other such
aggregates which progressively invade the area (Petersen, 1995).

4.2.2 ACARI

4.2.2.1 General Biology

Acari are small Arachnida with an unsegmented posterior parts and, except in the
Prostigmata, no constriction between the anterior and posterior part of the body. The Acari
are subdivided into five main sub-orders based on the location of their stigmata or
respiratory organs: Mesostigmata (= Gamasida), Prostigmata (= Actinedida), Astigmata
(= Acaridida), Cryptostigmata (= Oribatida) and the parasitic Metastigmata (= Ixodida).
In all, they comprise 1200 families and probably as many as 500,000 species of which
many are soil and litter inhabitants. They have chelicerae, primitively forceps-shaped
although in some predatory groups, they have been transformed into claws, cogged tips
(Prostigmata Trombidiforma) or harpoons (Metastigmata) (Kethley, 1990; Krantz and
Ainscough, 1990; Norton, 1990; Philips, 1990) (Figure III.34).

Their morphology is highly variable. Predators generally have long legs and elongated
bodies whereas saprophages are frequently globular with a thick chitinous carapace; some
species have lateral extensions that can close hermetically over the legs, as in the family
Phthiracaridae (Cryptostigmata). Some species have ommatidia (1-5) and all have a variety of
sensory organs whose functions are still poorly understood (Bachelier, 1978). Excluding the
parasitic Metastigmata, their sizes range from 0.1-0.2 mm to 1.5-2 mm and fresh body weight
from 0.25 to 300 µg (Petersen and Luxton, 1982) equivalent to 0.1-120 µg in dry weight

As with most mesofauna, soil-dwelling Acari are chiefly epigeic and live in the
leaf-litter and the pore space of the upper 10-15 cm of soil. They have highly diverse
feeding habits and exploit all the resources available in litter and soil using a wide
range of ecological strategies (Vannier, 1985). Three major groups may be distinguished
(Luxton, 1972):
(i) macrophytophages, that mainly occur in the Cryptostigmata and Mesostigmata
Uropodida and which feed on leaf litter;
(ii) microphytophages which feed on bacteria, fungi and algae and may be found in
all the major taxonomic groupings;
(iii) predators, e.g., Mesostigmata or Prostigmata, which feed on small
invertebrates, mainly microarthropods and Enchytraeidae. A number of species prey
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on vertebrates (including man) during the immature stages; some transmit various
pathogens and are thus of public health importance.

A number of species, however, have mixed feeding habits some, as in the Astigmata,
are panphytophagous (both micro- and macrophytophages), others (e.g., some Prostigmata
seem to be able to feed on plant roots and certain species of this order are parasitic on
the leaves of higher plants) are microphytophagous and predatory. Anderson (1975)
found that a simple trophic classification of mites was inadequate because of marked sea-
sonal changes in the feeding habits. Nonetheless, gut content analysis of Cryptostigmata
carried out over a twenty-month period showed a relationship between size and feeding
regime (Anderson, 1977). The largest species, Phthiracarus sp. and Steganacarus magnus
which, respectively, measured 0.8 and 1.0 mm, tended to feed mainly on leaf litter. As
body size decreases, the proportion of fungal material ingested increases, Eniochthonius
minutissimus (0.55 mm), for example, has a purely mycophagous regime. The smallest
species tend to ingest large amounts of amorphous material; Oppia sp., the smallest one
(0.25 mm), ingests small amounts of fungal and no higher plant material (Figure III.35).
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Litter assimilation by saprophages is of low efficiency. It was estimated at ca. 25 %
for a community of cryptostigmatid mites in an old field and only 5 % of the assimilat-
ed energy was allocated to production. Estimations of assimilation made by a number of
authors are in the range 24-52 % and the percentage allocated to production in the range
3-28 % (see review by Luxton, 1982).

Post-embryonic development may last for several months. The parasitic Mesostigmata
have only two immature stages, a hexapod larva and a quadriped nymph before moulting
to the adult form. Acari of the three other non-parasitic groups pass through six develop-
ment stages, i.e., prelarva, hexapod larva, protonymph, deutonymph, tritonymph and adult.
Pupation occurs between the larval and nymphal stages and again between nymphal and
adult stage. As a result, inactive forms may be relatively common in acarine populations:
Cryptostigmata, e.g., may spend nearly 30 % of the annual cycle in moulting or resting
stages (Luxton, 1982). Most Cryptostigmata have one generation per year. Nevertheless,
larger species, or those from boreal and arctic environments may take 2-3 years to com-
plete their life cycles (Luxton, 1972; Mitchell, 1977). Similar figures are reported for
Mesostigmata Uropodida (Athias-Binche, 1985).

Reproduction is generally bisexual but certain species may be parthenogenetic (e.g.,
Oliver, 1971; Athias-Binche, 1985); as in the Collembola, males deposit spermatophores
and females fertilise themselves. Cryptostigmata females lay only 1 to 6 eggs on
average (maximum 16 or more) which hatch from 1 to 6 weeks later, depending on
temperature. In other groups, e.g., Prostigmata, the number of eggs produced varies
between 10 to 100, depending on the family and species involved (Kethley, 1990).

Resistance of Acari to water and temperature stress appears to be greater than that
of the Collembola. Cryptostigmata can withstand desiccation up -6.0 MPa (pF 5) before
moving to wetter areas (Vannier, 1970). As a consequence and in contrast to most soil
invertebrates, their population densities may be highest during the dry and hot seasons.
This is the case, e.g., in the savannas of Lamto (Côte d’Ivoire) where maximum
densities were observed at water potentials equivalent to -1.6 to -5.0 MPa (pF 4.2-4.7) and
soil temperatures of 33-42 °C (Athias, 1976). In tundra soils at Point Barrow (Alaska), an
inverse correlation is observed between the density of Acari and soil moisture in certain
habitats (McLean, 1975). They are regularly found in such extreme environments as littoral
sands of the Mediterranean basin and in the fine sand dunes of the Namib desert (Coineau
and Seely, 1983). Application of water to a dry soil of the Chihuahuan desert in New Mexico
did not significantly increase their density (Kamill et al., 1985).

Acari also exhibit remarkable resistance to low temperatures which allows them to
colonise polar regions and they are the macroscopic organisms with the most southerly
populations. Wise and Gressitt (1965) reported the prostigmatid mite Nanorchestes
antarcticus to be the most southerly terrestrial animal species. Alaskozetes antarcticus
and Cryptopygus antarcticus, two species from Signy island (Antarctica) had supercooling
points of -25 to -30 °C (Block et al., 1978). Resistance to low temperatures was greatest
in starved individuals and nymphs were more resistant than adults.

Ecological categories
In most ecological studies, Acari are simply divided into the four suborders Cryptostigmata,
Astigmata, Mesostigmata and Prostigmata which exhibit some homogeneity in their
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general ecology (Table III.12). The Metastigmata which are parasitic on vertebrates are
excluded from this discussion.

However, the ecological classification used for Collembola (into epi-, hemi- and euedaph-
ic) may also be used for the Acari (see, e.g., Wallwork, 1967; Cancela da Fonseca, 1987).
The mean size of individuals tends to decrease with depth as the mean pore size diameter
becomes a limiting factor. Epiedaphic Acari tolerate desiccation better than hemi- and
euedaphic forms.

Each of these categories may be further divided into hygrophilous, mesophilous and
xerophilous. This concept of life forms is much more difficult to apply to Acari than
to Collembola. This is because most Acari would be classified as hemiedaphic and,
as such, face rather limited environmental constraints on their morphology.

A classification of Acari among 12 life history groupings has been proposed by
Siepel (1994). It is mainly based on the occurrence of phoresy (obligate, facultative or
absent), feeding habits, demographic parameters (life duration, the type of resting stage
(obligate diapause or quiescence) and type of reproduction (sexual or parthenogenetic).
The relative frequency of each type varies depending on soil and vegetation types.
There are also clear differences in the species present at the various stages of organic
matter decomposition.
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Density and biomass
Acari are often the most numerous group of soil arthropods. Their resistance to drought
and extreme temperature has allowed them to colonise almost all soils, from the south-
ernmost south polar cold desert to hot tropical deserts. In the 180 sites reviewed by
Petersen and Luxton (1982), population density varied from a few thousands in desert
soils and some arctic habitats, to a mean annual maximum of 792,000 ind. in a
Swedish pine forest (Persson et al., 1980) and an absolute maximum of 1,783,000
in a late autumn sample from a beech (Fagus sylvatica) forest site at Soiling in Germany
(Schauermann, 1973). Most data fall into the range 20,000-200,000

There is a clear thermo-latitudinal gradient of population density with low abundances
in most tundra sites (2,000-80,000), high densities in subarctic tundra and temperate
coniferous forests (20,000-600,000), similar values in temperate deciduous forests
(25,000-250,000) and grasslands (10,000-200,000) and decreased densities in tropical
soils (20,000-70,000). Some known exceptions to this pattern include populations
densities of 213,000-242,000 ind. recorded from a rainforest in Zaïre and 187,000-
520,000 in a South African montane forest (Figure III.36).

At a regional scale, Acari are generally most abundant in soils with well-developed
O horizons with a mor type of humus, low pH and ‘mesic’ rather than dry or moist water
regimes. They are more numerous in wooded than non-wooded areas. Finally, abundance
varies in different cultural systems. Generally, both abundance and diversity are lowest
in cultivated annual crops and highest in pastures and crops with reduced tillage (see,
e.g., Winter et al., 1990; Hansson et al., 1990).

Biomass ranges from 10 to 1500 mg dry weight with most values ranging between
100 and 1000 mg. The mean weight of individuals tends to decrease from tundra sites
(10 µg in a number of sites) to the tropics (0.7 µg in savannas and forests of Zaïre).
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This is particularly due to an increase of the proportion of Prostigmata whose average
weight is often ca. 0.10 In the soil of a Swedish coniferous forest site, a high
proportion of Prostigmata and juvenile Cryptostigmata Brachythioniidae depressed
the average individual weight to a low 0.16 As a result, biomass estimates do not
show such a clear pattern of thermo-latitudinal variation as population density. It is still
not clear, however, whether these differences reflect existing patterns or simply depend
on the efficiency of the separation of the smallest individuals (Garay, pers.com.).

Tundra communities contain populations whose biomasses range from the lowest
(100 mg f wt) to the highest values, i.e., 1-1.5 Temperate-climate coniferous
forests are in the range 400-1000 mg whereas deciduous forests are split between mor
and moder soils with biomasses greater than 1000 mg and mull soils with lower biomasses
of 100 to 400 mg. In temperate grasslands and in most tropical environments and deserts,
biomasses are low, most often less than 130 mg

4.2.2.2 Community structure

Species Richness
The species richness of acarine communities is often very high. More than a hundred
species have been identified from an Irish grassland (Whelan, 1986) and 72 in a Swedish
grassland (Persson and Lohm, 1977). In temperate forests, species richness may be of
similar order and as many as 52 species of Cryptostigmata have been recorded in a mixed
wood at Foljuif near Paris (Garay, 198la) and 90 species in a chestnut (Castanea sp.)
wood (Anderson, 1975). In some tundra soils, high species richnesses have been recorded,
e.g., 37 species of Acari at Point Barrow Alaska (McLean, 1980). In more extreme
environments, such as the maritime antarctic island of Signy, however, only one or two
species, with outstanding resistance or tolerance to frost were noted (Block, 1983).

In deserts, water-stress also limits the number of species. Nonetheless, 30 species
have been recorded from the Chihuahuan desert of New Mexico (Kamill et al., 1985).
In sclerophyllous Mediterranean vegetation associations, Asikidis and Stamou (1991)
found 28 species of Cryptostigmata mites.

Taxonomic structure
Cryptostigmata are generally the most abundant group in soils but their relative abundance
varies greatly within single vegetation types. They represent more than 90 % of Acari in
blanket bogs and ferns (Petersen and Luxton, 1982), 17 to 71 % in the tundra soils of
Prudhoe Bay (Alaska), 49-75 % in temperate forests (Wallwork, 1967; Huhta et al., 1986;
Garay, 1981a), 26 to 45 % in temperate and tropical grasslands (Persson and Lohm, 1977;
Athias, 1976), and 16 to 51 % in hot or alpine (Venezuelan paramo) deserts (Petersen and
Luxton, 1982; Garay, 1981b; Kamill et al., 1985).

Mesostigmata are the second most important group with relative abundances ranging
up to a maximum of 20 %. They are more abundant in wooded than non-wooded ecosys-
tems. The density of Astigmata rarely exceeds 1000 although they may achieve
some importance where a deep organic horizon is present. Prostigmata have generally
low, but highly variable abundances with a maximum relative value of 55 % in soils of
the Negev desert (Steinberg and Wallwork, 1985). However, their densities may often
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have been underestimated, due to their small size.

Niche partitioning
Communities of Acari tend to form ‘loosely-defined species assemblages’ (Anderson
and Hall, 1977). Despite the apparent lack of a simple association with environmental
factors (see e.g., Ghilarov, 1977), a few general rules have been observed (Vannier, 1985):
(i) some clear differences exist in feeding regimes, mainly related to size (Luxton,
1972; Anderson,1977) (Figure III.35);
(ii) some populations are distributed in aggregations that have little spatial overlap: in
samples of 20 containing at least one out of three potentially competing Oribatid
species, only 8 % had three and 14-19 % had two (Cancela da Fonseca, 1987). Similarly,
Stanton and Tepedino (1977) found that small patches of litter (100 g dry weight)
deposited on the surface of temperate and tropical soils had, after three weeks, been
colonised by a similar number of species (11 to 14) forming assemblages with equiva-
lent diversities irrespective of the overall diversity which was greater in the tropical
environment. In a Pinetum-Vaccinietum myrtilli typicum association, Blaszak et al.,
(1977) observed a clear difference of species assemblages in patches with the lowest
vegetation stratum dominated by either mosses or Vaccinium, Topographic effects were
also reported;
(iii) in patches of equal size, species diversity is directly related to those of micro-
habitats and food resources present (Anderson and Hall, 1977) (Figure III.37).

In some cases, associations of species with specific environmental conditions have
been identified. However, many species are ubiquitous and generalisation of such
findings is difficult (Wallwork, 1967).
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Horizontal distribution
At a broad geographical scale, many species appear to be widely distributed (Swift et al.
1979). Cryptostigmata such as Tectocepheus velatus (Mich.) and Oppia nova (Oudms)
have a world wide distribution across a wide diversity of habitats. New Zealand has a
largely cosmopolitan fauna and only the extreme habitats of Antarctica have a higher
degree of specific endemism (Anderson, 1977).

At a mesoscale, the distribution of acarine populations is influenced by (i) a frequent
tendency to population aggregation and (ii) the heterogeneity of vegetation and litter
inputs. In the moist African savannas of Lamto (Côte d’Ivoire) four groups of Acari had
highly aggregated distributions, seven were aggregated and four loosely aggregated.
Sixty six % of the individuals (in plots submitted to fire) to 81.8 % (in protected plots)
were found in soil under tussocks. In the latter case, however, the proportion varied from
36 to 88 % depending on the group. Five taxonomic groups out of 13 were significantly
associated with tussocks whereas two were significantly more numerous in bare soil
(Figure III.38).

Comparable effects of plant distribution and microtopography have been observed
in coastal Arctic tundra at Point Barrow (Alaska) (McLean, 1980) with an increasing
gradient of density from ‘wet’ to ‘dry’ areas. In general, mesoscale variations in temperature,
moisture, litter accumulation, or variation ascribed to litter quality (Garay 1981a; Asikidis
and Stamou, 1991) often influence the distributions of acarine populations. Nonetheless, a
few examples of relatively homogenous distribution patterns in field populations at the scale
of a few square metres have been reported (e.g., Cancela da Fonseca et al., 1967).

Vertical distribution
In temperate climate forests, Acari typically inhabit the organic surface layers (L, F and
H) and the upper few centimetres of the mineral soil (see, e.g., Anderson, 1971).
However, they may also penetrate much deeper into the soil (down to 40 and even
120-180 cm) in tropical and desert environments where holorganic layers are often
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lacking and the temperature is very high close to the soil surface (Athias, 1976).
Similar overall patterns occur over a variety of situations with large interspecific,

seasonal and even daily variations, as observed in leaf litter of North American desert
ecosystems (McKay et al., 1987).

In relatively bare soils such as savannas after fire and in cultivated soils, populations
are distributed much more deeper than in soils with a surface covering of vegetation and
litter (Lagerlöf and Andrén, 1989; Athias, 1974).

Seasonal variation
Acarine communities comprise a large number of species with diverse life cycles.
Their generation times average about one year and populations occasionally show clear
seasonal abundance patterns (e.g., Asikidis and Stamou, 1991; Lagerlöf and Andrén,
1989). Quite often, no clear pattern of seasonal variation may be detected, probably due
to the overwhelming influence of spatial variability which tends to mask temporal
variation (see e.g., Athias, 1976 for a discussion of variability in savanna ecosystems).

4.2.3 ENCHYTRAEIDAE

4.2.3.1 General Biology

Enchytraeidae are small white-coloured Oligochaeta, 1 to 50 mm long and possessing
fasciculate setae. They live in aquatic and, particularly, terrestrial environments. Respiration
is cutaneous and these animals require a constantly wet integument for efficient gas
exchange. Enchytraeidae have limited ability to move and work the soil and thus they
live in the litter and organic horizons of the upper few centimetres of the soil. Some species
have been reported to make burrows in the sand and transport material as faeces to
a depth of 4 cm. Others move vertically and tunnel through earthworm casts, or conifer
needles (Standen, 1984). In agroecosystems in the Netherlands, 21 to 35 % of the enchy-
traeid population had mineral grains in the gut (Didden, 1990) although they have rather
limited consequences for the soil physical structure (Springett et al., 1970). In contrast
to earthworms, they have no gizzard, which implies an inefficient comminution and
mixing of decomposing material (Bal, 1982).

They are rather homogenous in their anatomy and are divided into 21 genera and
ca. 600 species (Dash, 1990) (Figure III.39).

Enchytraeidae do not have an adequate suite of enzymes to digest complex polysac-
charides (Dash et al., 1981) and may therefore rely on the ‘external rumen’ type of
digestion. As a result, they are principally saprophagous and first order decomposers.
They preferentially ingest parenchymatous tissues rather than the veins of decomposing
leaves, fungal mycelia and faecal pellets of Collembola or earthworm casts, but do not
feed on purely microbial material. They are attracted by plant debris with high N but low
tannin contents, low C:N ratios (Latter and Howson, 1978; Dash, 1990; Wolters, 1988)
and lignin contents. Consequently, they grow better when ingesting bleached leaves
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which have undergone some preliminary decomposition by white-rot Basidiomycota
and are clearly selective in the plant materials that they ingest. The feeding regime of
individual species may vary greatly around this general pattern with some species
ingesting more fungal or mineral material than others (Springett and Latter, 1977).
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Enchytraeidae are hermaphroditic although reproduction is bisexual in most species.
However parthenogenesis is not uncommon and asexual reproduction by fragmentation
occurs in a few (but abundant) species. In species with sexual reproduction, adults lay
cocoons which are mucilaginous bags containing 1 to 48 eggs, depending on the species
(O’Connor, 1967). Some species cover their cocoons with organic and mineral particles
to protect them from drought. Estimates of hatching rates are generally high and vary
from 19 to 97 %. In British meadows, Enchytraeidae are reported to produce 4 to 10
immatures with a developmental period of 4 to 12 months (Brockmeyer et
al., 1990). Under optimal conditions, total life cycle from cocoon hatching to maturity
may range from 60 to 120 days.

Asexual reproduction occurs through the fragmentation of individuals in a few species.
In Enchytraeus fragmentosus, individuals break into 3 to 14 fragments of about five
segments, each of which develops into a complete worm in 10 days (Dash, 1990).
In Cognettia sphagnetorum, a dominant species in acid soils of northern Europe, worms
start fragmenting when they have more than 42 segments. They divide into 2 or 3 frag-
ments and the time taken to regenerate varies from 8 to 26 days. Minimum regeneration
times occur for head fragments and are proportional to temperature (15 °C rather than
10 °C or 5 °C) (Standen, 1984). In natural populations, fragmentation occurs throughout the
entire year with obvious maxima in spring or early summer, especially when relatively dry
periods occur (Standen, 1973; Lundkvist, 1981), or in the middle of winter (Ellenberg
et al., 1986).

Drought is a major limiting factor for the Enchytraeidae since they cannot survive
water potentials lower than -1.0 MPa (pF 4) (Abrahamsen, 1971; Bell, 1959).
Populations may survive through some combination of colonising favourable microsites
and laying drought-resistant cocoons. Fragmentation permits rapid recolonisation and
conserves energy and nutrients (Standen, 1973). Resistance to low temperature appears
rather limited and the temperature range over which reproduction occurs in temperate
species ranges from 1.5 ° to 25.5 °C for several species, with optimal values between
5 ° and 15 °C (Standen, 1973). Nonetheless, Enchytraeidae have been found in Arctic
tundra soils (Ryan, 1977; McLean, 1980) and in the high altitude South American
paramo (Sturm, 1983)

Ecological categories have not been defined for Enchytraeidae probably because
of the relatively homogeneous way in which they exploit soil and litter resources.
Most Enchytraeidae seem to be hemiedaphic or euedaphic and thus relate to the polyhumic
category defined for earthworms (see Chapter III.4.3.1.2).

Density and biomass of communities
The abundance of Enchytraeidae is clearly determined by soil temperatures and moisture
regimes. While they are virtually absent from ‘extreme’ tundra environments in Signy
Island (maritime Antarctica), they have mean densities of 46,000 ind. (from 11,400
in ‘raised polygons’ to 93,600 in ‘polygon troughs’) in the milder tundra environment
at Point Barrow (Alaska) (Dash, 1990). The highest mean density, 200,000 ind.
(82,000-289,000 ind. ) was observed at Moor House (England) in a Juncus moor
(Peachey, 1963; McLean, 1980).
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Even higher densities of 90,000 to 150,000 ind. were found in moist temperate
coniferous or deciduous forests, e.g., Douglas fir (Pseudotsuga menziesii) plantations in
Wales (O’Connor, 1967), beech (Fagus sylvatica) forest at Solling (Germany) (Schauer-
mann, 1977) and in Japanese subalpine forests (Kitazawa, 1977). However, low temper-
atures and moisture constraints strongly limit populations of Enchytraeidae. Much lower
densities have been recorded from forests in Scandinavia, USSR and Alaska: 27,500
to 90,000 ind. in a range of Finnish forests (Huhta et al., 1986), 10,000 to 25,000
ind. in Swedish pine forests (Lundkvist, 1981) and Hungarian deciduous forests
(Dozsa-Farkas, 1987) and only 3,800 to 6,800 ind. in coniferous and deciduous
woodlands in northern Sweden (Lohm et al., 1977). In temperate climate grasslands,
relatively low densities have been recorded: for example, 18,000-35,000 ind. at
Spiboke (Sweden) (Persson and Lohm, 1977), 10,000-25,000 ind. in a grassland on
limestone at Moor House (England) and 5,000-10,000 ind. in grass and lucerne leys at
Kjettslinge (Sweden) (Axelsson et al., 1984). In tropical soils, Enchytraeidae are either
absent or limited to a few hundred individuals per square metre in grasslands (Athias et
al., 1974) to a few thousand in forests (Chiba et al., 1975).

The abundance of Enchytraeidae is also related to the organic matter regime with
higher concentrations in mor than mull-type humus. These relationships, however, may
be minor in relation to the major temperature and moisture effects.

Most biomass estimates range from 1.3 to 13 g f wt (Petersen and Luxton, 1982).
The ratio of fresh to dry weight being 6.7 on average (Persson and Lohm, 1977). A max-
imum value of 53 g f wt was recorded from a Juncus moor at Moor House in England
(Cragg, 1961). The highest biomasses (>1 g dry wt, i.e., ca. 6.6 g f wt on average) have
generally been recorded in ‘mild’ tundra soils where individuals are generally larger than
in temperate and tropical soils. In temperate soils, biomass generally ranges between 1
and 10 g f wt (Petersen and Luxton, 1982) with exceptionally high values at Soiling,
in a German beech forest on a moder soil (Schauerman, 1977).

4.2.3.2 Community Structure

Species richness
Enchytraeid communities are generally not highly speciose. A maximum species richness
of 22 was recorded from meadows in the North of England (Standen, 1984), 21 in mull-
type soils in Norway (Abrahamsen, 1971) and 20 in hornbeam (Carpinus sp.) forest in
Hungary (Dozsa-Farkas, 1987). However, 17 species were found in an apple orchard
in Bohemia (Chalupsky and Leps, 1985) and 10 in northern deciduous woodlands in
Sweden (Axelsson et al., 1984). Nonetheless, most communities include 3 to 7 species
(Persson and Lohm, 1977; Petersen and Luxton, 1982; Lagerlöf, 1987) and in some
Scandinavian coniferous forests, Cognettia sphagnetorum, an asexually reproducing
species may represent 90 to 100 % of the community (Lundkvist, 1981).

Spatial Distribution
Most Enchytraeid species have quite wide geographical distributions and some may
colonise a wide range of different habitats (e.g., water courses, dry sandy soil or raw
humus) (Dash, 1990).
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At a mesoscale level, Enchytraeidae have strongly-aggregated horizontal distributions
in all types of ecosystems (e.g., O’Connor, 1967; Albrecht, 1984; Chalupsky and Leps,
1985; Römbke, 1991). They form multispecies aggregates, 30 to 50 cm in diameter, very
similar from one site to another (Albrecht, 1984).

These aggregations may be caused by (i) - restricted dispersal of individuals after
hatching from cocoons or the fragmentation of asexual individuals; (ii) - alternatively,
individuals may favour microsites with the most attractive abiotic conditions and
highest food availability. The latter effect may well predominate as adults appear
slightly more aggregated than juveniles and asexually reproducing species show similar
patterns; and (iii) - gregariousness that may be interpreted as a semi-social behaviour
to increase efficiency of the ‘external-rumen’ type of digestion (see Chapter III.4.4.1.2).

Most Enchytraeidae are concentrated in the upper 6 to 10 cm with some differences
among species (Healy, 1980). Most species are epigeic (hemi-rather than epiedaphic) but
some polyhumic endogeics (i.e., euedaphic) populations may descend down to 20-40cm
in the soil, (see e.g., Persson and Lohm, 1977; Lagerlöf, 1987). Seasonal changes in depth
distribution may occur as Enchytraeidae descend deeper into the soil to escape drought
or frost at the soil surface.

Temporal variation
Enchytraeid populations generally show distinct seasonal changes with highest densities
occurring during winter (Figure III.40).
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4.2.4 OTHER SOIL MESOFAUNA

Acari and Collembola are generally the major taxa in mesofauna communities. Nonetheless,
four minor groups, Protura, Diplura, Pauropoda and Symphyla may be locally important
because of their relative abundances and the unique roles they play in soils.

Protura, Diplura
Protura and Diplura are Apterygota Insecta which are found consistently in soils, although
at low densities.

Protura are minute insects characterised by the absence of wings, antennae and eyes
which live in humid organic environments. They are panphytophages with highly
aggregated patterns of distribution. The highest density, 28,000-50,900 ind. was
recorded in a spruce mor with a moss cover in Norway. Figures of a few hundred to few
thousands of individuals are commonly cited for a variety of ecosystems namely,
temperate forests (Nosek, 1973), temperate grasslands and crops (Persson and Lohm,
1977; Axelsson et al., 1984; Lagerlöf, 1987) and African moist savannas (Athias, 1974).
As these insects are very small (0.4 to 8 µg individual dry weight) biomass does not
exceed a few mg in most environments.

Diplura are another consistent though minor component of the soil mesofauna.
Their lengths range from a few tenths to several millimetres. They may be panphytophages
(Campodeidae) or predators of other microarthropods (Fox, 1957). They are concentrated
in the upper part of the profile and have highly aggregated distributions. Density estimates
range from nil to several thousands with highest values reported from such different
habitats as a Liriodendron forest in Tennessee (McBrayer et al., 1977) or
the moist African savannas at Lamto in the Côte d’Ivoire (700-1,000 ind. ) (Athias,
1974). Maximum biomass estimates do not exceed a few mg dw

Micromyriapoda
Three diverse groups of the Myriapoda may be classified as mesofauna i.e., Pauropoda,
Symphyla and Polyxenida. Pauropoda are small (less than 1 mm), blind and pale pan-
phytophagous invertebrates which live in decomposing litter and organic horizons and
feed on fungi and decomposing leaves (McBrayer et al., 1977). They have patchy dis-
tributions and their densities generally range from a few hundred to 2000 ind.
biomasses are limited to a few mg dw in both temperate and tropical soils. The largest
populations recorded are of 6,200 ind. in a West African pastures (Belfield, 1956)
and 17,900 ind. in a Californian Pinus ponderosa forest (Price, 1973). They do not
seem to occur in extreme tundra and desert environments.

Symphyla are unique in that their small size and slender body shape allows them to
move readily through the larger soil pores and colonise soils to one metre in depth
(Belfield, 1956). They are polyhumic endogeics (euedaphic), and feed mainly on dead
and living roots and on micro-organisms. Some of them may become serious pests of
a wide range of plants (Anglade, 1967). Densities are generally a few hundreds ind.
although they may exceptionally reach maximum values of 1.2 to ind. in
cultivated temperate soils and 10,800 ind. in West African pastures (Belfield, 1956).
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Biomass is normally only a few mg dry weight and is unlikely to ever exceed 50 mg
(Petersen and Luxton, 1982).

4.3 Macrofauna

In terms of their abundances and their biological and pedogenetic roles, earthworms,
termites and ants are the most important macrofaunal components of soils. Indeed, the
importance of their activities has caused them to be designated ‘ecosystem engineers’
(Stork and Eggleton, 1992; Jones et al., 1997). Macroarthropods and Mollusca are
constant inhabitants of litter and, to a lesser extent, of soils, but they have generally more
specific ecological roles.

4.3.1 EARTHWORMS

4.3.1.1 General Biology

Earthworms belong to the class Oligochaeta (Annelida: Clitellata) which started colonis-
ing terrestrial environments 600 millions years ago. Since that time, they have become
the predominant component of the soil fauna in all but the dry and cold environments.
From their aquatic origins, they have retained the primitive cutaneous respiration and a
narrow dependence on hygrophilous soil moisture regimes. They comprise 20
families, 693 genera and an estimated 6000 species of which 3700 have been so
far described (Reynolds and Cook, 1976; Fragoso et al., 1997). Most species are
relatively restricted in their distributions although a few peregrine species, generally
with parthenogenetic reproduction, have world-wide distributions and a clear preference
for soils affected by man (e.g., Omodeo, 1952; Gates, 1970; Ljungström, 1972; Lee,
1985; Fragoso and Lavelle, 1992; Fragoso et al., 1997).

Earthworms are segmented coelomate Metazoa in which the coelom functions as
an hydrostatic skeleton. Their circulatory system is closed and they have a complete
digestive apparatus (Avel, 1959; Edwards and Bohlen, 1996). The body may be roughly
divided into two parts: an anterior pan with segments containing cephalic ganglions,
reproductive organs, gizzards, calciferous glands and hearts, and a posterior pan rear-
ward of the hindgut comprising a series of rather similar segments.

In length, earthworms generally range from a few centimetres to 2-3 m with most
species falling within the range of 5 to 15 cm. Size varies considerably within single
species populations and the largest adults may be more than 100 times those of newly
hatched individuals.

Most earthworm species are hermaphroditic and cross-fertilisation is predominant.
However, parthenogenesis is frequent in peregrine species which represent ca. 3 % of
the total number of species (Lee, 1985). Bouché (pers. comm.), however, indicates that
the lack of spermathecae is not an absolute indication of pathenogenesis since a signifi-
cant number of species produce spermatophores. The reproductive apparatus is relatively
complex due to the presence of reproductive organs of both sexes and delayed external
fertilisation. In the family Lumbricidae, the reproductive apparatus has become even more
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complex due to rearward displacement of the gizzard and clitellum to allow the devel-
opment of a strong anterior musculature (Bouché, 1972). This evolutionary advance
improved the ability of the Lumbricidae to dig deep burrows and to drag leaves into them.
Nonetheless, during mating, spermatozoa are transported from the male pore to the
spermathecae of the partner via an external tegumental fold (Figure III.41).

Mating occurs when male apparatus is fully developed. Since the female organs
generally mature some days to weeks later, spermatozoa are stored in spermathecae.
Eggs are laid in a cocoon excreted by the clitellum, an annular or saddle-shaped conspic-
uous protuberance situated in the anterior part of the body. Cocoons vary in size from 1 to
25 mm, depending on the size of adults. In each cocoon, up to 10-12, but most frequently
one or two embryos develop (Lavelle, 1981). Cocoons possess a thick external chitinous
envelope with a gelatinous filling which provides food for the developing embryo(s)
(Figure III.42). They have a remarkable ability to resist both drought and infection.
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Earthworms are semi-aquatic animals which extract water continuously from their
environment and must maintain their cuticle in a moist state to facilitate gas exchange.
They also add considerable amounts of water to the soil and litter they ingest to facilitate
intestinal transit and digestive processes (de Puytorac, 1954; Barois and Lavelle, 1986;
Daniel and Anderson, 1992; Trigo and Lavelle, 1993). Only part of this water is reab-
sorbed and the fresh casts and the cutaneous mucus that they excrete are moister than the
surrounding soil. Consequently, soil moisture status is a major limitation to earthworm
activities and distribution since they are unable to withstand prolonged periods of water
potentials less than -0.10 MPa (pF 3) (Lavelle, 1971). To survive extended dry periods,
certain species have developed such adaptations as quiescence or even diapause
(Saussey, 1966; Bouché, 1984); worms empty their gut and coil up into a tight ball inside
a chamber which has been previously coated with fine-textured casts. They may resist
drought better, but the reduction in mortality resulting from this behaviour does not
appear to be greater than 50 % in the case of the tropical endogeic species Millsonia
anomala (Martin, 1991). Other species, such as the pantropical endogeic Polypheretima
elongata, may have no resting stage and migrate down to depths of 1 to 2 metres to
escape dry conditions in the upper soil horizons, Where active populations are periodically
extinguished through water-logging (e.g., in flooded tropical forests), or because of
severe drought or frost, the more resistant cocoons may survive to form new populations
when favourable conditions return (Bouché, 1977).

Fecundity is highly variable among species and populations; maximum values of
5.5 cocoons per adult per week have been reported for Eisenia fetida, a common species
in the farm-yard manure and compost heaps of temperate regions (Hartenstein et al.,
1979; Venter and Reinecke, 1988). Minimum values of one or less cocoons per year are
common in deep-dwelling tropical geophagous species (Lavelle, 1978). Tropical species
generally have low fecundities (1 to 15 cocoons per year) with the exception of a few
pantropical species with a parthenogenetic mode of reproduction, e.g., Pontoscolex
corethrurus and Polypheretima elongata which may produce up to 80-100 cocoons per
adult per year (Lavelle, 1981; Senapati, 1980; Lavelle et al., 1987). In temperate areas,
most values calculated for Lumbricidae are in the range of 20 to 60, with maximum
values for epigeic species and minimum values of ca. 10 for endogeic and large anecic
species. Substantial differences also exist between generation times which vary from
a minimum of 2-3 months in Eisenia fetida and the pantropical geophagous species
Pontoscolex corethrurus to 20-24 months in the deep-dwelling geophagous tropical
species. Such differences among species are a major consequence of the diverse
adaptive strategies found among earthworm species.

Digestion in the earthworm gut is mediated by a mixture of enzymes produced by
the gut wall and enzymes produced by the ingested soil microflora (Barois and Lavelle,
1986; Loquet and Vinceslas, 1987; Zhang et al., 1993, see Chapter IV.4). Assimilation
rates calculated as the difference in energy values between ingested food and excreta
may be as high as 30 and 75 % respectively for the epigeic species Lumbricus rubellus
fed alder (Alnus sp.) leaves and one year old larch (Larix) litter (Dickschen and Topp,
1987). Geophagous species have much lower assimilation rates of e.g., 9 % or less in
the tropical mesohumic species Millsonia anomala (Omodeo) (Lavelle, 1978) and 1 %
in the temperate climate Lumbricidae Allolobophora rosea (Bolton and Phillipson, 1976).



opened to colonisation, dispersal distances were 4.5 m and 9 m respectively, for
Apporectodea caliginosa and Lumbricus terrestris (Hoogerkamp et al., 1983). Similar
figures of ca. 10 m have been reported for Dendrobaena rubida tenuis (Eisen)
invading the subantarctic island La Possession (Frenot, 1985) or marked earthworms
introduced in a temperate pasture of Prance (Mazaud and Bouché, 1980). Nonetheless,
passive dispersal in water currents, transportation by man and the active dispersal which
occurs when earthworms come to the surface of water-logged soils eventually allow
populations to colonise most suitable environments. This process may be slow and soils
subjected to such heavy disturbance as cultivation and cropping, are rarely colonised by
adapted species before their carrying capacity for these populations has dropped
irremediably (Lavelle and Pashanasi, 1989; Lavelle et al., 1994b).

4.3.1.2 Ecological categories

As large inhabitants of the litter-soil environment, earthworms face three major
constraints including the need to: (i) live on relatively poor quality feeding resources; (ii)
survive occasionally adverse microclimatic conditions; and (iii) to be able to move
through a sometimes compact environment.

In the course of evolution, species have adapted to these constraints through the
development of particular morphological, behavioural and physiological characteristics.
A wide range of adaptive strategies have developed which are integrated as three main
modal ecological types (Bouché, 1977; Lavelle, 1981; Lee, 1985) (Figure III.43):
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Earthworms seem to move little; in conditions where new polder soils were
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(i) epigeics live within the litter layers, a relatively harsh environment, where they
are subject to occasional drought, extreme temperatures and high predator densities.
They are small and homochromic worms, pigmented green or reddish depending
whether they inhabit grassland or forest. Epigeics balance a high mortality by using
a high-quality food (leaf litter) which permits rapid growth rates and a high fecundity.
They are typical r-selected (prolific) species in the sense of Pianka (1970);
(ii) anecics feed on surface litter that they mix with soil but pass most of their time in
subvertical subterranean galleries created within the soil. They are large worms with a dark
antero-dorsal pigmentation and a strong anterior digging musculature. Their demographic
profile is of the K type, with long lives, relatively slow growth rates but low mortalities;
(iii) endogeics are unpigmented geophagous worms that live and feed within the soil,
a better buffered and more predictable environment than the litter. However, food
resources, e.g., decomposing roots and soil organic matter are generally of lower quality
than leaf-litter and are concentrated within the upper ten centimetres of soil and around
plant roots. Endogeics have developed different ways to use these resources (Lavelle,
1981); polyhumics exploit concentrations of organic matter by, e.g., being small and
selectively ingesting organic particles, especially in the rhizosphere, or feeding at the
soil-litter interface; mesohumics are medium-sized worms that ingest the soil of
the upper 10-15 cm without selecting organic particles. Finally, oligohumics are large,
slow-moving worms that live deep in the solum in highly predictable and stable envi-
ronments with very poor food resources. The demographic profiles of endogeic species
change from r to K or A (i.e., adaptation to adverse conditions, sensu Greenslade, 1983)
the deeper they live in the soil or become larger in size (Lavelle, 1981).

As a result of this wide range of adaptations, earthworms have highly diverse
functions in soils. Epigeics are efficient compost-makers but have no impact on the soil
structure. Anecics build dense semipermanent gallery networks, deposit casts at the soil
surface and translocate large amounts of leaf-litter into the soil. Finally, endogeics which
do not usually form permanent galleries, are major agents of soil aggregation (at least in
tropical soils where they are predominant) and soil organic matter stabilisation; they may
deposit large amounts of casts at the soil surface, as a response to soil compaction.

4.3.1.3 Density and biomass of communities

Earthworms comprise the major animal biomass in the wide range of ecosystems that
experience less than a few consecutive months of drought or frost in an average year.
Density is often in the range of 100 to 500 individuals and may be as high as the
2000 ind. reported from such environments as temperate pastures in New Zealand or
irrigated orchards in temperate Australia (Lee, 1985). Live biomass commonly ranges
from 30 to 100 g         Bouché (pers. communication) using a combination of formalin
extraction and wet sieving of soil evaluated at 110 g the average earthworm biomass
in 55 sites representative of French soils. Maximum biomasses of 200 to 400 g have been
recorded in fertilized pastures in temperate regions (see e.g., Cotton and Curry, 1980)
and tropical pastures (Barois et al., 1988).
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Markedly different patterns of abundance occur at decreasing spatial scales (see
reviews in Edwards and Bohlen, 1996; Lavelle, 1983c; Lee, 1985):
(i) at a worldwide geographical scale there is a clear thermo-latitudinal gradient, as mean
population density in natural environments tends to increase from a few tens on average
in cold temperate areas to maximum values of several hundred in the tropics. In contrast,
biomass increases from cold to mild temperate environments and then decreases again
towards tropical latitudes (Figure III.44);

(ii) at a regional (landscape) scale, soil and vegetation regimes greatly influence
earthworm abundance (Stöckli, 1928). Grasslands tend to have much larger populations
than forests. This is particularly in the case of temperate or tropical pastures colonised
either by exotic peregrine species, or by adapted local species. These may have biomasses
of 1 t or more whereas an adjacent forest may only have approximately half as much
(Lavelle and Pashanasi, 1989). Large biomasses may also be associated with a high soil
nutrient status as, for example, in tropical rainforest communities (Fragoso and Lavelle, 1992).
(iii) at a local scale, variation in soils, land-use and cultivation techniques greatly
influence earthworm populations. Cultivation and the application of nematicides and
fungicides generally depress earthworm abundances. In contrast, most herbicides have
no significantly deleterious effects and cattle grazing in pastures has positive effects
(Edwards and Lofty, 1982; Haines and Huren, 1990; House and Parmelee, 1985; Lavelle
and Pashanasi, 1989; Lee, 1985; McKay and Kladivko, 1985; Parmelee et al., 1990;
Yule et al., 1991).
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4.3.1.4 Community structure

Species richness and diversity
Earthworm communities rarely comprise more than 8-10 species and there are no
marked changes in diversity along latitudinal gradients. Such a low species richness is
considered to result from the large functional plasticity that occurs within populations.
The ecological roles of individuals within particular populations may be quite diverse,
due to the important size differences between young and adult worms, and the adapt-
ability of populations to variable environments (Table III.13). During the dry season in
the savannas of Côte d’Ivoire, populations of the mesohumic endogeic species Millsonia
anomala are dominated by young individuals that are better adapted than adults to the
hot and dry conditions prevailing; during the rainy season, the environment becomes
progressively more suitable for adults which are favoured by cooler temperatures and a
better water supply (Lavelle, 1978). Adults live deeper in the soil than the young, ingest
less soil per unit of fresh weight and have their optimum activity in moister soils.

At a geographical scale, ß diversity increases from the coldest to the warmest
climates. This appears to result from two processes:
(i) the effect of past glaciation. This largely destroyed the fauna of the northern
hemisphere above latitudes of 40-50°N (Michaelsen, 1903); endemic species were
destroyed and only a few species with high capacities for colonization re-invaded
the area following the retreat of the glaciers;
(ii) the exploitation of marginal niches by earthworms in the humid tropics.
The considerable radiation that has taken place among the earthworms of the humid
tropics has led to the development of highly diverse adaptations and the selection of
such peculiar species as specialist arboreals, deep-dwelling oligohumic geophages
and even carnivorous species, as in the African genus Agastrodrilus (Lavelle, 1983b;
Fragoso and Lavelle, 1987). This may be due to: (a) the greater efficiency of the mutu-
alistic system of digestion at high temperatures, which permits earthworms to live
on particularly poor food resources, and (b) the longer time during which radiation,
adaptation and selection have operated in the stable tropical environment.
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Functional diversity (i.e., the diversity of functions performed by the species of
a community) increases notably with temperature, unlike species diversity as measured
by standard mathematical indexes. This is clearly indicated by a lower niche overlap
due to a broader range of sizes among the species, more diverse patterns of vertical
distribution and the exploitation of a broader range of food-resources (Lavelle, 1983c;
Fragoso and Lavelle, 1987). This increase in functional diversity with temperature is
paralleled by a progressive change in the relative importance of individual ecological
categories, Epigeics are dominant in cold environments, anecics in temperate areas
and mesohumic endogeic species in humid tropical environments. Oligohumics are
restricted to the warmest soils of subequatorial humid savannas (Figure III.45) (see also
Chapter IV.4).

Spatial distribution
At the scale of an hectare, earthworm populations may be concentrated to varying degrees
within specific areas although intense aggregation is limited to epigeic populations
exploiting resources with heterogenous distribution patterns such as cow pats.
Differences in population densities have also been correlated with heterogeneity in such
soil properties as texture and microtopography (Fragoso and Lavelle, 1987; Phillipson et
al., 1976). Nonetheless, the variability of demographic processes may also determine
patchy distributions in metapopulations, irrespective of the heterogeneity of the soil.
Rossi and Lavelle (1998) found that all earthworm species in the Lamto (Côte d’Ivoire)
savannas had aggregated distributions, and that aggregation became increasingly intense as
species became smaller and had higher annual fecundities. Simulations of the population
dynamics of one of these species, the mesohumic species Millsonia anomala, have shown
that natural populations are actually composed of subpopulations with distinct dynam-
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ics; these subpopulations form patches 20-30 m in diameter which appear and disappear
in the course of a few years (Martin, 1991). The patchy distributions of earthworms and
the variability of their demographic compositions observed within savanna lands tend
to support the hypothesis of a relative independence of distribution from soil properties
(Rossi, 1998). Similar patterns, though much more obvious were observed in popula-
tions of Polypheretima elongate in a pasture of Martinique (French West Indies):
in a 25x65 m plot, populations were distributed in patches of 20-40 m in diameter,
one patch mainly comprised young individuals and cocoons, while the other two were
dominated by adults. In this plot, the presence of earthworm patches seemed to be
independent of the distributions of such edaphic factors as soil depth and soil organic
matter content (Rossi et al., 1997) (Figure III.46).

Earthworm species stratify themselves vertically in the soil depending on their
ecological strategies. Epigeics are concentrated in the litter layers, endogeics may have
relatively superficial (polyhumics) or deep (in oligohumics) patterns of distribution (Gerard,
1963; Lavelle, 1978; Fragoso and Lavelle, 1987) (Figure III.47) whereas anecics may occur
at diverse depths depending on thermal and hydrological gradients (Bouché, 1984).
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Seasonal variation
Most earthworm populations have clear seasonal patterns of activity or breeding. Such
periods generally reflect changes in any one of the major micro-environmental parame-
ters that determine function, i.e., moisture, temperature and food availability. As a result,
activities among coexisting species from different ecological categories are not necessarily
synchronous (Phillipson et al., 1976). The type of drought resistance behaviour (i.e., escape
towards deeper horizons with high moisture content, quiescence or true diapause) also
affects seasonal activity. In populations of Martiodrilus carimaguensis, a Glossoscolecid
species from Colombian tropical savannas, juveniles enter into diapause early, in June,
whereas adults remain active until October, two or three weeks before the onset of
the dry season (Jimenez et al., 1998b).

4.3.2 TERMITES

4.3.2.1 Distribution and general biology

The termites (Order Isoptera) are a group of hemimetabolous eusocial insects allied
to the cockroaches (Order Blattodea). They occur between the approximate latitudes of 30-
51°N and 40-45°S (Wood, 1979) and are represented in all biogeographic regions (Pearce and
Waite, 1994) (Table III. 14). The order comprises more than 2,400 currently-described species
in 271 genera divided among seven families. Many species still remain to be described, par-
ticularly in the tropical and sub-tropical regions (Watson and Gay, 1991; Martius, 1994;
Eggleton et al., 1996). Peregrine termite species, with worldwide distributions do not exist.
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In the evolutionary sense, the largest and most advanced family is the Termitidae.
Members of this family are known as the ‘higher’ termites while those of the remaining
six families are known as the ‘lower’ termites. A true worker caste does not occur in the
lower termites and the digestive system also differs between the two groups. The hind
gut of most higher termites is longer, more differentiated in structure and comprises
a larger proportion of total gut length than it does in the relatively simple gut typical of
the lower and the fungus-cultivating termites (subfamily Macrotermitinae) of the higher
termites (Bignell, 1994). Lower termites possess protist gut symbionts that contribute to
their nutrition whereas those of the higher termites are mainly bacteria. In an obligate
symbiosis between the termite and the fungus, specific fungi are cultivated as a food
source within the termite mounds of species in the subfamily Macrotermitinae.

Emerson (1955) estimated that ca. 73 % of living species belonged to the family
Termitidae. However, over the last 20 years, most new genera described have been in the
higher termites (Pearce and Waite, 1994) which are therefore likely to comprise rather
more than the 73 % of existing species calculated by Emerson. Among the lower
termites, the Kalotermitidae (ca. 16 % of species) and the Rhinotermitidae (ca. 8 % of
species) are the largest families while the Hodotermitidae and the Termopsidae are small.
The Mastotermitidae and the Serritermitidae have only one living species each (Table III.14).

Termites are most prevalent in the tropics and sub tropics and are scarce or absent at
higher latitudes and at higher elevations within their normal latitudinal range of occurrence.
Within this range, both species and generic richness decline regularly with distance from
the equator in most continents. Australia appears to be an exception to this trend with no
group showing a consistent decline in species richness from the tropics to the temperate
latitudes (Abensperg-Traun and Steven, 1997b). Where it occurs, this trend may be due
to the decline of insolation and rainfall. Figure III. 48a presents estimates of species
richness for a number of sites in relation to latitude and across a range of different
environments. While collecting methods and sampling areas differed between the studies,
a clear reduction in species richness is apparent with increasing latitude. Figure. III 48b
presents the mean number of genera within five-degree latitudinal bands and shows that
generic richness also diminishes markedly with latitude but that the decline is steeper in
the northern hemisphere (Eggleton, 1994). The lower termites are best represented at
higher latitudes, most commonly by the families Termopsidae, Kalotermitidae and
Rhinotermitidae with some Hodotermitidae in the Palaearctic region. Species richness
also diminishes rapidly with increasing elevation. On a high mountain in Sarawak, the
number of species declined from 58 in the lowland Dipterocarp forest to 10 in the mon-
tane forests above 1000 m; no termites were found above 1860 m (Collins, 1983).

The termites are an ancient group and, at the family and generic levels, are unequally
represented in the various biogeographic regions of the world. Table III. 14 lists the bio-
geographic distributions of termite taxa at the family and subfamily levels (Pearce and
Waite, 1994). Members of subfamily Macrotermitinae (fungus cultivators) are distributed
through Africa, the Malagasy and the Indo-Malayan regions but are absent from the
Americas, Australia and the Palaearctic regions. Some genera are particularly widespread.
Amongst the lower termites, Coptotermes and Cryptotemes occur in all biogeographic
regions while Heterotermes is absent only from the Palaearctic region. In the higher
termites, Amitermes occurs in all biogeographic regions except the. Malagasy and



298 CHAPTER III



SOIL ORGANISMS 299

Microcerotermes in all except the Nearctic.
Termites are generally small insects, most ranging in length from a few millimetres

to ca. one centimetre and weighing from 1 to 15 mg fresh weight (Wood et al., 1982).
However, queens of the larger Macrotermitinae may occasionally attain nearly 12 cm
in length (Noirot, 1990) and weigh up to 56 grams (live weight) (Darlington and
Dransfield, 1987).

Termite colonies
As eusocial insects, termites are organised into colonies comprising a number of castes,
each with a discrete set of morphological and physiological specialisations tailored to
permit an efficient division of labour. Individuals pass through several larval and nymphal
stages before they reach the adult stage. Polymorphism among larvae, the ability of lar-
vae to participate in social life and neoteny (the ability of certain immatures to
reproduce) are peculiarities of termites not found in other social insects (Noirot, 1989).

The workers are defined as ‘a set of more or less distinctive individuals belonging to
more than one developmental stage who contribute to such ordinary chores of the colony
as nest construction, cleaning, nursing and foraging’ (Wilson, 1971). Termite workers
are also responsible for feeding the dependent castes in a process known as trophallaxis.
The latter castes include the reproductives, the soldiers and the larvae which may be fed
on salivary secretions, regurgitated food or specialised faeces. Individuals feeding on
specialised faeces are inoculated with the symbiotic protists important in digestion in the
lower termites (Waller and La Fage, 1987; Nalepa, 1994).

Termite workers change their roles as they mature (polyethism) and those in earlier
developmental stages tend to restrict their activities to brood care and inner nest activities.
In contrast, older workers are likely to be active in more ‘hazardous’ activities such as
repairing nests and foraging (McMahan, 1979). In the African fungus-cultivating termite
Macrotermes michaelseni, for example, the older workers forage for food materials
outside the nest while younger workers process the forage, construct the fungus combs
and feed the dependent castes (Veivers et al., 1991).

The soldiers carry out defensive functions both attacking invaders of their nests and
accompanying the workers on their foraging forays. Soldiers are completely dependent
on the workers for their nutrition. The soldier head is typically elongated, heavily
sclerotised and most possess large, forwardly-directed mandibles. In one subfamily of
the higher termites (Nasutitermitinae), the head is elongate forming a snout from which
irritant and entangling chemicals are sprayed onto their enemies. Defensive chemicals
are produced from the frontal and salivary glands.

The queen and king are the primary reproductives. They normally develop in the parent
nest as specialised reproductive nymphs (higher termites) and from the general worker
nymphs (in the lower termites). At certain times of year, mature individuals leave the nest
in one or several swarms and after pairing, establish new colonies. Following colony
establishment and particularly in the higher termites, the queen’s abdomen swells
enormously and she becomes a veritable egg factory. Production rates as high as 18,000
to 43,000 eggs per day have been estimated for the queens of certain Macrotermitinae
(Grassé, 1984); while such rates are probably variable over time, lifetime production
must be many millions. Queens are less fecund in the lower termites (Noirot, 1990).
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When the queen becomes moribund or dies, she may be replaced by secondary
reproductives of various origins (worker line, reproductive line, very occasionally the
soldiers) whose capacity to breed had hitherto been suppressed by the former queen.

In the lower termites, individuals must pass through up to nine different forms before
reaching the primary reproductive stage (Figure III.49a). After completing the larval moults,
the colony pheromone balance directs future development along either the soldier or
replacement reproductive pathways, depending on the physiological state of the colony.
Synchrony is achieved through such environmental cues as the onset of seasonal rains.
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Development in the higher termites is characterised by the direction of individuals into
neuter or reproductive pathways during, or prior to the first larval stage (Figure III.49b).
In the neuter line of the higher termites, in Mastotermes darwiniensis, the Hodotermitinae
and some Rhinotermitidae, there is a greater separation between the castes and an increased
developmental rigidity compared with the remaining lower termites, particularly the
Termopsidae, Kalotermitidae and some Rhinotermitidae. The future reproductives grow
to maturity through a series of developmental stages separated by moults.

Colony ontogeny and reproduction
Termite colonies reproduce in three ways (Grassé, 1984). The first and most common
occurs through the periodic release of male and female reproductives from their parental
nests (swarming). A small proportion of those released survive predation to form nuptial
pairs and may establish new colonies separate from those within which they were reared.
However, new colonies also establish from secondary reproductives where part of the
original colony becomes isolated from its parent colony (budding). Occasionally, colonies
may subdivide by a process know as sociotomy which involves the departure of a group
of individuals from the parent colony to establish one or more new colonies elsewhere.
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Colonies progress from juvenile to mature stages and eventually decline (Bodot, 1969).
The juvenile stage is differentiated from the adult by the production of reproductives.
Caste proportions alter in characteristic ways during the different stages of colony
development In Kenya, juvenile colonies of the litter-feeding and fungus-cultivating ter-
mite Macrotermes michaelseni grow rapidly and the population comprises 50 % or more
of larvae. On reaching a population of ca. 1.2 million, the colonies become mature and
start to release reproductives. The proportion of larvae then falls to ca. 41 % and the colony
growth rate subsequently declines (Darlington and Dransfield, 1987). In the final or senile
stage, the queen’s fecundity declines and the colony vegetates and dies. In some species,
supplementary reproductives may assume the former queen’s role and these termite
colonies are potentially longeval. Although the reason is unknown, all colonies
eventually decline and die, even in the apparent absence of obvious causative factors,
Colonies may exist for considerable periods; those of the Australian species
Drepanotermes perniger may survive for substantially more than 50 years (Watson
et al., 1988).

Movements and dissemination
As stated above, the principal dispersal mechanism among the termites is the seasonal
release of primary reproductives from established colonies that occurs during the wetter
periods of the year. However, shorter distance dispersal may occur through sociotomy
(Grassé,1984).

Neither individual termites nor colonies normally travel long distances since they are
constrained to live within their territory borders or, as in certain lower termites, within
their food materials. Most termites only move in sheltered locations within galleries
distributed vertically and horizontally in the soil or within their food materials. While a
range of grass-harvesting and litter-feeding termites regularly forage unprotected on
the surface, most species move and feed beneath thin covers or workings built of soil
particles and plant materials which protect them from desiccation and from predators.

The scales of termite movement may be very small, as in the dry wood termites that
feed and nest in small pieces of wood on a single tree. Litter-feeding and certain wood
feeding termites may move up to radii of ca. 50 metres from the central nest, as recorded
for Macrotermes michaelseni in Kenya (Darlington, 1982). The scale of movement of
the processional termite (Hospitalitermes hospitalis) during foraging for lichens in
Brunei may be more than 65 m (Jones and Gathorne-Hardy, 1995).

Feeding habits and digestive processes
A diversity of organic food materials is utilised by termites although most feed predom-
inantly on lignocellulose-rich or partly-humified dead plant materials. Actual diet depends
on the ecological strategies adopted by individual species and this is determined by the
part of the decay continuum from which they select their food materials (Chapter
IV.5.2.1). Certain termite species regularly attack a wide range of materials, including
plastics, the softer metals and other non-assimilable materials (Gay and Calaby, 1970). The
nutritional ecology of termites has been reviewed by Waller and La Fage (1987) and,
more recently, by Lenz (1994) for wood-feeding species.
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Termite food materials. A number of species feed on living plants, both above and
below ground, and certain of these may become serious pests, particularly in agricul-
tural systems where dead residues are scarce (see, for example, Wood, 1996), in forest
plantations (Cowie et al., 1989) and occasionally in native forest environments exploited
for timber production. Most species feed on dead-plant materials above, at or below
the soil surface. These may include the dead foliage of grasses and other types of
vegetation, woody materials including roots, seeds, the faeces of higher animals and
other materials.

Species of most termite families attack dead wood and perform a vital ecological role
in breaking down this and other organic materials and recycling their mineral elements.
A proportion of the wood-feeding species also attack man’s wooden constructions
(Edwards and Mill, 1986).

The species of two further groups, the soil-wood feeders and the soil feeders, ingest
considerable mineral material. They derive their nutrition from, respectively,
well-decayed wood and partly-humified soil organic matter, the latter sometimes in the
mounds of other termites (Bignell, 1994). Evolution of the soil-feeding habit was an
important advance for the termites since it allowed those so evolved access to a class of
highly-degraded, resistant materials that would have otherwise been unavailable.
The success of this advance is demonstrated by the estimate that 130 (58 %) of the 225
genera of the family Termitidae are soil-feeders (Noirot, 1992).

In addition to these, a few specialist feeders are known. Species of the higher termite
genus Hospitalitermes feed on lichens, mosses and wood in South East Asian rainforests
(Collins, 1979) and the Neotropical species Anoplotermes pacificus feeds on the tips
of living roots that proliferate in its nest (Kaiser in Araujo, 1970) and on the root tips of
a number ofcrop plants (Mill, 1992). Carrion feeding has been reported in Nasutitermes
nigriceps from Panama (Thorne and Kimsey, 1983).

Recalcitrance of termite food materials. Termite food materials are rich in such highly-
polymerised compounds as lignin, cellulose and hemicellulose and are thus relatively
recalcitrant to breakdown. Despite this, assimilation rates in termites are high and
published values range between 54 and 93 % of the food eaten (Wood, 1978). The recal-
citrance of most termite food materials has lead to apparently-universal associations
with micro-organisms. These latter, with their wide spectra of enzymatic capacities,
contribute in different ways and to different degrees to the breakdown of the materials
eventually assimilated, depending on the ecological strategies of the termite species.

Lignins are highly complex molecules and differ strongly from the other polymeric
constituents of lignocellulose with which they are intimately linked (Breznak and Brune,
1994). Structural differences occur between lignins from various plant sources and,
while all are difficult to degrade, those from grasses are slightly less recalcitrant. Lignins
appear to be partially degraded by passage through the termite gut although the mechanisms
are as yet unknown, since the currently-known methods of degradation are aerobic
(Breznak and Brune, 1994). Evolution of labelled from termites fed lignin labelled
with has been demonstrated (Butler and Buckerfield, 1979). Both the higher and
lower termites have some capacity to slightly degrade lignins although their ability to do
so varies between lignins from different tree species (Cookson, 1987). However,
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Breznak and Brune (1994) consider it unlikely that termites can substantially degrade the
aromatic core of lignin molecules.

Almost all termite food materials are of very low protein content (Section IV.5.2.1)
and the problem for termites in meeting their metabolic N requirements has been met at
least partially through the acquisition of N-fixing symbionts which reside in the hind gut.
N fixation has been reported from all termite families although not from the fungus-
cultivating species of the sub-family Macrotermitinae (Slaytor and Chappell, 1994).
Tayasu et al. (1994) estimated that from 30 to more than 60 % of the N in the tissues
of the dry wood termite Neotermes koshunensis was derived from fixation. Bentley
(1987) estimated that N fixation accounted for nearly 25 % of the dietary requirements
of certain Venezuelan higher termites and considered that N-fixation rates were
inversely proportional to food N concentrations. Further, N-conserving mechanisms
have been described including the recycling of uric acid for possible reuse by the ter-
mites through the medium of the symbiotic gut biota, digestion of symbiotic intestinal
organisms and such behavioural traits as oophagy, cannibalism and necrophagy
(Breznak and Brune, 1994).
Digestive processes. Although it has been claimed that much of the breakdown of
cellulose in termite food materials occurs through symbiotic associations with micro-
organisms (see, for example, Cleveland, 1923; Breznack, 1984; Rouland et al., 1988a, b
and Figure III.50), work by Slaytor (1992) and his colleagues has cast considerable doubt
on the generality of this view. All of the lower and higher termites studied by Slaytor
(1992) could survive on crystalline cellulose and it was concluded that the necessary
cellulases were secreted by the salivary glands, the foregut and midgut tissues. A range
of other hydrolytic enzymes (amylase, maltase, invertase, hemicellulase) are also secreted
in the same areas. Further, appreciable cellulolytic activity is largely absent from
the hindgut except in the lower termites where it is associated with the presence of
cellulolytic protists (Breznak and Brune, 1994).

Wood-feeding species occur in both the higher and lower termites, although digestive
mechanisms differ between the two groups. In the lower termites, resistant materials
appear to be digested partly through mutualistic associations with specialised protists;
these obligate anaerobes inhabit a specialised region of the hind gut, although other
prokaryotes also occur there. Higher termites lack the key glycolytic enzyme pyruvate
dehydrogenase which is needed to convert glucose to acetyl CoA or acetate which is the
major cellulose derivative that can be absorbed by the termite. The role of the bacteria
may perhaps be to further break down materials from the initial stages of cellulose
dissimulation and to mediate the conversion of enzymic degradation products to acetate
(Breznak and Brune, 1994). In the many species of wood-feeding termites that feed on
wood or stored grasses previously attacked by saprotrophic fungi, it is not known whether
enzymes acquired from the ingested fungi play a functional role in the insect gut, if the
fungi are used solely as a dietary item or whether there is an energetic advantage to
the termites in attacking partly-degraded materials. A number of species appear to be
nutritionally dependent on certain fungi (Sands, 1970).

The workers of soil-feeding termites have mandibles specialised for crushing and
a substantial gut flora of prokaryotes. Adoption of the soil-feeding habit has lead to large
changes in the structure of the intestinal tract and a system of digestion different from
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that of the wood-feeding termites. Digestive mechanisms are uncertain although the
alkaline pH of the hind gut is considered to promote the alkaline hydrolysis of tannin-
protein and tannin-cellulose complexes. Fermentation products found in the hind gut
include acetate and methane (Bignell, 1994).

Methane production. Methane may be produced in considerable quantities during
the fermentative breakdown of food materials (Seiler et al., 1984 and Figure III.50) and
termite production of this gas has been considered to make a significant contribution to
global production (Schlesinger, 1991). However, most estimates are based on very little
information. Recent estimates by Martius et al. (1997) consider that methane production
by termites may account for ca. five per cent. of the world’s annual methane flux from
all sources. Brauman et al., (1992) and Rouland et al. (1993) have shown that differences
in methane production between termites of separate ecological groupings are related to
differences in their gut microbiota. Wood-feeding termites were found to have a
dominance of acetogenic bacteria and to produce little methane. Soil-feeding and some
fungus-cultivating termites were found to produce methane at much higher rates due
to the presence of a well developed methanogenic bacterial flora in their hindguts.

Fungi and fungus cultivating termites. Fungi are particularly important in termite
nutrition both directly as a source of energy and because of their ability to degrade resis-
tant substrates such as wood (Figure III.50). It is clear that the many termites that feed
on wood and other organic materials that are either hard or of high C:N ratio, find such
materials more attractive following some degree of fungal attack. Figure III.51 relates the
consumption of Pinus radiata wood blocks by the Australian termite Coptotermes lac-
teus to previous weight losses resulting from fungal decomposition (French et al., 1987).
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However, if decay has progressed beyond a certain point, the wood may become
unpalatable to particular species (Lenz, 1994). The grass-harvesting termites that store
the sectioned stems of dead grasses in their mounds may well be subjecting them to
a similar period of fungal decomposition prior to their consumption (Holt, 1998).

Termites of the subfamily Macrotermitinae feed on slightly decomposed dead plant
materials including leaf litter, dead grasses, woody litter and standing dead wood
(Darlington, 1994). With the exception of Sphaerotermes sphaerothorax considered
below, they cultivate symbiotic fungi of the Basidiomycete genus Termitomyces in their
nests which partly assist in the digestion of cellulose and other resistant materials
(Thomas, 1987). The association between the termites and the fungus is obligate: the
fungi of this genus grow nowhere else than in the termite nest and incipient colonies
that fail to develop a comb do not survive (Darlington, 1994).

In colonies of one fungus-cultivator, Macrotermes michaelseni, the older workers
return food materials to their mounds in the form of specialised faeces which have been
only slightly degraded by residence in the gut. In the mound, these faecal pellets are
deposited on special structures known as fungus combs where they are ingested by
the younger workers. These latter workers deposit their own faeces onto the comb where
they are then further decomposed by the cultivated fungus. Members of the reproductive
line castes and the younger workers appear to feed on the glucose-rich spores of the
fungus and on comb faecal materials. The older workers feed on senescent comb and
other organic materials in which cellulose, hemicellulose, pectin and lignin are partly
degraded and which have a higher N concentration than the original forage (Bignell et
al., 1994). In the gut of these termites, resistant materials are broken down by a combi-
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nation of the termites’ own enzymes (Rouland et al., 1990), possibly enzymes acquired
from their fungal symbiont (Martin, 1984; Slaytor, 1992) and perhaps from fermentation
in the hind gut (Breznak and Brune, 1994). However, Veivers et al. (1991) found no
evidence that micro-organisms play a significant role in digestion in these termites.

The African wood-feeding termite Sphaerotermes sphaerothorax is atypical of the
Macrotermitinae in that it has lost or perhaps never developed an association with
Termitomyces (Garnier-Sillam et al., 1989). In its place, external associations with
cellulolytic and N-fixing bacteria have evolved and these are considered further in
Chapter IV.

In sum, the tripartite action of the workers’ enzymes, those of the hind gut microflora
and of the fungus Termitomyces combine to effect an almost complete breakdown of
the plant materials harvested by the fungus-cultivating termites (see, for example,
Garnier-Sillam et al., 1988b). The high proportion of food material organic matter
broken down has considerable ecological and pedological implications, as shown in
Chapter IV.

Carbon and nitrogen stable isotopes in termite foods. The values of termite
tissues reflect the relative proportions of and stable isotopes in termite bodies
and this provides useful information on their feeding habits. As occurs in other consumers,
values for their tissues are normally close (within 2         units) to those of the food that
they assimilate (Fry and Sherr, 1984). This relationship has been used to discriminate
between species that feed on wood, on tropical grasses and on a mixture of both
(Figure III.52, Spain and Reddell, 1996). It has also been used to identify the proportions
of grasses and broad leaf materials present in the diets of several African litter-feeding
termites (Boutton et al., 1983; Lepage et al., 1993).

Unlike the situation in most animals, the values of termite tissues vary over
a small range in wood-feeding species because the N fixation referred to above leads to
tissue values that are relatively close to that of the air (Tayasu et al., 1994; Spain et al.,
in prep., Figure III.52). However, termites that feed on partially-decomposed
litter have slightly higher tissue values (Tayasu et al., 1997, 1998), possibly
associated with a reduced requirement for N fixation consequent on the greater N
concentrations of their food materials (Slaytor and Chappell, 1994).

4.3.2.2 Ecological categories

While it is difficult to devise non-overlapping ecological classifications, broad classifi-
cations have been proposed, based on the types and variety of food materials used and
the locations of their nesting and feeding sites.

On the basis of their feeding habits, termites may be separated into five broad, some-
what-overlapping trophic groups (Josens, 1983; Eggleton et al., 1996), namely:
(i) grass harvesters;
(ii) surface litter feeders;
(iii) wood-feeders;
(iv) soil-wood feeders; and
(v) soil-feeders (or humivores).



308 CHAPTER III

Additional categories include the highly polyphagous species and the few specialist
feeders referred to above. As considered in Chapter IV.5.2.1, substantial dietary overlaps
occur between members of the first three groups and dietary shifts may result from food
shortages.

Termite nests occur in the following six main locations:
(i) within the wood of living and dead trees, and in fallen timber;
(ii) subterranean locations;
(iii) epigeal nests;
(iv) intermediate nests on the lower parts of tree trunks, usually in contact with the soil;
(v) arboreal nests; and
(vi) within the nests of other species (Noirot, 1970; Martius, 1994) (Figure III.53).

Abe (1987) integrated the six ‘life types’ he defined into three broad categories,
although transitional types also occur (Lenz, 1994):
(i) ‘One-piece’ types. These include the ‘dry’ and ‘damp’ or ‘wet’ wood feeding ter-
mites. In this type, the entire colony generally lives in one piece of wood for the whole of
its existence and normally doesn’t attempt to locate additional food resources. However,
some dry wood species may extend their colonies into living wood. Examples include
most Kalotermitidae, Termopsidae and species of the genus Prorhinotermes
(Rhinotermitidae),
(ii) ‘Intermediate’ types. Species in this group nest predominantly in wood but construct
galleries to exploit other food resources. Australian examples of this group include
Coptotermes acinaciformis and Mastotermes darwiniensis.
(iii) ‘Separate’ types. This grouping comprises the many species that nest apart from
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their food resources; it includes many subterranean and epigeal nesting species and those
that construct arboreal nests on the outsides of tree branches. Species included in this
group represent a wide variety of feeding habits, including wood-feeding, grass harvest-
ing and litter-feeding, soil-wood and soil-feeding species.

The initial primitive condition is considered to be the one-piece type since it resem-
bles that of the presumedly ancestral wood-feeding cockroaches. Evolution of life types
is considered to have proceeded to the intermediate and then the separate types.

The different ecological groupings and their environmental impacts are considered
further in Chapter IV.5.2.1.

4.3.2.3 Population densities and biomasses

Termite colonies are difficult to sample accurately and most population estimates for
termite colonies must be regarded as minima. Difficulties arise in enumerating whole
colonies since a proportion of the individuals may be absent foraging or escape from the
nest during sampling. Subterranean termites may have large diffuse colonies with patchy
distributions and complete sampling would often require the separation of enormous
amounts of soil. Finally, the small size of termites is a serious obstacle to their enumeration.
Darlington (1984), for example, found that fumigation of termitaria prior to sampling
increased colony population estimates substantially. Where fumigation was omitted,
differences in the estimation of caste proportions also resulted; in mature mounds most
of the eggs had disappeared and estimates of larvae were diminished by an order of
magnitude. Separation of termites from mound materials using wet sieving methods
gives biomass estimates up to 5-10 times higher than direct hand sorting (see, e.g.,
Lavelle and Kohlmann, 1984).

Isotopic methods have been used to estimate populations, although with varied success.
It appears that isotope dilution methods overestimate colony populations because of
rapid elimination of the isotopic ‘label’ into the nest environment. However, the use of
isotopes as labels in mark:recapture techniques is apparently more successful (Easey
and Holt, 1989).

Colony population estimates
Despite the methodological problems considered above, colony sizes have now been
estimated for a range of termite species revealing populations ranging from a few tens
of individuals to several millions. Small colonies may simply be juvenile or they may be
constrained by the size of their resources. However, the mature colony size is generally
related to the size and quality of the food base. Large food supplies lead to bigger
colonies, longer life cycle spans, later colony maturity and greater numbers of supple-
mentary and replacement reproductives that may be present in addition to, or replace the
original reproductive pair (Lenz, 1994).

The colonies of ‘dry wood’ termites are generally small, less than ca. 3000 individuals.
Many Kalotermitidae have small nests, often formed in the dead branch stubs of trees and
in similar locations. Kalotermes flavicollis is a Mediterranean dry wood feeding species that
forms small colonies in the dead and diseased wood of living trees (Harris, 1970). Reported
colony sizes for K. flavicollis range up to a maximum of 3250 workers (Noirot, 1990).
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Damp wood-feeding termites have larger colonies, mostly in the range of 3000 to
8000 individuals. Medium-sized colonies include those of the Australian termopsid
species Porotermes adamsoni which nests in living trees and is a notable pest of timber
in the areas where it occurs. Nkunika (1990) reported small colonies (to ca. 5500) while
elsewhere the larger trees present permitted colony expansion up to ca. 62,000 individuals
(Lenz, 1985).

Colonies of the soil-feeding termite Cubitermes fungifaber had populations ranging
from 7000 to 69,000 (Maldague, 1964) although Noirot (1990) states that worker popu-
lations rarely exceed 30,000 individuals. Easey and Holt (1989) reported estimates for
four Australian grass- and litter-feeding species of the family Termitidae that ranged
from 14,100 to 257,000 individuals. It should be noted that the colonies of some of these
species were distributed throughout more than one mound (Holt and Easey, 1985).

Large termite colonies occur mainly in the species belonging to Abe’s (1987)
intermediate and separate categories and examples have been reported from the
Afrotropical, Neotropical and Australian biogeographic regions. Mastotermes
darwiniensis normally forms only small colonies but when substantial food resources
become available, the species can rapidly expand its populations due to its ability to
produce large numbers of neotenic (secondary) reproductives (Watson and Gay, 1991). In
a plantation of the exotic conifer Pinus caribaea in northern Australia, Spragg and Paton
(1980) estimated the population of a large diffuse colony of Mastotermes darwiniensis at
seven million individuals including several nests and spread over one hectare. However,
because of the methodological problems considered above, this may be an overestimate.
Other examples of species with estimated colony populations of more than one million
individuals include the Australian wood-feeding species Coptotermes acinaciformis
(Greaves, 1967), Coptotermes lacteus (Gay and Greaves, 1940) and Nasutitermes exi-
tiosus (Gay and Weatherly, 1970), some African fungus-cultivating termites of the genus
Macrotermes (one of which, M. michaelseni, had a total population in excess of five
million (Darlington and Dransfield, 1987) and the neotropical species Nasutitermes
macrocephalus (Martius, 1994).

Despite the substantial estimates in the large colony category, most colonies are much
smaller than this. Most termite colony population estimates are likely to fall within the
low to medium end of the size range considered above but will also depend on the eco-
logical strategies of the species under consideration.

Estimates on an areal basis
On the basis of surface area, estimated termite populations and biomasses range up to
exceptional maxima of more than 10,400 individuals and live weight
(Eggleton et al., 1996). However, most population and biomass estimates are consider-
ably lower than the above values and the medians presented by Wood and Sands (1978)
and Collins (1983) for a total of 24 sites are, respectively, 1429 ind. (inter-quartile
range 400 to 2939) and 3.0 (inter-quartile range 1.5 to 8.7). However, as stated
above, termite abundances are often grossly underestimated, due to their aggregated dis-
tributions, small sizes, high mobilities and the specificities of their behaviours (Eggleton
and Bignell, 1995; Eggleton et al., 1996).

As a group, termites tend to survive such disturbances as land clearing and cultivation
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better than, e.g., litter arthropods or earthworms, although it is largely the species with
deeper subterranean nests that remain (Wood and Pearce, 1991). Consequently, they
often comprise a large proportion of animal biomass in annual crops (Dangerfield, 1990;
Lavelle and Pashanasi, 1989). In five year old Hevea plantations in southern Côte
d’lvoire, termite communities comprised more than half of the total
biomass of macroinvertebrate communities. This was due to the development of sub-
stantial populations of wood-feeding termites which utilised the dead woody material
remaining following forest clearance. Ten years later, this woody material had been
exhausted and termite biomass fell to 2.5 five times less than that of the original
forest (Gilot et al., 1995) (Figure III.54). However, substantial and damaging populations
may remain in long-cultivated lands and Wood et al. (1977) reported economically-
important populations in 24 year old fields cultivated for groundnuts
(Arachis hypogaea).

Fire may depress both the abundance and diversity of termites and alter the balance
of their communities. In Colombian savannas, Decaëns et al. (1994) observed a sharp
decrease of termite populations following firing and cattle grazing while earthworm
abundance was enhanced. Abensperg-Traun and Milewski (1995) compared burned and
unburned areas of nine vegetation types in south-western Australia two years after
an intense fire and noted a significantly-reduced incidence of wood-feeding species.
They attributed this to the destruction of colonies nesting in surface wood, rather than
food limitation. Species dwelling in earthen epigeal mounds were noted to be largely
protected from the fire. However, in the northern Australian tropics, small carton-rich
epigeal mounds of Microcerotermes sp. are often destroyed by low-intensity annual
fires. Further evidence of shifts in community balances is available. In an African
savanna environment, Benzie (1986) reported a rapid increase in the abundance of the
mounds of grass-harvesting termites in the two years following protection from fire.
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4.3.2.4 Community structure

Determinants of community structure
Termite communities comprise species of differing ecological strategies. Community
complexity is determined by factors operating at different spatial scales. The large scale
factors are those of biogeographic, climatic and vegetational variation, while
topographic location and soil variability are influential at more local scales.

Differences in the presence or absence of certain taxa across biogeographic regions
are clearly important since some termite groups are absent from regions where in terms
of climate, they would be expected to readily survive. Examples include the absence
of the fungus cultivating termites (sub-family Macrotermitinae) from the Australian
and Neotropical biogeographic regions referred to above and the many incidences of
the successful spread of exotic termites through commerce. The recent establishment
of Mastotermes darwiniensis in Papua New Guinea is one example of this (Watson and
Gay, 1991). However peregrine termite species equivalent to earthworms with wide
geographical distribution do not exist (except as pests of buildings).

Climate varies systematically from the equator to the higher latitudes and termite
trophic groups react to this differently. Wood-feeding species form a greater proportion
of total species as latitude increases and may be the sole strategy represented at higher
latitudes (Abe, 1987). Conversely, the grass-harvesting termites are better represented
at lower latitudes.

The distribution of vegetation is clearly important to community structure at a
range of scales. At the broadest scale, the various biomes of the world offer different
opportunities to the various ecological groupings and this also pertains across vegetation
types at a local scale. Comparison of the termites of five habitat types in the tropical
Australian sites studied by Braithwaite et al. (1988) showed a different balance of troph-
ic groups between environments that ranged from monsoon forest (a dry rainforest
facies) to open forests, woodlands and two types of rockland. Commensurate with their
vegetation structure, no grass and grass-litter feeding species occurred in the monsoon
forest and wet rockland sites and less soil-feeding species were found in monsoon forests
than in open forest and woodland environments.

A somewhat contrasting trend, however, has been observed in Africa since the abun-
dance of humivorous species tends to decline from forest to moist savannas and drier
areas; they are also most sensitive to disturbances, possibly due to their inability to fix
nitrogen (Eggleton et al., 1996; Lepage, pers. comm.).

At a regional and local scale, the physical and other properties of certain soils may
also limit termite colonisation. In northern and central Queensland, few mound-building
termite species can tolerate the expansive nature of certain vertisols which shrink on
drying and swell when re-wet (Ratcliffe et al., 1952). Mound building termites are
virtually excluded from these soils although across abrupt lines of demarcation between
the vertisols and the adjacent sandy alfisols, mounds built by grass and litter-feeding termites
are populous. However, certain mound-building species are able to tolerate the expansive
qualities of these soils and Leprun and Roy-Noël (1976) record the mounds of the fungus-
cultivating species Macrotermes subhyalinus from vertisols in Senegal. At the coarser end
of the texture spectrum, the only Eucalyptus community type from which the widespread



314 CHAPTER III

Australian wood feeding species Coptotermes acinaciformis is excluded are those formed
on deep sands (Gay and Calaby, 1970). The influence of fertility on species richness is
discussed below.

Species and generic richness
The most species-rich communities occur in certain humid tropical rainforests. Eggleton
et al. (1996) found 114 species in the moist pre-montane Mbalmayo Forest Reserve in
the Cameroon of which 48 species were recorded during the quantitative sampling of
two 1 ha plots in little-disturbed rainforest. However, as noted below, the greatest species
diversity occurred in a disturbed environment. In reviewing a number of studies from
Amazonia, Martius (1994) considered that species densities of 70 to 90 species were likely
to occur throughout the Amazonian rainforests reducing to 11-12 species in the seasonally-
flooded forests. Most other rainforests studied have lower species richness and Collins
(1983) found 43 species in South-East Asian rainforest in Sarawak. The mesophytic rain-
forests of northeastern Australia are particularly species poor, for zoogeographic reasons,
only four termite species occur regularly in these forests (Gay and Calaby, 1970).
Species richness in savannas is generally somewhat lower than in rainforests and Josens
(1983) recorded from 19 to 36 species at eight African locations studied, although slightly
more were found in some Australian savanna sites (Figure III.48a), as discussed below.

Plant community structure and certain soil properties clearly influence species rich-
ness and the relative balance of ecological categories. Of the 50 species recorded from
communities studied at Kakadu (tropical Australia), numbers varied from 16 to 36 over
five environments which ranged from monsoon forest (a dry rainforest facies) which had
23 species to a wet rockland which had 16. The most diverse environments were the open
forest and woodland savanna sites which had, respectively, 36 and 35 species followed
by the dry rockland which had 26 (Braithwaite et al., 1988).

Josens (1983) reported the existence of a positive relationship between species
richness and rainfall in African savanna environments. However, this was not confirmed
across the 30 tropical Australian sites studied by Braithwaite et al. (1988) and is unlikely
to hold generally across northern Australian environments because of the reduced
number of species in rainforest communities.

Termite species richness has been shown to be inversely related to soil fertility in
Australian environments (Braithwaite et al., 1988; Stafford-Smith and Morton, 1990)
and Goodland (1965) reported a negative correlation between soil fertility and the number
of termitaria in savanna environments in northern South America. Across 30 tropical
Australian sites representing five habitat types, Braithwaite et al. (1988) found strong
negative correlations between species richness and soil N and P concentrations. In contrast,
species richness in the live-wood feeding termites of these sites was positively correlated
with both these variables. Similarly, in the Malaysian rainforests studied by Salick and
Tho (1984) species richness, guild richness and population densities were all positively
correlated with a soil productivity index. Eggleton et al. (1996) found strong positive
correlations between termite abundance and the concentration of ‘available’ soil N in a
disturbance series of study plots in a rainforest environment in the Cameroon. Other soil-
based limitations to termite community structure are considered in Chapter IV.

Changes in land use from indigenous to man-modified landscapes normally result in
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substantial reductions to termite species richness and large changes in community structure.
In a Cameroon rainforest, Eggleton et al. (1996) reported a markedly-reduced species
richness (also biomass and abundance) in plots recently cleared and either replanted with
young trees or left as a weeded fallow, in comparison with nearby primary forest and
older wooded sites. Over three samplings, species richness varied from 4 to 13 in the first
category and 28 to 56 in the wooded plots. Soil-feeding termites were most severely
reduced by clearing. Wood et al. (1982) found an influx of savanna species into the
disturbed plots they studied in a rainforest environment in Nigeria. The study sites used
by Eggleton et al. (1996) were located ca. 40 km from the forest:savanna border while
that of Wood et al. was sited in a riparian forest within a savanna environment, where a
large pool of savanna species was present nearby. Cultivation markedly reduced the
diversity of termite communities in all locations studied (Wood, 1996).

4.3.2.5 Interactions between termites

Termites are territorial animals; colonies defend their nests and the surrounding areas
within which they forage and have the ability to identify individuals from other colonies
or species as ‘not-self’ (Shelton and Grace, 1996). Both inter- and intra-specific antago-
nisms have been demonstrated between termites of a number of species and there is
good reason to believe that this is of general occurrence. Adams and Levings (1987)
report inter- and intra-specific battles at territory borders and Darlington (1982) describes
finding dead soldiers of Macrotermes michaelseni in underground galleries as evidence
of battles near territory borders. However, not all inter- and intra-specific interactions
result in aggressive behaviours (Shelton and Grace, 1996).

Territory area is clearly related to colony size. Areas reported range from 9.5 to 338
(average 92 for the grass-harvesting African termite Hodotermes mossambicus
(Nel, 1968), from 500 to 800 depending on colony size for three species living in
Panamanian mangrove forests (Levings and Adams, 1984; Adams and Levings, 1987)
and was ca. 7800 for a colony of the fungus-cultivating termite Macrotermes
michaelseni in Kenya (Darlington, 1982).

4.3.2.6 The natural enemies of termites

As concentrated parcels of energy and nutrient elements, termites are attractive prey items
and are subject to considerable pressure from invertebrate and vertebrate predators, both
within and outside their nests. The primary defence of the colony is that provided by the
nest which few non-specialised predators can breach, either because of inaccessibility
within arboreal or subterranean locations or through the protection afforded by strong
epigeal nest structures. Nonetheless, a number of mammals are successful specialist
termite predators (Table III.15) and common adaptations in the most highly specialised
include the possession of strong claws, spatulate forelimbs, reduced teeth and a long, sticky
and prehensile tongue which is extruded to extract termites from their galleries.
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A range of other specialised vertebrate predators exist; examples include many lizards
(Abensperg-Traun and Steven, 1997a) and small blind snakes of the family Typhlopidae.

Beyond the specialised vertebrate predators, termites are subject to predation by a
wide range of general predators, particularly the swarming alates (Deligne et al., 1981;
Grassé, 1986). Ants are without doubt the most important invertebrate termite predators
and Wheeler (1936) recognised the following five categories of ants in terms of their
relationships with termites:
(i) termitharpactic ants raid termite colonies and are specialised termite predators;
(ii) cleptobiotic ants steal termite prey and other food materials from the termitharpactic
and other ants;
(iii) termitolestic ants occur in termite nests where they prey on eggs and the termites,
especially those that have been injured;
(iv) inquiline ants range from those occupying completely or partially abandoned
termitaria to those that may attack and destroy the host termite population;
(v) termitoxenic ants live among the termites without any evidence of mutual hostility.

Mutualistic relationships between ants and termites are also known. In northeastern
Australia, two ants of the genus Camponotus reportedly defend the epigeal mounds of
the litter-feeding species Amitermes laurensis from attacks by the meat ant Iridomyrmex
sanguineus (Higashi and Ito, 1989). The camponotine ants depend on the termitaria for
their nesting sites and may receive food from the termites in exchange for their defen-
sive activities.

4.3.3 ANTS

Ants may occur in great numbers in soils and on their surfaces. They are considered
as ecosystem engineers since they build a large variety of structures in soils and at
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their surface. However, because of their feeding habits, they may perhaps be of less
general importance in directly regulating soil function than the termites or earthworms.
Tropical American Atta leaf-cutting ants (Tribe Attini) represent a spectacular exception
in that they make huge subterranean nests and their harvesting may lead to the incorpo-
ration of large amounts of organic matter and nutrients into the soil. Many other ants nest
in the soil although they may also form part of the aerial food-web. In some locations,
ants may be important agents of bioturbation (Levieux, 1976; Cowan et al., 1985; Lockaby
and Adams, 1985). A number of species also concentrate plant nutrients in their nests
and associated soils (e.g., Wagner, 1997).

Ants have a wide latitudinal distribution extending from the arctic to the tropics; they
occur in all but the most extreme of the world’s ecosystems although native ants are absent
from some isolated oceanic islands. Where significant populations occur, they often
dominate the activities of the biota below, at and above the soil surface. Most species are
effective predators although many also feed at least partially on materials of plant
origin and a number of species are parasitic. In contrast to the termites, the ants have
not specialised in directly utilising cellulose as a food resource.

Ants have achieved their ecological dominance through their wide taxonomic diversity
and numerical abundance, their successful development of a stable sociality and the
broad diversity and pliability of their ecological strategies (Wheeler, 1910). As effective
predators, ants influence herbivore populations and therefore plant productivity.
Hölldobler and Wilson (1990) attributed the success of the ants to a range of causes.
They were the first predaceous, eusocial insects to live and forage primarily on the ground
and within the litter layers. Their successful evolution of sociality during the Cretaceous
and their later radiation within the Tertiary period thus pre-empted the development of
other groups. Perhaps a major part of their successful adaptation to soil dwelling was
the development of the metapleural gland, an organ that produces antibiotic secretions.
These secretions are spread throughout the ants’ nests and appear to protect them
from pathogenic micro-organisms that might otherwise affect them in the humid
soil environment.

A broad range of relationships exists between ants and plants. These vary in degree from
mutualisms in which, for example, certain plants (myrmecophytes) provide shelter or
food to a resident population of ants in exchange for possible protection from herbivores,
to herbivory in which plants are damaged either directly by consuming their tissues or
indirectly by eating their seeds. Ants of the tribe Attini culture fungi on collected food
materials in a way an analogous to the macrotermitine Isoptera (Weber, 1982).

As with the termites, ants also modify soil chemical and physical properties by
transporting food and soil materials during such activities as feeding and mound and
gallery construction. These activities affect soil developmental processes and fertility
and may modify the nature and distribution of the vegetation, at least on a local scale.

Through their manifold activities, ants frequently impinge on man and his interests.
Many ants have highly-efficient defense mechanisms and use their effective stings and
mandibles to repel man and other vertebrates from their areas of influence. In agricultural
situations, ants may protect such crop herbivores as honeydew-secreting Homoptera or
act directly as herbivores themselves. Nonetheless, their beneficial role as effective
general predators should also be noted (Way and Khoo, 1992). In parts of the Neotropical
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region, underground nest excavation by attine ants may lead to the subsidence of such
structures as roads and buildings (Nogueira and Martinho, 1983).

This section examines the diversity, distribution, development and community struc-
ture of the ants and their interactions with soils and vegetation. Ants are highly mobile
animals and do not necessarily restrict themselves to particular strata in the landscape.
Many soil-nesting species exploit the food resources available in trees and, conversely,
at least some predominantly arboreal ants also forage on the ground surface thereby
influencing the local ground ant community. Therefore, the roles played by the total
ant community are important in understanding the impacts that ants have on soils
and ecosystems.

4.3.3.1 Taxonomy

The ants belong to the sub-order Apocrita (Aculeate) of the insect order Hymenoptera.
This sub-order also includes the wasps, the bees and a myriad of predatory and parasitic
species important in many environments for their roles in controlling populations of
herbivores and saprovores.

The ants are defined as the members of the super-family Formicoidea (which contains
the Formicidae as its sole family) and are derived from the Vespoid line of evolution
within the Apocrita. All are social species with winged male and mostly winged female
reproductives (queens). The queens discard their wings after a nuptial flight in a manner
analogous to that occurring in termite queens, while the workers remain apterous.

The family Formicidae is divided into sixteen subfamilies (with others known only as
fossils) and is further sub-divided into a larger number of tribes (Bolton, 1994). The total
number of described ant species is estimated at approximately 9-10,000 species
distributed among 296 extant genera although Hölldobler and Wilson (1990) estimated
that there may be as many as 20,000 species distributed among some 350 genera.
An account of the morphology and systematics of the Formicidae is beyond the scope
of this book but is available in  Hölldobler and Wilson (1990) and Bolton (1994).

4.3.3.2 Development

As holometabolous insects, ants hatch from an egg stage which is followed by three to six
(normally four) larval instars and a pupal stage during which the body is reorganised into
the adult form. Over a range of species, development from the egg to eclosion from the
pupa may take up to three months. Most species form a cocoon during the pupal stage.

As in other Hymenoptera, sex is determined by haplo-diploidy, a system in which
the males are haploid and the females diploid. Parthenogenesis is uncommon but
not unknown.

Castes and determination
As in the termites, ant castes may be broadly defined as groups of individuals that
specialise in particular roles or groups of tasks within the colony. While castes are
normally defined on a morphological basis, the roles performed may alter over time.
To distinguish between these two forms of polyethism, the former are known as physical
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and the latter as temporal castes. Physiological castes are defined in relation to a major
physiological state that may also be related to age or anatomy. With the exception of
the males, castes appear to be determined on the basis of colony needs rather than a
genetic basis.

The following castes and other adult forms are to be found among the ants.

Males. With few exceptions, the males fulfil no defined productive role within the ant
colony and their role is purely a reproductive one.

Queen. The queen (or gyne) is the principal female reproductive of the colony and, in
most species, is winged with a large gaster and a fully-developed hymenopteran thorax.
Wings are shed early in the process of colony founding. In contrast, among the army ants,
the queens are blind and wingless with a reduced thorax (dichthadiiform). The wings of
certain social parasitic ants are also much reduced and non-functional.

Workers. The workers comprise the wingless female caste in the ants. With few exceptions,
they are sterile and have reduced or no ovarioles. In contrast to the queen, the workers
have a simple thorax consistent with their lack of wings.

The worker caste may be subdivided into major, media and minor sub-castes on
the basis of size, each of which may have defined behavioural roles. Where the major
worker is highly specialised for fighting, she is known as a soldier. Such specialisations
may include modifications to the mandibles to form sickle- or hatchet-like organs more
effective in fighting. A further specialisation is phragmosis, or the gross enlargement
of the whole head leading to a massive structure which is used to block passages
within the nests thereby denying access to enemies. In some species, the gaster may be
similarly modified for blocking.

Ergatogynes. These are non-reproductive forms intermediate between the workers and
the queen and occur in two forms namely, intercastes and ergatoid queens. The intercastes
occur in a graded series and are present in conjunction with the workers and the queens;
they lack spermathecae and are therefore unable to mate. In contrast, the ergatogynes or
ergatoid queens can replace the queen and do not form pan of a graded series. They are
most common in primitive ants and possess functional spermathecae.

Gamergates. These comprise a true physiological caste that occurs in some of the
ponerine ants where the queen is replaced by fertile, worker-like forms.

In addition to the gamergates, two further physiological castes are of interest.
The first of these is the ‘replete’ or ‘honey pot‘ ant in which some of the major
workers have become specialised for the storage of liquid food (as sugar solutions) and
water through enormous dilation of the gaster. These occur in the families
Dolichoderinae and Formicinae and appears to be an adaptation to the unfavourable
conditions pertaining in such harsh habitats as deserts. A physiological caste occurs in
certain granivorous ant genera (e.g., Pheidole, Acanthomyrmex) in which seeds consti-
tute a substantial pan of the diet. As a specialisation for milling seeds, the head is
grossly enlarged relative to body size to accommodate the enormous mandibles and their
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associated musculature (Hölldobler and Wilson, 1990).
In addition to the physical and physiologically-defined castes and the other mor-

phologically-defined forms listed above, temporal castes occur that are defined on the
changing roles that they perform in the colony (temporal polyethism). For example, in
the myrmicine ant Pheidole dentata, the youngest minor workers (0-2 days) care prefer-
entially for the queen, the eggs and the youngest larvae. From 2 to 16 days, they care
for the medium-sized larvae. After this, they continue to work in the nest but an
increasing proportion of their time is spent in foraging outside the nest (Wilson, 1976).

4.3.3.3 Colony ontogeny

Ant colonies progress through a series of developmental stages analogous to those
occurring in the termites. There is an initial founding stage, followed by a period of
growth after which the colony achieves mature status, defined by the production of
reproductive forms. As occurs in all social insect societies, the colony eventually
declines and dies, often following the death of the founding queen and failure of other
workers or ergatogynes to take over the deceased queen’s role. The colony may also be
destroyed at any stage through interactions with other ants, by predation, parasitism or
pathogenesis or as a consequence of other disturbance.

While colony establishment normally follows the liberation of virgin queens from the
parent nest, colonies may also establish through other swarming processes. This takes
place where a group of workers, sometimes with a queen, leaves the parent nest togeth-
er with one or more queens to establish a new colony.

The founding stage
Virgin emerging queens often leave the parent nest in response to a stimulus such as
rain and, after attracting a male and being inseminated, proceed to shed their wings and
establish their own nests. Following inital nest establishment, the queen produces her
first batch of eggs. In order to feed the developing brood, the queen supplies them with
trophic or non-fertile eggs, produced from the breakdown products of her fat bodies and
wing muscles. In some species, the queen remains in the nest and the first workers
are reared solely from the energy contained in her bodily secretions; this is known as
claustral founding. The situation in which she emerges periodically from the nest to
forage for food is known as partially-claustral founding.

The exponential, or ergonomic stage
This is the stage of colony growth. The workers produced from the initial brood are
known as minims and are usually smaller than those found later in colony development.
Subsequent to this, the queen devotes herself to egg production and the colony popula-
tion proceeds to increase over time in an approximately sigmoidal progression.

The reproductive stage
The stage of the mature colony is achieved when the population has started to approach
its asymptotic level. Brian (1957) has divided the reproductive stage into an adolescent
period during which only males are produced and the mature stage during which queens
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are also produced. Winged queens and males are liberated from the maternal nest at
characteristic times of year for each species, the proximal cue often being an environ-
mental event such as a rainstorm. However, not all colonies produce queens in all years
and individual colonies may not produce individuals of both sexes in any one year.

Colonies may live for considerable periods although this is only related to the longevity
of the original queen in those species where queens are not replaced. Queens of many
species (Myrmica, Formica, Lasius) have been shown to live for more than 20 years
(Baroni-Urbani et al., 1978) although life spans for many others are considerably
less and a few species may live for longer periods (Hölldobler and Wilson, 1990).

The time scale of colony ontogeny is illustrated by that of the Nearctic seed-harvesting
ant Pogonomyrmex barbatus (Gordon, 1995; Gordon and Kulig, 1996) (Figure III.55).
Mating takes place in mid-summer with the release of the winged forms. Following
mating, the males die and the females drop their wings and dig a nesting hole within
which they remain sealed until the first workers emerge to forage on the surface, some
10 weeks later. Colonies grow steadily reaching ca. 3000 workers at 2 years, 4000-8000
at 3-4 years and reach maturity at about 5 years with the release of the first reproduc-
tives. Thereafter, mature colonies maintain a stable size of 10,000 to 12,000 workers.
The colony dies after 15 to 20 years since dead queens are not replaced in this species.
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4.3.3.4 Food materials and feeding habits

In the presumed ancestral vespoid pattern of diet still retained by some ponerine ants,
larvae are fed with protein-rich animal materials while the adults are largely nectivorous.
Tobin (1994) considered that two distinct and opposing trophic shifts have occurred in
the evolution of the ants. One has involved an increasing reliance on animal matter while
the second has led to a greater degree of herbivory.

While most ant species are generalised predators and scavengers, a wide range of feed-
ing habits occurs within the family. Tobin (1994) argued that the importance of herbivory
has been greatly underestimated, in part due to the difficulties in quantitatively assessing
the origins and amounts of liquid food carried by foraging ants. Most species accept a
spectrum of food materials and only a minority have highly-specialised diets. Of 143
‘New World’ genera considered by Tobin (1994), only in 29 genera (20 %) were all species
considered to derive most of their nutritional requirements from animal sources. The food
resources utilised by a colony may alter qualitatively and quantitatively over time,
depending on the stage of colony development and on changing seasonal requirements
associated with such factors as reproduction (Stradling, 1987).

Many species active on the soil surface or underground depend largely on animal
food materials. Of these, specialised predators are most common in the tropics and their
incidence diminishes with increasing latitude. Lévieux (1983) reported that ca. 25 % of
the 113 species found in the savanna of Lamto in the Côte d’Ivoire were thus specialised;
some species, for example, specialise as consumers of Isopod crustacean prey, others of
termites or earthworms. Although some dietary overlaps occur, most specialised feeders
appear to rely on largely different staple food resources.

Some ants are extremely polyphagous. Cherrett (1968) reported that the leaves of
36 of 72 plant species present in his study area in Guyana were attacked by the leaf
cutter ant Atta cephalotes. Fallen flowers were also attacked. Adams (1986) and Reagan
(1986) summarised the diet of the highly-invasive introduced fire ants, mainly Solenopsis
invicta (but also S. richteri), in the southern part of the United States, These ants predate
upon a wide variety of invertebrates but also feed regularly on different tissues amongst
a range of cultivated and other plant species (Table III.16). In addition, S. invicta feeds
on honeydew excreted by sap-sucking insects (Homoptera) and enters into a mutualism
with at least some species. Further, the species predates on the tissues of some higher
animals and may effect a notable reduction of certain forms of wildlife. Adams (1986)
cites attacks on a number of nestling birds and the eggs and newborn young of reptiles
reported by a number of authors. Such invasive species may, over time, become more
harmoniously integrated into local ant communities (Hölldobler and Wilson, 1990).

Workers may forage singly or in groups within the territory of their own colony and
recruit other workers to assist in the exploitation of significant food resources. In the
absence of group transport, such ants are limited in the size of the food items they may
return to the nest by the carrying capacities of individual workers. Potential food items
may range widely in size and, in species where workers differ in size, each size class
of workers may transport separate size classes of food items. Other ants forage co-
operatively in groups and this allows them to utilise food items that would normally
be too large or too well defended to be available to individual workers.
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Army ants represent the greatest development of this foraging behaviour and are
distinguished by a combination of frequent nest movement and the behavioural traits
of group foraging and group prey retrieval (Gotwald, 1995). These ants send out very
large numbers of workers and, through their co-ordinated activities, can subdue large
prey items such as cockroaches, earthworms and even small vertebrates such as frogs.
The food items are then subdivided where necessary and transported back to the nests,
also through the concerted actions of multiple workers.

Foraging activity is dependent on current environmental conditions. Many ants
forage within a temperature:humidity envelope and this is illustrated in Figure III.56
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where the rate at which workers returned to a nest of the North American desert fungus
feeding ant, Trachymyrmex smithi declined to zero at saturation deficits of greater than

and at soil surface temperatures greater than 50°C. In contrast, workers of Formica
perpilosa at the same site continued to forage at temperatures of 55 °C and saturation
deficits of because they were able to replace lost fluid from the honey dew that
they feed on and because of their greater tolerance of water loss (Schumacher and
Whitford, 1974).

Activities are also constrained by strong diurnal rhythms (Hunt, 1974; Roces and
Nunez, 1989) and daily cycles of foraging activity may be modified to avoid predation
and reduce competition (Hölldobler and Wilson, 1990). At a seasonal scale, foraging
may be constrained by environmental conditions. In a Nearctic temperate environment,
the three seed-harvesting species of Pogonomyrmex studied by McKay (1981) foraged
most actively during the warmer summer months but were inactive during the winter.

Plant materials
Tobin (1994) argued that while the ants as a group have not specialised in the digestion
of cellulose, their abundance and dominance in many environments is due to their
capacity to exploit plant resources. Many species ingest a wide variety of plant materials,
both vegetative and reproductive, in appreciable and perhaps hitherto unrecognised
quantities (Tobin, 1994). In particular, many ants feed on seeds, seed-associated struc-
tures, plant secretions and other products or little-modified plant materials excreted by
herbivores.

Few ants feed exclusively on plant materials although many use them on a seasonal
or facultative basis. For example, the granivorous ant Messor pergandei may consume
leaves, stems and flower parts when seed sources are in short supply (Rissing and
Wheeler, 1976). Vegetative tissues are less commonly eaten although those taken tend
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to be the softer materials. Wheeler (1910) records that a number of hypogaeic ant
species feed on underground plant parts including the cotyledons of germinating seeds.
These materials are probably eaten more for their more readily-digestible components
than for their cellulose.

Many of the relationships between ants and plants have co-evolved over time to
produce an apparent mutual benefit to both groups. However, in reviewing a number
of studies of this phenomenon, Becarra and Venable (1989) reported that only 43 % of
the 28 associations they examined were beneficial to the plant and that many of these
associations may be facultative.

Seed harvesting
Seed harvesting is a way of life for a number of species of the subfamilies Ponerinae,
Formicinae and most notably the Myrmicinae, which feed wholly or largely on seeds
which they collect and transfer to their nests. These are known as harvester ants and
dominate in deserts and drier grasslands in temperate and tropical environments;
seed harvesting may buffer them against temporal changes in the availability of food
(Handel and Beattie, 1990). While most seeds gathered by harvester ants are destroyed,
some are lost during transport and others may germinate in the nests or on refuse dumps.
Seed-harvesting ants are therefore simultaneously agents of destruction and dispersal
for the plant species whose seeds they feed on and they may substantially influence
the distribution of vegetation in space, and over time.

Seed harvesting ants are also active in such humid environments as rainforests.
Levey and Byrne (1993) reported that Pheidole spp. harvested small seeds from frugi-
vore faeces on the forest floor of a Costa Rican lowland rainforest. Depending on the
species, 25-32 % had seed cached in their nests and 24-32 % had discarded seed on their
refuse piles. In glasshouse studies, seedlings of one genus grew substantially better on
the refuse piles than on local topsoils, illustrating the advantage to the surviving plants.

Many other ant species occasionally use seeds as food materials but contrast with
the more specialist seed feeders. Even such prominent carnivores as the army ants may
collect and consume appreciable quantities of seeds (Gotwald, 1974).

Elaiosomes (arils)
Seed dispersal by ants is a widespread feature in all continents where they occur (Handel
and Beattie, 1990) and plants whose seeds are spread largely by ants are termed myrme-
cochores. Berg (1975) lists more than 1500 species of these plants from Australia and
similar numbers have been recorded from South Africa (Bond and Slingsby, 1983).

The evolution of structures on seeds that contain materials attractive to ants has
occurred many times and the structures involved originate from a diversity of tissues.
Elaiosomes are large bodies attached to seeds that contain such materials as lipids,
proteins, starch and sugars that are attractive to ants (Beattie, 1985). On being shed from
the plant, the seeds and their attached elaiosomes are transported by ants towards their
nests, the elaiosomes eaten and the seeds discarded undamaged, often within or in the
vicinity of the nests.

In addition to elaiosome-related transport by ants, compound seed dispersal mechanisms
are known that also involve other animals. Clifford and Monteith (1989) report the three
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phase dispersal of seeds of Petalostigma pubescens (Euphorbiaceae) in northern Australia.
The first or frugivorous phase is ingestion of the fruit by the large flightless emu,
Dromaius novaehollandiae, which may retain the fruit within its intestinal tract for more
than 72h. After the partially-degraded fruit is voided, it dries and the second phase takes
place as an explosive dehiscence of the endocarp which scatters the seeds 1.5 to 2.5 m
from the point of deposition. The final dispersal phase is transport of the seed by
ants attracted to their elaiosomes. Up to 1200 seeds may occur in a single scat and the
advantage to P. pubescens of the two final phases apparently lies in the reduced seedling
competition consequent on wider dispersal of the seeds.

Nectar feeding
While certain ants may feed regularly on floral nectar (Haber et al., 1981), few plants
appear to be regularly pollinated by ants possibly because of the toxicity of their
metapleural gland secretions (Peakall et al., 1991). Perhaps of equal importance to the
biology of both the plants and the ants is the utilisation by the latter of extra-floral
nectaries. As their name suggests, these nectar-producing structures have evolved in
a wide diversity of plants and vary from single to multiple celled structures; they may
occur on many parts of the plants including the stems, leaves or petioles. Their secre-
tions are largely carbohydrates although amino acids may also be present (Bentley, 1977;
Beattie 1985; Baker et al., 1978). Such secretions are attractive to the many ants that
feed regularly on them and which may defend the extra-floral nectaries.

Food bodies
Food bodies are small epidermal structures of varied origin found on certain plants that
provide nourishment to ants; they form one further component of the mutualisms that
have developed between certain ants and plants. Beattie (1985) lists them as providing
lipids, proteins and glycogen to the ants in return for their potential plant protection services.

Honeydew
Honeydew is an energy-rich product excreted by a range of homopterous insects.
These insects feed by inserting their suctorial mouthparts (proboscis) into the phloem
vessels of the host plant. The internal turgor pressure within these vessels obliges
such insects to imbibe sugar-rich fluids substantially in excess of their own metabolic
requirements (Chapman, 1982). This excess is excreted in the form of small droplets
and it is this material that is imbibed by the ants.

The material excreted by the homopterans is only slightly modified by its passage
through the insect gut. It contains a high proportion of sugars together with some
nitrogenous components in the form of amino acids and amides. A range of insects
(honey and other bees, wasps, flies, etc.) exploit this readily-available energy source
although it is the ants that have specialised in its utilisation (Wheeler, 1910).

While ants feed on the honeydew, the homopterans are protected by the ants from
predators and parasitoids; they may also be transported by the ants and sheltered in
specially-built structures. The homopterans taking part belong to the families Aphididae,
Coccidae, Pseudococcidae, Psyllidae, Membracidae, Cicadellidae, Cercopidae, Fulgoridae,
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Eurymelidae and Aleyrodidae (Hölldobler and Wilson, 1990; Carver et al., 1991). The ants
included in this mutualism largely belong to the phylogenetically-advanced subfamilies
Myrmicinae, Dolichoderinae and Formicinae. The variety of both ant and homopteran
species involved indicates that this mutualism has developed many times and this is
reflected in the degree of closeness of the relationship which may range from casual
to occasional to obligatory. While this mutualism is most apparent on the aerial surface
of plants, it also occurs widely in associations occurring on underground plant parts.
In a calcareous grassland in England, Pontin (1963) recorded a total of 16 subterranean
species of Aphididae and Coccidae tended by the formicine ants Lasius flavus and
Lasius niger.

Fungivory
Members of the tribe Attini (subfamily Myrmicinae) are distributed from 44°S in South
America to 40°N in the United States (Weber, 1982); the tribe includes approximately
190 species distributed among 12 genera (Hölldobler and Wilson, 1990). These ants
partake in a unique obligate mutualism with a fungus that they culture on organic
materials brought into their nests, in a similar association to that occurring in the
macrotermitine Isoptera.

As Hölldobler and Wilson (1990) have stated, the Attini are a particularly successful
group in the areas where they occur. For example, Cherrett (1986) has estimated that
they may remove from 12 to 17 % of annual leaf production in the tropical rainforests
where they occur and may influence the structure of the vegetation through selective
herbivory (Vasconcelos and Cherrett, 1997). They are also destructive agricultural pests
attacking a range of crops and grasses (including sugarcane) and may reduce the carrying
capacities of the pastures in which they occur by up to 50 % (Fowler et al., 1986).

Perhaps the best known species of this tribe belong to the genera Atta and Acromyrmex
which are known as ‘leaf-cutting’ ants from their habit of cutting small sections of leaves
from their food plants with their specialised mandibles. These are returned to the nest
to be cultured with a symbiotic fungus. The remaining ants of this tribe culture their
fungi on other plant parts, insect faeces or carcasses (Weber, 1982). The fungal symbiont
associated with the attine ants appears to be Leucocoprinus gongylophora, a member
of the Agaricales (Basidiomycota) (Hölldobler and Wilson, 1990). However, it is not
entirely clear whether this is the only member of this genus routinely involved and one
species Cyphomyrmex rimosus, cultivates a yeast-like fungus (Wetterer, 1994).

As materials harvested by leaf-cutting ants are brought into the nest, they are
thoroughly chewed and moistened by the workers and, together with a drop of protease-
containing anal fluid, are deposited onto the fungal body and inoculated. Worker ants
eat the swollen tips of the growing hyphae although they derive most of their nutriment
from plant sap exuded from the leaf surfaces cut while foraging and during preparation
of the plant material for culturing (Quinlan and Cherrett, 1979).

The workers have a limited capacity to produce proteases and may acquire most
of those needed from the tissues of their fungal symbiont (Martin, 1984). The larvae, in
contrast, secrete their own proteases which they use to degrade proteins within the hyphal
walls of the symbiotic fungus. Workers derive glycogen and starch from, respectively,
the fungus and the food plant; degradation products from the pre-oral digestion of
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carbohydrates are passed on to the midgut where further enzymatic degradation occurs
(Febvay and Kermarrec, 1986). Proteases acquired from the symbiont are passed through
the worker gut largely unaltered (Martin, 1984) and are applied to the harvested leaf
material facilitating its utilisation by the symbiotic fungus.

Apart from the above, the only non-pathogenic interaction between ants and micro-
organisms so far described is that between the harvester ant Pogonomyrmex occidental-
is (and certain other Pogonomyrmex species) and the elevated abundances of the hyphae
of vesicular-arbuscular mycorrhizal fungi that occur in the mound materials of this
species (Friese and Allen, 1993).

P. occidentalis clears all vegetation from circular areas around its nest and such areas
may cover up to 10 % of the ground surface. Through the return of food materials to their
nests, these areas become enriched in nutrient elements and are heavily exploited by very
dense mats of VA mycorrhizal-infected roots of the shrub Artemisia tridentata. Ants clip
the VAM-infected root tips, presumably to prevent them from obstructing galleries
although it is unknown whether the ants ingest any of this material. Following colony
death, rapid invasion of the cleared areas by A. tridentata and a mycotrophic grass is
facilitated by the presence of the highly infective VA inoculum of the mounds.

4.3.3.5 Geographic distribution of ants

Ants are spread widely throughout the world and the approximate numbers of species
known from the major biogeographical regions of the world are indicated in Table III.17
(from Bolton, 1995). As stated by these authors, many species still remain to be described.

Because of their marked thermophily, ants have radiated most widely in the tropics
and in a parallel with the termites, the number of species declines steadily with increas-
ing latitude. Ants are absent from Iceland, Greenland and Antarctica (Hölldobler and
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Wilson, 1990). Kusnezov (1957) plotted the decline in species richness with latitude for
the Neotropical and Nearctic regions, and for Europe (Figure III.57a). More recent work
(see, for example, Cushman et al., 1993) has confirmed this general latitudinal trend.

In addition to latitudinal variation, the number of species falls off drastically with
increasing elevation and this is illustrated (Figure III.57b) with data from the Great
Smoky Mountains National Park in the USA (Cole, 1940 in Kusnezov, 1957). Even in
the tropics, ants are largely absent from forested mountains above 2500 m in elevation
(Hölldobler and Wilson, 1990). However, above the tree line, the number of species may
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increase again. The endemic formicine Formica picea is found at elevations from 2800
to 4800 m above sea level in the northwest Himalayas (Mani, 1962).

Figure III.57a includes few data from the inter-tropical areas. In a further parallel with
the termites (Section III.4.3.2), substantially higher levels of species richness have been
reported in tropical environments (Hölldobler and Wilson, 1990). At the local level,
these authors cited local richnesses of 172,219 and 272 species from areas of ca.
in, respectively, Papua New Guinea, Ghana and Peruvian Amazonia. In addition,
Lévieux (1983) reported a total of approximately 230 species from the humid savanna
and gallery forests of Lamto, in the Côte d’Ivoire. Within even smaller areas, a single
tree in Peruvian Amazonia yielded 43 species (Wilson, 1988) while Room (1971) found
128 species in only 250 in a cocoa plantation in Ghana.

Ant species richness is limited by isolation and aridity. A few very isolated areas
(Polynesia east of Tonga, some of the isolated islands of the Atlantic and Indian Oceans)
have no native species of ants (Wilson and Taylor, 1967). Aridity also limits the species
richness of ant communities and dry areas tend to have substantially fewer species
than more mesophytic locations with similar temperature regimes. This was recorded
for African savannas by Lévieux (1983) and for two South American locations by
Kusnezov (1957).

In addition to the species indigenous to particular localities, a number of ant species
have been spread by man to a broad range of countries throughout the world, sometimes
with severe impacts on the local biota. Among these are included the ‘tramp’ species
which live in close association with man.

4.3.3.6 Spatial distribution of ants

Perhaps the major driving force in ant communities is competition for resources, both
between and within species (Hölldobler and Wilson, 1990). This competition is severe
and unrelenting and results in continuing changes to the composition and community
structure of ant populations and to their spatial dispositions. Competition operates over
a wide spectrum of spatial and temporal scales ranging from the individual colony to
whole faunas and over short and long time scales.

This severe competition has led to niche specialisation and saturation in such species-
rich environments as tropical savannas. It has also led to the horizontal partitioning of the
environment into territories and vertically into a series of partially-overlapping strata.

Territories
The defence of a foraging area containing resources (territoriality) appears to be a general
phenomenon within the ants and may occur between ants of the same or different species
(Hölldobler and Wilson, 1990). It is usually manifested by interference which may
include predation and other competitive interactions leading to the exclusion of other
ants from such resources as food and nesting sites.

In the ants, a territory comprises an area surrounding the nest within which members
of the colony forage for food resources and which is defended against competing
members of the same and other species. Territories may be absolute in which case they
are permanently defended against almost all other ant species and very few others
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are permitted to remain with their borders. Figure III.58 presents an example of the
distributions of the absolute territories of the dolichoderine ant Iridomyrmex purpureus
at a four hectare study site in South Australia (Greenslade, 1975). Territories are classified
as internal where they are bounded by those of other I. purpureus colonies and external
territories which taper off into dense vegetation, an unsuitable habitat for this species
which requires well insolated and well drained sites. Some colonies extend along tracks
in the dense vegetation and may extend up to 200 m from nests. I. purpureus is a dominant
species and excludes most other ants from within the area; the area of suitable habitat
is almost fully occupied by territories of I. purpureus. The colony pattern is considered
stable and the borders of the territories are maintained by frequent intraspecific con-
frontations.

Other territories have flexible borders and are known as spatio-temporal. In these,
only that part of the territory containing resources currently being exploited is defended
at any one time. However, the remaining area may occasionally be searched by scouting
workers to permit the discovery of new resources or to guard it against the inroads of
competing colonies. Ants that migrate regularly, such as the army ants, do not defend
permanent territories (Gotwald, 1995).
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The territories of ground-dwelling ants normally comprise an area of the ground surface
and the galleries in the soil beneath it. For any given species, territory size depends on
the stage of colony development and its population size; territorial boundaries are
continually being adjusted through interspecific or conspecific encounters. Gordon (1995)
showed that in colonies of the Nearctic seed harvester Pogonomyrmex barbatus
(Figure III.55), foraging area increases markedly from one to two years of age and
differs little thereafter, despite the continuing increase in worker populations.
Competition between adjacent colonies has been verified by the observation that unused
areas are soon incorporated into the foraging spaces of neighbouring colonies (Gordon, 1992).

Where ants nest in trees, they may confine themselves entirely to the trees or may
also utilise an area surrounding the base. The formicine weaver ant, Oecophylla
smaragdina, has an arboreal nesting system and a colony territory that may extend over
a number of trees (Hölldobler, 1983). However, this species also forages extensively on
the ground surface between the trees (Wilson 1959). Even predominantly-terrestrial
species may have territories that include the surrounding trees. Room (1975) reports
that, in a number of forested and agricultural environments in Papua New Guinea, the
territory of the dominant formicine ant Anoplolepis longipes has a three dimensional
character in that it nests on the ground but forages over all strata, including the trees
within its territories. However, this situation is apparently less common than that
represented by O. smaragdina (Wilson, 1959) and most ants appear to forage down-
wards from arboreal nests rather than upwards into the canopy.

A clear vertical stratification has been found in the species-rich humid tropical
savannas of Lamto in the Côte d’Ivoire. Here species are clearly stratified within the soil,
the herbaceous layer and in the trees, with only a few species overlapping between
adjacent layers (Lévieux, 1983). The ants of the Lamto savanna are divided into the
following overlapping sets, based on the principal strata they exploit in the landscape:
(i) Soil dwelling species, largely specialised ponerines, that further stratify themselves
according to the range of soil depths within which they forage;
(ii) The epigaeic species that forage on and near the soil surface;
(iii) Those that nest within the hollow stems of grasses;
(iv) The arboreal species that nest in Qhollow branches;
(v) The arboreal ants that construct leaf carton nests in the canopy.

Patterns of horizontal dispersion
The nests of ants that defend persistent nesting sites are frequently overdispersed in
uniform habitats. That is, they are distributed horizontally in patterns that are nearer
regularity than might be expected to occur by chance alone and this implies population
limitation by competition for food and other resources. In reviewing the results of
approximately 80 previous studies of ant nest dispersion, Levings and Traniello (1981)
found that 83 % of those capable of being analysed statistically reported distributions
significantly more regular than random. Traniello and Levings (1986) found that even
in colonies with multiple nests, nest entrances were overdispersed within territories.
Some evidence of an increased regularity in nest dispersion at higher population
densities of Lasius flavus has also been found in Britain (Waloff and Blackith, 1962).

Not all colonies are overdispersed and Herbers (1989) found that the ant nests she
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studied in regrown North American forests were aggregated in 15 of 23 plots and were
randomly distributed in the remainder. This was considered to result from the aggregated
nature of suitable nesting sites in the forests that she studied and to environmental
heterogeneity. On the basis of these results, Herbers concluded that the ants in her study
area were limited more by a dearth of appropriate nesting sites than by food. Gordon
(1991) also reported non-regular distributions of the nests of competing colonies of
the Nearctic harvester Pogonomyrmex barbatus. She attributed this to the regular inter-
digitating shapes of the foraging areas and considered it likely that it is the latter rather
than the nests that are evenly partitioned. In both of these studies, nest dispersion
patterns altered over time.

Even established ant colonies may be considered relatively mobile entities.
Some species apparently move their populations seasonally or at shorter intervals while
others with large, climatically-buffered nests do so only when considerably provoked.
Approximately 10 % of the colonies of the Nearctic seed-harvesting ant Pogonomyrmex
barbatus moved annually in the area studied by Gordon (1992) and Gordon and Kulig
(1996) while those of the other Pogonomyrmex spp. present moved more frequently.
However, colonies of many mound-building species often remain at a single location
for a number of years. Such influences as mechanical disruption of the nest, flooding,
predation, competition and environmental changes may lead to the movement of whole
populations of affected colonies (Hölldobler and Wilson, 1990). Army ants move their
nest sites continuously during the nomadic phase of their activities.

4.3.3.7 Ant populations and biomasses

Ant colonies differ widely in their abundances depending on the subfamily they belong
to, colony ontogeny and their environment. Where colonies are small, up to thirteen per
square metre may occur (Baroni-Urbani and Pisarski, 1978). At the other extreme, Higashi
and Yamaguchi (1979) reported an extremely large colony of Formica yessensis that
contained an estimated 307 million individuals living in approximately 45,000 nests and
covering an area of 2.7 Nonetheless, most colony population densities fall nearer
to the lower end of this range and the median colony density for the more than 145 sites
(mostly from areas of temperate climate) recorded in Baroni-Urbani and Pisarski (1978)
was the equivalent of 1700 colonies per hectare (interquartile range 300-4800 colonies).

The population abundances and biomasses of ants are very poorly known on a unit
area basis. The maximum population density estimates recorded in the summaries
of Baroni-Urbani and Pisarski (1978) and Petersen and Luxton (1982) are ca. 7300
workers and this corresponds to a standing crop biomass of 2.4 g (dry weight)
(most ants weigh between 0.1 and 1.0 mg dry weight although a few exceptional species
reach 3 mg). Most populations are substantially less abundant than the maximum cited
above. Ants attain their greatest importance in tropical savannas where they may
comprise more than 16 % of the total invertebrate standing crop biomass; in other
biomes, their biomasses attain maximum values of ca. 2 % of invertebrate biomass
(Petersen and Luxton, 1982).
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4.3.3.8 Effects of ants on soils

While arboreal ants have few direct effects on soils, many ants nest on and within
soils where they may build epigeal mounds and construct systems of galleries, nesting
chambers and other voids. Through their contributions to bioturbation (Levieux, 1976;
Cowan et al. 1985; Lockaby and Adams, 1985), they add their effects to those of
other soil-based ecosystem engineers and to the landscape level processes of soil and
biomantle formation discussed in Chapter II.

Ground-dwelling ants, particularly the mound-building ants can be considered
as ecosystem engineers (Folgarait, 1998) in that they modulate the availability
of resources and alter the soil and surface environments in ways that affect other
organisms (Jones et al., 1994). Where abundant, ants modify the physical structure of
the soil through the creation of systems of galleries and chambers and this influences soil
porosity, aeration, infiltration and drainage and creates habitat for smaller soil organisms.
Changes to texture and other soil properties occur through the vertical and horizontal
transfer of materials of different particle sizes and the creation of new soil horizons
(Alvarado et al., 1981; Gotwald, 1986). They also produce characteristic structures in
soils, different from those found in the surrounding soil matrix (Humphreys, 1994).

The activities of ants can also influence the chemistry of the soil, notably by
increasing the amounts of organic matter, phosphorus, potassium and nitrogen in
the mounds (Petal, 1978; Carlson and Whitford, 1991; McGinley et al., 1994) although
such increases are not universal (Lobry de Bruyn and Conacher, 1990). Wagner (1997)
showed that soil materials associated with the workings of Formica perpilosa in a North
American desert environment had a higher organic matter status and elevated phosphorus
and nitrogen concentrations compared with the surrounding soils. Where these materials
were associated with the bases of Acacia constricta shrubs, these plants set approxi-
mately twice as much seed as those without ant workings. In southeastern Australia,
a nearly fifty per cent. increase in the growth of Eucalyptus obliqua seedlings was
obtained in mound materials of Aphaenogaster longiceps compared with that in more
distant surface soils (Andersen, 1988). The physical changes and elevated chemical
status of many soil materials associated with ant mounds induce greater mineralisation
activities by decomposers (McGinley et al., 1994) and heightened root and mycorrhizal
growth, as shown in mounds of the harvester ant Pogonomyrmex occidentalis.
Plant communities differing from those of the general environment may occur on or
surrounding ant mounds as a response to the altered physical and chemical conditions
pertaining (King, 1977; Culver and Beattie, 1983; Carlson and Whitford, 1991).

4.3.4 MACROARTHROPOD COMMUNITIES

Soil macro-arthropod communities include a wide range of taxa. The most important
groups are Myriapoda, Coleoptera, Isopoda, Diptera larvae and Araneae although
some Homoptera (larval Cicadidae), Heteroptera (Gryllidae), Thysanura, Blattoidea,
endogeic Hemiptera or lepidopteran larvae may occasionally be important. Most of these
macro-invertebrates have a much lesser capacity to move through the mineral soil than
earthworms, termites or ants, Thus, most live in the litter or in the upper few centimetres
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of soil; saprophages play a major role in comminution of surface litter and a diverse
community of predators regulates their populations.

4.3.4.1 General Biology

Isopoda
Isopods are relatively consistent components of litter systems (Sutton, 1972; Warburg,
1987). Their size ranges from a few millimetres to 1-2 cm and their fresh weight is of
the order of a few milligrams. Respiratory organs range from the gills of aquatic forms
to closed, lung-like structures (Warburg, 1987). Most species are highly susceptible
to water-loss and are thus restricted to moist, sheltered habitats although a few
drought-resistant species colonise desert habitats. They also have little resistance to
cold temperatures. As a result, they are absent from tundra soils and, in temperate
environments, they have long periods of quiescence during winter.

Isopods may live for several years. They are saprophages that preferentially ingest
decomposing material with a low phenolic content (Neuhauser and Hartenstein, 1978).
Coprophagy is frequent in Isopoda and this external digestion seems to be obligatory
for normal development (Hassal and Rushton, 1982; Gunnarsson and Tunlid, 1986).
They need calcium for their exoskeleton and copper: a relationship between the concen-
tration of this element in litter and isopod abundance has been established (Wieser, 1966).
Many, but not all, species may be limited by the availability of these elements.

Daily ingestion rates (in mg dry matter ingested per mg fresh weights x100) are
generally less than 5 % but may vary from 0.5 to 20 % of body weight, depending on
the species and its diet (Bizé and Célérier, 1986). Assimilation rates may be relatively
high with values in the range of 4 to 45 % with an average of 25-30 %, depending on
the species, the stage of decomposition and the quality of the litter (Rushton and
Hassal, 1983; Bizé and Célérier, 1986).

Myriapoda
The larger myriapods are divided into two separate classes with quite disparate
ecological requirements and roles in the soil. The Chilopoda are mostly carnivorous
whereas the Diplopoda aresaprophages, with a few exceptions.Three main categories may
be distinguished: (i) large-sized macro-saprophages (Iulida, Glomerida and Polydesmida),
(ii) small micro-phytophages (Craspedosomatida) or (iii) intermediate forms with a liquid
alimentary regime (David, 1987). Some large tropical Diplopoda may ingest soil and
egest compact faecal pellets (Aouti, 1978).

Diplopods and chilopods differ substantially in size with average individual weights
varying from 0.5 mg f wt in a Swedish coniferous forest to 560 mg in the litter layer of
a mixed deciduous forest in North Carolina. Some giant tropical Iulidae weigh up to
10 g fresh weight, although most values are in the range 10 to 25 mg (Petersen and
Luxton, 1982).

Diplopods and chilopods are found on the soil surface, in the litter layers, in the
sub-cortical habitats of tree stumps and decaying logs where their food occurs, and where
the humid air protects them from desiccation. Most have a limited ability to penetrate
the soil which they move through by displacing it in all directions (‘bulldozing’).
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The geophilid chilopods and the ilulid diplopods are the only groups which possess
adaptations for digging. Even so, they prefer soils which facilitate their movement such
as those of sandy texture or with extended networks of fissures and earthworm galleries.
Growth is often slow and myriapods may live for several years. In temperate climate
French forests, two major groups may be distinguished: species with short developmen-
tal cycles (6 months to one year) (such as the Polydesmida and Craspedosomatida) and
those with long cycles (2-4 years), for example, Iulida and Glomerida (Fairhurst, 1974;
Geoffroy, 1981; David, 1982).

Diplopods have a thick cuticle encrusted with calcium carbonate which protects them
from both water excess and desiccation. This adaptation to widely changing moisture
conditions has made them a constant feature of forest leaf litter layers all over the world.
Chilopods which have a thinner cuticle are more sensitive to water stresses.

Diplopods are often favoured by high soil calcium concentrations (Fairhurst, 1974).
They feed on decomposing wood or leaf materials and they grow better on partially-
weathered material and have a marked preference for litters with high Ca and low
polyphenol contents. As a result, in temperate deciduous forests, birch (Betula alba) and
ash (Fraxinus excelsior) litters are more favourable than beech (Fagus sylvatica) or oak
(Quercus robur) litters (Raw, 1967; Marcuzzi, 1970; Edwards, 1974). Development is
slow and may last for three years in tropical species (Lévieux and Aouti, 1978; Aouti,
1977) and 5-7 years in colder areas (Vachon, 1947; Blower and Miller, 1977).

Chilopoda include large Scolopendrida or Lithobiomorpha which hunt in the litter,
and tiny Geophilidae which go deeper into the soil, following galleries and crevices.

Diptera
Dipteran larvae (Insecta) are an extremely diverse group both taxonomically and
nutritionally. They may occasionally become a predominant component of the soil fauna
and may effect a spectacular reduction of litter mass (see e.g., Healey and Russell-Smith,
1971; Altmuller, 1979; Deleporte, 1987). In a French temperate-climate forest, the soil
and litter community comprised 29 different families (Mollon, 1982). Dipteran larvae
are predominantly saprophagous but also include predaceous, necrophagous,
xylophagous, coprophagous, micro-and macro-phytophagous species (Brauns, 1954).
The larvae live mostly in litter and some of them have developed remarkable resistance
to drought (Delettre and Baillot, 1977) although soil texture and water regime may
influence their distributions (Trehen, 1971; Blanchart et al., 1987).

Coleoptera
The adults and larvae of the insect order Coleoptera are also a consistent feature of
soil animal communities. They are diverse taxonomically and differ widely in size, and in the
ecological roles they fulfil in soils and litters. Most of them live in the litter. They are
saprophagous, phytophagous or predators. Two groups may have considerable local impor-
tance: Scarabaeinae larvae (dung-beetles) which are crucial in burying cow-dung in grass-
lands used for cattle grazing (see, e.g., Bal, 1982; Brussaard and Hijdra, 1986; Lumaret and
Kirk, 1987) and Melolonthinae whose larvae may occasionally be abundant in grasslands and
affect crop production by feeding on living roots (e.g., Villalobos and Lavelle 1990). Other
important families in soils and litter are the super family Staphylinoidea, families
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Curculionidae, Elateridae and Tenebrionidae.
The vast majority of Scarabaeidae have three larval instars and they complete their life

cycle in 1 to 4 years. The European cockchafer (Melolontha melolontha), which used to be
a common pest has a three-year life cycle: adults merge during spring (April)
and lay eggs in the soil during the following 2-3 months before they die. The incubation
period of eggs lasts about six weeks. The first larval instar lasts 2 months and the first moult
takes place at the end of summer (September). The second instar larvae hibernate and resume
devastating activity during the next spring. This is the time when the most severe damage
occurs. The second moult takes place in June-July. Third instar larvae hibernate and further
develop during spring up to metamorphosis which starts in June and finishes in October when
adults hatch out and hibernate in soil before emerging in spring (Hurpin, 1962). An average 5
t (i.e., 20 %) decrease in sugar beet production occurred in France between 1925 and
1950 when one-year larvae were present in soils.

Beetles of the genus Phyllophaga, which may build up large populations in pastures of
North America and tropical Mexico, usually complete their life cycle in 2-4 years (Tashiro,
1990; Villalobos, 1991) (Figure III.59).
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The superfamily Staphylinoidea comprises several families of importance to the litter and
soil: Staphylinidae, Pselaphidae, Ptiliidae and Silphidae. Adults and larvae of Staphylinidae
are mostly predators which digest their prey by extra-oral digestion, although populations
from the two sub-families Osoriinae and Oxytelinae are fungal feeders. Staphylinidae may
complete their life cycle in a relatively short period of a few weeks to months, and have
several generations per year. Adults may live for several months to years (Newton, 1990).

Dung beetles (Scarabaeinae) may play a critical role in the burial of dung, especially
in relatively dry environments. They dig subvertical galleries 10-15 mm wide, down to
50-70 cm depth, with a variable number of chambers which are further filled with large
pellets of dung; one egg is laid in each pellet and the larva will complete its develop-
mental cycle feeding on the pellet. Excavations are deposited at the soil surface and form
small mounds a few centimetres high (Hurpin, 1962). The shape, depth and number
of chambers of a nest are a species specific characteristic which allows evolutionary
lineages to be discriminated (Halffter and Edmunds, 1981). Elateridae are another
typical family of soil and litter dwelling Coleoptera which are constantly present in
soils and may occasionally become serious pests of field crops (d’Aguilar, 1962).

Arachnida
Finally, a range of predators live largely within litters and, to a lesser extent, in soils.
Arachnida (Opilionidae, Araneidae and some smaller groups) form an extremely diverse
group, which mainly live in the litter with exception of a few burrowing species.
They are predators of Collembola, Enchytraeidae, Acari and many other small litter
and soil invertebrates.

4.3.4.2 Population Densities and Biomasses

Coleoptera generally represent the third or fourth rank of macro-invertebrate biomass in
soils, after earthworms, termites or ants. In dry savannas of South Africa at Nilsvley, they
are the most important group in terms of biomass with values of 7.15 to 8.15 g f wt
depending on the type of savanna (Scholes and Walker, 1993); in humid tropical pastures
of Mexico, mean annual biomass of Coleoptera was 19 g f wt with a peak value
of 60 g at the end of the rainy season; Scarabaeidae Melolonthinae comprised 90 %
of this biomass (Villalobos and Lavelle, 1990). Most biomass values are in the range
50-200 mg dry wt (Petersen and Luxton, 1982). Maximum densities have been record-
ed in an abandoned field in Sweden (1404 ind. ± 189 with a biomass of 2.86 ±4.2 g
dry wt equivalent to 10 g f wt, Persson and Lohm, 1977) and savannas at Lamto (Ivory
Coast) (Athias et al., 1975).

Isopoda. Where present, Isopoda generally have low densities of a few tens to a few
hundreds of ind. Maximum values of 1000 to 7900 ind. have been reported for
some British grasslands and forests (Sutton, 1972; Petersen and Luxton, 1982; Molfetas,
1982; Mocquard et al., 1987). Species diversity is generally limited to 4-5 species
(Mocquard et al., 1987). Densities are particularly low in acid soils with mor-type humus
or where frost or drought occur.

Diplopoda frequently have high population densities of 200 to 500 ind. in
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temperate forests (Bornebusch, 1930; Dunger, 1964; Saulnier and Athias-Binche, 1986)
with biomasses of 8-20 g f wt They are consistent inhabitants of litter layers in
tropical forests and woodlands where their populations may vary from mean values of
a few tens (e.g., 26 ind. weighing 5.7 g f wt in Miombo woodland, Dangerfield,
1990) to several hundred individuals weighing 0.3 to 4 g f wt (see, e.g., Lavelle and
Kohlmann, 1984; Lavelle et al., 1981; Beck, 1971). In temperate and tropical grasslands,
populations are generally limited to a few tens per square metre (see for example, Persson and
Lohm, 1977; Athias et al., 1974) with a low biomass of 0.1 g f wt to 0.30 in moist
savannas at Lamto (Côte d’Ivoire) and 0.6 in tropical pastures of Mexico (Lavelle et al., 1981).

Soil and litter-dwelling Diptera larvae vary widely in size with small individuals, e.g.,
in the families Chironomidae or Ceratopogonidae, of a few millimetres long and large
Tipulidae or Bibionidae which may attain three centimetres. They often have strongly
aggregated distributions and are only present in litters for a few months until they become
adults. They are seasonally important components of tundra soils with densities of
100-1000 ind. in most sites. The highest densities have been recorded in temperate
forests (especially in moder and mor humus types) where densities of several thousand
ind. are common (see, e.g., Mollon, 1982; Petersen and Luxton, 1982). Maximum
values of 12,000 (Healy and Russell-Smith, 1971) and even 370,000 individuals per
have been found (Deleporte, 1981). Densities in temperate grasslands and tropical
environments rarely exceed a few tens of individuals

Biomasses may be as high as 16-40 g f wt in temperate forests and tundra sites;
most data however range between 0.5 and 5 g in these environments (Petersen and
Luxton, 1982).

Arachnida are the most abundant group of predators. Most values are in the range
20-200 ind. and maximum densities of 400-800 ind. have been recorded in
temperate forests with a mor or moder type of humus. Biomasses are modest and rarely
exceed 0.20 to 0.30 g f wt

Chilopoda have densities of a few tens of individuals. and biomasses of less
than 1 g f wt with maximum values in forests rather than grasslands and in temperate
rather than tropical ecosystems.

4.4 Determination of Soil Faunal Communities

Soil faunal communities differ markedly in their toxonomic and funtional diversities at all
scales of observation. These latter may vary from broad latitudinal gradients of temperature,
to regional mosaics of different soils, vegetation and land-use and down to a single soil pro-
file (see e.g., Petersen and Luxton, 1982). Such variation results from population response to:
(i) local environmental constraints represented by a suite of hierarchically-organised
climatic and edaphic factors (see section IV.1.2.2), (ii) phylogenetic and biogeographical
constraints, and (iii) their interactions with other soil organisms, especially micro-organisms.

Soil organisms, especially the invertebrates, differ from those of other strata within
ecosystems in that they are exposed to unique sets of limiting factors. They tend to
be more closely constrained by external environmental factors and the limitations of
their own digestive systems than, e.g., vertebrates or insects living in the aerial part of
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the ecosystem. They have therefore developed specific adaptive strategies whereby they
rely more on mutualistic relationships and suffer less from antagonistic interactions
with other species (Lavelle, 1985).

4.4.1 ADAPTIVE STRATEGIES OF SOIL INVERTEBRATES

4.4.1.1 Principal constraints to soil invertebrate activities

Soil invertebrates have adapted in different ways to the major constraints of their envi-
ronment. Some major accommodations to their environment include: (i) the derivation of
their nutrient energy requirements from a suite of largely poor-quality organic resources;
(ii) adaptation of their locomotion to suit the dark, confined and sometimes compact soil
environment; and (iii), modification of their metabolism to cope with the occasionally
unfavourable temperature and moisture conditions.

Food resources
The nutritional value of most available soil resources is relatively poor. Most comprise
decomposing materials with characteristically low nutrient contents and substantial
concentrations of highly-polymerised and resistant molecules such as lignin, humic
acids and tannin-protein complexes. Higher quality resources such as the microbial
biomass or freshly-dead invertebrates are much less abundant, dispersed in the soil
profile and rendered partly inaccessible by physical protection in microhabitats
(see Chapter I.3.2).

Movement
The mineral soil environment is compact and movement for most species is only
possible through a labyrinth of pores and channels. These comprise a relatively small pro-
portion of the whole soil volume which decreases with increasing depth (see Chapter I.1.3.1).

Moisture regimes
The semi-aquatic soil environment is theoretically suitable for those faunal groups
with high moisture requirements. However, water availability is highly variable in time
and space due to climatic variation and capillary forces which, depending on the pore
size distribution, may keep much of the water beyond the extraction capacity of many
animals (see Chapter I.2.2.3.2).

Temperature
Through its overall extremes and short term changes, temperature is the ultimate
regulator of metabolic activity in soil organisms which, with few exceptions, are
poïkilothermic. Temperature and moisture regimes determine the intensities and temporal
distributions of the seasonal periods of activity. In that respect, they largely determine
the success of the various adaptive strategies. Strategies based on the use of low-quality
resources will only be satisfactory where long and intense periods of activity are
possible; if they are reduced, life-cycles must be completed in a shorter time, through
the use of higher-quality resources.
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Water availability and temperature regimes usually become more favourable and
predictable with depth while food availability and quality, and exposure to predators
all decrease. The existence of inverse gradients in environmental predictability and
food availability down the soil profile is a constant feature of soil environments.

The way and the extent to which soil animals face these constraints largely determine
their abundances and ultimately the roles that they play in the soil system. Adaptive
strategies have been selected in response to the characteristic suites of environmental
constraints present in the soil environment.

4.4.1.2 Digestion

Soil invertebrates generally have relatively restrictedenzymatic spectra. Animal cellulases,
for example, are rare and the cellulolytic activity detected in animal guts is generally due
to micro-organisms (see, e.g., Devigne and Jeuniaux, 1961; Parle, 1963; Loquet and
Vinceslas 1987; Rouland et al., 1988a; Urbasek, 1990; Deleporte and Rouland, 1991;
Zhang et al., 1993). An association between invertebrates and micro-organisms is thus
necessary to allow digestion of resistant substrates. Depending on the intensity of this
association, digestion may occur: (i) by direct digestion; (ii) through the ‘external
rumen’; (iii) through a mutualistic association with the soil microflora
in the animal gut; and (iv) through a symbiotic association with a specialised gut
microflora or microfauna.
(i) direct digestion occurs in predators but appears to be extremely limited among
saprovores. Higher termites have cellulases (Potts and Hewitt, 1974; Martin and Martin,
1979; Rouland et al., 1988b). Cellulases have also been reported in earthworms, but it is
still uncertain whether they are actually produced by the worm itself, or by associated
micro-organisms (Laverack, 1963; Loquet and Vinceslas, 1987) ;
(ii) in the external rumen type of digestion, invertebrates which do not produce
endogenous cellulase, periodically re-ingest their faeces and thereby take advantage of
the release of assimilable compounds due to external microbial activity (Swift et al.,
1979). Most litter-feeding epigeic arthropods use this digestive system. They play impor-
tant roles in the comminution, fractionation and humidification of the ingested material,
thereby enhancing its microbial activity. Macrotermitine termites and ants of the tribe
Attini which cultivate fungi on specially prepared Wood or leaf and other materials also
belong to this group;
(iii) facultative mutualism with a non-specific microflora ingested with soil or litter
material occurs where invertebrates provide suitable conditions for microbial activity in
their gut. They then absorb the assimilable metabolites released by the enhanced micro-
bial activity. A digestive system of this type has been described, e.g., in endogeic
geophagous earthworms (Barois and Lavelle, 1986). The ingested soil is mixed with an
equivalent amount of water and 5 to 16 % of intestinal mucus, a readily-assimilable mix-
ture of low molecular weight glycoproteins, amino acids and simple sugar molecules
(Martin et al., 1987). Intensive mixing in the gizzard disperses the soil and results in
the formation of an homogenous suspension of bacteria, readily assimilable substrates
(mucus) with soil mineral particles and soil organic matter whose physical protection
within aggregates has been removed. The soil microflora first increases its activity by
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using mucus as an energy substrate. By the middle part of the gut, the mucus has been
almost completely metabolised, microbial activity is high and bacteria, through a priming
effect (see Chapter IV.1 and Jenkinson, 1966) are able to digest part of the soil organic
matter. The digestive products are released within the gut and partly reabsorbed by the
worm. This facultative symbiosis has been observed in the larvae of a number of wood
and leaf-litter feeding Diptera and Coleoptera (Campbell, 1929; Hassall and Jennings,
1975), in termites (Breznak, 1984) and temperate climate earthworms (Trigo and
Lavelle, 1993) (Figure III.60).

(iv) symbiosis between soil animals and their specific gut microflora is the ultimate
stage of an obligate association between invertebrates and micro-organisms which
permits them to digest lignocellulose. Phylogenetically ‘lower’ termites, have flagellate
protists and bacteria in a bulbous ‘paunch’ in the proctodeum. They are unique species,
found only in the gut of these termites and are attached to the gut wall by a holdfast
organelle which secures them to the epithelial tissue. These protists digest lignin by an
aerobic process and release acetate and sugars which are used by the termite
(Kirk and Farrell, 1987) (see section III.4.3.2.1). Bacteria provide growth factors for
protists, but termites can survive without these bacteria (Yamin, 1981). In higher
termites, filamentous bacteria attached to cuticular spines partly fill the proctodeal ‘paunch’.

4.4.1.3 Locomotion

Three main strategies are known and are related to the sizes of the animals involved:
(i) swimming through the water films which fill soil capillaries and pores and cover
soil particles. The hydrobiont fauna moves in this way within the soil although such
movements are limited to a few millimetres, due to the small size of the animals and
the frequent discontinuity of the water phase;
(ii) movement through the air-filled pore space. This strategy is adopted by most meso-
faunal species and some slender, worm-shaped macrofauna (e.g., Chilopoda Geophilidae
and some thin polyhumic earthworms). Epigeic macroinvertebrates do the same in
the leaf-litter layers; a large number of litter invertebrates shelter in the upper centimetres
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of the mineral soil using macropores or the galleries of burrowing animals;
(iii) tunnelling through the soil. Only the larger soil animals have sufficient strength to
do this and this behaviour only occurs in anecic and endogeic earthworms, termites, ants
and a few insects with fore-legs modified for digging, e.g., nymphal Cicadidae,
Gryllotalpidae (Orthoptera), Cydnidae (Hemiptera) or Scarabaeidae (Coleoptera).
The ability to dig gives such invertebrates a great selective advantage. Like anecic
earthworms or termites, these invertebrates are able to feed in leaf-litter (where the
highest-quality resources are found) and avoid the frequently unfavourable environmen-
tal conditions and high predator densities that occur in this environment. Some of these
invertebrates are also active root-feeders.

4.4.1.4 Adaptations to temporarily unfavourable climatic conditions

Smaller soil organisms are able to survive drought and sub-zero temperatures since
they can shelter in favourable microsites when overall conditions become unfavourable.
This is especially true of bacteria and protists which may remain in the water films or
micropores 1 or less in diameter, that is in soils with matric potentials as low as
-5 MPa (pF 5). Protists and nematodes have also developed such remarkable forms
of drought resistance as anhydrobiosis and encystment.

Large invertebrates such as earthworms do not survive long in very dry soils since
their water-conserving mechanisms are poorly developed in most cases. However,
certain organisms modify their environments to obtain better protection. This is
especially true of such social insects as ants and termites, which may build nests with
highly-buffered temperature and moisture conditions.

4.4.1.5 Response to soil constraints: adapt to, or modify the environment?

The efficiency with which soil organisms exploit particularly low quality soil resources,
their ability to move and their resistance to unfavourable environment and moisture
conditions are largely determined by their sizes and their individual or social behavioural
responses to the constraints considered above. Small animals cope better with tempera-
ture and moisture extremes although they are less able to use low-quality resources and
modify their environment. Conversely, large soil animals make better use of low-quality
food but are poorly adapted to extreme environmental conditions. However, some groups,
notably the termites, have a great ability to transform their environment.

Ants are an exception to this in that they normally utilise high-quality resources
through strategies of predation, nectar and seed feeding.

Individual size partly determines the ability to use microflora in mutualistic digestive
systems. A minimum size is necessary to allow transport and temporary or semi-permanent
storage of an associated microflora in the gut:
(i) the microfauna can only use micro-organisms as food;
(ii) the mesofauna also contains many microbivores. However they also transport
micro-organisms and partly utilise an ‘external-rumen’ type of digestion;
(iii) the macrofauna has the ability to develop the external-rumen system on a large
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scale. Alternatively, a large-scale utilization of soil resources by a facultative or obligate
symbiotic microflora may occur in their guts.

As a result, the capacity of soil invertebrates to use low-quality resources normally
increases with size, other environmental conditions being equal.

Size also determines the mobility of invertebrates. The smaller they are, the less
effectively can they move and the more closely they depend on the distribution and
continuity of water films and/or the pore space. Conversely, large animals may range
much further provided that they can dig through the soil when their diameter is greater
than the average pore size.

Finally, size partly determines the ability of invertebrates to survive temporarily
unfavourable conditions and the larger invertebrates are generally less successful at this.
These differing responses may partly explain why the distributions of micro- and, to a
lesser extent, mesofaunal taxa are continuous whereas macrofauna, especially termites
and earthworms have highly discontinuous distributions at both regional and geograph-
ical scales.

The behaviour of individuals and populations may modify this general pattern.
Aggregation and social organisation are most important in this respect:
(i) aggregation is frequent in most groups of mesofauna; although sometimes interpret-
ed as the result of purely biological features (concentration of egg-laying sites, response
to the heterogeneity of resource distribution); its adaptive value has been pointed out by
several authors (Joose, 1970; Usher, 1975; Verhoef and Nagelkenke, 1977). In contrast,
the non-social large invertebrates which do not rely on external-rumen types of digestion
(i.e., predators and earthworms with an ‘internal-rumen’ type of digestion), generally do
not have such highly-aggregated patterns of distribution.
(ii) social organisation is an efficient way to enlarge the scale at which individuals
operate, and thus the range and abundance of resources they can utilise. Co-ordinated
efforts among attine ant and macrotermitine termite workers allow the construction and
maintenance of fungal gardens in which cellulose and lignin are transformed into
secondary resources readily assimilable by individuals. Such fungal gardens represent
the most highly evolved and efficient external rumens found among soil invertebrates.
Social organisation also allows species to modify their environments to an extent that
far exceeds the capacity of a single individual. Termites are individually extremely
sensitive to low humidities but nevertheless survive well in semi-arid and arid environ-
ments. The nests, galleries and surface sheetings within which they live have a constantly
humid atmosphere due to acquisition of water from the water-table which may sometimes
be many metres deep.

4.4.1.6 Functional guilds: microfoodwebs, litter transformers and ecosystem engineers

Soil invertebrates have a continuum of strategies from the smallest microfauna that
colonise the water-filled pore space in the same way as micro-organisms, to macrofauna
that modify the soil environment to accommodate their Own needs. The size of inverte-
brates and the aquatic or aerial nature of their respiration, reflect their way of adapting
to spatial constraints. Three groups have been distinguished (Bachelier, 1978; Swift
et al., 1979):
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1. Microfauna, which comprise aquatic invertebrates that live in the water-filled soil
porosity. They are small, less than 0.2 mm on average, and include the protists and
nematodes, together with other groups of lesser importance like tardigrades, rotifers;
2. Mesofauna, which comprise microarthropods (mainly Collembola and Acari) and
the small Oligochaeta and Enchytraeidae; they have an average size range of 0.2-2 mm
and live in the air-filled pore space of the soil and litter,
3. Macrofauna, which include invertebrates with an average length greater than 2 mm.
Termites, earthworms and large arthropods are the main components of this group.
They have the ability to dig or eat their way through the soil and create specific struc-
tures to accommodate their movements and living activities (e.g, burrows, galleries,
nests and chambers) and produce casts and faecal pellets through their feeding activities.
These organisms have also been called ‘ecosystem engineers’ (sensu Jones et al., 1994)
for their ability to profoundly affect the soil structure and hence influence major soil
processes through the structures that they build (Stork and Eggleton, 1992).

Three major guilds of soil invertebrates may be distinguished on the basis of the
relationship that they have with the soil micro-organisms and the kinds ofexcrement and
other biogenic structures that they produce (Figure III.61).
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Micro-foodwebs mainly comprise microfauna that are predators of bacteria and fungi,
and their predators. Microfaunal species do not produce recognisable solid excrements
and the effects of these invertebrates on soil organic matter dynamics are not prolonged
within structures that remain stable for significant periods after deposition. However,
they have a significant impact on the population dynamics of micro-organisms and the
release of nutrients immobilised within the microbial biomass (Trofymow and Coleman,
1982; Clarholm, 1985). This process is particularly well developed in the rhizosphere.
Predatory Acari, Collembola, and even larger invertebrates (earthworms) may extend
this foodweb over several trophic levels.

Litter transformers mainly comprise mesofauna and large arthropods which normally
ingest purely organic material and develop an external (‘exhabitational’ sensu Lewis, 1985)
mutualism with microflora characterised by an ‘external rumen’ type of digestion, dissemi-
nation of spores or comminution (Swift et al., 1979). Litter arthropods may digest part of
the microbial biomass or develop mutualistic interactions within their faecal pellets: in these
structures, organic resources which have been fragmented and moistened during gut
transit, are actively digested by the microflora. After some days of incubation, arthropods
often re-ingest their pellets and absorb the assimilable organic compounds that have been
released by microbial activity, and occasionally, part of the microbial biomass (see e.g.,
Hassal and Rushton, 1982). This specific type of exhabitational mutualism is known as
the ‘external rumen’ type of digestion (Swift et al., 1979). Within this general adaptive
strategy, a large diversity of behaviours may be identified (Vannier, 1985). Insects such as
Diptera (Sciaridae) have a comparatively efficient enzymatic machinery and produce liquid
faeces that are not re-ingested (Deleporte and Rouland, 1991). This digestion system is
unable to digest tannin-protein compounds and highly polymerised polysaccharide-aromatic
complexes (lignin) efficiently and these accumulate to hamper the progress of decomposition
(Minderman, 1968; Gourbière, 1982; Toutain, 1987a) (see also IV.2.5.3). The acid organic
compounds released in the course of decomposition are not flocculated in the presence of
mineral particles; they behave as aggressive compounds that may leach and actively
participate in mineral weathering, thereby favouring such processes as podzolisation
(Berthelin et al., 1979; Pedro, 1989).

Finally, the ecosystem engineers comprise macrofauna, mainly earthworms and
termites that are large enough to develop mutualistic relationships with microflora
within their own bodies. These interactions may involve obligate (such as the protists
contained in the posterior pouch of lower termites) or facultative symbionts; the latter
occur in the gut of higher termites and also in earthworms (Barois et al., 1987; Breznak,
1984). These organisms usually ingest a mixture of organic and mineral elements.
Organic acids produced by digestion and the subsequent incubation of organic matter
in casts, are normally flocculated in the presence of clay minerals and have a high microbial
activity. Digestion is efficient and complex organic compounds like cellulose, lignin and
tannin-protein complexes are at least partly assimilated (e.g., Butler and Buckerfield, 1979;
Toutain, 1987b; Breznak, 1984; Rouland et al., 1990). The larger faecal pellets
(in the range of 0.1 to >2 cm) may form the component elements of macro-aggregate
structures; their properties may contribute prominently to those of the stable structures
through the regulation of porosity, aggregation, bulk density and surface features (Bal, 1982,
Blanchart et al., 1997). The large structures built by organisms, such as mounds and networks
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of galleries and chambers, have significant impacts on the evolution of soils at medium time
scales. Ants may be considered as part of this group, although the vast majority of them only
use soil as an habitat and have a limited direct impact on soil organic matter dynamics.
They will not be considered in this section because of the small number of studies devoted
to their effects on soil processes (review in Folgarait, 1998).

Whenever conditions are suitable for their activities, macrofauna, and especially
earthworms and termites, become the major regulators of microbial activities within
their spheres of influence (i.e., the termitosphere of termites and the drilosphere of earth-
worms, Lavelle, 1984) in which they also determine the abundance and activities of
the smaller groups of soil fauna (Dash et al., 1980; Yeates, 1981). These ‘Biological
Systems of Regulation’ include the rhizosphere in which roots are the major determinant
(Lavelle et al., 1993) (see also IV.1.4).

The apparent looseness of the soil trophic structure may be due to the juxtaposition of two
fundamentally different types of relationships between invertebrates and micro-organisms
i.e., 1. a ‘classical’ foodweb in which organisms of a given size feed on the smaller organ-
isms, at a lower level in the foodweb; and are eaten by larger organisms which comprise the
higher levels and 2. Biological systems of regulation which are systems of interactions based
on the mutualisms that occur between micro-organisms and invertebrates of different sizes.

The overall structure of the foodweb is further complicated by the effects of interac-
tions between these three guilds. For example, certain local conditions may favour high
levels of activity among termites or anecic earthworms and thereby significantly reduce
the resources available for the development of litter transformers and micropredators.

4.4.2 DETERMINATION OF SPECIES RICHNESS

Within individual communities, species richness within particular taxa is determined by
(i) phylogenetic constraints,
(ii) biogeographical factors and
(iii) environmental conditions.

4.4.2.1 Phylogeny and species richness

Species richness differs greatly between taxa. Under favourable conditions, microarthropod
communities may comprise hundreds of species with diversity in Acari up to 400 to
500 species and that of Collembola 60 to 80 species. Under comparable conditions,
nematodes may comprise up to 90 species; protists, up to 60; termites, 60; Enchytraeidae,
22; earthworms, 15-17; Diplopoda, 15.
Two general trends seem to exist:
(i) species richness decreases in parallel with size (May, 1986; Stork and Brendell, 1993);
(ii) species richness appears greater in arthropod than in non-arthropod groups.

Some hypotheses may be proposed to explain these features. The effect of size may
be a consequence of the scale at which the organisms operate. A single soil macro-
aggregate may be the smallest environmental unit recognisable by an endogeic earthworm
although it comprises a large variety of microenvironments at the scale of a protist or
nematode. Thus, a greater diversity of potential niches for small organisms will
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sometimes result in an intense speciation. This effect of size on species richness has
already been assessed for above ground terrestrial animals by May (1978).

The larger diversity of arthropods as compared to non-arthropods (e.g., Oligochaeta)
may possibly be interpreted as the effect of a greater niche specialisation due to their
external chitinised skeleton. As a result, adult size is fixed and little variation occurs
between individuals. The evolution of a chitinised exoskeleton has favoured the
development of efficient locomotory and protective structures and allowed the evolution
of a wide range of mouthpart types of fixed size and shape. Larval development permits
some plasticity in the niches used by a particular species, although still much less
than in non-arthropods. Conversely, during growth, Oligochaeta continually change their
ecological roles. For example, young anecic earthworms, often behave like epigeics and
progress deeper into the soil as they grow. Populations of a single earthworm species
may thus cover a relatively wide range of niches. At the end of the dry season, populations
of the tropical endogeic species Millsonia anomala comprise a majority of young indi-
viduals which are more resistant to drought and high temperatures than adults. In the
midst of the rainy season, populations show a preponderance of adults more highly
adapted to cool temperatures and a high soil moisture regime (Table III.13).

4.4.2.2 Biogeographical effects

For biogeographical reasons, certain taxa may be absent from environments in which
they could readily exist. This is not uncommon in large invertebrates and two examples
are the absence of the fungus-growing termites (Macrotermitinae) from Australia and
the Americas. In the latter environment, ants of the tribe Attini have been considered as
functional equivalents, even though the most prominent harvest is living leaves instead
of using dead plant material as a primary resource (Wheeler, 1907; Weber, 1972). A fur-
ther example is the striking differences between earthworm communities in tropical
forests: in Western Africa and Central America, communities in oxisols occurring in
regions with an average annual rainfall of 1600-2000 mm are dominated by endogeic
populations (Lavelle, 1978; Fragoso and Lavelle, 1987). Comparable forests in South
America have predominantly anecic populations (Nemeth, 1981; Lavelle and Pashanasi,
1989). In the former environment, most species belong to the family Megascolecidae which
has a relatively primitive pattern of organisation and comprises a majority of endogeic
species. In the Amazonian forest, most species belong to the family Glossoscolecidae, a
group that includes numerous true anecic species and in this respect is similar to the
Lumbricidae, the dominant earthworm family of most temperate regions of the world.

4.4.2.3 Environmental determinants

Species richness and diversity are highly dependent on variation in environmental
factors. This may range from the small scale at which -diversity is measured (a few
square metres to 1 ha), to the much wider continuum of a thermo-latitudinal gradient.

Smal scale determination
At the small scale at which communities operate, species richness and diversity are
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determined by the diversity and abundance of resources. However, this determination
is not simple and contradictory results may be obtained. In an English chestnut
(Castanea) wood, a direct relationship was established between environmental diversity
as measured by the occurrence of 23 variables describing microhabitats and resources
and the diversity of species of Cryptostigmata (Acari) (Anderson, 1977) (Figure III.37).
In contrast, similar studies of a mixed-species wood near Paris (France) showed that
species richness may also be negatively correlated with the abundance (and hence
diversity) of microhabitats occurring in leaf litter (Garay, 1981b). In that situation, the
small standing crop biomass of litter resulted from rapid decomposition. The large flux
of assimilable organic matter and nutrients thereby made available may account for the
large observed diversity. Mechanisms of niche partitioning which operate in these
communities are discussed elsewhere (Section III.4.2.1.2).

Large-scale determination: the first link hypothesis
Many explanatory - and sometimes controversial - hypotheses have sought to explain
the outstanding species richness that occurs in many taxa in the humid tropics (see
e.g., Giller,1984; Solbrig, 1991). It seems likely that species richness is determined by
several factors which can act at two levels: (i) determination of the corporate niche
occupied by a community and (ii) separation into individual niches.

The main hypotheses that explain the possibly enlarged corporate niches in the humid
tropics compared with those of cooler and less humid environments refer to environmen-
tal favourableness, spatial heterogeneity, temporal variability and enhanced plant produc-
tion: these are considered to enlarge the resource base available to a given community.
However, these hypotheses have never directly addressed soil processes or considered
the effects of increased temperature. The latter is the one unquestioned difference that
occurs between tropical and extra-tropical environments,

In the ‘first link’ hypothesis, it is proposed that increased soil temperatures give roots
access to an enlarged nutrient resource base by increasing the efficiency of mutualistic asso-
ciations in the rhizosphere (see Chapter IV.3). An enlarged corporate niche due to increased
nutrient resources would result in a larger number of plant species once niche separation
has taken place. This would be the first link of a cascade process in which species richness
within the consumer and decomposer foodwebs would become larger than in colder areas,
irrespective of such biogeographic and historical determinants as Pleistocene refuges,
catastrophic events and the degree of ecosystem maturity (Odum, 1983) (Figure III.62).

This hypothesis originated from the changes noted in the structure of earthworm com-
munities along a thermo-latitudinal gradient extending from Iceland to Southern Venezuela
and Côte d’Ivoire (Lavelle, 1983c). The observed pattern was subsequently extrapolated to
plants, based on the similarities noted in the general functioning of the drilosphere and
rhizosphere systems (Lavelle, 1986).

Along this thermo-latitudinal gradient, earthworms become increasingly able to use
food resources of lower quality: in the coniferous forests of northern Europe, earthworms
only ingest litter (Figure III.44). In temperate-climate areas, part of the earthworm
community additionally ingests soil with a high organic content (taken in the rhizosphere
or from beneath the litter) or litter mixed with soil. In the latter case, labelling methods
have demonstrated that little if any soil organic matter is assimilated (Martin et al., 1992).
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Within the tropical latitudes, certain earthworms have developed the capacity to live on
soils with low organic matter contents. They comprise more than 70 % of earthworm
biomass in the humid savannas of Lamto (Côte d’Ivoire) and can digest equally all
particle-size fractions of SOM, including the finest and most decomposition-resistant
fractions (Martin et al., 1991). Thus, with increased temperatures, the resource base
of earthworm communities is considerably enlarged even though alpha diversity is not
significantly increased. However, functional diversity is greatly increased and niche
overlap between species significantly decreased (Lavelle, 1983c).

There is a striking parallel between roots and earthworms straightforwardly expressed
by Janzen (1985) who asserted that ‘plants wear their guts on the outside’. Roots produce
exudates, a mixture of assimilable carbohydrates and proteins, which trigger microbial
activity and subsequently nutrient release in the rhizosphere (see Chapter IV.3). In the
earthworm gut, intestinal mucus is the functional equivalent of root exudates (Lavelle
et al., 1983b; Martin et al., 1987), and the movement of soil through the gut may be
considered analogous to root elongation.

The digestive system described in these worms is analogous to the mechanisms of
nutrient release in the rhizosphere postulated by Trofymow and Coleman (1982) and
Clarholm (1983) and further demonstrated by Billes et al. (1986); earthworms disperse
the ingested soil with large amounts of water (100 % of the weight of dry soil) and
mucus (5-16 %). This leads to an intense microbial activity in the anterior part of the
gut at the expense of the intestinal mucus, a mixture of highly assimilable compounds.
By the time that the digesta has moved to the median part of the gut, the mucus has been
entirely metabolised and the ingested microflora has become able to digest the more
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complex and physically unprotected organic matter of the ingested soil. This mechanism,
typical of the priming effect defined by Jenkinson (1966, after Broadbent and Norman,
1946), is equivalent to that observed in the rhizosphere. In the rhizosphere, exudates are
the functional equivalent of mucus and root elongation replaces the movement of soil
through the gut.

It has been demonstrated that the mutualistic digestive system of earthworms becomes
increasingly efficient at higher temperatures. Here it is hypothesised that the same
phenomenon exists in the rhizosphere because of the broadly similar processes occurring
in both systems.

The mutualism between termites and their intestinal microbiota (Section III.4.3.2.1)
may also become more efficient at higher temperatures. These insects rely partially
(although not entirely, as shown in this chapter) on micro-organisms for the digestion of
the lignocellulose-rich plant materials that they feed on. Their species diversity and envi-
ronmental significance are greatest in the tropics and this may result from the increased
efficiency of their mutualistic digestive systems in these warmer climates (Lepage, 1983).

4.4.3 DETERMINATION OF SOIL INVERTEBRATE COMMUNITIES

4.4.3.1 Local responses to the vertical gradient of food resources and environment
predictability: trade-offs in adaptive strategies

Within a single zoological group, possessing similar phylogeny (i.e., with the same basic
morphology, anatomical and physiological organisation), individual species may apply
different solutions to the problem of exploiting the resources of a given soil. This is
illustrated by the adaptations of three sympatric earthworm species to a sandy alfisol in
the humid savannas of Lamto (Côte d’Ivoire) (Table III.18). This environment is
characterised by the contrasting gradients of food of diminishing quality and increasing
environmental predicability that exist from the surface to deep soil horizons. The species
present have adapted to distinct sections of this gradient by having characteristically
non-overlapping size ranges and utilising different nutritional resources. The three species
discussed below show the most contrasting adaptive strategies.

Leaf litter, the highest quality nutritional resource, occurs largely on the soil surface
and organic matter concentrations diminish markedly with depth. Further, mortality due
to environmental unpredictability and exposure to predators tends to decrease with
depth. Thus, Dichogaster agilis, a litter feeder, has a relatively rapid growth rate since it
uses a high-quality resource although mortality is also high so close to the surface.
Therefore, individuals must complete their life cycles in a short time to maximize their
reproductive success; this is achieved by limiting their body size, which allows a higher
basic metabolic rate.

In contrast, Millsonia ghanensis lives in the deeper horizons where the soil organic
matter it feeds on is a very poor quality resource, although risks of mortality are reduced.
It completes its life cycle over much longer periods and has a relatively-low metabolic rate.
Its large size confers a selective advantage as these worms must possess considerable
strength to penetrate the relatively dense soil. This and similar species ingest large quan-
tities of soil since the organic matter at its preferred depth is both sparsely-distributed
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and of low energy density. Millsonia anomala is a mesohumic endogeic species which
exploits an intermediate part of the gradient; size, preferred depth and demographic
profiles are all intermediate between the two other species discussed above.

Further examples are found in many other groups such as Collembola whose life-forms
are directly related to depth (e.g., Gisin, 1943). Among the Collembola and Acari, body
size tends to decrease with depth, in response to the smaller soil pores. However, some
groups can colonise a wider part of the environmental spectrum than others and size and
phylogenetic constraints are again the determining features. While the major groups
of macrofauna i.e., earthworms and termites are able to exploit most of the gradient,
the mesofauna is generally restricted to the upper part of the gradient, with a distinction
between epi- and hemiedaphic groups. The limited size and strength of these animals
does not permit them to dig their way through the soil and they require relatively
high-quality resources to sustain their high metabolic rates. Endogeic life is limited
because movement is restricted to the larger pores and resources are highly dispersed and
partly inaccessible. Only a few animals with specific adaptations (e.g., Symphyla) living
on tuberous roots or specialised root-feeding herbivores or saprophages are found.
As a result, predators of endogeic macrofauna are also scarce.

4.4.3.2 Regional scale: the effect of types of vegetation, soils and land use
on communities

Soil faunal communities clearly reflect differences in vegetation and management
practices. In temperate and tropical areas, grasslands are always more favourable for
earthworms than forest ecosystems. This is probably due to the better quality and greater
abundance of organic resources available in grasslands, and also to a more favourable
water regime since soil water losses by evapotranspiration are greater in woody than in
herbaceous vegetation. Woody vegetation favours litter and wood-feeding invertebrates.
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In tropical areas, an inverse relationship often exists between earthworm abundance and
that of termites at the scale of a region (Senapati et al., 1994; Decaëns et al., 1994).

Soil invertebrate communities are reliable indicators of land management. The pro-
portions of different groups of nematodes have been combined in an index which is
highly sensitive to changes of the ecosystem (Bongers, 1990). Larger invertebrates react
to changes brought about by soil management: cultivation, changes of vegetation,
decrease of shade and inputs of fresh organic matter. For example, the soils of humid
tropical agroforestry systems derived from the forest may conserve a large part of
the diversity and abundance of invertebrate communities of the natural ecosystem
(Figure III.63). At Yurimaguas (Peruvian Amazonia), palm-tree plantations with a legume
cover had an overall biomass of soil macroinvertebrates of 93.9 g f wt 74 % higher
than the original forest (53.9). Conversion of the original forest to systems which
comprise elements of both the original forest and an herbaceous strata often lead to larger
biomasses than occur in the original system; this is often due to the proliferation of
introduced exotic earthworm species (e.g., Pontoscolex corethrurus) which develop
large populations of 500 kg fresh weight or more. Pastures also have high macro-
invertebrate biomasses, because of their substantial earthworm populations.

In these systems, grazing transforms a significant part of the above-ground production
into dung which is a high quality resource for soil fauna communities and favours
the development of soil invertebrate communities, especially earthworms. When the
original vegetation was a forest, native species normally do not adapt to the new envi-
ronment and large populations develop through the immigration of opportunist colonists.

When savannas are transformed into pastures, local populations may develop and build up
populations up to 5 times larger than in the original savanna; this is the case e.g., in the
Colombian llanos where earthworm biomass increased from 4 to 11 g f wt when the
original savanna was grazed; when African grasses and an herbaceous legume were substi-
tuted for the original vegetation, earthworm biomass increased up to 42 g Termite abun-
dance showed an exactly inverse trend with a significant decrease of abundance along the
aggrading sequence from the natural savanna to the improved pasture (Decaëns et al., 1994).

Annual crops always have severely depleted macroinvertebrate communities; this
has been noted for earthworms in a large variety of crops (rice, corn, beans, yam, yuca,
etc.) and the original fauna may disappear within a few weeks of clearing and planting.
This depletive effect of annual crops has been reported from a wide range of temperate and
tropical environments (see, e.g., Lee, 1985 for earthworms).

4.4.3.3 Geographic scale: changes in overall community structure along a thermo-
latitudinal gradient

The relative abundance of the micro- and meso-fauna declines in tropical areas as a conse-
quence of: (1) an increased abundance of macro-invertebrates because of favourable
environmental conditions; and (2) a subsequent dominance of biological systems of
regulation based on mutualistic relationships between roots, soil ecosystem engineers and
the soil microflora. This contrasts with systems in which the microfauna (micropredators)
and meso-fauna (litter transformers) have less-close associations with these micro-
organisms (Figure III.61).
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Micro- and meso-fauna dominate the soils of ecosystems in which climatic limitations
strongly constrain biological activity. These invertebrates have highly-developed
abilities to survive such harsh environmental conditions as low temperatures and
drought. Under such conditions, the macrofauna is poorly represented (if at all) and does
not compete for soil and litter resources with the micro- and meso-fauna. In the
semi-arid grassland soils of North America (Hunt et al., I987) or in desert ecosystems
(Freckman and Mankau, 1986), micro- and meso-faunal activity play key roles in
determining microbial activity. Their selective removal may result in significant changes
to decomposition and nutrient dynamics (e.g., Ingham et al., 1986a). In these ecosystems,
micropredator food-webs (i.e., food-webs based on predation of micro-organisms by
microfauna) and mesofauna, or mutualistic relationships between mesofauna and micro-
organisms (as defined, e.g., by Moore, 1988) are the major interactive systems that control
decomposition processes. They regulate decomposition and channel nutrients from
decomposing resources to micro-organisms which are in turn consumed by protists,
nematodes and microarthropods or Enchytraeidae. These animals release nutrients (e.g., N
as ammonium) as products of their metabolism or during the decomposition of their dead
bodies (see also Chapter IV. 1.5.3).
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Mutualism between the litter transformers (i.e., mesofauna and most arthropods
living in the surface litter) and the microflora is mainly based on indirect relationships
characterised by an ‘external rumen’ type of digestion, dissemination of spores or
comminution. Introducing these animals into microcosms generally results in significant
but rather limited increases in        evolution (e.g., Coleman et al., 1978; Setälä et al.,
1988; Persson, 1989). In systems where this type of interactive system predominates,
nutrient cycling is generally slow. This is partly due to the limited capacity of these
decomposers to digest resistant organic compounds, especially tannin-protein
complexes and lignin. When abundant, litter arthropods may have an inhibitory effect
on decomposition (Hanlon and Anderson, 1980).

Whenever climatic conditions favour ecosystem engineers that is, mainly earthworms
(particularly anecic or endogeic species) and termites, their effects on microbial activity
outweigh those of the smaller invertebrates (Seastedt et al., 1987). Nematode populations
decrease in the presence of earthworms (Dash et al., 1980; Yeates, 1981; Boyer et al.,
probably due to changes in the environment and in microbial populations. It is likely that
these indirectly have a greater effect on nematode populations than direct predation by
earthworms, which has not been conclusively demonstrated. Diminished nematode
populations in the presence of earthworms further illustrates the competitive advantage
of biological systems involving macro-invertebrates, when environmental conditions are
not limiting.

In the presence of such macro-invertebrates as grass and litter-feeding termites, leaf
litter is buried or transported to the nests at considerable rates and the biomasses and
residence times of litter at the soil surface are significantly reduced. The abundance of
the mesofauna and micro-arthropods decreases in response to the diminished resources
resulting from competition with larger animals. The micro-predator food-chain is
therefore reduced in importance in the litter system although it remains effective in
the rhizosphere system where it plays an important role in plant nutrition (see, e.g.,
Trofymow and Coleman 1982). The micro-predator food-chain may also exist in earth-
worm structures as some earthworms may partly feed on protists and stimulate their pop-
ulations (Piearce and Phillips, 1980; Rouelle et al., 1985) (see also Chapter IV.1.4.4).

As considered earlier in this chapter, soil animal communities differ structurally across
sites with different temperatures regimes: along a gradient of increasing temperature,
macrofaunal densities and diversities increase. Tundra soils have relatively few macro-
arthropods although their populations rapidly increase in temperate regions. This is
because earthworm populations attain their highest biomasses in the temperate climate
regions although the majority feed on litter rather than soil organic matter. It is largely
in sub-tropical and tropical soils that termites become important and earthworm com-
munities include all the existing ecological categories.

The mesofauna reaches its greatest abundance in non-extreme tundra soils and is fully
developed, qualitatively and quantitatively, in cold temperate and temperate ecosystems
with high organic matter accumulations. Where leaf-litter turnover is more rapid, meso-
faunal abundance decreases perhaps as a result of increased temperature and/or earthworm
and termite activity. The availability of decomposing litter is drastically reduced and
the mesofauna may be limited to small euedaphic populations, except in some tropical
forests where seasonal drought and/or acidity limit the development of sizeable popula-
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tions of earthworms. This also applies to sites where termites do not consume all the
available litter.

Thus, two major and contradictory effects of temperature become clear. Higher temper-
atures favour the increased activity of both micro-organisms and soil faunal populations.
As a result, highly-efficient, mutualistic digestion systems become possible (Lavelle,
1986), permitting earthworms and termites access to a wide range of resources, including
many that are recalcitrant and highly dispersed (e.g., Martin et al., 1992). The decreased
litter and holorganic soil horizons and the diminished organic matter resources available
limit the epigeic macrofauna and mesofauna associated with this part of the
environmental gradient.



CHAPTER IV

FUNCTIONING OF THE SOIL SYSTEM

As discussed in the introduction to this work, three of the major integrated functions
of soils are the provision of physical and nutritive support for plant production and
the decomposition of dead organic materials. In addition to their ecosystem roles, these
functions implicate soils in such major global processes as the hydrological cycle,
climatic and stratospheric ozone regulation through the medium of greenhouse and trace
gas emissions. Decomposition of organic residues and the maintenance of soil structure
are largely complementary processes in most soils. This is because organic matter has
important effects on soil structure both in colloidal form (cement) and as larger particles,
(see Chapter I). Secondly, the energy released through decomposition processes is used
by organisms for bioturbation, an important process in the creation and maintenance
of soil structure, and in soil formation (see Chapter II) (Figure IV.1).

Soil organisms acting as functional interactive units - referred to as biological systems
of regulation (BSR) - are the main mediators of soil functioning at micro- and meso-scales.
Ecosystem engineers largely determine the activities of the other organisms‚ smaller
invertebrates and micro-organisms; microbial activity is regularly stimulated in
microsites where BSR’s are active through the production of readily assimilable
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compounds such as root exudates or earthworm intestinal mucus (see the ‘Sleeping Beauty
paradox’‚ Chapter III.2.4.3). However‚ their activities are mediated through a set of
hierarchically-organised factors: climate‚ soil characteristics - especially the abundance
and types of clays and nutrient status - and the quality of the organic materials input.

The functioning of the soil system is defined by:
(i) the decomposition rates of dead organic materials‚ and the balance between mineral-
isation (which releases nutrients available to plants and micro-organisms) and humification
(which forms reserves of soil organic matter and colloidal organic compounds);
(ii) the degree of synchronisation and synlocalisation of nutrient release with plant
demand (definitions in Swift‚ 1986; van Noordwijk and de Willigen‚ 1986);
(iii) the soil physical structure which determines the rates and patterns of gas exchange‚
soil water movement into and through the soil‚ and erosion rates.

This chapter first describes the general mechanisms and regulation of decomposition‚
the most important process of soil function. Subsequently‚ functioning of the major
biological systems of regulation‚ the litter-systems‚ rhizospheres‚ drilospheres and
termitospheres are then detailed‚ with particular emphasis on their compositions‚
structures and the effects of the major groupings of organisms on soil physical proper-
ties and organic matter dynamics.



IV.1    DECOMPOSITION

1.1 General processes

Decomposition is the general process whereby dead organic materials are transformed
into simpler states with the concurrent release of energy and their contained biological
nutrient - and other - elements in inorganic forms. Such forms are directly assimilable
by micro-organisms and plants and the remaining soil organic matter may be stabilised
through physical and chemical processes‚ or further decomposed. Two important
features of decomposition processes are their overall rates and the transfers of organic
materials to different macro- or microsites within the ecosystem.

1.1.1 THE ROLE OF ORGANIC MATTER IN SOIL FUNCTION

Decomposition may be defined as the sequence of organic matter transformations
occurring after the death of organisms. These transformations involve two simultaneous
but complementary processes: mineralisation and humification. Mineralisation is the
catabolic process through which the elements contained in organic form within biologi-
cal tissues are converted to inorganic forms such as nitrate‚ phosphate and sulphate ions.
In the contrasting anabolic process‚ humification‚ organic molecules are condensed into
degradation-resistant organic polymers which may persist little-altered for decades or
centuries. Both processes occur simultaneously and are important aspects of soil fertility.
Mineralisation determines the fluxes of plant- and micro-organism-available nutrients
and their distributions in time and space; humification regulates the accumulation of
stabilised organic matter within the soil.

Soil organic matter contributes to fertility in three ways:
(i)   Cementation of soil within aggregates: part of the soil organic matter occurs in
colloidal forms and cements soil particles together to create solid structural units known
as aggregates (Section I.1.3.1). These are surrounded by inter-connected pore spaces that
permit the movement of water‚ solutes and gases through the soil matrix and contribute
substantially to erosion resistance.
(ii) Retention of cations: as a material possessing a pH-dependent‚ net negative electro-
static charge at soil pH values‚ soil organic matter aids the retention of positively-charged
cations‚ especially in the acid pH range where soil minerals may retain lesser amounts.

Properties (i) and (ii) are common to soil organic matter and clay minerals (see Chapter
I.1.1.1.2)‚ although some differences exist. For example‚ in soils more acid than pH 4.2‚
soil minerals retain few cations whereas humic molecules still retain an appreciable
cation exchange capacity down to pH 2.5 (Bonneau and Souchier‚ 1982).
(iii) Conservation of nutrients in organic forms: organic matter conserves both nutrients
and energy in forms that are neither readily assimilable by micro-organisms nor
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susceptible to leaching. Low concentrations of nutrients frequently limit growth
processes in soil and their conservation in organic forms is a key feature of decomposition.
In addition‚ the synchronisation of nutrient release through decomposition with plant
demand is of paramount importance in avoiding nutrient losses (Swift‚ 1984; van
Noordwijk and de Willigen‚ 1986).

1.1.2 PHYSICAL ASPECTS: RATES OF DISAPPEARANCE AND TRANSFERS OF
DECOMPOSING MATERIAL

Decomposition is the sum of three different processes (Figure IV. 2): i. Leaching‚ where-
by water-soluble materials are transported into and through the soil by percolating water;
ii. comminution‚ which is the physical reduction in the size of the plant material with lit-
tle chemical change but a large increase in surface area; iii. microbial and enzymatic
catabolism (mineralisation)‚ which results in the release of mineral components‚ accu-
mulation of resistant organic matter (HU) and the formation of decomposer tissue (DO).
At each step‚ a resource is transformed into a set of secondary resources which will then
undergo further transformation. Decomposition is therefore a series of sequential pro-
cesses during which a resource is progressively transformed through ingestion and
egestion by several successive organisms. As a result‚ the total ingestion of decomposing
materials by all organisms may substantially exceed the overall primary productivity of an
ecosystem. Decomposition may be physically characterised by the rate of disappearance
of the resource and the transfer of the material to different locations within the soil
system. Such transfers may increase the apparent rate of resource disappearance.
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Decomposition rates
The rates of disappearance of decomposing resources have been widely measured by
exposing known amounts of leaf and other litter in ‘litter bags’ made from a mesh of
an inert fibre (see Anderson and Swift‚ 1983; Anderson and Ingram‚ 1993; Bockheim
et al.‚ 1991; Schowalter et al.‚ 1991; Montagnini et al.‚ 1993; Thomas and Asakawa‚
1993; Basaguren and Pozo‚ 1994 in terrestrial ecosystems‚ Irons et al.‚ 1994 in fresh
water ecosystems). Weighing the material remaining at several time intervals permits
the calculation of decomposition rates. To avoid the problems resulting from litter
confinement (lack of faunal access‚ altered water status) some authors prefer to study
the decomposition of individual leaves tethered by nylon line (Swift et al.‚ 1979;
Vitousek et al.‚ 1994). Another common and simpler method compares annual inputs
with the accumulated decomposing leaf litter. In a system at steady state‚ the annual
input of dead organic matter (I) is assumed equal to the amount decomposed annually
(Olson‚ 1963). Under such conditions‚ and assuming a simple exponential pattern of
decomposition‚ the decomposition constant (k) may be calculated:

where k is the % of resource decomposed annually‚ I is the annual input and Xss
the mean annual weight of accumulated‚ decomposing material. Time for decomposition
of a given proportion of the residue is calculated from the equation:

where X/X0 is the proportion of the resource decomposed in a given period of time
(t) with a decomposition rate k (Bernhard-Reversat‚ 1982). However‚ this equation is
unsuitable for litters with complex decomposition patterns. The X/X0 value varies
greatly with a maximum of approximately four (half the input mass decomposed in
3 months) in tropical rainforests and a minimum of 0.01 (half the mass decomposed
in 100 years) in tundra ecosystems (Figure I.43). The data compiled by Heal et al. (1981)
show a clear climatic effect‚ with k values decreasing from tropical to tundra ecosystems.

Other more complicated models have been used to characterise litter decomposition
rates. The more realistic of these estimate different decomposition constants (k values)
for each of the major litter components (Jones‚ 1990) although few models cope satis-
factorily with the important interactions that occur among them in many plant materials.

Transfers
Decomposition is often associated with the movement of part or all of the decomposing
resource although roots and most under-ground resources‚ are little affected by this process.
In contrast‚ above-ground litter is progressively translocated deeper into the soil as
it decomposes. Organic matter leaching through the profile is usually metabolised
(sugars‚ amino-acids) or immobilised in the soil (phenolic compounds) by iron cations
(Toutain‚ 1974). The latter are precipitated as organic and organo-mineral concentrations
or become associated with clays and other mineral particles. The older‚ partly-decomposed
litter is buried under successive layers of more recently-deposited material (Figure I.42)
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(Garay et al.‚ 1986a). Finally‚ rapid burial of slightly-decomposed material may be
effected by physical processes such as the opening of cracks in drying vertisols and
biological activities‚ particularly those of anecic invertebrates. Anecic earthworms‚
leaf and seed harvesting ants and litter-feeding termites all accumulate dead plant
materials within their burrows‚ nests and galleries; substantial proportions of annual
primary productivity may be translocated and sequestered within these biogenic
structures (Jones‚ 1990; Martin‚ 1991).

1.1.3 CHEMICAL ASPECTS: RESOURCE QUALITY AND CHEMICAL TRANS-
FORMATION DURING DECOMPOSITION

As shown in Chapter I‚ decomposing resources are made up of a wide range of
chemical substances. They differ in the relative proportions of their major constituents
i.e.‚ lipids and waxes‚ water-soluble carbohydrates‚ hemicellulose‚ cellulose‚ lignin‚
proteins‚ phenols and other secondary plant compounds. Each of these compounds is
considered to have its own specific decomposition rate‚ and decomposition of any resource
will depend - as a first approximation - on their relative abundances. Minderman (1968)
calculated annual loss rates ranging from 99 % for sugars to 10 % for phenols (Figure IV.3).

Decomposition rates therefore decrease over time as the more-readily decomposed
materials disappear. However‚ the observed decomposition rate (M) was slower than that
predicted (S) by simply summing the decomposition rates of the individual components.
Decomposition rates may be reduced by such interactions as the tanning of cytoplasmic
proteins by phenols released from vacuoles at leaf death and by physical constraints to
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microbial colonisation posed by lignin-rich structures and waxy cuticles. The effects of
these materials on decomposition dynamics are detailed in Section IV.1.3.3.

Decomposition rates measured‚ for example‚ as the respiration rates of microbial
decomposers‚ or C losses from decomposing residues‚ may be described as decreasing
functions of time. Jenkinson and Ayanaba (1977) calculated the following double
exponential equation to describe mass loss in uniformly labelled Rye Grass (Lolium
perenne) mixed with soil in England and Nigeria:

where y is % C remaining and t is time in years.
This double exponential model describes a two-compartment model‚ in which about

70 % of the plant material decomposes with a half-life of 0.25 years and the remainder
with a half-life of 8 years. Interestingly‚ the authors found that decomposition curves for
each location only differed in their time scales‚ rates being four times higher in the tropical
site (Figure IV.4). In these experiments‚ the Rye Grass samples were decomposing only
under the influence of micro-organisms; roots and macro-invertebrates were not allowed
to enter the tubes within which the grass samples were decomposing.
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1.2 An hierarchical model of the abiotic and biotic factors determining decomposition

Decomposition rates are determined by a set of physical (climate)‚ chemical (decomposing
resource quality) and biological (micro- and macro-organism communities) factors that
operate at different spatial and temporal scales. A general hierarchical model of the factors
controlling decomposition is presented that classifies these factors by the scales at which
they operate.

1.2.1 DYNAMICS OF DECOMPOSITION

Decomposition is described as a ‘cascade’ process during which a given resource (R) is
progressively transformed into a set of secondary resources which‚ in turn‚ are transformed
into resources of tertiary or higher order (Bunnell and Scoullar‚ 1975). These resources
include a variety of materials derived from above- and below-ground ecosystem com-
ponents. They include plant litter‚ invertebrate faecal pellets‚ living and dead micro-
organisms‚ invertebrates and other materials ranging downwards in size to amorphous
soil organic matter and comprising fractions of different age and chemical composition.

Decomposition does not usually occur at even rates. Its time course may be represented
as a succession of active phases separated by periods of inhibition during which physical‚
chemical or biological factors limit or completely inhibit decomposition processes (see‚ for
example‚ Swift‚ 1976; Heal and Dighton‚ 1985; Toutain‚ 1987b). The time course of decom-
position processes undergone by Spruce (Picea abies) needles in temperate ecosystems
clearly illustrates this point (Gourbière‚ 1982) (Figure IV.5) (see also Chapter IV.2.5.4).
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Decomposition is essentially a biological process. Abiotic chemical oxidation is unlikely
to account for more than 20 % of total evolution from soils (Scharpenseel et al.‚
1984; Seastedt‚ 1984; Moorhead and Reynolds‚ 1989; Warneke et al.‚ 1999). At least
80 %‚ and normally more than 95 % of may therefore be derived from organismal
respiration. Nutrients taken up by plants in natural environments are derived largely
from decomposition processes (Table IV. 1 and I.2) although the proportions derived
from mineral weathering and other sources differ among soil and ecosystem types‚ and
with the nutrient considered.

Micro-organisms are by far the major contributors to soil respiration and are
responsible for 80 to 95 % of the total respired and consequently of the organic C
mineralised (Satchell‚ 1971; Ryszkowski‚ 1975; Reichle et al.‚ 1975; Persson and Lohm‚
1977; Lamotte‚ 1975‚ 1989). Consideration of their ecological traits is of paramount
importance in understanding decomposition dynamics‚ since low levels of micro-
organism activity may result directly in complete or partial inhibition of decomposition
(see e.g.‚ Trofymow and Coleman‚ 1982). This is mainly due to their relative lack
of mobility‚ depression of their activities under extreme temperature and moisture
conditions‚ metabolic specificity and susceptibility to chemical inhibition and partial
inactivation when covered with crystalline clay particles (see the ‘Sleeping Beauty
paradox’‚ Chapter III.2.4.3).

Decomposition processes are therefore determined by interactions among three
factors‚ namely‚ organisms‚ environmental conditions (particularly the climate and
the suite of minerals present in the soil) and the quality of the decomposing resources
(Swift et al.‚ 1979; Anderson and Flanagan‚ 1989). These three factors are not equally
important since they operate at different spatial and temporal scales and may have
opposing influences on decomposition processes. It therefore seems more appropriate
to use an hierarchical model to describe the factors determining decomposition than
the triangular scheme proposed by Swift et al. (1979).
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1.2.2 HIERARCHY OF THE FACTORS GOVERNING DECOMPOSITION

The factors determining microbial activity‚ and therefore decomposition rates‚ operate
at varying scales of space and time and differ in relative importance. They act in a
hierarchical fashion with the higher-level factors dominating those acting below them
(Allen and Starr‚ 1982; Di Castri et al.‚ 1988). The following four hierarchical levels
may be identified (Figure IV.6): (i) climatic factors (moisture and temperature regimes);
(ii) edaphic properties such as the clay minerals present; (iii) the physical and chemical
characteristics of the decomposing resources; and (iv) biological regulation through
interactions between macro- and micro-organisms. In this model‚ all hierarchical levels
interact and the position of a factor only indicates the probability that it may have
a dominating effect over a factor operating at a lower level.

The appropriateness of this hierarchy is confirmed by such general models of decom-
position as that of Heal et al. (1981) which demonstrate the dominant effect of climate
in controlling decomposition rates at broad geographical scales. Meentemeyer (1978)
and Aerts (1997) also provided evidence for the dominance of climate over chemical
factors as major determinants of decomposition rates in ecosystems ranging from
the arctic to tropical forests. Similarly‚ at a regional scale‚ Vitousek et al. (1994) found
a strong relationship between decomposition rates and elevation (and hence mean
annual temperature) on the slopes of Mauna Loa volcano (Hawaii).
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Despite the above‚ considerable differences still occur at a regional scale‚ demonstrat-
ing that other factors may also be important‚ or even predominate. Anderson and Swift
(1983) have shown that considerable overlap in leaf litter decomposition rates occurs
between temperate and tropical forests. Further‚ intra-site variation may be larger than
inter-site variation and this emphasises the importance of local edaphic and biological
factors (Figure IV.7). At this scale‚ the additional effects of clay mineralogy‚ resource
quality and invertebrate activity have also been confirmed (see‚ for example‚ Meentemeyer‚
1978; Anderson et al.‚ 1985; Darici et al.‚ 1986; Laishram and Yadava‚ 1988; Nicolai‚
1988; Seastedt et al.‚ 1988). However‚ the effects of the higher-level factors are so
powerful that they may override the effects of those‚ such as the soil fauna‚ that act
at lower levels making them difficult to detect (Andrén et al.‚ 1988‚ Persson‚ 1989).

In other situations‚ the hierarchy of factors may be less clear. In aquatic environments‚
for example‚ Irons et al.‚ (1994) found no relationship between latitude and leaf litter
decomposition. Factors specific to this environment (i.e.‚ oxygen tension or water nutri-
ent status) may have confounded the stimulatory effect of higher temperatures on
decomposition. Similarly‚ Coleman et al. (1990) showed that reducing nematode and
micro-arthropod populations explained most of the differences in decomposition rates in
soils where climate and resource quality were expected to be the main determinants.

Interactions between levels II (soil nutrient status) and III (litter quality) of the proposed
hierarchy have been demonstrated several times. Plants growing on unproductive soils
often produce poor-quality litter with lower N and greater concentrations of secondary
compounds (polyphenols‚ terpenoids) than those growing on more fertile soils (Janzen‚
1974; Waterman‚ 1983; Baas‚ 1989). The same situation has been observed with plants
growing in atmospheres enriched in (Coûteaux et al.‚ 1991; Woodin et al.‚ 1992;
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Cotrufo and Ineson‚ 1995). Conversely‚ plants also modify soils in ways that improve
conditions for subsequent plant growth (Boettcher and Kalisz‚ 1992; van Breemen‚ 1993;
Berendse‚ 1994).

There are two important corollaries to the hypothesis that factors governing decom-
position rates are organised hierarchically:
(i) Where higher-level factors depart little from optimal levels‚ the effects of factors
operating at the next lowest level of organisation will become more apparent. This implies
that the postulated hierarchy presented above has some plasticity and may be altered
locally or regionally when constraints corresponding to a particular level are unimpor-
tant‚ or non-existent. The large variation in decomposition rates observed in the humid
tropics at local and regional scales considered above‚ clearly illustrates this point
(Anderson and Swift‚ 1983). In those systems where climatic limitations are largely
absent and clay minerals are present in small quantities or are of low activity (such as
kaolinite)‚ the quality of resources and composition of macro-invertebrate communities
may become the determining factors.
(ii) Disturbance may alter the relative importance of these factors‚ creating new
environments with completely modified constraints to decomposition. One such example
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is the eradication of the original soil invertebrate communities and perennial roots
through the clear felling of forests and the cultivation of annual crops and grasses
(Coleman et al.‚ 1990).

1.3 Processes involved at each level of the hierarchy

Despite their dependence on other abiotic and biotic factors‚ both the natural histories
and life strategies of micro-organisms impact on the nature and dynamics of decompo-
sition processes. Such traits directly determine decomposition rates and the release of
soluble metabolites; they also control the succession of active and inactive phases and
affect their interactions with macro-organisms.

1.3.1 MICROBIAL PROCESSES (SEE ALSO CHAPTER III.2)

Micro-organisms may have huge population densities and biomasses‚ and wide
functional diversities. Densities of up to bacteria and several kilometres of fungal
hyphae per gram of dry soil have been measured over a wide range of tropical and
temperate climate soils. This represents a microbial biomass of several hundred kg
e.g.‚ 370 to 760 kg dry weight in early- and late-stage secondary Nigerian forests
(Ayanaba et al.‚ 1976) and 150-400 kg dry weight in pasture soils from tropical India
(Dash et al.‚ 1985). Despite this‚ microbial biomass comprises only a small percentage
of total soil carbon (1.7 to 4 % in the examples cited) with a considerable turnover time‚
of the order of a year (see for example‚ Jenkinson and Ladd‚ 1981; Voroney‚ 1983;
Chaussod et al.‚ 1988). Microbial communities are thus both numerous and diverse‚ but
largely dormant. The slight ability of most non-filamentous prokaryotes and protoctists
to move within the compact soil environment largely limits their individual spheres of
activity to their immediate microsites.

The huge discrepancy between high potential metabolic rates and the slow turnover
of biomass has been defined in Chapter III.2.4.3 as the ‘Sleeping Beauty’ paradox. Soil
macro-organisms act as ‘Prince Charming’ in that they provide assimilable substrates
(root exudates‚ earthworm mucus and other materials) which initiate their metabolic capa-
bilities. They may also transport propagules to locations where organic substrates are
favourable for colonisation and development.

Finally‚ the microbial biomass has a C:N ratio in the range of 5:1-7:1 (bacteria) to
7:1-25:1 (fungi) (Chapter I.3.1.4.3). Depending on the C:N ratio of the resource that they
exploit‚ mineral-N may be released during decomposition (net mineralisation) - and
possibly supplied to plants - or retained within microbial tissues (immobilisation or
reorganisation) and thereby made unavailable to plants (see Section IV.1.3.3).

1.3.2 ABIOTIC LIMITATIONS TO DECOMPOSITION

Climatic factors
In many parts of the world‚ some combination of low temperature and drought severely
limits the seasonal extent and rates of decomposition processes (see‚ for example‚
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Moore‚ 1986; Swift et al.‚ 1981; Garay et al.‚ 1986a‚ Andren et al.‚ 1993). Meentemeyer
(1978) and Berg et al. (1993) found a significant relationship between the actual evapo-
transpiration (AET) and decomposition constants (k) applicable across a climatic range
extending from arctic to tropical areas. Within individual climatic areas‚ however‚ this
relationship was only significant in the Mediterranean region (Aerts‚ 1997). In a Scots
pine (Pinus sylvestris) forest in central Sweden‚ the combined effects of different tem-
perature and moisture regimes explain 95-99 % of the variation in decomposition rates
(Jansson and Berg‚ 1985). This is mainly due to the inactivation of micro-organisms‚
although they may be active under much more extreme conditions than are plants and
invertebrates (Dommergues and Mangenot‚ 1970; 1980; Billès et al.‚ 1975; Legay and
Schaefer‚ Singh and Shekhar‚ 1986).

In deserts‚ decomposition processes may be severely drought limited. In an arid coastal
desert in Chile‚ Cepeda-Pizarro (1993) estimated annual biomass losses of Atriplex
(Chenopodiaceae) litter at 11 to 18 %‚ the lowest values ever recorded in litter bag
experiments.

Although temperature and moisture conditions are suitable much of the time for
near-optimal biological activity in the humid tropics‚ locations differ in the length and
intensity of their dry seasons. Furthermore‚ under comparable conditions of temperature
and rainfall‚ the type of vegetation present influences the soil moisture regime; savanna
soils are less prone to desiccation than those of forests‚ because grasslands transpire at
lower rates than forests (Anderson and Swift.‚ 1983; Lavelle‚ 1983b; Vitousek and
Sanford‚ 1986).

The effects of clay minerals and the ionic environment
Decomposition processes may be inhibited simply by the physical inaccessibility
of resources to decomposers within soil structural aggregates. This occurs (1) when
micro-organisms are included within micro-aggregates and have no contact with decom-
posing substrates and (2) when micro-organisms or organic substrates are coated with
clay minerals thereby limiting access to adjacent substrates and organisms‚ respectively.

Vitousek and Sanford (1986) showed a clear relationship between patterns of
nutrient cycling in tropical forests and soil type‚ and this ultimately depends on the
amounts and types of the clay and other minerals present. Clay minerals may directly
limit decomposition by forming coatings on organic substrates and micro-organisms.
This may also occur through the adsorption of organic molecules (e.g.‚ on allophanes)
or perhaps by the sequestering of organic matter between the layers of phyllosilicate
clays‚ particularly the smectites and vermiculites‚ or within tactoids. This results in
the interposition of further barriers between micro-organisms and potential substrates
(Figures I.11 and IV.8a.). Consequently‚ clear inverse relationships have been
established between the abundances of certain clay minerals (of an homogeneous nature)
and mineralisation rates in soils (see‚ for example‚ Kobus and Pacewiczowa‚ 1966;
Stotsky and Rem‚ 1966; Chaussod et al.‚ 1986; Darici et al.‚ 1986; Schäfer et al.‚ 1993).

In some environments‚ clay minerals may inhibit microbial activity‚ and therefore
decomposition‚ by adsorbing enzymes (McLaren‚ 1975; Haider and Martin‚ 1980;
Sarkar et al.‚ 1989; Burns‚ 1990). Since this effect depends on a number of other factors
(Burns‚ 1990) its expression is variable and‚ in some cases‚ enzymes immobilised on
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clay minerals both retain their activity and even have increased thermostability
(Rowell et al.‚ 1973). Clay minerals may also adsorb inhibitors and thus
prevent the inactivation of particular microbial functions (Gilmour‚ 1984; Bernhard-
Reversat‚ 1996).
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The types and amounts of clay minerals present may greatly influence the effects
mentioned above. Minerals with low specific surface areas and low charge densities
have relatively low overall electrostatic charge levels and are therefore less effective in
forming structural aggregates (see Chapter I). This is the case for many soils in which
kaolinite is the dominant clay mineral (Uehara‚ 1982)‚ as in the widespread ultisols and
oxisols (Table I.5) which comprise about 60 % of tropical soils (Sánchez and Salinas‚
1983). Despite this‚ in oxisols where the iron supply is high (as in soils derived from
basaltic parent materials) and organic matter concentrations are also high‚ the considerable
surface areas and reactivities of iron oxides may lead to high levels of complexation with
soil organic matter (Schwertmann et al.‚ 1986).

Physical protection in biological structures
Many common soil invertebrates produce compact organic and organo-mineral faecal
pellets which have a low internal porosity. There is some evidence that mineralisation of
plant material is depressed in the faecal pellets of some arthropods and enchytraeid
Oligochaeta‚ especially when they are small (see‚ for example‚ Toutain et al.‚ 1982;
Hanlon and Anderson‚ 1980; Bernhard-Reversat‚ 1993).

This process is particularly well developed in rounded earthworm casts. In the Lamto
savannas (Côte d’Ivoire)‚ endogeic geophagous earthworms may produce stable casts
from soils with high (>80 %) sand contents (Blanchart‚ 1992); decomposition of soil
organic matter is substantially reduced within these structures (Martin‚ 1991) (see also
development in Chapter IV.4.3).

1.3.3 RESOURCE QUALITY AND DECOMPOSITION PROCESSES

Decomposition rates are highly dependent on the chemical quality of the decomposing
resource. In analysing data from 192 different sites distributed across temperate to
tropical regions‚ Aerts (1997) found that the litter decomposition rate was highly
significantly correlated with quality‚ as assessed by the lignin to nitrogen ratio ( esti-
mated at 0.24). However‚ litter decomposition rates were much more closely related to
the actual evapotranspiration rate ( estimated at 0.46). As decomposition proceeds‚
resource quality rapidly changes because the readily-assimilable substrates are rapidly
metabolised and resistant compounds tend to accumulate (see‚ for example‚ Minderman‚
1968; Lobo et al.‚ 1974; Rapaire and Turenne‚ 1977; Martin and Haider‚ 1986).

There are three principal types of chemical limitations to decomposition processes:
an initial inhibition in recently-dead tissues due to the formation of phenol-protein
complexes‚ and those resulting from the accumulation of lignin and of resistant humic
compounds. At any stage‚ imbalances in the ratios of carbon to the other nutrient
elements present may also inhibit decomposition processes.

Phenol-protein complexes
When plant tissues die‚ polyphenolic compounds accumulated in vacuoles are released
into the cell contents. They react with the cytoplasmic proteins to form phenol-protein
complexes which impart the brown pigmentation to dead roots and leaves (Handley‚
1954‚ 1961; Toutain‚ 1987b). (Figure IV.8b). These complexes usually constitute 10 to
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22 % of total carbon and 22 to 72 % of the nitrogen of freshly-dead leaves (Toutain‚
1987a; François et al.‚ 1986) and they may comprise 25 % of the weight of Beech
(Fagus sylvatica) leaves (François et al.‚ 1986).

Phenol-protein complexes are also an important component of decomposing roots;
in Beech (Fagus sylvatica) roots‚ they make up 15 % of the overall weight‚ 17 % of
the total carbon and 85 % of the total nitrogen (Baraer and Toutain‚ 1987). However‚ due
to the large variety of tannins and cytoplasmic proteins‚ it is probable that a wide range
of phenol-protein associations exist‚ all with potentially-different degrees of resistance
to decomposition (Waterman and McKey‚ 1989).

Concentrations of condensed tannins and phenols varied respectively‚ in the ranges
1.08-9.60 % and 3.64-10.10 % of the dry weight of mature leaves over 10 forest sites
distributed throughout the tropics (Waterman and McKey‚ 1989). There is some evidence
to suggest that where these products occur at high concentrations in leaves‚ they may
act as an antiherbivore defence. In soils of poor nutrient status‚ plants grow slowly
and may allocate more carbon to the production of secondary compounds (Baas‚ 1989)
since this is less limiting than nutrients‚

The degradation of phenol-protein complexes is usually extremely slow‚ unless
particular organisms capable of decomposing them are present‚ namely‚ certain earth-
worms‚ termites and ‘white-rot’ basidiomycote fungi (Figure IV.8b and c). In the absence
of such organisms‚ degradation of these brown pigments occurs through progressive
hydrolysis caused by percolating water (the so-called ‘infusion’ effect) (Toutain‚ 1987a).
In a litter-bag experiment at Yurimaguas‚ in Peruvian Amazonia‚ Palm and Sánchez
(1990) found a negative relationship between the ratio of polyphenolic to nitrogen
contents and the release of mineral nitrogen from decomposing legume leaf litter
(Figure IV.9).
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High lignin contents
Lignin is one of the plant components most resistant to decomposition and its relative
concentration‚ usually expressed as lignin to nitrogen ratio‚ is often inversely and closely
linked to decomposition rates (Meentemeyer‚ 1978; Melillo et al.‚ 1982; Laishram and
Yadava‚ 1988). Lignin degradation of is also highly dependent on the presence of a
specific microflora‚ mainly the ‘white-rot’ fungi (discussed in sections 2.2 and 2.5.4)‚
and may accumulate in ecosystems where these fungi are lacking (Bernhard-Reversat
and Schwartz‚ 1997). The lignin to nitrogen ratio (L/N) of decomposing material has
been used to describe decomposition rates in the Century model of soil organic matter
dynamics (Parton et al.‚ 1983). Lignin and phenolic compounds may have similar
inhibiting effects on decomposition rates‚ although different mechanisms are involved.

Ratios of carbon to nutrient elements
At any stage of decomposition‚ nutrient-element deficiencies may limit microbial
activity and thereby block the release of nutrient elements available to plants and other
micro-organisms. This occurs when the C:nutrient ratio of the decomposing resource is
high compared with that of the living micro-organisms and nutrients remain immobilised
within the microbial biomass. In the case of the C:N ratio‚ this is 5-7:1 for bacteria and
7-25:1 for fungi (Swift et al.‚ 1979).

In these situations‚ decomposition is slowed or halted if sufficient quantities of
the particular nutrient are not available in the immediate environment (Figure IV.10).
This often occurs in nutrient-limited soils and the C:nutrient ratio is adjusted through the
progressive elimination of carbon as respired by micro-organisms leading to
a mobilisation of the nutrients contained within their biomass. In the case of nitrogen‚ a
C:N ratio of ca. 20-25 represents this limit and other nutrient elements may be immobilised
or mineralised following the same rule. Therefore‚ depending on the initial values of
the C:nutrient ratios‚ some nutrients may be released while others are immobilised.

A relationship between decomposition rates and soil nutrient contents has often been
postulated for the humid tropics. However‚ apparent exceptions exist‚ possibly due to
the dominant effect of a determinant from a higher level in the hierarchy (see‚ for
example‚ Spain and Lefeuvre (1987) and reviews by Anderson and Swift (1983).
The unexpected significant positive correlation found between the C:N ratio and the rate
of N mineralisation from heavy organic fractions is another example of such effects
(Sollins et al.‚ 1984). In this case‚ the organic matter fractions with the lowest C:N ratios
were the most prone to physical protection through adsorption onto the surfaces of clay
minerals and their mineralisation rates were subsequently decreased. They may also
have had a greater chemical complexity than SOM from the light fraction since this has
a higher C:N ratio.

Resistant humic compounds
At all stages of decomposition‚ humification results in the synthesis or relative accumu-
lation of highly-condensed humic molecules. They may be derived from microbial
syntheses or the insolubilisation of water-soluble organic matter when associated with
clay and sesquioxides (permanent or variable charge clay minerals). They may also
contain plant components that have resisted decomposition (see Chapter II). Some humic
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polymers (fulvic acids) have molecular weights from 1 to 10 kDa and humic acids
range from 5 to >1‚000 kDa (Swift et al.‚ 1979).

One current three dimensional model of soil organic matter molecules suggests a
complex structure with an elemental composition of and
an approximate elemental composition of 54 % C‚ 5.2 % H‚ 4.7 % N‚ 35.7 % O and
0.4 % S (Schulten and Schnitzer‚ 1997). A feature of these macromolecules is their
association with a range of simpler materials (proteins‚ polypeptides‚ amino acids‚ etc.)
trapped and occluded within the voids in the macro-molecular structures‚ or held physi-
cally or chemically at their surfaces (Schulten and Schnitzer‚ 1998).

The high molecular weights of these molecules‚ their abundant aromatic structures‚
frequent bonds with clay minerals and complex formation with metal cations make them
only slowly susceptible to microbial degradation (see review by Theng et al.‚ 1989).
Some results suggest that the constitution of organic matter in many tropical soils would
be dominated by alkyl-C‚ a particularly recalcitrant form of soil C with a polymethylene
structure. In acid soils‚ these compounds would acquire a random coil shape which may
facilitate their protection within the micropores of clay structures (Schnitzer‚ 1986;
Theng et al.‚ 1989). The aromaticities and molecular weights of humic acids do not seem
to differ significantly between temperate and tropical soils (Arshad and Schnitzer‚ 1989).
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1.4 Biological systems of regulation

1.4.1 DEFINITION AND GENERAL PROPERTIES

Soil organisms directly control decomposition processes and rates (Lavelle‚ 1987).
Microbial respiration makes by far the most important contribution to overall respiration
contributing between 80 and 95 % of the total (see‚ e.g.‚ Satchell‚ 1971; Ryszkowski‚
1975; Reichle et al.‚ 1975; Persson and Lohm‚ 1977; Lamotte‚ 1975 (Table IV.2)).
However‚ microbial activity is limited by their relative immobilities and their high
sensitivities to environment constraints (see the ‘Sleeping Beauty paradox’ in Chapter
III.2.4.3). Their activities are therefore largely determined by processes operating at
larger spatial scales‚ particularly those associated with the larger soil organisms‚ or macro-
organisms. Biological systems of regulation include three components: (i) a decomposing
resource‚ e.g.‚ leaf or root litter‚ or soil organic matter; (ii) micro-organisms‚ which mediate
most chemical transformations; and (iii) macro-organisms‚ which create suitable conditions
for microbial activity‚ at defined scales of space and time (Figure IV. 11).

With the exception of termites and leaf-cutting ants‚ the direct effects of macro-organ-
isms on decomposing resources are generally limited (see Chapter IV.5). The transport
of micro-organisms to new substrates and the priming of their activities by the produc-
tion of limited amounts of readily-assimilable organic matter (e.g.‚ root exudates and
earthworm intestinal mucus) are key processes in the functioning of these systems.
They generally enhance microbial activity and hence accelerate decomposition through
a priming effect (see details in Section IV. 1.5.2) although inhibitory feed-back mecha-
nisms may sometimes develop‚ either in parallel or at different scales of time. For example‚
increased humification may chemically limit mineralisation rates or the compact structure
of earthworm casts and the walls of termite nests may physically protect organic matter
from digestion (see‚ for example‚ Okello-Oloya et al.‚ 1985; Garnier-Sillam et al.‚ 1987;
Martin‚ 1989 and Sections IV.4 and 5).

The functioning of biological systems of regulation depends directly on the physical‚
chemical and biological characteristics of all three major components. It is therefore
essential to separately consider (Figure IV.12):
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(i) the litter system‚ which comprises leaf litter as a food supply‚ surface lateral roots‚
epigeic invertebrates (mainly arthropods) and microbial communities dominated by fungi;
(ii) the rhizosphere‚ i.e.‚ living subterranean roots and the soil and microflora that they
influence;
(iii) the drilosphere‚ which include earthworms‚ soil organic matter as a food source‚
and free living soil microflora dominated by bacteria; and
(iv) the termitosphere i.e.‚ the whole volume of the soil and organic resources influenced
by termites‚ both directly and through their associations with obligate and facultatively
mutualist micro-organisms. Processes in each of these systems are detailed in Sections
3 to 6 of this chapter‚ respectively.

In the future‚ when their roles are more precisely known‚ it may be possible to define
a ‘myrmecosphere’. In a parallel with the termites‚ this could include those ecosystem
components‚ micro-environments and processes affected or mediated directly or indirectly
by ants in those environments where these animals exert a major regulatory influence
on ecosystem processes (see‚ for example‚ Folgarait‚ 1998). Except possibly for the
leaf-cutting ants‚ ants appear to have little direct effect on organic matter decomposition.
However‚ they have strong effects on soil development through void formation and other
processes (Paton et al.‚ 1995) and exert a strong indirect control on the rest of the biota‚
notably on many of the major species involved in soil formation processes.

The biological systems of regulation (BSR) have a number of basic properties
in common:
(i) their functioning is largely determined by mutualistic relationships mediated by
highly assimilable compounds (e.g.‚ root exudates‚ earthworm intestinal mucus) which
may initiate a priming effect on the microflora (see Section I.3.2.5);
(ii) they juxtapose organisms which operate at widely-different scales of time and space
e.g.‚ weeks to months and centimetres for fine roots‚ and hours to days and micrometres
for the associated bacteria;
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(iii) not all BSR’s are equally important in all ecosystems; they may develop mutualistic
and antagonistic (competitive) relationships. For example‚ litter systems dominate in
forest ecosystems‚ especially where anecic earthworms and termites are absent since
these animals often export litter to their own functional domain. In contrast‚ in savannas‚
important drilosphere and termitosphere components are normally present provided that
climatic constraints‚ biogeographic barriers or anthropogenic effects do not exclude or
eliminate them;
(iv) organisms of very different sizes are likely to react differently to temperature
changes. The adjustment of microbial activity to improved environmental conditions
(e.g.‚ addition of a high quality organic substrate and/or water) is likely to be much faster
at high temperatures than at low. The mutualistic digestion system of the geophagous
endogeic earthworm Pontoscolex corethrurus is highly efficient at 25-27 °C but no longer
functions when the temperature is reduced to 15 °C. At this temperature‚ microbial activity
in the hindgut is only slightly greater (1.5 times) than that of control soil values and is five
times lower than that occurring at 27 °C (Barois‚ 1987); in consequence‚ P. corethurus
ceases to grow at 15 °C (Lavelle et al.‚ 1987).

Consequently‚ under the temperature conditions pertaining in soils of the humid
tropics‚ mutualistic relationships between soil micro- and macro-organisms are likely to
be much more frequent and better developed than in colder environments. The increased
importance of mutualism on the structure and functioning of food-webs is considered to be
a key issue in understanding the functioning of humid tropical soils (see Chapter III.4.4.2).

1.4.2 LITTER-SUPERFICIAL ROOTS SYSTEM

The principal energy source for this system is the above-ground litter (see Chapter IV.2).
It also comprises a dominant community of arthropods as macro-organisms‚ a microflora
dominated by fungi and an occasionally-dense mat of fine roots and fungal hyphae
(mycorrhizal and saprotrophic) which serve as a sink for the nutrients released from the
decomposing litter. In certain situations‚ the internal cycling of nutrients may be almost
closed‚ as in some Amazonian forests occurring on spodosols (Herrera et al.‚ 1978)‚
although water-soluble organic materials and mineral elements are normally leached
downwards into the underlying soil horizons. Litter may be exported to other systems
of decomposition by the anecic fauna (i.e.‚ species that feed on litter but live in burrows
or galleries built within the soil: earthworms‚ some termites and species living at its
surface or in trees (some termites) (see Sections IV.4 and IV.5).

Direct mineralisation of litter by the root-fungal (mycorrhizal) association has
apparently been observed in certain forests on sandy‚ highly leached and acidic soils
such as the tropical spodosols of Amazonia (Herrera et al.‚ 1978; Leroy et al.‚ 1992).
Smith and Read (1997) among others‚ however‚ consider that AM fungi do not have the
enzymatic capacity to directly mineralise litter. It also occurs in the litter of plant
species involved in symbioses with ericoid mycorrhizae (Dighton‚ 1991) and in
temperate climate litters colonised by certain ectomycorrhizal fungi. In more fertile
soils‚ this system of direct cycling may be less important and the thickness of surface
root mats is correspondingly smaller. Other processes operating include direct decomposition
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by free-living micro-organisms‚ principally fungi‚ together with fragmentation and
digestion by invertebrates. In general‚ an important part (10 to 20 %) of the minerals
released and water-soluble elements are eluviated downwards into the mineral soil. They
may then be absorbed by deeper soil roots‚ their mycorrhizal fungi or the free-living
microflora; they may also be insolubilised or adsorbed onto the surfaces of soil col-
loids.

All the non-predatory ‘epigeic’ fauna (i.e.‚ invertebrates that feed on and live in the
surface litter‚ Bouché‚ 1977) participate in fragmentation: large myriapods (iulids and
polydesmids)‚ isopods and epigeic earthworms are the main macrofaunal groups while
micro-arthropods and Enchytraeidae represent the mesofauna. The microfauna is also
represented in the litter system‚ but is relatively unimportant‚ except in extremely arid or
cold environments.

1.4.3 THE RHlZOSPHERE

The rhizosphere is defined as that part of the soil which is influenced by roots (see
Chapter IV.3). Soil organic matter resources are exploited through active mutualistic
relationships with that section of the soil microflora that is associated with living roots.
These relationships are mediated by root exudates and regulated by the micropredator
food-web (protists and nematodes with bacteria as prey) (see Section IV.1.5.3). In this
system‚ roots regulate microbial activity by providing readily-assimilable carbon sources
(rhizodeposited materials) which stimulate the activities of the free-living soil microflora
and the community of obligate (or occasionally facultative) microbial symbionts.

Rhizodeposition may represent from 5 to 30 % of total photosynthates i.e.‚ several
Mg (Hale et al.‚ 1981; Trofymow et al.‚ 1987). Micro-organisms initially develop
utilising exudates although they also digest the more complex substrates contained
within the soil organic matter through a priming effect (sensu Jenkinson‚ 1966) leading
to a significant mineralisation of soil organic matter (Sallih et al.‚ 1987) (see Section
IV.1.5.2 on priming effects). These micro-organisms may directly release metabolites
that are used by the plant. However‚ much of this release may result from the activity
of micropredator food-webs which operate in the rhizosphere (Trofymow et al.‚ 1987).
These food-webs include bacteria as a food source‚ with protists and free-living
nematodes as predators. Micropredators release nutrients from bacteria through their
own metabolism or following their death which may be associated with the diminution
of food resources that occurs as the roots mature (Clarholm‚ 1985).

The rhizosphere is also characterised by the intense activity of obligate or
semi-obligate root symbionts‚ mycorrhizal and nitrogen-fixing micro-organisms
(including Rhizobia and Frankia) which play substantial roles in ecosystem processes
through the provision of nutrients to their host plants.

1.4.4 THE DRILOSPHERE

The drilosphere (from the Greek ‘drilos’= earthworm) is defined as that part of the soil
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that is influenced by earthworm activities (casts and galleries); the energy source may
be surface litter or soilorganic matter‚ depending on the ecological category of the earth-
worms involved (Bouché‚ 1977) (see Chapter IV.4). The microflora is activated by the
mixing of litter and soil (anecic litter-feeding species) or by breaking the physical
protection of soilorganic matter within soil aggregates during gut transit.

The production of large amounts of intestinal mucus in the. anterior part of the gut
initiates an intense microbial activity which develops using this mucus as an energy
source; in the midgut‚ the microbiota breaks down the soilorganic matter which was
previously inaccessible to microbial degradation in the soil. This intense activity results
in an increased microbial biomass in the incubated casts of anecic earthworms (e.g.‚
Binet‚ 1993; Brown‚ 1995); after re-ingestion of these casts‚ part of this biomass may be
digested through the microfaunal food-chain (i.e.‚ the earthworm digests protists which
have fed on bacteria or fungal hyphae growing in the casts) (Piearce and Phillips‚ 1980;
Rouelle et al.‚ 1985).

In the strictly geophagous endogeic earthworms‚ an enhanced microbial activity in
the gut results in the release of assimilable organic matter in the posterior part of the gut
and its further assimilation by both the worm and soil bacteria (Barois and Lavelle‚
1986). True endogeic species do not appear to re-ingest their own casts thereby avoiding
the possibility of feeding on the contained microbial biomass (Howe‚ 1984).

1.4.5 THE TERMITOSPHERE

The termitosphere is that portion of the soil and ecosystem influenced by termite activities.
This system may have a wide variety of configurations due to the large number of species
that exist (more than 2‚400 described species‚ Grassé‚ 1984) and their diverse ecological
functions (see‚ e.g.‚ Lee and Wood‚ 1971b‚ Lavelle et al.‚ 1992a).

Five major trophic groups may be distinguished (Chapter III.4.3.2): (i) grass and leaf
litter harvesting species‚ (ii) wood feeders‚ (iii) fungus cultivators‚ (iv) soil-wood feeders
that consume highly decayed wood but also ingest some inorganic soil materials‚
(v) humivorous species that feed on soilorganic matter. These groupings are not mutually
exclusive since some species feed on more than one of the above categories and a few
species are highly polyphagous. These differences in feeding regime are accompanied by
equally diverse ecological habits; species in a range of groups may build very large
epigeic termitaria (grass harvesters‚ litter feeders‚ fungus cultivators‚ soil organic matter
feeders‚ some xylophagous species) whereas others make canon or soil nests on tree
trunks or within sound or decomposing wood (some xylophagous species). A last group
makes purely subterranean nests with a complex array of chambers and galleries
(some xylophagous and humivorous species and some fungus cultivators) (Grassé‚
1984). Digestive systems also differ greatly between species. All termites have commu-
nities of symbiotic micro-organisms in their intestinal tracts: protists in the most primitive
wood-feeding lower termites‚ largely bacteria in the other groups. Systems of digestion
may involve complex combinations of the termites’ own enzymes‚ enzymes acquired
from cultivated fungi‚ fermentation and bacterial digestion (Breznak‚ 1984; Rouland et
al.‚ 1990; Bignell et al.‚ 1994) (Chapter III.4.3.2.1).
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1.5 Basic processes within the biological systems of regulation

The structure and function of biological systems of regulation is illustrated in Figure IV.11.
Characteristic physical and biological structures form part of each of these systems and
are centres for the particular processes that characterise‚ respectively‚ the litter‚ rhizosphere‚
drilosphere and termitosphere systems (Sections IV.3 to IV.6). Three processes common
to all these systems are the synchronisation of nutrient release with plant root uptake‚
priming effects on organic matter and the functioning of micropredator foodwebs.

1.5.1 SYNCHRONY AND SYNLOCALISATION OF NUTRIENT ELEMENT
RELEASE AND UPTAKE

The activities and the intensities of the processes operating within the biological systems
of regulation determine the spatial and temporal patterns of nutrient release from decom-
posing resources. The restriction of nutrient-element release to locations and times
where they may be taken up by plants and other organisms is of great importance for
the conservation of nutrients in ecosystems where they are limited (Swift‚ 1986)
(Figure IV.13). It is hypothesised that‚ in natural ecosystems‚ this would occur in the
following ways: (i) by a synchronous stimulation of the plant and decomposer activities
by such high level determinants as climate; (ii) by plant responses to existing temporal
and spatial variation in decomposer activities through adaptive rooting strategies;
(iii) through the presence of a wide diversity of plants and decomposers with differing
patterns of spatial and temporal activity; and (iv) a broad diversity in the quality of
the decomposing resources‚ leading to extended temporal patterns of nutrient release
(see Section IV.2.6.3).
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1.5.2 THE ROLE OF PRIMING EFFECTS: AN HYPOTHESIS

The priming effect was first described by Bingeman et al. (1953‚ in Jenkinson et al.‚ 1985)
as the stimulation of soil organic matter decomposition by the addition of fresh organic
material. In more general terms‚ the priming effect was defined by Jenkinson (1966) as
a positive or negative change in the decomposition rate of soil organic matter caused by
the addition of fresh organic matter. A simple experiment illustrated this effect: a 125 mg
sample of Rye Grass (Lolium perenne) foliage uniformly labelled with was mixed
with 100 g of soil and subsequent carbon dioxide evolution was monitored during an
incubation period of 78 days. Production of unlabelled carbon dioxide resulting from
mineralisation of the soil organic carbon was greater in the mixture than in the control
soil. The difference observed was attributed to a positive priming action.

Most examples of priming effects described in the literature are positive: the addition
of fresh organic matter to soils as green manure‚ or the addition of mineral nitrogen as
fertiliser‚ usually stimulates the mineralisation of soil organic matter (reviewed in
Jenkinson et al.‚ 1985). Nonetheless‚ negative effects have been observed in some
circumstances. For example‚ during the first few days following the addition of glucose
to an organic soil (Bingeman et al.‚ 1953‚ in Jenkinson et al.‚ 1985). The observed priming
effects may be apparent or real. Apart from experimental artifacts (e.g.‚ the exchange of
labelled for unlabelled carbon in calcareous soils‚ or errors due to an heterogeneous
labelling of the introduced material)‚ some observed priming effects may be due to
environmental changes associated with the introduction of the organic material. In this
last circumstance‚ changes in soil organic matter mineralisation may result from an
altered pH or oxygen supply‚ irrespective of the effect of the fresh organic materials (see
e.g.‚ Barrow‚ 1960 and Parr and Reuszer‚ 1959 in Jenkinson‚ 1966). Jenkinson (1966)
attributes real priming effects to three different causes:
(i) An increased rate of spore germination leading to greater overall microbial activity.
(ii) Interactions between compounds derived from the added and ‘native’ organic mat-
ter‚ which render the latter more labile (Mandl and Neuberg‚ 1956‚ in Jenkinson‚ 1966).
(iii) An increased production of extra-cellular enzymes by micro-organisms‚ leading to
the accelerated organic matter decomposition.

In soils‚ several classes of water-soluble organic materials (referred to as ‘soluble
resources’ in Chapter 1.3.2.5) are normally available to prime the decomposition of resis-
tant organic matter. The former materials have been named ‘ecological mediators’ for
their unique roles in mediating soil function (Lavelle et al.‚ 1994b). They include:
(i) High-energy‚ water-soluble organic leachates percolating from the above-ground
vegetation and leaf litter.
(ii) Root exudates are water-soluble organic substances‚ readily assimilated by micro-
organisms‚ that become intimately mixed with the soil and penetrate the very fine pores
within micro-aggregates. Real priming effects on evolution due to maize root
mucilages have been measured by Mary et al. (1992).
(iii) Earthworm cutaneous and intestinal mucus. Intestinal mucus produced by earth-
worms is considered to be responsible for much of the priming of soil micro-organism
activity observed during transit through the gut (Lavelle and Gilot‚ 1994). The remaining
part being an apparent priming due to the addition of water and an intense mixing.
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At least some soil macro-organisms appear to stimulate microbial activity by producing
water-soluble organic molecules and these may be considered as the mediators which
activate mineralisation processes wherever and whenever they are produced. This activa-
tion may be intense and microbial activity eight times greater than that of a wet sieved
control soil has been measured in the gut of tropical geophagous earthworms (Barois and
Lavelle‚ 1986). From this‚ it appears that roots and invertebrates are important regula-
tors of soil organic matter decomposition in the rhizo- and drilospheres‚ through their
capacities for initiating priming effects. Priming is a key process by which these macro-
organisms may enhance microbial activity within their BSR’s.

The addition of ecological mediators to soils induces highly specific effects on the
structure and activity of microbial communities. Earthworm intestinal mucus initiates
a massive microbial activation within 45 minutes whereas similar effects are only
obtained 15-30 days after root mucilage is added to the soil (Lavelle and Gilot‚ 1994;
Mary et al.‚ 1992). These processes therefore appear to operate at time scales compatible
with other activities. For example‚ the digestion that occurs during a one-hour
transit of soil material through the earthworm gut in the first case‚ and activation of the
rhizosphere microflora along the tip of a relatively slowly growing root in the second
case (see details of these processes in Sections 3 and 4 of this chapter).

1.5.3 MICRO-FOODWEBS

The vast majority of soil invertebrates rely on microbial activities to digest the organic
resources available in the soil system (see Chapter III.4.4.1‚ Figure III.61). The nature of
the relationships that particular invertebrate groups develop with the microflora depends
largely on their size. Large invertebrates interact with elements of the microflora within
structures that they create including faecal pellets‚ gallery walls and their own gut
contents. Within such structures‚ the relationships are predominantly mutualistic
although evidence exists for some degree of invertebrate predation on the microflora.
The smallest invertebrates‚ i.e. protists and nematodes are mainly predators of
micro-organisms since their small sizes prevent them developing internal mutualistic
relationships or utilising ‘external rumen’ structures. Micro-organisms interact within
clearly identified foodwebs which may be further extended to include some larger
mesofaunal elements. With increasing size‚ the relationship between the microflora and
fauna gradually shifts from predation to mutualisms of increasing efficiency. The food
web concept becomes progressively more difficult to apply as the trophic structure
becomes increasingly ‘fluid and interactive with individual species operating on several
levels which might be distinguished as trophically different’ (Swift et al.‚ 1979; Wardle
and Lavelle‚ 1997).

It seems therefore both logical and practical to distinguish micro-foodwebs‚ i.e.‚
the foodwebs that links micro-organisms to their predators‚ from systems based on
mutualistic relationships between larger organisms and the microflora. Furthermore‚
micro-foodwebs are often included within the complex‚ globally mutualistic‚ interac-
tions that occur between macro- and micro-organisms and which operate at larger scales.
At the root surface‚ for example‚ micro-organisms and their micropredators appear
to play critical roles in releasing mineral nutrients available to the plant. In this case‚
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predation in the micro-foodweb is just one process in the overall functioning of the
rhizosphere which is broadly based on mutualism (see Section IV.3.2). As explained in
Chapter III.4‚ it is possible to identify three successive levels of interactions between
micro-organisms and invertebrates‚ based on the size of the latter organisms.

Among the larger invertebrates‚ interactions with the microflora shift from predation
to external and internal mutualisms‚ while the invertebrates increasingly affect the struc-
ture of the liner and soil system. Micro-foodwebs adapt to the soil structure and their
development and activity is largely dependent on the nature and size of the system of soil
pores and the proportion of these that are filled with water. Litter-transformers are unable
to dig the soil or build nests and rely on the relatively-inefficient external rumen type
of digestion. Consequently‚ their activities are largely restricted to the litter system.
At the next larger size level‚ earthworms‚ termites and many ants have well developed

digging and tunnelling abilities and the capacity to create such diverse structures as
nests‚ galleries‚ burrows‚ surface sheathings and casts that greatly modify soil processes.
For this reason‚ they have been called ‘ecosystem engineers’ (Stork and Eggleton‚ 1992;
Jones et al.‚ 1997). The first two groups of these organisms have developed efficient
internal mutualistic digestion systems with the microflora and‚ where populous‚ they
play dominant roles in soil function (see Sections IV.4 and IV.5).

The composition of microfoodwebs
The soil micropredator foodwebs include micro-organisms‚ mainly bacteria and fungi‚
protists‚ nematodes - and some predaceous Acari (Figure IV.14). Several levels of com-
plexity exist since the system includes microbial grazers‚ predators and superpredators.
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The microflora is generally divided into bacteria and fungi‚ which perform distinct
functions and often colonise quite separate microsites (see Chapter III.2). Mycorrhizal
fungi have roles that are usually critical to the success of the plants with which they are
associated and are sometimes considered separately. Small populations of predaceous
bacteria and fungi may be found. These are the bacterial predators of other bacteria‚
e.g.‚ of the genus Bdellovibrio (Casida‚ 1988) or nematode-trapping fungi (Cooke and
Godfrey‚ 1964; Mitsui‚ 1985; Kendrick‚ 1992). The latter are considered beneficial due
to their potential to control populations of phytoparasitic nematodes. Other fungi of
the genus Dactyella have been reported to capture and consume amoebae.

Predatory protists mainly feed on bacteria; cases of mycophagy exist‚ but they are rare
(Petz et al.‚ 1986). They are active consumers: a single heterotrophic nanoflagellate may
ingest three to nine bacteria per hour (Bloem et al.‚ 1989) and Bryant et al. (1982)
estimated that 8300 bacteria were consumed for each new amoeba produced in soil
microcosms. Stout and Heal (1967) estimated that protists consume 150-900 g
bacteria equivalent to 15-85 times the standing crop (estimated by the plate
counting technique). Bamforth (1988) distinguished two ecological types of protists:
a group which may serve as food for a large variety of organisms and the others which
are endosymbionts (commensal or parasitic). The latter are regularly found in the gut
of some termites and earthworms (Astomata) and may have endosymbiotic bacteria
within their cytoplasm. Protists of the former group are often considered as transformers
of bacterial protoplasm into higher trophic levels.

Mycophagous amoebae and colpodid ciliates can also ingest fungal spores and may
thereby play a role in the control of populations of phytopathogenic‚ mycorrhizal and
other fungi (Chakraborty‚ 1985; Coûteaux‚ 1985).

Nematodes are another constant component of micro-foodwebs‚ generally one trophic
level above the protists. A few adult nematodes may actually ingest flagellates and some
amoebae (Elliott et al.‚ 1980) although the vast majority are either bacterial-
or fungal-feeders (Chapter III.4.1.2). Nematodes are attracted to their food sources
by a number of stimuli including pheromones‚ and temperature gradients (Freckman‚
1988). Bacterial feeders are active predators that can ingest up to 5000 cells per minute
or 6.5 times their own weight per day when fully active. Overall consumption may be as
high as 800 kg bacteria and the amount of N turned over is in the range of
20-130 kg (Coleman et al.‚1984b). This estimate suggests a dramatic role of
microfaunal predation in microbial biomass turnover. Finally‚ mycophagous nematodes
have been reported to suppress plant diseases by ingesting pathogenic fungi (Curl‚ 1988).

The major components of the mesofauna i.e.‚ Acari‚ Collembola and Enchytraeidae‚
also form part of micro-foodwebs (Moore‚ 1988)‚ although most probably rely more
on mutualistic relationships than predation. Predatory mites can feed on nematodes
(e.g.‚ Martikainen and Huhta‚ 1990) and have been reported to regulate nematode
density in North American desert ecosystems (Elkins and Whitford‚ 1982). Fungivorous
mites are divided into two groups depending on their growth rates (Moore‚ 1988).

Almost all macrofaunal invertebrates rely on mutualistic relationships with the
microflora for their digestion although some degree of predation exists‚ especially on
protists. For example‚ earthworms can digest ciliates (Piearce and Phillips‚ 1980)
and amoebae (Rouelle‚ 1983). Protists may also participate in the external rumen type of
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digestion in association with earthworms: incubation in faeces results in the excystment
and development of protist populations which are further digested by invertebrates. In a
microcosm experiment‚ five days after earthworms were introduced into sterilised soil‚
soil protist population density was soil‚ dominantly amoebae (50-60 %)
(Shaw and Pawluk‚ 1986).

The structure of micro-foodwebs has been elucidated for a number of sites (Hendrix
et al.‚ 1986; Elliott et al.‚ 1988; Ingham et al.‚ 1989) and models have been built to
simulate the effects of such assemblages on soil processes (Hunt et al.‚ 1987; de Ruiter
et al.‚ 1993). The characteristics of such foodwebs are largely influenced by the relative
dominance of fungi or bacteria and this‚ in turn‚ is determined by abiotic factors and
management practices. In dry environments‚ most bacteria‚ protists and nematodes are
inactive and soil foodwebs appear to be fungal-based‚ with abundant fungivorous‚
moderately drought-tolerant mites (Whitford‚ 1989). As found in conventionally-tilled‚
temperate-climate agroecosystems in the USA‚ plant residues are distributed throughout
the plowed layer thereby promoting bacterial activities and bacterial based foodwebs.
In ‘no-tillage’ systems‚ plant residues accumulate on the soil surface‚ promoting fungal
growth and immobilisation of nutrients in the decomposing plant material and the
fungal biomass. Populations of fungivorous faunal groups increase in the surface layers
and decomposition rates are slower (Hendrix et al.‚ 1986).

Distribution and dispersal of microsites
In soil micro-foodwebs‚ interactions occur mainly within the water-filled soil pore space
and the water films that cover solid particles. These microsites are discrete in time
and space‚ and depend largely on soil moisture content and porosity which‚ in turn‚
depend on texture and overall biological activity. Finally‚ the presence of adequate
carbon resources determines the size of the normally large microbial biomass which
forms the nutritive base for the micropredators. The pore size distribution determines
population size at the microsite level. Flagellates and small amoebae colonise pores with
a minimum diameter of 8 the bigger protists and nematodes live in the larger pores
and most nematodes inhabit the external medium. Soil texture and porosity are therefore
critical determinants of micro-foodweb structure (Hassink et al.‚ 1993).
The importance of porosity is demonstrated‚ for example‚ by an experiment in which
the bulk density of humus was increased from 0.25 to 0.41 Mg pores larger than

decreased and the growth of ciliates and thecamaoebae was inhibited which would
reduce predation pressure on the bacteria (Coûteaux‚ 1985). Soil ecosystem engineers
that may largely determine soil structural porosity are thus likely to determine micro-
foodweb communities.

The presence of organic resources and the capacity of the microbiota to move between
soil microsites are critical to the definition of microsites favourable to micropredator
foodweb activities. Such microsites are regularly found in the rhizosphere where root
growth provides energy for the bacteria and their micropredators‚ and disseminates their
communities throughout the volume of soil explored by the root system. Micropredator
foodwebs also occur in other larger systems of regulation organised around the activities
of such soil macro-organisms as earthworms and termites. These are just some of the
many structures which contribute to the overall soil function.
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Evidence for the functional importance of micro-foodwebs
The functional importance of micro-foodwebs has been demonstrated several times in
small-scale laboratory chambers called ‘microcosms’. Their effects on carbon flows and
ecosystem-level nutrient cycles have been observed and quantified.

C flows: Although microfaunal respiration only represents a small percentage of
overall soil respiration (0.6 to 2 % for nematodes according to Freckman‚ 1988)‚ their
effects are disproportionate to their sizes and respiration rates. The microfauna signifi-
cantly stimulates the growth and turnover of microbial populations thereby promoting
more rapid rates of decomposition‚ mineralisation and thus nutrient turnover
(Wasilewska‚ 1979; Hendrix et al.‚ 1986; Hunt et al.‚ 1987; Sohlenius et al.‚ 1987‚ 1988;
Moore et al.‚ 1993).

The N cycle is particularly affected by micro-foodweb interactions since bacteria
have average C:N ratios of 6:1‚ close to that of the protists (5:1 according to Reich‚ 1948‚
in Stout and Heal‚ 1967) and slightly lower than that of nematodes (10:1). Consequently‚
predation on micro-organisms results in the release of mineral-N that may be further
used by plants. In the presence of nematodes‚ ammonification by bacteria is greatly
increased (Clarholm‚ 1981; Ingham et al.‚ 1986b). N-fixation may be greatly enhanced
through the maintenance of predominantly young populations‚ provision of stimulatory
compounds or decreased oxygen concentrations (Darbyshire and Greaves‚ 1973).

The P cycle is also affected although contrasting results have been found. Coleman
et al. (1984b) observed that‚ in the presence of amoebae‚ a significant part of the P accu-
mulated within the microbial biomass is transformed into bicarbonate-extractable P.
However‚ the flux of P affected by this transformation can be small and this may explain
why few effects on the P cycle have been noted‚ even in microcosms (Bååth et al.‚ 1980).

Positive effects of micro-foodweb activities on plant growth have been measured
in microcosms. The productivity of wheat plants grown in sterilised soil into which
bacteria and protists had been introduced‚ increased by 80 % and N mineralisation from
soil organic matter was increased by 59 % in relation to a control soil without plants.
This emphasises the role of root-derived carbon in providing energy to the system
(Clarholm‚ 1984). In another 35-day microcosm experiment‚ bacterial biomass was
reduced eightfold and N uptake by plants was increased by 20 % through the activity
of protists. The shoot:root ratio of plants was increased and more than 65 % of
bacterial was taken up by the plants (Kuikman and van Veen‚ 1989 ).



IV.2 THE LITTER SYSTEM

The litter system is that part of the ecosystem within which above-ground litter
accumulates and decomposes. Most studies of decomposition and nutrient cycling have
been conducted in this specific environment and the basic decomposition processes
described in Section IV.1 are directly relevant to the functioning of this system. Litter sys-
tems differ widely in their morphologies and in their community compositions. This is
reflected in the modal types recognised in past classifications of humus types and by the
distinct microbial and invertebrate communities that characterise litters of different qual-
ity. In this section‚ particular emphasis is placed on: (i) the relationships between biotic
communities and the morphology and structure of the litter system; and (ii) on the
spatial and temporal patterns of the processes taking place within them.

2.1 Composition

The litter system includes the above-ground litter which serves as the energy source‚
a rich microflora dominated by fungi and the epigeic invertebrates and surface roots that
act as regulatory macro-organisms. As seen in Chapter I (Section I.3.2.2) above-ground
litter is an heterogeneous resource. It comprises a mixture of relatively high quality
resources such as fresh leaf-litter‚ flowers‚ fruits‚ seeds‚ dead micro-organisms and
animals and structures of lower quality‚ mainly woody materials. As decomposition
proceeds‚ fresh litter falls to cover the previously deposited materials; these older
materials have greater resistance to further decomposition and the litters of certain plant
species accumulate in deep layers forming a gradient of substrates of diminishing
quality with increasing depth. However‚ transfers of organic materials and bioturbation
processes may alter this distribution.

Litter inputs are also highly variable in time (seasonal variations) and they change
with climate resulting in clear patterns in variation of inputs along a thermo-latitudinal
gradient. At individual sites‚ trees of different ages (Bernier and Ponge‚ 1994) and
different species (Boettcher and Kalisz‚ 1992; Grandval‚ 1993) may produce litters of
contrasting qualities thereby inducing heterogeneity in the litter system at scales that
may range from metres to decameters.

Readily-assimilable carbohydrates may be released from decomposing litter and
percolate through the underlying litter layers (see‚ e.g.‚ Carlisle et al.‚ 1966) to prime
local microbial activity. The microflora is dominated by the fungi which possess a
pseudo-mobility resulting from their capacity for rapid growth and an ability to translo-
cate cytoplasm. As shown in Chapter III‚ their ability to perforate cell-walls and feed
preferentially on carbohydrates makes them efficient early litter colonisers.

388



FUNCTIONING OF THE SOIL SYSTEM 389

Litter-dwelling‚ or epigeic invertebrate communities may be rich and genetically
diverse‚ with large populations of micro-arthropods (Collembola and Acari)‚ enchytraeids‚
epigeic earthworms‚ macro-arthropods including ants‚ termites‚ beetles and other animals.
This fauna includes a large proportion of saprophages which feed on decomposing litter
and sometimes microflora and the products of their external digestion. A significant part
of this fauna is predatory and regulates the dynamics of saprovore populations. Roots are
an important‚ though often neglected component of the litter system. They grow princi-
pally in the lower parts of the system (i.e.‚ the F and H layers) and absorb the nutrients
released in these layers either directly or through the hyphae of their mycorrhizal fungal
associates (e.g.‚ Herrera et al.‚ 1978; Soma and Saito‚ 1979; Ponge‚ 1990).

2.2 Classification

The structure of litter-systems differs substantially among plant communities and
depends on:
(i) The quality of inputs (e.g.‚ woody‚ leafy or grassy materials of differing chemical
quality and physical structure).
(ii) The nature of the microbial communities present (particularly the presence or
absence of the ‘white-rot’ fungi (Basidiomycota) which have the capacity to decompose
lignins and phenol-protein complexes) (Section IV.2.5.4.)
(iii) The composition and abundance of the macro-invertebrate communities present‚
with particular emphasis on the presence or absence of anecic invertebrates that can
rapidly transfer litter to other systems of decomposition.

In (ii) above‚ the ‘white-rot’ fungi are a functionally-defined group of basidiomycote
fungi belonging largely to the families Agaricaceae‚ Hydnaceae‚ Corticiaceae‚
Polyporaceae and Thelophoraceae although a few species also occur in the ascomycote
family Xylariaceae. These fungi have the capacity to extensively degrade all the important
structural components of wood and other polyphenolic materials‚ including lignins‚ through
the production of extra-cellular phenoloxidases (Crawford‚ 1981; Kendrick‚ 1992).

Litter systems differ markedly in physical structure i.e.‚ the number of recognisable
layers‚ their relative thickness and composition‚ and the abundance and composition
of the microbial and faunal communities present. A number of major types have been
recognised in past studies and the abiotic and biotic factors (i.e.‚ the quality of decom-
posing resources) determining their formation have been identified.

2.2.1 LITTER SYSTEMS AND HUMUS FORMS

Considerable research has been devoted to the description and classification of humus
forms defined in the upper part of the soil where organic litter is decomposed by the soil
biota (Müller‚ 1887; Kubiëna‚ 1953; Zachariae‚ 1962; Bal‚ 1982). Müller defined three
groups of humus forms: Muld (now called mull)‚ Muldagtig Mor (moder) and Mor‚
based on the increasing thickness of the holorganic layers and the properties and
morphology of the upper mineral horizon. Based on a morphological description of
organic layers of soil‚ these concepts introduced a dynamic view of decomposition‚



390 CHAPTER IV

special attention being paid to the transfer of organic matter into the mineral soil profile‚
and the relative importance of climatic‚ edaphic‚ resource-quality‚ microbial and zoo-
logical determinants.

These ideas have been developed and refined to include a wide range of environments
and litter types and to define the processes involved in organic matter transformations.
Bal (1982)‚ for example‚ defined ‘humon’ as the continuum of organic materials typical
of the different stages of decomposition of organic residues. This concept emphasises
the point that the decomposition of leaves is a continuous process that starts before
abscission‚ continues at the soil surface where litter is deposited and may be completed
in different microsites or soil layers when transfers occur (for example‚ the passive transfer
of decomposing leaves when seasonal litter fall adds new strata‚ Figure I.42). Since these
pioneering studies‚ several classification systems have been proposed (see e.g.‚
Delecour‚ 1980; Green et al.‚ 1993; Brethes et al.‚ 1995).

As stated by Satchell (1974)‚ ‘The concept of the humus type as a biological system
is implicit in Müller’s descriptions of mull and mor’ and the concept of humus forms
may be used to describe litter systems. However‚ unlike humus forms‚ the litter system
as defined in this chapter comprises only the holorganic layers - the O horizon (Chapter
II.1.1) - that overlie the predominantly mineral soil horizons. Whenever litter is exported
to different sites and controlled by other biological systems of regulation‚ it is no longer
considered to form part of the litter system. This is especially true of the litter and faecal
pellets that initially accumulate in the holorganic layers but are later transferred to other
systems within the mineral horizons by anecic and endogeic earthworms (drilospheres)
or by termites (termitospheres).

2.2.2 MULLS

In mull litter systems‚ decomposing leaves and other litter materials do not accumulate
at the soil surface‚ either because they are completely decomposed in less than one year‚
or because they are exported to different systems of decomposition‚ such as the drilo-
spheres or the termitosphere. In mull systems‚ phenol-protein complexes are efficiently
broken down and organic acids are neutralised through the intense mixing of organic
compounds and clay minerals. In consequence‚ the holorganic layer usually only
consists of an L layer with an abrupt transition to the A1 mineral horizon. In most cases‚
decomposition is initiated in the litter system and is completed following well defined
pathways within the drilo- or termitospheres (see Chapter IV‚ Sections 4 and 5).

Mulls generally develop in sites where climatic conditions favour biological activity
for at least a significant part of the year and edaphic conditions must also be suitable for
anecic earthworms or termites. Typical soil properties include a pH close to neutrality
and a frequently loamy texture which facilitates the ingestion of small soil particles by
decomposers. Under such conditions‚ the litter is generally of high quality‚ easily
decomposed and palatable to large decomposers.

In temperate-climate areas‚ mull litter systems are largely created through the activities
of anecic earthworms. Litter is transferred into drilosphere structures including the large
casts of the anecic earthworms comprising the macro-aggregates of the A1 layer and
the walls of burrows and chambers. In some situations‚ edaphic conditions allow a rapid
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decomposition of litter by white-rot fungi in the absence of anecic earthworms and
mulls may therefore develop on acid soils (Toutain‚ 1981). In humid tropical areas‚
decomposition is generally rapid due to the warm temperatures and favourable moisture
regimes and mulls occur frequently‚ despite the large litter biomasses input to the
soil surface.

In both areas‚ any limitations that exist among the climatic‚ edaphic or resource-
quality determinants of biological activity may impede the formation of mull litter
systems. In the Amazonian rainforest‚ decomposition rates may be depressed where
drainage is impeded‚ where much of the incident rainfall is rapidly lost through runoff
(Lucas and Chauvel‚ 1992)‚ where soils are acid and nutrient-poor (Herrera et al.‚ 1978)
and in places where low-quality litter is deposited at the soil surface (Leroy et al.‚ 1992).

2.2.3 MODER

In moder systems‚ decomposition is slow due to climatic‚ edaphic or trophic (resource
quality) conditions that limit or preclude the activities of anecic decomposers (in neutral
mull) and active white-rot fungi (in acid mulls) (Toutain‚ 1987a). Epigeic saprophages
may be abundant and exploit the decomposition products of fungal activity. A large num-
ber of predators also exploit the wide range of microhabitats and food resources present
within the substantial litter layers. The litter system is thick since decomposing material
from previous years accumulates at the soil surface forming discrete layers of decom-
posing material. These may comprise an Ol layer formed of poorly decomposed leaves
and an Of that consists of plant fragments of recognisable structure and the large faecal
pellets of millipedes and epigeic earthworms. The underlying Oh layer consists of the
accumulated faecal pellets of smaller invertebrates (micro-arthropods and
Enchytraeidae) that feed on larger pellets and other debris accumulated within the Oh
layer (Figure IV.15).

In this system‚ phenol-protein complexes are largely decomposed by white-rot
basidiomycote fungi and the litter mass is progressively reduced through the activities of
arthropods and enchytraeid worms. Since these invertebrates are largely confined to the
litter layers and rely mainly on the external-rumen type of digestion‚ they progressively
transform the decomposing material into an Of and subsequently an Oh horizon.
This occurs through continuing processes of ingestion‚ egestion and re-ingestion of litter
materials until the nutritive value of the decomposing materials for invertebrates has
been largely exhausted‚ deep within the Oh layer. In a two-year experiment studying leaf
decomposition in litter bags‚ Garay et al. (1986a) observed that leaves were incorporated
into the Of1 layer after 6-9 months still retaining 78 % of their initial mass; one year later
(18-21 months) they were found in the Of2 layer (ca. 40 % of initial mass)‚ and after
2-3 years‚ they were incorporated into the Oh layer and colonised by fine roots (20 %
of initial mass) (Figure I.42).
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2.2.4 MOR

Mor litter systems occur at sites with unfavourable climatic conditions (low tempera-
tures and impeded drainage)‚ often with nutrient-deficient soils and low-quality litter.
Under such conditions‚ the activities of arthropod decomposers and white-rot fungi are
extremely limited. In the absence of efficient decomposers of the phenol-protein com-
plexes‚ matted layers of decomposing litter accumulate on the surface of the mineral soil.

In some mor forms‚ litter may still be recognisable after 50 years or more (Wittich‚
1952) and the identification of litter residues down through a vertical profile section of
the O horizon may provide an history of site vegetation (Bernier and Ponge‚ 1994).
Hyphae‚ mainly those of mycorrhizal fungi‚ form an extremely dense network and the
Oh layer is composed of a structureless mass of decomposing hyphae and the shapeless
excrements of Enchytraeid worms‚ a ubiquitous component of the invertebrate
communities of these systems (Bal‚ 1982).
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Chemical limitations to decomposition slowly disappear and the end products of this
process (i.e.‚ humic colloids‚ nutrient elements and organic acids) are eventually
released. Nutrients released into the superficial holorganic layers may be absorbed by the
large biomass of fine roots and the hyphae of mycorrhizal fungi. Such roots are relatively
more abundant in infertile soils with a limited ability to retain and accumulate nutrients.

In such systems of decomposition‚ soil minerals are not mixed with the decomposing
material‚ and thus aggressive organic acids are not neutralised in the early stages of
their formation. As a result‚ they infiltrate into the mineral horizons where they have
important roles in weathering minerals and promoting the translocation of iron and
aluminium into the underlying horizons (see Chapter II‚ Section 3.1).

2.3 Structure of litter systems

Litter systems have a clearly layered vertical structure because of the burial of old litter
by that more recently fallen. Lateral variation in litter systems may result from the dis-
tributions of structures such as bark and fruits that fall close to the plants that produce
them‚ the presence of particular tree species that produce litters of contrasting qualities‚
and from topographic heterogeneity. A number of important litter-system properties are
directly derived from the vertical and horizontal heterogeneity present.

Seasonal and successional cycles in climate and vegetation also affect litter systems and
lead to changes in the intensities and types of processes operating at different
temporal scales. The major of these processes are the seasonal changes that occur in
litter inputs and those influencing the long term evolution of litter morphological‚
physical and chemical characteristics across the different humus types present at a given site.

2.3.1 VERTICAL STRUCTURE

Macro-scale features
As discussed above‚ and in Chapter II. 1 in the context of horizon designation‚ litter
systems may comprise up to three distinct layers of variable thickness. These three
layers were first designated L‚ F and H by Hesselmann (1926); all were subsequently
further subdivided into two sublayers by Babel (1971) (Figure IV.15).

The L layer comprises unfragmented leaves that have fallen within the last year;
it may be further divided into an Ln layer with only a slight level of microbial attack
and an Lv layer thoroughly colonised by fungi. The thickness of this layer depends
on the amounts and seasonal patterns of litter fall.

The F layer includes fragmented leaves intensively colonised by fungi together with
the accumulated faecal pellets of invertebrate decomposers. F layers are often sub-divided
into two layers. The Fr (or F1) layer is composed mainly of large fragments of leaves
and a few faecal pellets of the invertebrates (e.g.‚ large millipedes‚ Diptera larvae and
epigeic earthworms) that feed on freshly fallen leaves. The second layer‚ the Fm (or F2)‚
consists mainly of the smaller faecal pellets of Diptera and micro-arthropods mixed with
fine leaf fragments. In these litter systems‚ white-rot fungi generally develop most
conspicuously in the Fm layer (Gourbière‚ 1982).
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The H layer is principally an accumulation of the smaller faecal pellets of micro-
arthropods and Enchytraeidae‚ and amorphous decomposing fungal material. This layer
may in turn be subdivided into an Hr in which plant remains may still be identified‚
and an Hf layer in which plant remains are no longer identifiable and are admixed with
mineral materials.

Layer thickness may differ considerably depending on the type of litter system
(Figure IV.16). In mulls‚ the litter system is restricted to an L layer comprising leaves
aged less than one year. A notable exception to this is acid mull litters that develop in
the absence of anecic earthworms through the intense activity of white-rot basidiomycote
fungi; where this occurs‚ the L layer may be substantially thicker and consist of slowly
decomposing leaves accumulated over the previous 2-3 years (Toutain‚ 1974).

In moders‚ the L layer is often subdivided into Ln and Lv sublayers to distinguish new
(n) and old (v) leaves (Brun‚ 1978). The F layer is the most developed and may
be several centimetres deep with well defined Fr and Fm layers. In tropical moders‚
the H layer can be colonised by a dense root mat that may be 10-30 cm thick in extreme
situations (Cuevas and Medina‚ 1988; Jordan‚ 1989; Leroy et al.‚ 1992). In more‚ the
litter system is thick and the H layer is often fibrous and composed of humified fungal
and other materials.

Meso- and microscale features
At a finer scale of resolution‚ microscopic observations of litter layers may indicate their
composition and structure. Anderson (1977) made a detailed description of microstructures
within the L‚ F and H layers of a moder litter in an English Chestnut (Castanea sativa)
forest. Twenty-three different structural units were recognised and quantified on sections
of the litter system embedded in gelatine (Table IV.3). A positive correlation was found
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between the diversity of the environment (as measured by the Shannon diversity index)
and that of the oribatid communities. The F layers were found to be the most diverse
followed by the L and H layers (Figure III.3).

Using a similar approach but employing a much larger number of characteristics
(see e.g.‚ Figure IV. 17)‚ Ponge (1985‚ 1988) made a detailed description of the successive
layers of a moder litter developed in a Pinus sylvestris forest. The proportions of different
items were measured and the casts and excrements of different invertebrates were
accurately located and identified under a light microscope. A combination of these
methods was later used to describe the vertical structure of humus layers of Spruce
(Picea abies) forests in the northern French Alps (Bernier and Ponge‚ 1994) and
permitted reconstruction of the vegetation successions that had occurred on the site.

2.3.2 HORIZONTAL AND TEMPORAL PATTERNS

Litter systems are highly heterogeneous in the horizontal dimension. At scales between
those of a watershed catchment and a hectare‚ forests consist of ‘eco-units’ i.e.‚ component
elements of a mosaic at different stages of regeneration after gap formation. At a smaller
scale‚ wind and slope may contribute to the creation of specific areas with accumulations
or deficits of litter. Finally‚ in multispecies communities‚ each tree creates a gradient of
heterogeneity referred to as a ‘single-tree effect’ (Zinke‚ 1962; Spain‚ 1973). In conse-
quence‚ the three types of litter systems may coexist‚ and form a mosaic in the forest
floor (Figure IV.18).

Litter systems vary also in time‚ at scales differing from a few months (seasons) through
decades to centuries (successions). Significant changes in the seasonal thickness of litter
systems have been reported in both temperate (Mollon‚ 1982) and tropical systems (Healey
and Swift unpublished in Swift et al.‚ 1979; Spain‚ 1984)(Section IV.2.6.1). At the broader
scale of vegetation successions‚ changes in litter systems parallel those of soil organic matter
status‚ communities of decomposers and vegetation. Changes are not necessarily
synchronous: in the alpine forest considered below‚ differences in litter palatability determine
the presence or absence of anecic and endogeic earthworms‚ and the formation of a mull
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rather than moder system. Large time lags (10-30 years) may occur between vegetation
change and the responses of the humus type and decomposer communities; the lengths
of such lags also vary with climatic conditions (Bernier and Ponge‚ 1994).

Quantification of the different structural elements found in thin sections of the litter
layers can give important information on the dynamics of decomposition. In moder and
mor litters‚ successions of past vegetation types may be detected. Fern litter is deposited
at specific seasons and may serve to mark the ages of the annual layers (Ponge‚ 1985).
In Alaska‚ for example‚ Wagener and Anderson (unpublished data) noted that two
litter layers are deposited each year: one of Spruce (Picea sp.) needles that fall during
the growing season and another that forms when a thick cover of snow weighs the aerial
parts of dead ferns to the ground. Thus‚ by counting the overlying layers of ferns‚ the age
of materials found at different depths can be estimated.

Eco-units
Eco-units (Oldeman‚ 1990) are the component units of a forest mosaic defined by
their ages (that is‚ the time passed since the last major disturbance such as a forest fire
or the formation of a gap from which regeneration and growth started) and architecture.
In a natural alpine forest‚ at 1550 m above sea level‚ Bernier and Ponge (1994)
distinguished 9 different eco-units: grass vegetation‚ Spruce (Picea abies) stands of
30‚ 55‚ 60‚ 160 and 190 years‚ a Larch (Larix decidua) stand (215 years)‚ moss and
Oxalis acetosella vegetation and Bilberry (Vaccinium myrtillus) heath.
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These units occur as a mosaic and represent different stages in the succession of
vegetation types which proceeds in the order: herbaceous units within Picea forest of
30-190 years‚ formation of gaps with a return to herbaceous vegetation‚ or the development
of a moss cover followed by Vaccinium heath. The latter occur especially in places that
have experienced human disturbance (such as canopy openings caused by selective
timber exploitation) (Figures IV.19 and 20). At this site‚ Bernier and Ponge (1994) were
able to reconstruct the dynamics of the vegetation over the last three to five decades by
analysing the changing composition of the moder litter layers‚ down to a depth of 12-15
cm in the eco-units that represented the different seral stages.
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The profile sketched in Figure IV.21 (top), was observed in a grass unit (regeneration
phase). These units have a mull litter system in which litter is rapidly exported to the
drilosphere within the casts of the endogeic and anecic earthworms. These casts form most
of the macro-aggregate structure of the underlying Al horizon (5 to 12 cm). Bark found at
3-4 cm depth and dead coniferous roots at 6-12 cm indicated that this gap had only recent-
ly been formed. In a 30-year Spruce (Picea abies) stand (early aggradation phase, Figure
IV.21 right), only mixed Spruce and Larch (Larix decidua) litters and mosses were present in
the upper part of the litter system. At 10-15 cm depth, fragments of dead Spruce roots
comprised two thirds of the organic fragments and the remaining third consisted of dead grass
components (Deschampsia flexuosa and Luzula sylvatica) and mosses. At 8-12 cm depth,
bark residues were abundant. Above this deposit, large amounts of dead mosses occured.
From 3 to 6 cm depth, decomposing Spruce needles were derived from the present plant
community.

This sequence suggests that before the present canopy of young Spruce trees closed, the
soil was first covered by grasses and then by a thick moss cover. At the same time, large
inputs of bark and woody material indicated gap formation within a mature Spruce stand. The
presence of stumps of old (200-year) Spruce trees and a few living individuals confirm these
observations.

As the Spruce stands grow, the canopy progressively closes, the density of endogeic and
anecic earthworms decreases sharply and the litter system shifts to a dysmoder (i.e., inter-
mediate between moder and mor) in the 60-year old Spruce stand (Fig. IV.21, bottom). The
H layer between 4.5 and 7.5 cm depth mainly comprises holorganic invertebrate
faecal pellets. At 6-7 cm depth, large amounts of woody materials and bark fragments in the
soil evidence the collapse of a previous Spruce stand. Below these organic deposits a 1 cm
thick bleached eluvial horizon is present (Bernier and Ponge, 1994) indicating podzolisation.
In 160-190 year old Spruce stands (biostatic phase Figure IV.21 left), small populations of
anecic earthworms (Lumbricus terrestris) are restored and re-incorporate organic matter from
the micro-podzol created in the previous phase (Figure IV.21 bottom). The litter system is a
dysmull, an intermediate stage between the moder and the mull that will develop later in the
grass eco-unit.

At different elevations, the correspondence between phases of the vegetation succession
and the appearance and disappearance of anecic earthworms or the time of their peak
density is slightly different. At 900 m elevation, the peak density of anecic and endogeic
earthworms occurred in the old Spruce stand, whereas it was delayed up to the phase when
grass covers the soil at 1550 m, and to an even later phase at 1700 m, i.e., that of young
(30-50 year) Spruce stands (Bernier, 1996). Differences in the quantity and quality of
organic matter accumulated in the litter system may explain these differences.

Actively growing Spruce stands produce large quantities of low quality litter that
discourage drilosphere activities and result in the formation of moder litter systems.
In mature stands, the return of anecic and endogeic earthworms may be attributed to an
overall change in the quantity and quality of the organic matter available in the environment.
Old trees may release large amounts of twig material and organic matter may become more
palatable to the earthworms after approximately a century of maturation.Anecic earthworms
may thus return and their communities become fully mature at the next stage, in the grassy
vegetation where Spruce also re-establishes itself. At 1700 m elevation, temperatures are
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lower and maturation of the organic matter may be delayed up to the stage when the
Spruce forest first matures.

This example illustrates the importance of carbon cycling and energy fluxes as
determinants of succession in the above-ground vegetation and litter system. It also demon-
strates the importance of climatic factors in the synchronisation of plant successions with
changes in the organic matter status of the system. Considerable energy flows occur
through the litter system. Ovington (1961) estimated that the energy contained in the needle
litter of a 55-year-old Pinus sylvestris stand was ca. 251 GJ and that which had
already been released was 3.8 TJ. Part of this energy may be used by anecic earthworms
and other ‘ecosystem engineers’ to fuel bioturbation processes (Villenave et al.‚ 1999).

Accumulation of litter and single-tree effects
Macro- and microtopographic features and the disposition of trees may lead to considerable
variation in the thickness of litter cover‚ especially of the L and F layers. In a French
temperate-climate forest with a moder litter system‚ the thickness of the litter layer (L+ H)
was significantly correlated with microtopographic features. Litter was unexpectedly less
abundant in small depressions than between them‚ perhaps due to the effects of the white-rot
fungi that develop preferentially in thick F layers (Garay‚ 1989) (see Section IV.2.5.4).

The distributions of trees‚ and differences in the quality of the litters that they produce
locally determine the litter system. Zinke (1962) proposed the concept of the ‘single-tree
circle of influence’ to substantiate the idea that forests are a mosaic of distinct soil and litter
systems that are associated with individual trees. In a Bornean tropical forest‚ Burghouts
(1993) reported large variation in the thickness of the L and F layers. Surprisingly‚ positive
correlations were found among nutrient contents‚ litter inputs‚ and the thickness of the litter
system. In that situation‚ litter accumulation was not due to slow decomposition rates‚ but to
the rapid cycling of nutrients which favours the production of large quantities of relatively
high quality materials.

In a tropical forest in French Guyana‚ Leroy et al. (1992) and Grandval (1993) described
the patterns of distribution of leaf-fall around the trunk of a single tree. Due to the high
diversity of tree species in the rainforest‚ the proportion of leaves deposited close to and
derived from this particular tree only accounted for 18-22 % of the overall litter collected; the
remaining 80 % comprised leaves from the surrounding trees but belonging to different
species. The computation of semivariograms based on an intensive sampling showed that the
mass of leaves deposited at the foot of the tree decreased regularly with increasing distance
away from the trunk and became negligible at approximately 30 m from the trunk.
In systems where litter quality differs among species‚ a mosaic of litter patches of different
quality may form (Figure IV.22).

Such ‘single-tree influence circles’ have been found to affect soil properties and decom-
poser communities in temperate-climate forests where trees produce litters of
contrasting quality (Boettcher and Kalisz‚ 1991‚ 1992). Similarly‚ the introduction
of conifers or Eucalyptus spp into broadleaf deciduous or conifers into Eucalyptus spp.
forests may alter the litter system so that it shifts from a mull to a moder humus type (e.g.‚
Turner and Franz‚ 1985; Garay‚ 1989).

Finally‚ differences in litter production by individual trees‚ and especially‚ asynchrony
in leaf fall at the level of populations or individual trees may reinforce the patchiness of
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litter layers. Such processes are especially relevant in tropical rainforests (Sabatier and
Puig, 1986; Burghouts. 1993).
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2.4 Decomposer communities

2.4.1 MICRO-ORGANISMS

In the early stages of decomposition, well before leaf fall, colonies of bacteria, yeasts and
other fungi invade leaf surfaces. Amycelium then develops and, after some weeks,
penetrates the leaf tissues (Minderman and Daniels, 1967).

Fungi dominate the microflora of the litter system. As discussed earlier, these micro-
organisms have a pseudo mobility resulting from their capacity for rapid growth and
ability to translocate cytoplasm. They are also adapted to the rapid changes in temperature
and moisture conditions that may occur in the litter system. Their ability to perforate
cell-walls and feed preferentially on carbohydrates makes them efficient early litter
colonisers. Details of community structure and temporal changes are presented in
Chapter III (Section III.2.4.3) and the activities of white-rot fungi are considered in
Section IV.2.5.4 below.

After a succession of fungi belonging to different functional groups has taken place
(Table IV.4), the remaining secondary resources comprise a large proportion of dead
fungal material. By this stage, the remaining organic materials are located in the H layer
or Al horizons and further decomposition of this material will continue mainly through
bacterial activities (see Chapter III.2).

2.4.2 ROOTS

Roots are an important but often neglected component of the litter system in humid
climates. They grow principally in the lower parts of the system (i.e., the F and H layers)
and absorb the nutrients released in these layers, either directly or through the medium
of the hyphae of their associated mycorrhizal fungi (Herrera et al., 1978). In a Beech
(Fagus sylvatica) forest growing on an inceptisol (acidic brown soil), fine roots actively
colonised the F2 and H layers of a moder humus system: 53.7 and 21.7 % of root-tips
were located in the F2 and H layers, respectively; 69.7 % of fine root biomass but only
34.1 % of small roots were concentrated in the same layers (Table IV.5) (Meyer and
Göttsche, 1971). In spodosols, all root tips were located in the F and H layers, whereas
in an inceptisol (eutrophic brown soil), root tips were less numerous but more evenly
distributed throughout the soil profile.

In soils with a particularly low nutrient status, roots may concentrate at the surface to
form a thick mat which may absorb virtually all the nutrients released from decomposing
leaves and dead roots (Cuevas and Medina, 1988). In an Amazonian spodosol, less than
0.1 % of the labelled calcium and phosphorus sprayed onto the surface of a litter system
with a thick root mat was leached through it (Stark and Jordan, 1978).

In most natural environments, certain zygomycote, ascomycote and basidiomycote
fungi (Section IV.3.1.2.2) enter into close relationships with plant roots to form largely-
mutualistic arbuscular mycorrhizal (AM) or ectomycorrhizal associations (ECM)
(Section III.3.2.1.2); these act as extensions of the root system and may create direct
links between decomposing leaves and roots. In a tierra firme or upland forest in
Amazonia, for example, St. John and Uhl (1983) estimated the proportion of infected
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roots at 71.6 % with significant mean differences among species ranging from <25 % to
100 %. In a caatinga (low and relatively dry) forest on an extremely nutrient-deficient
spodosol, all roots were infected. The mycorrhizas formed were largely AM.

There is some evidence that certain tree species specifically promote the formation
of root mats near their bases, as in the Guyanese tree species Dicorynia guianensis
(Figure IV.22). In this situation, a significant proportion of roots that accumulated in the
mat appeared to belong to another tree species (Eperua falcata) that was growing a few
metres distant (Grandval unp. data, in Wardle and. Lavelle, 1997). Similar effects have
been observed by Griffiths et al. (1996) in coniferous forests in Oregon (USA); the
distribution of ectomycorrhizal mats (i.e., dense accumulations of ectomycorrhizal roots)
had a clear spatial structure that could be related to the presence of a few species of
understory trees.
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2.4.3 INVERTEBRATES

The large variety of microhabitats and food resources present in slowly-decomposing
litter favours the establishment of highly-diverse communities (see e.g., Anderson, 1977).
This fauna includes a large proportion of saprophages which feed on decomposing litter
and sometimes the colonising microflora and the products of its external digestion.
A significant part of this fauna is predatory and regulates the population dynamics of
the saprovores.

These invertebrates are ‘litter transformers’ (see Chapter III.4.4.1.6) and are generally
unable to egrade phenol-protein complexes. Although certain groups may ingest some
mineral components from the soil and mix them with organic matter (e.g., Collembola,
Touchot et al., 1983; Isopoda, Mocquard et al., 1987; Enchytraeidae, Albrecht, 1984,
Wolters, 1991), most litter transformers produce purely organic faecal structures and do
not participate in the transfer of decomposing litter into the sub-soil or to other systems
of decomposition, such as the drilosphere or termitosphere. Consequently, their direct
contribution to decomposition through respiration is limited to a small percentage of
overall mineralisation. For example, in a Swedish coniferous forest, Persson et al. (1980)
calculated that a faunal community with a biomass of 1.7 g dry weight contributed only
4 % of heterotroph respiration; however, through the grazing of 30-60 % of microbial
production in the litter and humus layers, they directly contributed between 10 and 49 %



FUNCTIONING OF THE SOIL SYSTEM 407

of total N-mineralisation.
Despite their limited digestive efficiencies and inability to incorporate litter into

the inorganic soil matrix, communities of epigeic invertebrates contribute to decompo-
sition through comminution, grazing on microbial populations and the dissemination of
fungal propagules.

Invertebrate communities of the soil:litter environment may be populous and taxo-
nomically diverse. Communities may typically comprise several hundred species and
50,000-200,000 individual Enchytraeidae and micro-arthropods per square metre (Collem-
bola and Acari) and several tens of species and hundreds to thousands of epigeic macro-
arthropods such as Myriapoda, Isopoda, Coleoptera and Diptera and epigeic earthworms
per square metre (see, for example, the pioneering studies by Bornebush, 1930; Petersen
and Luxton, 1982; Garay, 1980; Flogaitis, 1984; David et al., 1993). In a German Beech
(Fagus sylvatica) forest with a moder humus type, Schaefer and Schauerman (1990)
found more than 360 species of saprophagous invertebrates in the meso and macrofauna
with annual average population densities of 275,000 and 7800 for the meso- and
macrofaunal components, respectively. Thirteen predatory species were present in the
mesofauna (10,800 individuals ) and 249 in the macrofauna (960 individuals ).
This fauna largely occurred within the litter system.

In an adjacent mull humus type, the saprophagous fauna consisted of a similar number
of species whereas predators comprised 232 species in the macrofauna and 67 species
in the mesofauna. Populations of litter-feeding saprophages were lower than in the moder
with densities of 92,000 in the mesofauna and 3500 in the macrofauna. Similarly,
smaller predator populations were noted and they occurred deeper within the soil, at an
average depth of 3-5 cm in the Al horizon. The overall biomass of litter saprophages
averaged 4.9 g ash-free dry mass in the moder and 4.7 g in the mull. In the latter
system, a large earthworm biomass (10.7 g ash-free dry mass ) was found and much
of the litter was probably transferred to the drilosphere system by these invertebrates
(Schaefer and Schauerman, 1990).

Comparable results have been obtained along a marked soil pH gradient in a Beech
(Fagus sylvatica) forest near Paris (P. Lavelle and A. Faille, unpublished data, Figure
I.44 and IV.23). At this site, soil parent materials change from limestone to a sandy
outcrop over 500 m and the soil pH correspondingly declines from 7.8 to 3.8. In the acid
upper areas of the gradient, the humus is a thick moder; as estimated by the TSBF
method (Lavelle, 1988), overall population density of the macrofauna is 300
individuals and 80 % of the macrofauna occurs in the litter (L+F) layer. As pH
increases, the number of macro-invertebrates also rises to 818 individuals at pH 4.6
and then progressively decreases down to 526 individuals at pH 7.6; the proportion
of individuals in the L + F layers decreases continuously to 78 %, 34.4 %, and 5 % as the
humus progressively alters to a mull. Further, the macrofauna becomes increasingly
dominated by earthworms and the litter biomass in the L + F layers diminishes .

Similar results were obtained by Garay (1980) for micro-arthropod communities in a
mixed species forest near Fontainebleau (France). In that environment, patches consisting
of litter derived from each species had significantly-different micro-arthropod popula-
tion densities - with distinct vertical distributions - and their own patterns of seasonal
change (Table IV.6).
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In tropical environments, litter communities also include a wide diversity and
abundance of invertebrates (e.g., Lavelle et al., 1981; Lavelle and Kohlmann, 1984:
M’Boukou-Kimbatsa et al., 1998). In these environments, litter systems are often limited
in magnitude because of high decomposition rates and massive exportation of litter to
the termito- and drilospheres. Consequently, the population densities and biomasses of
other invertebrates are frequently lower than in temperate or boreal litters. In these forests,
however, epiphytic litter systems frequently occur in, for example, the leaf crowns
of Bromeliaceae, and these systems may have highly abundant and active invertebrate
communities. In a tropical rain forest in southeastern Mexico, the population density of
macro-invertebrates per gram of litter in Bromeliaceae was 12 times as high, and the
biomass 3-fold higher than the equivalent values in ground litter. Where water accumu-
lates within the leaf bases of the Bromeliaceae, the decomposer community may include
such normally-aquatic components as dragon fly (Odonata: Zygoptera) larvae or those
of the family Eristalidae (Diptera) (Lavelle and Kohlmann, 1984).

Relationships between litter biomass and invertebrate abundance are not straightforward.
In some circumstances, a clear relationship may exist between the weight of litter accu-
mulated at the soil surface and the abundance of the invertebrates that exploit the feeding
resources and habitats of this system (e.g., litter feeding arthropods in Figures I.44 and
IV.23). However, in other circumstances, an inverse relationship may result, as when
rapid litter consumption leads to substantial population increases (Garay, 1980).
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2.5 Processes in the litter system

2.5.1 COMMINUTION

Some epigeic invertebrates ingest large amounts of litter. In an Oak (Quercus robur)
wood in western France, Isopoda with a mean annual biomass of 20 kg live weight
annually ingest 210 kg or 7 % of the dry mass of leaf litter and egest 160 kg
of faecal pellets (Mocquard et al., 1987). Larvae of the sciarid fly Bradysia confinis were
estimated to have ingested 2.5 % of the leaf litter accumulated in an Oak-Beech
(Quercus robur, Fagus sylvatica) wood in Brittany over a period of two months,
i.e., 121 to 219 kg dry mass (Deleporte, 1987). The activities of these larvae are
concentrated in small areas where all the ‘old’ litter of the F and H strata may be trans-
formed into faecal pellets in a few weeks. Slugs also ingest significant amounts of litter,
commonly in the range 1.3-8.4 % of total accumulated litter mass (Jennings and Barkham,
1979; Phillipson, 1983) although overall litter ingestion may be as high as 23 %
(Kurcheva, 1967).

In a Mediterranean forest, the millipede Glomeris marginata (Diplopoda) may
ingest 2.6 g of dry litter per gram of live body mass. As a result, a population of
50-100 individuals weighing 7.2 to 10.8 g may annually ingest 250-280 kg dry litter

i.e. 8-11 % of annual litter production (Marcuzzi, 1970). In a temperate climate
forest near Orleans (France) consumption of Oak (Quercus robur) litter by the millipede
Cylindroiulus nitidus was estimated at 10-14 g i.e., 3-4 % of annual litterfall
(David, 1987). In relatively dry environments, these invertebrates may ingest a much
larger proportion of litter: in miombo woodland in Zimbabwe, for example, Dangerfield
and Telford (1989) estimated annual consumption by millipedes at 88.1 g dry matter

equivalent to 30.6 % of annual litter fall.
From these few examples, it is clear that a variable but significant proportion of

annual litter production is ingested by epigeic animals and re-ingested by the same or
increasingly-smaller organisms. Diversity of species implies some diversity in feeding
preferences; the palatability of litter to saprophagous invertebrates differs greatly among
species, with different responses to the type of litter and its state of decomposition.
In temperate forests, for example, Diptera larvae are among the earliest colonisers of
freshly fallen litter (Mollon, 1982) whereas anecic earthworms usually prefer litter that
has already undergone some degree of fungal decomposition (Cooke and Luxton, 1980;
Cortez and Hameed, 1988).

As a result of fragmentation, the overall surface area of the decomposing litter is
increased by a factor of 50 to 200 after having been egested and re-ingested by a sequence
of increasingly smaller animals (Bachelier, 1978; Bertrand et al., 1987). These animals
may range from large saprophages such as Diplopoda to smaller micro-arthropods and
even nematodes.

2.5.2 TRANSFERS

Transfers within the litter system involve: (i) leaching of water soluble elements and
other materials towards deeper horizons or laterally in runoff; (ii) passive burial of
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decomposing litter under freshly fallen leaves (Figure I.42); and (iii) active exportation
by anecic earthworms or termites to, respectively, the drilosphere or termitosphere (see
Sections IV.4 and 5). Decomposing material is leached into the soil where it is flocculated
and precipitated in contact with permanent-charge clay minerals and sesquioxides
(Toutain, 1981; Duchaufour, 1982) (Figure IV.24).

In an English pasture, 20 years of pesticide (phorate) application eliminated earth-
worm populations. This resulted in a dramatic increase in bulk density, shear strength,
penetrability and depth of leaf litter, but greatly reduced soil organic matter content, pH
and soil moisture content (Clement et. al., 1991).

2.5.3 REGULATION OF MINERALISATION BY INVERTEBRATES

Invertebrates usually have limited direct impacts on mineralisation. In contrast, their
indirect effects on microbial activities through, e.g., grazing and mechanical litter trans-
formation litter may be far more important. Verhoef and Brussaard (1990), for example,
estimated the approximate contribution of fauna to nitrogen mineralisation to be 30 %,
over a range of natural ecosystems and agroecosystems. However, microbial activity
may be inhibited for long periods in the faecal pellets of certain invertebrates.

Changes in mineralisation rates
Digestion generally results in the direct assimilation by invertebrates of 5 to 50 % of
the ingested litter (Bocock, 1963; Petersen and Luxton, 1982; Dickschen and Topp,
1987; Deleporte, 1987). However, faecal pellets egested by the saprophagous macro-
and mesofauna may be resistant to degradation and accumulate to form a progressively
increasing proportion of the H layers in moder litter systems (Kubiëna, 1953; Rusek,
1985; Toutain, 1987b). Invertebrate feeding thus significantly accelerates decomposition
in comparison with situations where these animals have been eliminated by such
techniques as naphthalene exclusion (Crossley, 1977). Removal of the fauna from
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decomposing maple litter through the application of the insecticide carbofuran reduced
its decomposition rate by 40 % (Weary and Meriam, 1978).

In microcosm studies, decomposition is always accelerated by the addition of litter
invertebrates in comparison with situations where micro-organisms are the only decom-
posers present. Increases of 14.6 to 32 % in carbon dioxide evolution from decomposing
birch (Betula sp.) litter have been recorded following the addition of epigeic animals
(Setälä et al., 1988). Over eight months, Seastedt (1984) observed an increase of ca. 75 %
in the decomposition rate and Anderson et al. (1983a) found increases of 1.6, 2-3 and
10-15 times in the ammonium released from Oak leaf-litter in the L, F and H layers,
respectively, in the presence of the millipede Glomeris marginata. The biomass of the
epigeic fauna is therefore a critical factor in the modeling of decomposition processes.
However, this effect is generally delayed in time (by ca. 2 months in the case of a British
deciduous woodland), and only significant when the biomass comprises at least 10 %
of the weight of the decomposing litter. In the latter case, cumulative losses of mineral
nitrogen are given by the equation:

where NA is nitrogen mineralised (g N resource), T is temperature (°C) and B is
the invertebrate biomass (g fresh weight) to resource quotient (Anderson et al., 1985).
In similar field experiments, Anderson et al. (1983a) found increases in ammonium
leaching of 23 % during the first 32 weeks of decomposition but followed by a decrease
of 38 % over the subsequent 32 weeks of the experiment (Figure IV.25). Where the same
experiment included living roots, the amount of ammonium leached diminished by 12
to 48 %. Such experiments have shown that, in addition to increased mineralisation
through faunal activities, interactions with other biological components and/or the
decrease in mineralisation rates within faecal pellets may lead to a net immobilisation
(Hanlon and Anderson, 1980).
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Activation mainly results from fractionation and comminution of litter during transit
through the invertebrate gut, and by the activation and dissemination of micro-organisms.

Regulation of microbial activity
Two further basic processes, both mediated by invertebrates and leading to the enhancement
of decomposition rates are the grazing of microbial populations and dissemination
of their propagules. In litter-systems, most invertebrates appear to feed at least partly
on fungal material. Some Diptera and most Collembola are almost entirely fungivorous
(see e.g., Anderson and Healey, 1972; Kilbertus and Vannier, 1979; Saur and Ponge,
1988; Bardgett et al., 1993). Furthermore, some specificity in feeding has been noted:
Collembola, for example, have demonstrated preferences for mycorrhizal fungi (Schultz;
1991; Thimm and Larink, 1995). Grazing has two complementary effects:
(i) The release of nutrients immobilised in the microbial biomass, through excretion
by the grazing organisms (see e.g., Fenchel and Harrison, 1976; Ingham et al., 1986b).
As an example, Persson et al. (1980) calculated that invertebrates consumed 30 to 60 %
of the annual production of micro-organisms in a coniferous forest. This resulted in
the release of 10 to 49 % of total mineral nitrogen, 70 % of which was directly excreted
by micro-predators;
(ii) The maintenance of micro-organismal diversity by keeping population densities at
sufficiently low levels that competition is avoided (Paine, 1966; Wauthy, 1982). Grazing
is known to be selective (Proth, 1978) and may partially explain the high diversity of
fungal species observed in moder in comparison with mull litter systems (see e.g.,
Martinez et al., 1980).

Propagule dissemination may be:
(i) Passive, when spores and other propagules are temporarily attached to the body
surfaces of soil animals and are later released (Touchot et al., 1983);
(ii) Active, when spores which have survived intestinal transit are released in faecal
pellets and subsequently germinate. This may involve a range of micro-organisms
including heterotrophs, autotrophs and organisms that form deleterious and beneficial
associations with plants and animals. For example, Reddell and Spain (1991a, b) reported
the successful transmission of viable spores of ecto and endomycorrhizal fungi and of
the actinobacterium Frankia sp. through the intestinal tracts of a number of earthworm
species. However, this process is selective with differential survival between the spores
of different species and many of them may loose their ability to germinate (see, e.g.,
Cervek, 1971; Kozloskaja, 1971; Wynn-Williams, 1983). This selectivity has been used
in the control of some fungal plant pathogens (Ulber, 1983).

The micro-environments of the faecal pellets of epigeic species are generally con-
ducive to microbial digestion of their components (although some exceptions to this rule
exist, e.g., in Enchytraeidae). Faeces therefore represent privileged incubation sites and
act in part as external rumens in that decomposition proceeds progressively as they
undergo ingestion and egestion by a succession of invertebrates. The invertebrate gut
may itself be a favourable, though temporary micro-environment for micro-organisms.
In one example, Hanlon (1981) observed a nine-fold increase of microbial biomass
during the passage of food through the gut of isopods and glomerid millipedes.

Spores are not the only propagules to retain viability after passage through the earth-
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worm gut. Reddell and Spain (1991a, b) also showed that root fragments infected with
arbuscular mycorrhizal fungi still retained the capacity to infect the roots of Sorghum
bicolor after passage through the gut of Pontoscolex corethrurus. This form of transmission
may be important in the spread of infection of mycorrhizae, plant pathogenic fungi and
animal parasites where active earthworm populations are present.

In some circumstances, microbial activity may proceed through two distinct phases.
These include an initial phase of intense activation in fresh pellets followed by a longer
term inhibition, which may result from either the relative accumulation of resistant com-
pounds or unfavourable moisture and aeration conditions within the compact structure
of the pellets (Figure IV.26) (Hanlon and Anderson, 1980). The accumulation of faecal
pellets in the H horizon of moder and mor humus types shows that in certain circum-
stances, they are resistant to decomposition. Fractionation of organic matter from the
0-2 cm stratum of soil under a specific tree species in a Congolese forest showed that
the dominant 200-500 µm fraction is rich in faecal pellets and has a lower mineralisation
rate than the same fraction extracted from litters beneath another tree species where
faecal pellets are rare (Bernhard-Reversat, 1993). This suggests that faecal pellets may
have significant roles in the long-term conservation of organic matter.

As decomposition proceeds, mineral nutrients are released and redistributed into the
microbial and invertebrate biomass. The relative abundances of epigeic invertebrates
and differences in climatic regimes may guide the differentiation of litters into either
moder or mor systems. The faecal pellets of micro-arthropods, Enchytraeidae and
Diptera larvae often dominate the mass of the H layer in moder litters (Kubiëna, 1953;
Rusek, 1985; Toutain, 1987b).
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2.5.4 EFFECTS OF WHITE-ROT FUNGI

Soil and litter acidity and the climatic regime are the major factors determining whether
moder or mor humus types with deep and layered litter systems will form. However, even
in these humus types, rapid decomposition may ensue when conditions become suitable
for the development of basidiomycote white-rot fungi (Section IV.2.5.4). In mixed
stands of Oak (Quercus robur) and Beech (Fagus sylvatica) in eastern France, Toutain
(1987b) found both moder and acid mull humus types. Soils with an acid mull had twice
as much iron as those with moder litter regimes. The higher iron levels permitted the
development of dense populations of white-rot Basidiomycota, the release of large
amounts of soluble organic matter from the decomposing litter and their insolubilisation
in soil as iron: organic matter complexes. White-rot fungi readily decompose phenol-pro-
tein complexes thereby obviating this chemical limitation to decomposition characteristic
of acid environments (Figure IV.10c) (see e.g., Kirk and Moore, 1972; Eriksson et al.,
1980; Blanchette, 1984; Adaskaveg and Gilbertson, 1986).

Electron microscope studies have shown that the whitening of decomposing resources
results from the digestion of brown polyphenol-protein compounds (Reisinger et al., 1978).
White-rot Basidiomycota can penetrate and progressively digest cellulosic structures and
condensed protoplasmic residues, releasing large amounts of ammonium and soluble
carbohydrates. White-rot fungi may be present in all litter systems and in decomposing
wood. They initially grow as patches but later form expanding annuli with characteristic
‘fairy ring’ growth patterns (Figure IV.27). They generally grow in the F layer, and
notably in locations where the F2-layers have accumulated to a significant depth
(Gourbière, 1982; Garay, 1989). Litter decomposes much more rapidly as a result of
their activity (Figure IV.5). In temperate forests, they are restricted to places that are
within the reach of growing ‘fairy-ring’ shaped colonies (Gourbière, 1982).
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In a French temperate-climate forest with a mixed vegetation cover of Quercus
sessiliflora and Carpinus betulux, white-rot fungi developed preferentially in the thick
F layers and the structure of the acarine communities present appeared to depend on the
occurence of these fungi (Garay, 1986b). Overall population density of mites in the
F horizon of sites where litter had accumulated was 100 500 in patches colonised by
white-rot fungi compared with 60 800 in non-infected areas; such population density
increases were unevenly distributed among taxonomic groups. In a French Guyanese
tropical rain forest, the occurrence of white-rot fungi may be closely related to litter
quality; again, different invertebrate communities have been found in litters colonised
and not colonised by white-rot fungi: earthworms colonised patches with no white rot
fungi whereas Phalangidae (Opiliones) and Coleoptera tended to have an opposite dis-
tribution (Leroy et al., 1992; Grandval, 1993). In tropical forests and tree plantations
from Congo and French Guyana, the dependence of white-rot fungi on litter quality has
been confirmed by Bernhard-Reversat and Schwartz (1997) and Leroy et al. (1992).

2.5.5 ROOT ACTIVITIES

Roots act as sinks for nutrients and water. As a result, the quantities of nutrients leached
from the litter system are significantly diminished in microcosms with roots in comparison
with those where roots are absent (Figure IV.26) (Anderson et al., 1983a). In litterbag
experiments conducted in Central Amazonia, roots colonised the decomposing litter and
had no significant effect on the rate of decomposition (Luizao, 1994). Roots may be
colonised by a wide range of different mycorrhizal fungi that interact
with the non-symbiotic microflora. Through their effects on soil physical conditions
(reductions in moisture and oxygen contents), and biological interactions with both the
free-living and symbiotic microflora, roots may have a positive (priming) or negative
(conserving) effect on decomposition.

Studies in which roots have been isolated from the litter system by trenching, have
demonstrated the substantial capacity for tree roots to absorb soil moisture (e.g., Slavikova,
1958; Staff, 1988) and to take up nutrients from the litter system (Aber et al., 1983;
Harmer and Alexander, 1985). Gadgil and Gadgil (1971) hypothesised that mycorrhizal
tree roots suppress the decomposition of forest litter. In a New Zealand Pinus radiata
plantation, in which root activity - and thus mycorrhizal activity - were reduced by
trenching the soil to a depth of 30 cm to isolate blocks of soil and litter from root
activity, litter decomposition rates were significantly increased. This increase was
attributed to the suppression of competition for nutrients between mycorrhizal fungi
and saprotrophic micro-organisms. However, subsequent similar experiments have
not confirmed this effect (Staff, 1988). This may be due to the complex synergistic or
competitive interactions that can take place between tree roots, mycorrhizal and sapro-
trophic fungi (Dighton et al., 1987). The factors determining the direction and intensity
of these interactions are far from being clearly understood.
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2.6 Organic matter fluxes in the litter system

Nutrient and carbon fluxes are major consequences of litter acquisition and breakdown.
Major issues influencing ecosystem function and the global environment are the storage
and conservation of C and nutrients and the release and recycling of litter components.
The total and relative amounts of nutrients that are recycled annually through the litter
system are highly variable.

Nutrient release occurs at characteristic times and places in different litter systems.
A major challenge in the management of degraded ecosystems, is to restore or enhance
litter systems that provide nutrients to plants and energy to litter transformers and ecosystem
engineers, while conserving nutrients and storing carbon (Woomer and Swift, 1994).

General patterns of carbon and nutrient fluxes in litter systems are clearly influenced
by the hierarchical suite of factors that govern decomposition processes (Figure IV.8)
and the specific properties of individual nutrient elements. Consequently, three general
trends occur in litter-system dynamics: (i) a marked dependence of accumulation and
decomposition rates on climatic conditions, soil properties and resource-quality
attributes; (ii) the accumulation of nutrients in plant biomass and litter rather than
the soil in nutrient-deficient systems; and (iii) markedly different turnover times for
individual elements.

2.6.1 CARBON MINERALISATION IN THE LITTER SYSTEM

The amounts of carbon stored in litter systems differ greatly between humus types.
In mull humus environments with shallow litter systems, little carbon accumulation
occurs and this contrasts with the increasingly larger amounts found in moder and mor
systems, respectively (Heal et al., 1981; Figure IV.3).

release from the litter system may be slow and even, or undergo marked
fluctuations over different scales of time. The seasonal changes of litter mass recorded
in temperate and tropical systems suggest that associated changes in temperature and
moisture availability are responsible for differences in their rates of C release (Figure
IV.28) (see Section IV.2.3.2). At the broader temporal scale of ecosystem development,
changes in litter mass may also occur. In an age series of floristically-similar Australian
Eucalyptus forests, Polglase and Attiwill (1992) reported a progressive increase of litter
mass at the soil surface, mainly due to an increase in the amount of woody litter present
(Figure IV.29). Significant changes were also noted in the successional process described
by Bernier and Ponge (1994) in an alpine Spruce (Picea abies) forest (Figures IV.20
and 21). Organic matter accumulated in the litter layers during the mature phase of
the forest; when the old trees died and new trees started to grow, the altered litter
quality allowed earthworms to invade the unit. Through this, a significant proportion
of the accumulated organic matter was decomposed and incorporated into the soil as
mineral-bonded organic matter while the large flush of nutrients boosted the growth of
the young trees.
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The chemical composition of organic matter clearly differs between humus types.
In a sequence of humus types from mull to moder to mor, Bran (1978) found great
differences in the quality of organic matter accumulated in the litter and A1 horizon,
as reflected in the distribution of C in different particle size fractions, and chemical
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quality assessed by extraction techniques and C:N ratios. In the A1 horizon, for example,
the proportion of total humin decreased whereas inherited humin increased from the
eutrophic mull to the dysmoder. Inherited humin corresponds to the resistant organic
matter accumulated as lignin and as invertebrate faecal pellets; the difference between
total humin and inherited humin comprises insolubilised humin i.e., soluble organic
compounds leached out of the litter system, flocculated and associated with clay
minerals in organo-mineral complexes. This trend was confirmed in a review by Zech
et al. (1996) who stressed that organic matter accumulates in mor litters as strongly-
humified, decomposition-resistant plant residues, whereas in mull systems, organic
matter is bound to minerals in less humified forms.

2.6.2 NUTRIENT CYCLING

Decomposition and mineralisation processes release nutrient elements largely in soluble
forms that may be taken up by plants and other soil organisms, or leached. The regulation
of nutrient release rates is of paramount importance in nutrient conservation since most
nutrient elements occur in limited stocks. Only small external inputs occur in rainfall, dry
deposition and through N-fixation, which generally accounts for a few kilograms
In tree plantations in the Congo, for example, N-fixation rates have been estimated at
respectively 14-21 kg in stands of Eucalyptus sp. (Bernhard-Reversat, 1993) and
120-141 kg in stands of N-fixing Acacia sp. (Bernhard-Reversat et al., 1993).

Inputs in rainfall and as ‘dry’ deposition may represent significant amounts on
an annual basis. For example, 2-21 kg of mineral and organic N, 0.2-0.5 kg
P, 4-9 kg K and 3-16 kg recorded annually per hectare from tropical forests in Sénégal, the
Côte d’Ivoire and North Cameroon (Bernhard-Reversat et al., 1978; 1987; Harmand, 1997).

In highly-industrialised areas, air pollution from industrial and agricultural sources
may lead to the deposition of much larger amounts of nutrients from aerial sources,
particularly N and S. High N deposition rates (e.g., >18 kg wet deposition over
a ten year period in England, Tamm, 1991) results in N saturation, acidification and
cation leaching in poorly-buffered soils and this, in turn, leads to nutrient inbalances and
changes in plant community composition. N saturation is defined as the situation in
which the physiological N requirements of the primary producers are satisfied and
considerable nitrate leaching takes place (Tamm, 1991).

At a given site, rates of release differ between nutrients: K and Mg are generally lost
rapidly, whereas the release of P, N and Ca has variable kinetics (Figure IV. 30).
Depending on the local availability of nutrients, N, P or Ca may be immobilised
for longer periods than other nutrients. In a French temperate-climate forest (Foljuif),
N is retained in fungal biomass for a longer period than other nutrients (Fig. IV.30a).
During the summer period (months 6 to 9 and 18 to 21), intense fungal growth leads to
the accumulation of N beyond the stocks initially present in litter: this N may have been
translocated from deeper horizons, or input with rainfall and throughfall (Garay et al.,
1986a) or through N fixation which has been reported to range from not detectable to
relatively small amounts (less than 1 to more than 5 kg ) in different litters (see, for
example, Heath et al., 1988). N fixation also occurs in the harvest residues of crops such
as sugarcane (Patriquin, 1982).
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In a rainforest in Sarawak, P and N were immobilised over a 10 month experimental
period, emphasising the effects of P and N limitations on decomposition processes
(Figure IV.30b) (Anderson et al., 1983b). In a Nigerian bush-fallow Ca appeared to be
the most limiting nutrient (Swift et al., 1981); during the first few months Ca was strongly
immobilised whereas P and N were regularly released. Decomposition rates in litter bags
varied with mesh size. In fine mesh bags, relative confinement and the exclusion of large
invertebrates resulted in reduced rates of release of all nutrients, except for K which is
highly mobile and readily leached (Figure IV.30c). In an Amazonian rainforest, Cornu
et al. (1997) showed that mineral elements that are not actively taken up by plants
(Fe, Si, Al, Ti) tend to accumulate in decomposing litter.

There is some evidence that, if all other constraints (climatic, edaphic, litter quality)
are satisfied, nutrient availability in soil is the main regulator of decomposition rates in
the early phases. In the later stages of decay, lignin, lignocellulose and probably
phenol:protein complexes emerge as limiting factors (Berg and Staaf, 1980; Gourbière,
1982; McClaugherty and Berg, 1987).
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The relative importance of the various determinants of decomposition rates may
change with time. In a latitudinal series of 14 Swedish Scots Pine (Pinus sylvestris)
forests, losses in litter mass occurring during the first year of decomposition were
correlated with climatic factors and site productivity indices; during the later stages of
decomposition, such losses were correlated with the litter holocellulose to lignocellulose
ratio (Johansson, 1994). During the early phase of decomposition, high concentrations
of cellulose, hemicellulose and nutrients in litter are other factors that accelerate decom-
position. After two years, 60 % of the litter had decomposed and decomposition rate
became increasingly independent of climatic variables. However, a significant relation-
ship was found between decomposition rate and the combined (holocellulose + lignin)
contents of the remaining material.

Different patterns and processes of nutrient release result in variations in the turnover
of elements and changes in their relative concentrations in plant biomass and soil.
In a tropical lower montane rainforest at El Verde (Puerto Rico), the turnover rates of
different elements varied greatly: the ratio of total stock (S in g ) to annual cycling
rate (C in g released through decomposition) differed considerably between
elements with values of 0.08, 0.14 and 0.16 years for K, Cu and P respectively contrasting
with 13.3, 47.5 and 81 years respectively for N, Ca and Mg (Odum, 1970; Table IV.7).
A ranking of turnover times follows the order K <Cu <S <P <Na <Fe <Mn <C <N <Ca <Mg.

In a range of temperate and tropical forests, the proportions of nutrients stored
within the plant biomass differ substantially between sites and nutrient elements
(Edwards and Grubb, 1982; Lemée; 1978; Bernhard-Reversat et al., 1978; Klinge, 1975;
Greenland and Kowal, 1960) (Table IV.8). K is the most labile element and tends to
accumulate in plant biomass, with a minimum value of 40 % of the total stock of the
ecosystem in a temperate-climate Belgian forest, and a maximum of 88 % in a tropical
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Amazonian forest. P, Ca and Mg may also be significantly concentrated in plant biomass.
In the Banco forest (Côte d’Ivoire) effectively all of the Ca is found in biomass and
litter, and virtually none remains in the highly-weathered soil. Stocks of N in plants and
litter expressed as a proportion of that in the soil are much lower than for other elements.

Temperate forests have larger soil nutrient reserves than tropical forests. In the tropics,
forests tend to accumulate much larger proportions of nutrients in biomass and litter
when they grow on nutrient-poor oxisols than on richer soils. In the former soils,
nutrient losses from litter systems are extremely limited because of the conservation
mechanisms that ensure synchrony between nutrient release and their uptake by plants.
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2.6.3 SYNCHRONY IN THE LITTER SYSTEM

It is generally believed that ‘natural grasslands and forests are nutritionally conservative
in the sense that nutrients losses are minimal (see also Section I V.1.5.1). The small loss-
es that do occur are balanced by equivalent inputs from the weathering of soil parent
materials, from atmospheric deposition or, in the case of nitrogen, from fixation’ (Myers
et al., 1994). This was illustrated above (Section IV.2.4.2) by the retention of almost all
of the Ca and P applied to the surface of an Amazonian spodosol within the thick litter:
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root mat layer. In a two-year study conducted in the same region, Grimaldi and Chauvel
(unpublished) used lysimeters to assess nutrient losses through leaching. They confirmed
the efficient recycling of most ions since only small amounts of Ca, K, Mg, and Si were
found at 70 cm depth, and only traces reached the river. Nonetheless, some ions were
occasionally more concentrated in leachates sampled during the dry or wet
seasons

In deforested and cultivated areas, the newly-established juvenile ecosystems typically
lose substantial amounts of nutrients (Odum, 1983). A great challenge is to restore
synchrony through manipulation of the major variables that control decomposition and
mineralisation, notably microclimate, litter quality and decomposer communities. In an
experimental plot at San Carlos de Rio Negro, Jordan (1989) established a balance of
the main nutrients in a traditional slash-and-burn agriculture system (Figure IV.31).
He observed: (i) an increase in all soil nutrient stocks after burning that was maintained
throughout cultivation; (ii) low nutrient stocks in the crop and successional vegetation
in comparison with those contained in the biomass of the original forest; (iii) greater
losses from the entire ecosystem than from the soil alone resulting from the replacement
of nutrients leached from the soil by nutrients leached down from decomposing remains
of the primary forest; (iv) depletion of nutrient stocks from the original forest biomass,
including the root mat.

Developing synchrony in agricultural systems
Agricultural systems lack several attributes that are believed to promote synchrony
i.e., a large diversity of decomposing resources with different chemical and physical
structures; a diverse and abundant community of decomposers, especially invertebrates
of the different functional groups (micropredators, litter transformers and ecosystem
engineers); an extended and perennial root system able to capture nutrients released
within the soil volume. Manipulation of any of these ecosystem components may
potentially contribute to the restoration of synchrony.

Mixing organic resources of different qualities. Decomposition rates are determined by
the chemical quality of the litter material (especially their concentrations of polyphenols,
lignin and nitrogen) and such physical properties as size of the individual litter units and
physical strength (see Section IV. 1.3.3). It is hypothesised that mixing litters of ‘high’
and ‘low’ quality may lead to release patterns that are intermediate between the rapidly
and slowly decomposing components. Adjusting the proportions of each material may
allow accurate calibration of nutrient release patterns to plant needs, under given
conditions of climate, soil and macro-organism activities. Some but not all experiments
support this view (e.g., Bandara and Anderson unpublished data in Myers et al., 1994;
Becker and Ladha, 1997). In an experiment in which the decomposition of 21 mixtures
of litters of different types was monitored, interactions between litter types occurred
in 17 cases (McTiernan et al., 1997). In 12 cases, decomposition of the mixture was
slower than predicted from a simple additive model. Much still remains to be understood
before reliable predictions are possible.
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Utilisation efficiency is the proportion of nutrients released that is actually taken up
by the crop and is lower for organic than inorganic fertilisers. In three cropping systems
in the humid tropics, Sisworo et al. (1990) calculated efficiencies of respectively 9 to
40 % for inorganic, and 2 to 27 % for organic fertilisers.

Litter placement. Nutrient release may differ considerably between litter deposited
as a surface mulch, or buried within the soil. The superposition of a stratum of high
quality material over one of lower quality material may prevent losses by temporarily
immobilising nutrients leached from the high-quality material within the underlying
lower-quality material.

Manipulation of soil macrofauna and root systems. Experiments have shown that a
significantly higher proportion of nutrients mineralised from a decomposing surface
mulch may be found in crops in the presence of earthworms (Spain et al., 1992).
Mechanisms for this process may involve accelerated burial of litter under surface casts,
concentration of earthworm activity in the rhizosphere and modified pathways for
water flow within soil.

The spatial distribution and seasonal occurrence of root growth are key components
of synchrony. In some cases, nutrients that have been leached into the soil during
the early stages of plant growth may be taken up when the rooting system reaches
the horizons within which these nutrients are located.



IV.3 RHIZOSPHERE

The concept of the rhizosphere was initially propounded by Hiltner (1904) to describe
the specific environment comprising the soil-root interface. The rhizosphere may be
defined as ‘that narrow zone of soil subject to the influence of living roots, as manifested
by the leakage or exudation of substances that affect microbial activity’ (Curl and
Truelove, 1986) or ‘the sum of the microsites where interactions, often mutualistic,
develop between living roots and micro-organisms’ (Bottner and Billes, 1987). The con-
cept has been recently extended to the whole volume of soil that is directly influenced
by roots, and includes all the biological, chemical and physical processes associated with
soil functioning. This definition is retained in this chapter.

Such interactions may occur within the root (endorhizosphere), outside it (exorhizo-
sphere) or at the surface of the root (rhizoplane). The term ‘mycorrhizosphere’ has
also been used to describe the extended rhizosphere of a root colonised by mycorrhizal
fungi (Garbaye, 1991). The rhizosphere may comprise a significant proportion of the soil
volume and be an important source of functional diversity while the mycorrhizosphere
may form a substantial extension to the rhizosphere, especially in those species with
reduced root systems.

Rhizosphere effects are most clearly expressed in the fine-root fraction where exudation
is at a maximum. Nonetheless, dead roots are an essential energy source for subterranean
organisms and provide another focus for so-called secondary rhizosphere effects.

The rhizosphere is the site of a range of complex interactions between the living and
dead soil components which may be grouped into the following three main processes:
(i) the extraction of nutrients from the soil solution, organic reserves and from the general
and soil atmospheres (N), to be later absorbed by the roots and their associated microflora
and fauna; (ii) the production of modifier substances which promote plant growth
(hormones and growth factors), mediate the level of competition with other plants
or prevent attacks by pathogenic micro-organisms (allelopathy); and (iii) the formation
and maintenance of soil macro- and microstructure. In addition, the development of
such heterotrophic microbial activities as ammonification, denitrification, methano-
genesis and sulphate reduction has great relevance to biogeochemical cycles and
environmental issues.

3.1 General characterisation

The rhizosphere system includes the following components: (i) the soil organic matter
and root litter, which provide energy and nutrient elements; (ii) living roots as macro-
organisms, which promote microbial activity; (iii) free-living micro-organisms dominated
by heterotrophic bacteria and such predators as nematodes and protists, (iv) symbiotic

426
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micro-organisms including nitrogen-fixing bacteria, mycorrhizal fungi and actinobacteria
such as Frankia spp.

In terms of function, living roots ‘fuel’ microbial activity through the production of
readily-assimilable substances (exudates) and exfoliated cortical cells. These are released
into the immediate environment of the roots in a process known as rhizodeposition; such
materials promote microbial activity at the root surface through priming effects.

3.1.1 SPATIAL EXTENSION

3 1.1.1 Longitudinal characterisation of the rhizosphere

Interactions between roots and micro-organisms are confined to microsites which differ
in the nature of the organic materials produced and in their microfloral and microfaunal
communities. The following five main zones are located distally to proximally along the
growing root (Balandreau and Knowles, 1978; Rovira et al., 1979; Coleman et al.,
1984a; Guckert, 1985): (i) root cap and meristem zone; (ii) elongation zone; (iii) root
hair zone; (iv) mature region; and (v) root litter (Figure III.25).

The root tip may be considered as the distal point of the rhizosphere. As described
by Rovira et al. (1979), it is a 1 to 2 mm zone of intense cell division which comprises
a meristematic zone protected by a root cap. Energy is mainly provided as root exudates,
i.e., polysaccharides of high molecular weight often comprising chains of galactose
and galacturonic acid, bearing blocks of neutral sugars (glucose, galactose, arabinose
and fucose) (Balandreau and Knowles, 1978) secreted by the root cap, together with low-
molecular weight exudates and sloughed cells from the short-lived tissues of the root cap.

Mucilage was formerly considered as a lubricant that would facilitate penetration and
the establishment of a close contact between the soil and the growing root. This region
is poorly colonised by micro-organisms. Root-cap cells have short life spans, estimated
at one day for maize (Clowes, 1976). These cells actively secrete mucilage from their
Golgi apparatus and, each day, approximately 10,000 cells from the root cap of a single
maize root tip produce mucilage before being sloughed off. Estimated secretion rates are
as high as 300 to 1250 and 3 to12.5                   (Samtsevich, 1971).

The root elongation zone occurs just behind the root cap and is a microsite several
millimetres long where mucilage is secreted together with low molecular-weight exudates.
Intense bacterial growth occurs in this zone resulting in catabolism of the exudates and
the sloughed cells of the root cap and epidermis. Some bacteria may produce polysac-
charide slimes which mix with the mucilage to form mucigel. The microfauna is also
abundant with large populations of protists and nematodes; the mesofauna is also
concentrated in that zone (Section IV.3.1.2.3).

Root hairs occur in a zone commencing some 10 mm behind the root cap. Low
molecular-weight exudates are secreted in this zone and it is also the site of maximum
nutrient absorption by the root. The zone of maturation found just proximal to the zone
of root hairs is suberised and no longer produces exudates. Arbuscular mycorrhizal
fungi colonise roots in this zone.

Secondary roots grow through ruptures in the primary root; the increased exudation
associated with such microsites substantially stimulates microbial activity. Further, sec-
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ondary roots may grow through areas that have already been activated by primary roots
thereby greatly enhancing subsequent activity.

3.1.1.2 Radial extension of the rhizosphere

Biological effects in the rhizospheres of most plants extend outwards from the root for
only a few tens of micrometres in most plants, diminishing with increasing distance from
the root surface through the inner and outer zones (Foster and Rovira, 1978).

The rhizoplane is that part of the rhizosphere, approximately 1 thick, in contact
with the root surface. Microfloral communities are usually dominated by bacteria and in
the rhizoplane of Trifolium subterraneum, small compact colonies about 5 to10 in
diameter sometimes form; they are surrounded by a capsule of polysaccharides different
from the mucilage produced by the root. Microbial communities have their greatest
diversity (e.g., 11 taxa recognised under the experimental conditions of Foster and Rovira,
1978) and density in the rhizoplane although Kiffer et al. (1977) observed that ectomycor-
rhizal infection of roots significantly depletes bacterial populations in the rhizoplane.

The inner rhizosphere includes the rhizoplane and extends up to 10 from the root
surface. Community diversity and density are still high in the 5 closest to the root
surfaces but start to decline steadily in the 5-10 layer, with values of one third to one
half of those in the rhizoplane.

The outer rhizosphere extends from 10 to 20 from the root surface. In the example
presented by Foster and Rovira (1978), species richness fell to two taxa and micro-
organism density to cells soil, or ca. a ninth less than the rhizoplane value

Nonetheless, this is still an order of magnitude greater than the highest
values for soils external to the rhizosphere ( cells at from the root).
Micro-organisms may colonise the root cortex by penetrating the epidermal tissue or
entering the superficial root tissues through occasional wounds. Such colonised cells and
decaying cortical cells constitute the endorhizosphere. Microbial density may be greater
in this part of the rhizosphere than in the mucilage, although turnover is much slower
(Knowles, 1978).

The zone of rhizosphere soil extends beyond the rhizosphere sensu stricto and may be
described as the zone in which microbial activity is modified by the diffusion of root
products and metabolites. In this zone, extending a few millimetres to centimetres from
the root surface, soil structure is modified and such decomposition-resistant materials as
cell debris and mucilage may preferentially accumulate, often associated with clays
(Breisch et al., 1975; Goss et al., 1984; Callot et al., 1984; Morel et. al., 1991; Misra
et. al, 1986; Miller and Jastrow, 1990; Dexter, 1991; Pojasok and Kay, 1990.). The
hyphae of the mycorrhizal fungi associated with the roots may extend for distances of
several centimetres from the root surface substantially enlarging the effective volume of
the rhizosphere (see Section IV.3.1.2.2).

3.1.1.3 Micro-environment of the rhizosphere

Micro-environmental conditions in the rhizosphere may differ from those of the external
medium. The atmosphere is enriched in by root respiration, clay minerals may
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accumulate along the root and the movement of water, exudates and ions creates specif-
ic conditions. The soil of the rhizosphere is relatively dry and nutrient-poor compared
with the soil external to this zone.

Roots can induce pH changes at the root-soil interface and gradients of concentra-
tion in the rhizosphere can be very steep (e.g., Nye, 1981; Marschner and Römheld, 1983;
Kotyk et al., 1991; Gahoonia and Nielsen, 1992). Plants maintain neutral electric condi-
tions in the rhizoplane and thus induce unequal uptakes of anions or cations depending on
pH of the bulk soil (Hedley et al., 1982). Release of through root respiration,
enhanced efflux of resulting from iron deficiency and the secretion of organic acids are
other mechanisms whereby roots change the pH of their rhizosphere. The pH is often, but
not always, higher in the root tip region than close to root hairs, it becomes more acid when
N is supplied as ammonium rather than nitrates and differs greatly between plant species
and with soil type (Gijsman, 1990; Marschner and Römheld, 1983; Marschner et al., 1986;
Youssef et al., 1989; Dormaar, 1988). Haynes (1990) and Jaillard et al. (1996) particular-
ly emphasise the effects of proton excretion into the soil solution during cation
absorption (the ‘proton pump’): where more cations than anions are absorbed, the soil is
acidified; where more anions are absorbed, the opposite pattern occurs (Figure IV.32).
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3.1.2 RHIZOSPHERE COMMUNITIES

A number of microsites in the rhizosphere are relatively dry and nutrient-poor even
though they are well supplied with energy-rich resources that are exploited by large
populations of micro-organisms and invertebrates. Furthermore, pH is significantly
influenced and roots create channels along which movement is facilitated. As a result,
microbial communities are active and numerous, and large populations of saprovores
and micropredator invertebrates exploit the root litter and microbial biomass. The ratio
R/S (abundance in the rhizosphere to non-rhizosphere soil) is often much greater than
one for a wide range of organisms but differs widely with plant species and organisms.

Microbial and faunal activities in the rhizosphere may have positive and negative
effects on plants. Beneficial processes include enhanced provision of nitrogen, phosphorus
and iron, biocontrol of diseases and deleterious organisms and stabilisation of soil
structure (Lynch, 1990).

3.1.2.1 Non-symbiotic micro-organisms and the micropredator foodweb

As roots grow, exudates and exfoliates are produced in the vicinity of the root tips
leading to substantial increases in microbial numbers and biomass in these microsites.
Values of R/S for bacteria and fungi are in the range of 2-20 but maximum values greater
than 100 have been recorded for both groups (Figure IV. 33) (Curl and Truelove, 1986).
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On a given plant, bacterial populations generally respond more rapidly than fungi to root
products and have higher R/S ratios. Bacteria with r demographic strategies develop ini-
tially, followed by K selected bacteria; the latter have the capacity to digest the most
recalcitrant organic compounds, including cellulose and lignin (de Leij et al., 1994).
Maximum populations generally occur in the rhizoplane although, beyond a distance of
3 mm, population densities are little different from those of the extra-rhizosphere soil.
Nonetheless, individual populations of micro-organisms may have different distributions,
depending on their ecological requirements (Bazin et al., 1990) (Figure IV.34).

Microbial communities of the rhizosphere also differ qualitatively from the non-
rhizosphere soil. They appear to possess higher proportions of bacteria and free living
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fungi requiring amino acids for maximal growth and lower proportions of those
requiring nutrients supplied in soil extracts (Curl and Truelove, 1986). Bacteria capable
of synthesising growth factors for plants and other micro-organisms, and also toxic
metabolites, have been reported to be more abundant in the rhizosphere than in the
non-rhizosphere soil. Nonetheless, Curl and Truelove noted that ‘presently available
methodology precludes elucidation of the true balance between these groups in natural
environments’. Rhizosphere communities seem to be less diverse than those external
to it and two genera of bacteria and fungi respectively, Pseudomonas and Fusarium
have been reported several times to comprise up to 60-90 % of total rhizosphere
populations (Kreutzer, 1972; Vancura, 1980). Mavingui et al. (1992) noted a diminished
genetic diversity in Bacillus polymixa populations in the rhizoplane of wheat as
compared to rhizosphere and non-rhizosphere soil.

3.1.2.2 Symbiotic micro-organisms

Symbiotic associations between roots and micro-organisms involve mycorrhizal fungi,
the Rhizobial bacteria that form nodules on legume roots and the actinobacteria
(Frankia spp.) associated with the roots of the Casuarinales and a number of other plants.

Mycorrhizal fungi
Frank (1885) was the first to recognise mycorrhizae as associations of mixed plant
and fungal origin. These composite organs have three components: the fine roots of their
host plants, the fungal structures that interface with the host plant and an often extensive
network of external nutrient- and water-absorbing hyphae that explore the surrounding
soil environment. In the internal or arbuscular mycorrhizae, the first two components
are associated with the root hair regions of plant roots but do not occur on very young
or lignified root parts. In the external or ectomycorrhizae, the final order lateral roots
may be covered by a dense sheath of fungal hyphae. Mycorrhizal associations are
normally mutualistic: they enhance the acquisition of nutrients by the host plant and may
provide other benefits (as discussed in Section IV.3.2.1.2) while the fungi involved
receive energy in the form of organic carbon compounds.

Mycorrhizae are of two basic types: endomycorrhizae in which the fungus penetrates
the cell wall (but not the plasmalemma) and ectomycorrhizae where they do not.
Harley (1989) recognised seven different mycorrhizal types and these are listed in
Table IV.9 together with information on the host and fungal taxa involved in each and
other selected properties of these associations. However, the internal arbuscular
(or vesicular-arbuscular) and ectomycorrhizal types are the most widespread and clearly
the most important in terms of both agricultural and forestry production,
and in their influences on the natural communities within which they occur. It is these
two types that is given most prominence here.

The majority of plant species enter into mycorrhizal associations and this is considered
to be the primitive condition. Fungi similar to the arbuscular types are thought to have
originated 353-362 million years ago (Simon et al., 1993) and this is consistent with
the hypothesis that symbiotic fungi were instrumental in the colonisation of land by
ancient plants (Pirozynski and Dalpé, 1989).
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Plant families may be predominantly ectomycorrhizal or predominantly endomycor-
rhizal although both forms occur in families such as the Salicaceae (Newman and
Reddell, 1987). Even in families considered largely mycorrhizal, species occur that
may not form these organs and, conversely, mycorrhizal associations may also occur
within families that are generally considered non-mycorrhizal (Tester et al., 1987). Of 200
families of vascular plants from all over the world, 23 have been identified within which
mycorrhizal colonisation is generally absent or poorly developed. This last group includes
the important families Chenopodiaceae, Brassicaceae and the Proteaceae, the last widely
represented in Australia and South Africa (Tester et al., 1987). Trappe (1987) stated
that approximately 12 % of the angiosperm species examined so far are facultatively
mycorrhizal, 18 % are typically non-mycorrhizal leaving 70 % as probably obligatorily
mycorrhizal. Effective mycorrhizal associations are often absent from or much reduced
in highly disturbed, aquatic and poorly drained environments.

A large number of fungi are known to enter into mycorrhizal associations with
higher plants although by far the greatest diversity occurs in those forming the external
or ectomycorrhizal type. Molina et al. (1992) estimated the number of fungi forming
ectomycorrhizal and ectendomycorrhizal associations at more than 5400 species, of
which ca. 25 % fruit underground. Most of the fungi entering into these associations
belong to the Basidtomycota (ca. 92 %) but a number of Ascomycota (ca. 8 %) and
a few Zygomycota of the genus Endogone (Haselwandter and Bowen, 1996) are also
involved. These fungi are rarely obligate symbionts since they can grow in the absence



434 CHAPTER IV

of roots; however, most only fruit when symbiotically associated with plant roots
(Molina et al., 1992). In contrast to the arbuscular mycorrhizal fungi, ectomycorrhizal
fungi exhibit a considerable degree of variation in their host specificities. Some are
relatively narrow in their host range and are restricted to single genera of plants while
most have much broader host ranges (Molina et al., 1992). Multiple fungi may colonise
the roots of a single host plant.

The fungi that form arbuscular endomycorrhizal associations are obligate and
probably asexual symbionts belonging to the orders Glomales and Endogonales, tenta-
tively placed in the Zygomycota (Morton and Benny, 1990). More than 160 species
are distributed between eight genera in both orders (Walker and Trappe, 1993). Some
species are very widespread, none are host specific and most species fruit underground
or in the litter layers. As with the fungi forming ectomycorrhizal associations, multiple
colonisation of single host plants may occur.

The principal types of mycorrhizae. As indicated above, the two principal types of
mycorrhizae are the external or sheathing mycorrhizae and the internal arbuscular types
although the ericoid and orchid mycorrhizae are important in particular habitats and in
certain plant taxa. The remaining minor types are considered in Smith and Read (1997)
(Figure IV.35).
i. Ectomycorrhizae are associations in which hyphae form a dense external hyphal
sheath or mantle over the fine lateral roots of their host plants. The hyphae also grow
inwards between the cells of the epidermis and outer cortex of the root to form the Hartig
network; while the hyphae do not penetrate the host cells, the latter become modified
on contact with the network (Smith and Read, 1997). Hyphae also grow outwards from
the sheath into the soil to form an external mycelial network. The individual hyphae of this
network are small and may penetrate micropores and micro-aggregates inaccessible to root
hairs. Such hyphae may ramify very extensively: values ranging from 300 to 8000 m of
root have been reported across a number of studies (Smith and Read, 1997).

Many species form diffuse or anastomosing hyphal networks although more specific
structures are also known. Such external hyphal structures include hyphal mats and
the circular ‘fairy ring’ distributions of hyphae and fruiting bodies also found in sapro-
phytic species. The former comprise dominant, single-species aggregations of hyphae
that locally dominate the microbial biomass, often at the interface of the mineral soil
and the litter layer. They are known to secrete organic acids such as oxalate which act
as chelating agents and are active in mineral weathering and in solublising nutrient and
other elements. These mats are therefore of nutritional and pedological significance
(Griffiths et al., 1994).

Rhizomorphs are long-distance compound conducting structures composed of many
hyphae that may extend for considerable distances from the root cylinder. Their overall
diameter may exceed 100 Molina et al. (1992) report that Pisolithus tinctorius will
sometimes fruit on a road shoulder on the opposite side of the road from its host tree and
be joined to it only by rhizomorphs.
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The ectomycorrhizal mantle is a dense mass of fungal hyphae that may partly or
wholly cover the final order terminal lateral roots. It may comprise 20-40 % of the mass
of the colónised length of the root, not including the mass of the Hartig network within
the root (Smith and Read, 1997).

The fungi that form ectomycorrhizal associations include a number of well-known
edible species belonging to such common genera as Boletus, Cantharellus, Tricholoma,
Russula and the important truffle fungi Tuber melanosporum and Tuber magnatum
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(Ascomycota) which are able to grow in the absence of a root host, but do not produce
sporocarps (Le Tacon, 1985). Sporocarps are an important dietary item for small
mammals in different parts of the world; the contained spores largely survive passage
through their intestinal tracts and the mammals thereby act as spore vectors for these
fungi (see, for example, Maser et al., 1978; Bennett and Baxter, 1989). Annual
production may be substantial (e.g., up to 523 kg in an Australian Eucalyptus
forest, Johnson, 1994) and ecologically important to wildlife.

Ectomycorrhizae mainly occur in association with trees, largely of the families
Pinaceae, Betulaceae, Fagaceae, Myrtaceae, Dipterocarpaceae and some Leguminosae,
(Newman and Reddell, 1987) together with a number of shrubs and a few herbs. Perhaps
only 3 % of plant species enter into ectomycorrhizal associations but they include
many of the species used in the commercial production of wood (Meyer, 1973) and may
dominate the sites within which they occur (Read, 1991).

ii. Unlike ectomycorrhizae, arbuscular mycorrhizae are internal structures and are
not visible to the naked eye. This form of association is particularly widespread and
involves ca. 80 % of plant genera, including the agriculturally-important families
Gramineae, Leguminosae, Solanaceae and Compositae. It occurs across a very wide range
of plant taxa including ferns, lycopods, bryophytes as well as the angiosperms and gym-
nosperms. Arbuscular mycorrhizae are particularly common in herbaceous plants but
are also associated with a range of trees and shrubs, including many plant species of eco-
nomic interest, such as Hevea, Prunus, Citrus, Fraxinus, Acer, Sequoia and Podocarpus.

The fungi that form arbuscular mycorrhizal associations are obligate, probably
asexual symbionts with very broad host ranges. The three components of this type of
mycorrhiza are the plant root, the structures internal to the plant root (internal inter- and
intracellular hyphae, arbuscules or organs of interchange and, in some groups, storage
organs, the vesicles) and the network of hyphae (2-27 µm in diameter, Smith and Read,
1997) that extend beyond the plant root.

The fungal hyphae grow inside the root and penetrate the cell walls (although not
the plasmalemma) to form the microscopic arbuscules which increase the area in contact
with the host. The plant reacts by developing specific fibrillar structures at the point
of contact with the fungus; the cytoplasmic volume is increased, nuclei are enlarged
and starch reserves are reduced (Dexheimer et al., 1985). Arbuscules are short-lived
structures and are digested by the host after periods ranging from a few days to a few
weeks. Where vesicles occur, they become filled with lipid droplets during maturation.
Degraded fungal structures appear to be progressively replaced by new ones and the host
may absorb the mineral nutrients released through degradation of the fungal cytoplasm
(Kinden and Brown, 1976).

The fungi associated with these mycorrhizae develop an important network of both
thicker runner hyphae and smaller absorbing hyphae in the soil, although they are less
extensive than those of the ectomycorrhizal association. Estimated field values range
from 0.03 to 13.9 m per gram of soil and up to 46 metres per metre of colonised root,
with higher values obtained from glasshouse studies (Smith and Read, 1997). Such
external hyphae markedly increase the soil volume explored over that which would be
explored by the uncolonised root system (Harley, 1989).
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iii. Less widespread types. Ericoid mycorrhizae are endomycorrhizal associations
formed largely by ascomycote fungi with plants from a number of families within the
Ericales, particularly the Ericaceae and the Epacridaceae and common in heathlands
throughout the world. These fungi form associations with the fine roots of species in the
above families and have significant saprophytic ability consistent with the often infertile
soils within which they and their host plants occur.

Ectendomycorrhizae mainly occur in conifers and have many of the properties of
ectomycorrhizae. They are characterised by the presence of an often-reduced external
fungal sheath and a well-developed Hartig net of internal hyphae. In contrast to the
ectomycorrhizal associations, the internal hyphae of these fungi penetrate the cells of
the host plant. The term ectendomycorrhiza has no functional significance and certain
single fungal strains may form ectencomycorrhizae on one host and ectomycorrhizae
on another (Smith and Read, 1997).

Orchid mycorrhizae. All orchids are achlorophyllous when young and some remain
so throughout life. Orchid seeds are very small - some 50-400 in length (Arditti and
Ghani, 2000) (See also Table I.10) - and the young orchid is completely dependent on
colonisation by a compatible mycorrhizal fungus for development. Adult orchids, both
chlorophyllous and achlorophyllous, usually have mycorrhizal roots or tubers and the
terrestrial forms may be very heavily colonised (Smith and Read, 1997).

While a number of fungi are associated with orchid roots, it is the Rhizoctonia species
(Basidiomycota) that are best known. Most fungi are fast-growing saprophytes capable
of using complex polymers as well as more soluble carbohydrates as energy sources.
One species, Rhizoctonia solani, is a well-known parasite of commercial crops. The rela-
tionship between the fungus and the orchid may be unstable since in some cases the
fungus may be rejected or become parasitic on its host.

During the heterotrophic stage of orchids that later become chlorophyllous and for
the life of the achlorophyllous species, carbon and other nutrient elements are supplied
by the fungus to the host orchid either from decaying plant materials or through
parasitism in the epiphytic species. It is therefore difficult to understand what benefit
is received by the fungus and these relationships may not be mutualistic.

The geographic distributions of mycorrhizae. The different types of mycorrhizae are
not distributed at random over the terrestrial surface of the earth. At the biome scale,
different vegetation types are dominated by particular mycorrhizal associations.
Thus, the arctic tundra is dominated by ericoid associations and the northern conifer
forests by ectomycorrhizal associations. Arbuscular associations are particularly
widespread in many tropical rainforests, savannas and other environments although
the tropical areas dominated by the largely ectomycorrhizal Dipterocarpaceae and
Eucalyptus species (Myrtaceae) are a clear exception to this. Ericoid mycorrhizae
dominate the arctic tundra regions, alpine and other heathlands (Read, 1991).

Symbiotic and free-living N-fixing bacteria
Micro-organisms capable of N fixation are distributed widely between the Eubacteria
and the Archaea and the capacity to fix N has been considered as an ancestral attribute,
although many species have subsequently lost this capacity (Young, 1992).
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Some N-fixing species are free-living in the soil and other terrestrial environments,
including certain bacteria within the genera Clostridium, Azotobacter, Beijerinckia
and several tens of bacterial species from other genera. Members of a range of groups
within the Eubacteria form ecologically - and agronomically - important symbiotic
associations with fungi and other organisms within the plant kingdom (Table IV.10).
They derive their energy from carbohydrates formed through photosynthesis, and
provide their associates with significant amounts of nitrogen.
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Within the Eubacteria, the most important groups involved in forming symbiotic
associations with plants are species of the genus Rhizobium and related genera (known
collectively as ‘Rhizobia’). These bacteria form close symbiotic associations almost
entirely with legumes in which the bacteria inhabit nodules associated with the roots,
although not all legumes form such associations. As discussed below, N-fixing associa-
tions occur with other plant groups, notably grasses, although they do not involve
the formation of nodules. Members of the actinobacterial genus Frankia fix N in large
nodule-like structures (‘actinorhizae’) that form on the roots of plants from a number
of families and genera. Certain cyanobacteria such as Anabaena and Nostoc also form
N-fixing associations with plants (Table IV.10). Rhizobia and Frankia only form nodu-
lating N-fixing associations with the relatively primitive dicotyledons. Such associations
do not appear to occur in more recent dicotyledons and monocotyledons (Dommergues
et al., 1985).

The ‘Rhizobia’ are symbiotic bacteria that initiate and occupy nodules on the roots of
many legumes. Dinitrogen from the atmosphere is reduced by nitrogenase enzymes
(N-fixation) into forms available to the host. Rhizobia belong to four genera: Rhizobium,
Bradyrhizobium, Sinorhizobium and Azorhizobium (Martinez-Romero, 1994) including
approximately 13 species. Although they are widespread in soils, indigenous Rhizobia
may not ensure effective nodulation and N-fixation, because of the specificity of many
host legumes (Lie et al., 1987). Bradyrhizobium forms root nodules in an efficient
N-fixing symbiosis with pioneer species of the genus Parasponia (Ulmaceae) which is
distributed from the Malay Archipelago to Polynesia (Soepadmo, 1977) ; this is the only
known case of nodulation with a non-legume. The substantial N fixation abilities of
this symbiosis provides these pioneer plants with a capacity to invade disturbed sites
effectively (Trinick and Hadobas, 1988).

Nodulation can be impeded by low pH, Al toxicity, nutrient deficiencies, salinity or
genetic incompatibility with the host (Dan, 1974; Munns, 1978; Singleton and Bohlool,
1983). Rhizobia are facultative symbionts with some saprophytic ability and can survive
in soils and proliferate within the rhizospheres of both host and non-host plants (Giller
and Wilson, 1991). Rhizobia are stimulated by the presence of the host plant and this
leads to infection, nodulation and nodule senescence, a series of events which serves to
maintain or increase rhizobial populations (Woomer and Bohlool, 1989). Rhizobia enter
the roots of the host plant through the root hairs and through cracks in the epidermis
(Giller and Wilson, 1991).

In commercial environments, the legume-rhizobia symbiosis is ensured before
planting by applying inoculum to the exterior of seeds as liquid formulations or pellets
(FAO, 1984). Nitrogen fixation rates as high as 584 kg have been reported for
Leucaena (Leucaena leucocephala) and 354 kg for Cowpea (Vigna unguicu-
lata) (FAO, 1984); however, the more usual range of rates reported lies between 50 and
200 kg (see Giller and Wilson, 1991).

N-fixing Actinobacteria belonging to the genus Frankia form so-called actinorhizal
nodules on roots of about 200 plant species belonging to 29 genera and eight families
(Table IV.10) (Huss-Danell, 1997). Casuarina and Alnus are well-known examples of
plant genera with species infected by Frankia. Nodules may remain active for several
years and grow to more than 20 cm in diameter. N-fixation in these associations may be
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substantial: for example, Dommergues (1997) reports that Casuarina equisetifolia may
fix from 15 to 94 kg ha although this high potential may be limited by unfavourable
soil, climatic and other factors. N-fixation rates are also highly variable between species
and even between clones of such host plants as Casuarina equisetifolia grown in West
Africa (Sougoufara et al., 1987).

A number of symbiotic N-fixing associations occur between non-leguminous plants and
bacteria of the genera Azospirillum, Azotobacter, Acetobacter, Azoarcus and others (Baldani
et al., 1997) and more are likely to be found. These associations have been mainly described
in graminaceous species although they also occur in palms and other woody taxa; some
are highly specific to particular hosts. They do not involve the formation of nodules.

Three basic groups of non-nodulating N-fixing associations are known, depending
where the association occurs in the plant and on the properties of the organisms involved.
The rhizosphere organisms survive well in soil and colonise the root surface. An example
is the highly specific association between Azotobacter paspali and Paspalum notatum
cv batatais which, on an areal basis, has been estimated to fix ca. 20 kg (Boddey
et al., 1983). Endophytes are organisms that may colonise the internal tissues of their
host plants. The facultative endophytes survive well in soils and colonise the rhizosphere
and root interior; they are mainly Azospirillum species. Yield increases from these asso-
ciations are undoubted although the modes of action have been questioned. Apart from
N-fixation, yield increases may also be due to the stimulation of plant growth by phyto-
hormone production or an improved capacity of the plant to metabolise assimilated N.
Obligate endophytes do not survive well in soils and colonise the internal plant tissues,
including roots, stems and leaves. Their hosts include many plants of economic importance,
including sugarcane and other graminaceous species, coffee and oil palms.

Fixation in non-leguminous plants may make an important contribution to total
N inputs in tropical grasslands, as shown above (e.g., Robertson and Rosswall, 1986).
In Guinean savannas at Lamto (Côte d’lvoire), Balandreau and Villemin (1973) estimated
non-symbiotic N fixation at 12 kg However, this estimate may be an under-
estimate since it was based on the acetylene reduction technique (Boddey, 1987;
Abbadie et al., 1992).

Heterocystous cyanobacteria form N-fixing associations with a diverse range of fungi
and members of the plant kingdom. The cyanobacteria involved appear to belong
largely to the genera Nostoc, Anabaena and possibly to Calothrix and some others.
These organisms enter into N-fixing associations with fungi to form certain types
of lichens and with liverworts (Hepatophyta) and homworts (Antherophyta)
(Rodgers and Stewart, 1977; Stewart and Rodgers, 1977). They also associate with the
ca. 135 species of primitive Gymnosperms of the Cycadophyta (Grobbelaar, 1993).
Anabaena enters into N-fixing associations with the floating fern Azolla and this is
of importance in the N-nutrition of wetland rice crops where it supplies an average of
15 Mg biomass or 30 kg N to the rice crop as a green manure (Roger, 1995).
Nostoc also enters into an unusual intra-cellular association with the ca. 50 known
species of the largely tropical and southern-hemisphere herbaceous angiosperm genus
Gunnera (family Haloragaceae) (Bergman et al., 1992a). In the cycads, Nostoc is
the most common symbiont and, whereas mixtures of several strains can associate
with a given plant host, single strains appear to predominate in individual hosts.
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N-fixation may be significant on an areal basis in these associations: amounts up to
18 kg have been reported for cycad-cyanobacterial associations in Australian
Eucalyptus-dominated forests (Grobbelaar, 1993).

There is broad scope to manipulate N-fixing micro-organisms since natural selection
has often resulted in strains with an ability to survive under specific environmental
conditions, rather than fix N efficiently (Bowen, 1980). Considerable research efforts have
and are still being made to develop appropriate technologies that can be used at a field scale.

3.1.2.3 Faunal communities

Roots attract a large number of soil invertebrates. While species belonging to the macro-
fauna are too large to live in the rhizosphere and specifically adapt to this environment,
certain species can exploit roots as a food resource and become serious pests. Interestingly,
there seems to be a rather low proportion of macro-invertebrates that are adapted to feed
on either living or dead roots (e.g., Athias et al., 1974) and only six of the 26 insect
orders are represented by active below-ground herbivores (Brown and Gange, 1990).
Certain taxa including Coleoptera larvae, Gryllotalpidae (Orthoptera) or earthworms
may ingest roots and future research using adequate methods may demonstrate that root
consumption is more widespread than currently known (Baylis et al., 1986; Villalobos
and Lavelle, 1990). There is also some evidence that endogeic earthworms might, at
least in some circumstances, preferably ingest rhizosphere soil and feed on exudates and
root litter (e.g., Spain et al., 1990).

Microfauna and, to a lesser extent mesofauna, are specific inhabitants of the rhizosphere.
Amoebae are common components of the rhizosphere where they feed on bacteria
and fungi (e.g., Darbyshire and Greaves, 1967; Stout and Heal, 1967; Ingham, 1981;
Chakraborty et al., 1983 ). They live close to aggregates and can produce long pseu-
dopodia that penetrate micropores to catch their bacterial prey (Darbyshire et al., 1989;
Foster and Dormaar, 1991). Flagellates and ciliates are also found in the rhizosphere,
although in lesser quantities. Free-living nematodes and micro-arthropods predate on
protists and may comprise a further level in the food web (Elliott et al., 1979; Moore,
1988; Elliott et al., 1988).

In general terms, the relative concentration of fauna in the rhizosphere varies
inversely with the soil organic matter content.

Root parasitic fauna

Nematodes. A variable percentage (up to 83 %) of soil nematodes are root
feeders (see Chapter III.4.1.2). Environmental disturbance and the presence of host
plants generally stimulate the activity of this functional group (Ferris, 1993).

Complex biochemical interactions occur between phytoparasitic nematodes that
are attracted to potential food supplies by substances released into the rhizosphere.
These include volatile and gaseous compounds ( ethylene), soluble and diffusible
substances such as amino acids, aliphatic and organic acids, salts, ions and mucigel
(Cohn and Spiegel, 1991). Egg hatching is further stimulated by specific substances
produced in the rhizosphere (Jones, 1959; reviewed in Curl and Truelove, 1986; Norton,
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1978; Yeates, 1981; Bilgrami et al., 1985). Although these substances have not been
clearly identified, they are known to be water-soluble and dialysable (Blake, 1962).
The close relationship between the abundance of some nematode species and plant
distributions clearly demonstrates their attraction to the rhizosphere (Nusbaum and
Ferris, 1973; Rossi et al., 1996) (Figure III.31).

Parasitic nematodes preferentially attack roots in the elongation zone, young
lateral apices and through tissue injuries inflicted by other agencies (Wyss, 1981).
Some nematodes are ectoparasites and feed by inserting their stylets into the root while
others are endoparasitic and most or all of their body may be located within the root.
Plants react in three different ways to nematode attacks: (i) by production of a local
swelling and ‘stubby root’ symptom and the immediate suppression of root growth;
(ii) by cell necrosis at sites where wounds and lesions have occurred; and (iii) through
the formation of root galls resulting from cell hypertrophy.

Evolution in nematodes has tended to result in a sedentary life-style, progressing from
ecto- to endoparasitism, with an increasing emphasis on female hypertrophy, enhanced
reproductive capacity and improved mechanisms of egg protection (Figure IV.36).
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In response to this evolutionary trend, plants have developed progressively more active
cell responses, including the formation of specialised transfer cells induced in the host
tissue by the nematode to sustain its feeding for long periods of time (Wyss, 1981).

Once nematode populations have developed at a site where a particular host plant
has been cropped, they may survive as resistant cysts for periods up to 10 years, as in the
genus Heterodera. Population density generally increases steadily for five years and then
stabilises. If the abundance attained at that stage is detrimental to crop yields, the usual
recommendation is to cease growing the particular crop and leave the soil to fallow,
or to cultivate non-susceptible crops until the cysts are eliminated. Certain gall-forming
nematodes such as Meloidogyne sp. may significantly reduce crop production after only
two or three years.

Free-living micro- and mesofauna in the rhizosphere
Microfoodwebs comprising the microflora, a number of microflora predators and their
own next-level predators are well developed in the rhizosphere where they play specific
roles in mediating plant nutrient uptake (see Section IV.3.2.1.1). They comprise protists
(ciliates, amoebae and flagellates), a range of root-parasitic nematodes and Acari, or mites.

Protists and free living nematodes are significantly concentrated within the
rhizosphere. Rouatt et al. (1960) reported a two-fold increase of protozoan population
density in the wheat rhizosphere, and more evidence of such concentrations have been
provided by Darbyshire and Greaves (1967), Clarholm (1989), Foster and Dormaar
(1991) and others. Darbyshire and Greaves (1967) estimated populations of 3000 to
14,000  amoebae soil in the rhizosphere of Lolium perenne, with no evidence for
the selection of particular species in the rhizosphere as compared with root-free soil.
In a microcosm study, Clarholm (1985) noted a three-fold increase in Ciliates, a 2.4-fold
increase in flagellates and a 25-fold decrease in amoebae in the wheat rhizosphere as
compared with a soil with no plants. In a North American short-grass prairie, Ingham (1981)
reported that 20 to 40 % of populations of microbial feeding nematodes were concentrated
in the rhizosphere although this represents only 3 % of the soil in the upper horizons.

In a laboratory study, Parmelee et al. (1993) demonstrated a significant concentration
of nematodes (1.6 to 8.2-fold increase) and micro-arthropods (2.2-2.5-fold) in the rhizo-
sphere of coniferous seedlings grown in a mineral soil. Increased micro-arthropod
populations were only found where root density was high and no significant effect was
observed in the case of seedlings grown in an organic soil. In field studies in a humid
African savanna (Lamto, Côte d’Ivoire), nematodes and micro-arthropods were found
to be more populous (3.7 and 2.2-fold, respectively) in the soil below grass tussocks than
elsewhere (Malcevski, 1978; Athias, 1974).

It is not yet clear whether the concentrations of organisms noted in the rhizosphere
occur within specific microsites as proposed by Clarholm (1985) or are distributed
throughout the rhizosphere. Microscopic observations by Foster (1981), and Foster and
Dormaar (1991) offer support to the hypothesis that bacterial populations initially
develop in the root cap zone where mucilage is produced, and then as protists start to
feed on these bacteria, they move into the space freed by the bacterial consumption of
exudates.
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Macro-invertebrates: root and exudate grazers and litter feeders
Rhizophagy is not a common feeding habit in soil macro-invertebrates and only a limited
number of studies have been conducted on the abundance and impact of rhizophagous
organisms on root production in the absence of severe attack on roots; such studies are
particularly rare in natural ecosystems. In most cases, estimates are based on assumed
feeding regimes. In the humid savannas of Lamto (Côte d’Ivoire), rhizophagous inver-
tebrates only comprise 0.3 % of the total biomass of communities (Lavelle, 1983a).
Higher estimates have been made for a range of diverse ecosystems: 3.8 % of biomass in
forest patches in tropical Mexico and 40.3 % in adjacent pastures where larval Coleoptera
may become serious pests (Lavelle et al., 1981); 2.55 g dry weight (23.6 % of biomass)
in a Swedish grassland soil (Lohm and Persson, 1977). Scott et al. (1979) estimated
the total consumption of underground parts by soil organisms at 7-26 % of root biomass.
In agro-ecosystems where organic resources are scarce, relative consumption is
generally enhanced.

Rhizophagous groups include a large number of larval Coleoptera and Diptera,
Myriapoda, Homoptera, some Acari, and a number of other micro-arthropods. Major
groups of soil invertebrates like termites, ants or earthworms do not seem to feed on
living roots to a significant extent. Baylis et al. (1986), however provide some isotopic
evidence for root feeding in temperate earthworms. Spain et al. (1990) using natural
abundance of in biomass of the earthworm Pontoscolex corethrurus in a sugarcane
plantation concluded that these worms feed partly on fresh sugarcane root material
which may comprise exudates and dead or living root biomass. However, as indicated
in Chapter I, root litter is not a good quality resource for geophagous earthworms.
The endogeic tropical earthworm Millsonia anomala was fed soil mixed with 1 % organic
matter of different origins. When fed fresh and two-week-decomposed root litter of
savanna Gramineae, M. anomala had a lower growth rate than in the control 0-10 cm soil
(Lavelle et al., 1989). In this case, root material had high concentrations of secondary
compounds that were detrimental to growth.

In an experiment where clover (Trifolium repens) had been labelled with in situ
for six hours on six different occasions, a number of soil invertebrates became radioactive,
thus demonstrating feeding on living roots. An unexpected 22.9 % of earthworms
appeared to feed on live roots. Other root feeders included larval Coleoptera (23.1 %),
‘heat-extracted Annelids’ i.e., Enchytraeidae plus earthworms (13.8 %), Collembola (0.9 %)
and nematodes (0.3 %), whereas Acari, adult Coleoptera and Araneae did not show
any labelling (Baylis et al., 1986). Observations by Piearce (1978) and Ferrière (1980) on
the gut contents of lumbricid earthworms occasionally report the occurrence of root
debris in guts of some temperate Lumbricidae. In tropical soils, specialised root feeding
species have not yet been found. However, root litter is the major source of young
organic matter in a number of ecosystems and sapro-rhizophages comprise a large
proportion of the endogeic invertebrates considered to be geophagous or humivorous.

A wide taxonomic spectrum of arthropods may achieve crop pest status through their
severe effects on crop yields. They include Myriapoda (Chilopoda, Diplopoda and
Symphyla), Acari, Collembola, Hemiptera, Orthoptera (Gryllotalpidae), Coleoptera,
Diptera, Lepidoptera and some Isoptera (termites). Calculated yield losses from these
pests may range from less than 10 % up to 40-50 % (Schwartz and Classen, 1981).
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3.1.3 CLASSIFICATION OF RHIZOSPHERES

Although relatively little is yet known about rhizosphere processes, it is likely that
different types of Thizosphere will be identified when more plant species are considered.
For example, in the rhizosphere of six different herbaceous plants in temperate-climate
soils grown in two different German soils, enzymatic activities, sugar and amino-acid
contents and -evolution differed significantly, indicating clear differences in the
rhizosphere environment and in function (Bachman and Kinzel, 1992). Rhizosphere
characteristics also differed between soil types (Figure IV.37).
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Perennial plants in natural ecosystems are likely to differ markedly from the cultivated
annual species which have been mainly studied to date. There is good evidence that
the patterns of root distribution and nutrient acquisition strategies differ between species.
Such differences extend to the chemical properties of their exudates and mucilages
and to their microbial and microfaunal communities. It is likely that the rhizosphere
processes operating in species that are unlike in such fundamental ways, will also differ
and provide a basis for their functional classification.

Within a single plant species, phenological and seasonal climatic change may also
lead to a different balance of processes as root activity varies. Billes and Bottner (1981)

(i) living rhizosphere effects from germination to flowering and characterised by an active
production of exudates and mineralisation of nitrogen from soil organic matter; and
(ii) dead rhizosphere effects that occur during root senescence and decomposition, with
nitrogen immobilisation occurring during decomposition of dead roots with high
C:N ratios.

3.2 Rhizosphere processes

3.2.1 NUTRIENT UPTAKE FROM THE SOIL

Nutrient uptake by roots is not normally constrained by their capacity to absorb
nutrients, but rather by their limited capacity to explore sufficient volumes of the dilute
soil solution, and to mobilise mineral nutrients associated with the soil solid phase.
Two general processes allow roots to use nutrient sources other than those contained
in the soil solution they make contact with. These are: (i) the rhizosphere interactions
that permit nutrient mobilisation from mineral pools and soil organic matter reserves
and (ii) the exploitation of plant nutrients in soil solutions distant from the roots through
associations with mycorrhizal fungi.

3.2.1.1 Mobilisation of nutrients from soil organic matter:
the role of microfoodwebs

The priming of microfloral activity in the rhizosphere by root exudates results in
the mineralisation and assimilation of nutrients from the soil organic matter pool by
free-living micro-organisms (Trofymow and Coleman, 1982; Clarholm, 1983). Death of
these micro-organisms may result from energy shortages, predation by protists and
nematodes or attack by bacteriophage viruses leading to the transfer of some portion of
their contained nutrients to plants. These processes operate at single microsites, in which
microfloral and microfaunal communities progressively alter during root growth
(Figure IV.38). The mucilage produced in the root-cap region alters the soil physical
structure and the energy available at the microsite:

distinguished two seperate effects in the rhizosphere of wheat comprising:
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(i) Aggregates are disrupted by the penetration of mucilage and organo-mineral
linkages are established between clay platelets and the gel matrix and also with organic
particles detached from the mucilage sheath (Breisch et al., 1975; Morel et al., 1991).
Such linkages occur in the absence of microbial processes and are important features
in the development of rhizosphere soil and soil-particle aggregation (Lespinat et al.
1975; Guckert, 1985; Gouzou et al., 1993).
(ii) Micro-organisms encountered by the growing root tip become enclosed in
the mucilage and those unable to lyse this material remain inactive. At the margins of the
mucilaginous slime, bacteria are attracted by chemotactic stimuli (Mandimba et al., 1986).
However, this response varies with the plant species, bacterial species and strain, thus
demonstrating a degree of specificity in the establishment of plant-bacteria associations
(Guckert, 1985). Fungal spores have been shown to germinate at distances up to 10 mm
from the root (Stanghellini and Hancock, 1971; Short and Lacy, 1974). Mucilage therefore
acts as a selective filter for microbial communities, and may protect the root from massive
colonisation by micro-organisms, particularly those of pathogenic habits (Samtsevich,
1971; Harris and Hartley, 1976).
(iii) The micro-organisms responding to the chemotactic stimuli start to lyse the mucilage
and soon establish microcolonies within it. The generation times of these bacteria may
be shortened to as little as 7 % of those measured in non-rhizosphere soil, although large
differences occur between microbial species (Bowen and Rovira, 1976). The presence of
these bacteria stimulates root exudation which may be twice as intense as that in a sterile
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environment (Barber and Martin, 1976; Prikryl and Vancura, 1980; Heulin et al., 1987).
Microbial activity is therefore not limited by available carbon since the concentration
of available C is several times higher in the rhizoplane than in the soil beyond the
rhizosphere (Cheng et al., 1994). Again, different strains and species of bacteria have
different capacities to stimulate exudation.
(iv) As root growth continues, full colony development now occurs in the elongation
zone of the root. At this stage, many microcolonies, 5 to 10 µm in diameter have been
observed, closely packed in the rhizoplane and inner rhizosphere on the roots of Trifolium
subterraneum. As the average carbon:nitrogen ratio of exudates is approximately 30
(Lynch, 1982), nitrogen is deficient in terms of optimal microbial activity and must be
supplemented. It may be supplied through N-fixation, and from the external soil solution
through the activity of enzymes diffusing into the mucigel. Comparable activity, although
less intense, may also occur in the rhizosphere soil.

Micro-organisms appear to be able to partly digest the organic matter of the rhizosphere
soil by priming microfloral activity with mucilage. In laboratory experiments using

labelled mucilage, Mary et al. (1992) measured the priming effect as the increased
soil organic matter mineralised due to the addition of the mucilage (Figure IV.40).
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The priming effect started after an incubation period of one day and after seven days,
40.4 % of the C in the mucilage had been mineralised together with C from soil organic
matter equivalent to 5.8 % of the C added as mucilage. In a comparative experiment
with glucose, 44.7 % of C from glucose was mineralised, plus an extra mineralisation
due to priming on the soil carbon, equivalent to 9.2 % of the C in the added glucose.
Dead root material decomposed at a much slower rate (30.8 %) and priming was limited
to 3.5 % of C introduced as root material.

Beyond these general results, an interesting feature is the form of the microbial
response to the introduction of mucilage: mineralisation is very slow during the first two
days and suddenly accelerates to attain maximum values between the third and the sixth
days. This contrasts with the addition of glucose and roots that triggers a large and
immediate response (Figure IV.39). Such a response may be interpreted as an adaptation
to the specific conditions in the rhizosphere: during the few days following deposition
of mucilage in the root cap region, the root will have grown and maximum microbial
activity will occur in the elongation zone behind the root tip. This microbial activity
is therefore likely to lead to nutrient release in close proximity to the root hair zone
where absorption will occur.

This priming effect probably occurs throughout the rhizosphere soil, associated with
the mucilage. Although the sites of the priming effect are as yet unclear, bacteria
accumulated in the rhizosphere mucilage may release enzymes which diffuse to the zone
of contact with the rhizosphere soil. They digest the soil organic matter at this location
thereby releasing mineral nutrients that will accumulate initially in the microbial biomass.
Priming has been clearly demonstrated by Sallih et al. (1987) in a pot experiment
lasting 700 days. They observed a high microbial biomass in the presence of living roots
while there was a 25 % increase in mobilised nitrogen (i.e., mineral + root nitrogen +
microbial-biomass nitrogen) in treatments where living roots were continuously present,
compared with a control treatment without plants. A large microbial biomass was
maintained by the living plant providing clear evidence that the mineralisation of soil
organic matter and the subsequent release of mineral nitrogen was enhanced through
the priming effect of root exudates (Figure IV.40).



450 CHAPTER IV

(v) At a later stage of root growth, the microsite considered occurs in the region of
the root hairs. Since exudation has decreased sharply, bacteria are deprived of nutritional
substrates and either die or return to protected, semi-dormant states. At this stage, the
slowly-increasing populations of micropredators of bacteria are most active. As a result,
part of the nutrients taken up from soil organic matter through priming effects
(e.g., ammonium nitrogen) will be released as metabolites and assimilated by plants.
Micropredation in food chains has been demonstrated to increase nutrient release, and
hence plant production, in microcosm experiments (Ingham, 1981; Anderson et al., 1983c;
Setälä, 1990).

3.2.1.2 Roles of mycorrhizae

In nearly all environments, the arbuscular and ectomycorrhizal associations are of most
significance and much of what is discussed below refers to these two types. As indicated
above, dependency on mycorrhizal associations is widespread and the roots of dependent
species often have low surface areas, longer life spans and other properties that differ
from those not so dependent. Mycorrhizal associations generally lead to improved plant
success in both natural and man-influenced environments (Brundrett, 1991; Francis
and Read, 1994) although ineffective and semi-parasitic mycorrhizal associations are
also known.

Perhaps the major effect of the mycorrhizal associations is to increase the volume
of soil explored over that capable of being accessed by the root system alone.
This increase may alter the water relationships of the plant and lead to a greater uptake
of water. The greater soil volume explored also enhances the uptake of such immobile
and slowly diffusing elements as P, K, Cu and Zn. Functional differences occur
between mycorrhizal types and ectomycorrhizal and ericoid mycorrhizal fungi may
access organic forms of N and P that are unavailable to arbuscular mycorrhizal fungi,
and to uncolonised roots (Marschner and Dell, 1994).

The formation of mycorrhizae may also protect the host plant against root diseases
and parasites including bacteria, nematodes and fungi although virus diseases may be
more severe in mycorrhizal than non-mycorrhiza! plants (Perrin, 1990). Protection may
occur in both arbuscular and ectomycorrhizal associations although it is not universal
and may be expected to alter with different combinations of pathogens, mycorrhizal fungi
and hosts. In ectomycorrhizal associations, protection may result through the provision of
a physical barrier between the host plant and the soil environment although it is more
likely that antibiosis and host-plant mediated effects are also involved (Smith and Read,
1997). Interactions between pathogens and potential host plants are strongly influenced
by plant nutrition.

Mycorrhizal associations influence the absorption and uptake of metals that may
occur in potentially toxic concentrations and both increases and decreases in tissue
concentrations have been noted in both arbuscular and ectomycorrhizal associations
(Haselwandter and Bowen, 1996). The fungal associates of ericoid mycorrhizae are
considered to protect their hosts against the potentially toxic concentrations of Al, Zn
and Cu common in their often acid environments (Smith and Read, 1997).

The benefits received by the host plants in mycorrhizal associations are counter-
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balanced by the energy costs involved in supporting the fungal partner. Up to 20 % of
current photosynthate may be used to support mycorrhizal structures in both arbuscular
and ectomycorrhizal plants (Marschner and Dell, 1994; Smith and Read, 1997).

Mycorrhizal fungi interact both positively and negatively with a wide range of other
soil organisms and thereby influence the success of their host plants (Fitter and Garbaye,
1994). Such interactions may occur within the root, in the rhizosphere or in the external
soil matrix and at all stages of mycorrhizal development. A range of herbivorous nema-
todes, arthropods and protists browse the hyphae and spores of mycorrhizal fungi
although Klironomous and Kendrick (1996) found that the mites and collembolans they
studied preferred the hyphae of non-mycorrhizal fungi which may represent some
selection for browse resistance in the mycorrhizal species.

Other organisms may stimulate mycorrhizal formation and function. Garbaye (1994)
discusses the positive effects of the ‘mycorrhization helper bacteria’ which are defined
as ‘bacteria associated with mycorrhizal roots and mycorrhizal fungi which selectively
promote the establishment of mycorrhizal symbioses’. They are best known in ectomy-
corrhizae, poorly known in arbuscular associations and not at all in the minor types.
These bacteria selectively associate with particular fungal species
and may be antagonistic to non-compatible fungi. However, where they are compatible,
they may markedly increase mycorrhizal development, although the mechanisms by
which this is achieved remain uncertain.

Ecology of the association
Initiation of colonisation. Colonisation may derive from resting spores, previously
colonised roots or hyphae (Smith and Read, 1997). Once hyphae from these propagules
come into contact with the root, the probability of successful colonisation initially
depends on several factors (Hayman, 1983):
(i) The inoculum potential i.e., the number of propagules present and the number of
germination tubes formed;
(ii) The host response, which is mediated through exudate production and which may
stimulate or inhibit colonisation;
(iii) The compatibility of the fungus with the tissues of the host plant;
(iv) Environmental factors, particularly light and temperature which influence host
plant vigour and hence the flux of exudates towards the roots. Due to their low oxygen
status, water-logged soils have few mycorrhizal associations. Extreme pH, salt or carbon
dioxide concentrations, fungicides and high inputs of phosphorus or nitrogenous
fertilisers all adversely affect mycorrhizal development;
(v) The hormonal equilibrium at the root surface. The establishment and regulation
of mycorrhizae may be dependent on the production of fungal hormones, notably
auxins, cytokinins and giberellins although other factors have also been implicated,
including nutritional effects and the presence of other rhizosphere micro-organisms
(Gogala, 1991). These hormones have been considered to be responsible for mediating
morphogenetic changes in roots, including the suppression of root hairs and induction
of short roots (Slankis, 1973). Metabolic changes also occur within infected tissues:
ultrastructural and metabolic observations (Gianinazzi-Pearson and Gianinazzi, 1986)
indicate a greater metabolic activity in host tissues. These reactions differ substantially
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between species and strains and may be reversible; they may depend on complex
equilibria between auxin oxidases produced by roots and inhibitors of auxin oxidases
produced by fungi which allow fungal hormones to act on the roots. In consequence,
the hormonal equilibrium and its effect on the association, may vary along the root system
and change over time (Moser and Haselwandter, 1983). Roots also produce non-specific
materials in their exudates which stimulate spore germination on contact (Smith and
Read, 1997). Finally, soil fertility and particularly phosphate levels, may greatly influ-
ence the relationship.

Spread of propagules. While the majority of ectomycorrhizal fungi fruit above ground
and their spores are spread by air currents, arbuscular mycorrhizal fungi and many
ectomycorrhizal fungi fruit underground or in the litter layers. As indicated above,
spores may largely survive passage through the intestinal tract of the animals that ingest
them, either purposely or unintentionally with their food (Section IV.3.1.2.2). Smaller
organisms may be important for more localised spore spreading and these and other
propagules are commonly spread by earthworms of different ecological strategies
(Allen, 1991; Reddell and Spain, 1991a). The propagules of both arbuscular and
ectomycorrhizal fungi are also spread by wind and water, notably through the activities
of organisms or other agencies that expose the surface soil (Allen, 1991, Allen et al., 1989).

Colonisation. Within the soil, the hyphae of arbuscular mycorrhizal fungi grow along
the root and enter it at several sites from where the fungal network ramifies internally
throughout the root. The extent to which colonisation extends and the time over which
it occurs vary greatly although colonisation never affects more than 50-80 % of the root
(Sutton, 1973). Observations suggest that mycorrhizal roots have longer life spans than
non-mycorrhizal roots, and that infectivity in excised mycorrhizal roots may persist for
several months after connection with the parent plant has been severed (Persson, 1982;
Ferrier and Alexander, 1985). Mycorrhizae will only provide nutrients to the root as long
as the root is able to provide carbohydrates.

The hyphae of both arbuscular and ectomycorrhizal fungi can also ramify from one
root to another and establish networks between plants of the same and different species
(Chiariello et al., 1982; Read et al., 1985). While the ecological significance of these
networks is not yet clear, inter-plant transfer of C (Graves et al., 1997; Simard et al.,
1997), N, water and other nutrients has been noted. Successions have been observed
in the colonisation of roots by mycorrhizal fungi and ‘early-’ and ‘late-stage’ species
have been reported from mycorrhizal sequences, notably in plantations and in rehabilitated
minesites (see, for example, Gardner and Malajczuk, 1988). However, Molina
et al. (1992) consider such models inadequate for predicting the species distribution of
fungi in natural forests, especially those subject to periodic disturbance.

Water uptake. Mycorrhizal colonisation alters the water relationships of both arbuscu-
lar and ectomycorrhizal host plants although the mechanisms of this are not completely
clear. Interactions with nutrient status are also involved (Smith and Read, 1997).

The greater soil volume explored following mycorrhizal colonisation may also
increase water uptake, since hyphae and ectomycorrhizal rhizomorphs are able to absorb
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water and transport it to the roots (Read et al., 1979; Boyd et al., 1985; Mousain, 1983).
Duddridge et al. (1980) have shown that mycelial rhizomorphs can absorb water up to
20 cm away from the root surface and transport it to the root at a rate equivalent to that
of xylem vessels (i.e., Mycorrhizal plants have a greater resistance to
water stress (Bowen and Theodorou, 1973; Dixon et al., 1980) due to the higher
tolerance of low water potentials shown by certain fungi and through a possibly
diminished resistance during water flow to the roots. For example, the resistance to water
flow into soybean (Glycine soja) plants infected with arbuscular mycorrhizal fungi is
50 % less than that of uninfected plants (Safir et al., 1972). Finally, changes in stem
histology following mycorrhizal colonisation may increase the resistance of trees to
drought or water-logging (Mason et al., 1977).

Phosphorus uptake. Mycorrhizae have a remarkable ability to take up phosphorus
from soils within which this element is poorly available. In experimental studies, the
zone of phosphate uptake around the roots of Trifolium repens (White Clover) colonised
by the arbuscular mycorrhizal fungus Glomus mossae was estimated to extend to 11.5
cm from the rhizoplane compared with 1 cm in uncolonised plants (Li et al., 1991).
The increased soil volume explored was reflected in the greater mass of the colonised
plants at harvest and their lower ratios of root- to shoot mass. These authors calculated
that in colonised plants, phosphorus uptake was increased by more than four times
and that 76 to 79 % of this uptake occurred through the fungal hyphae. Similarly, in
ectomycorrhizal Pinus pinaster plants, Mousain and Lamond (1978) found that the phos-
phorus content was 2 to 3.5 times greater than in non-colonised plants. Plant phosphorus
uptake rates differ greatly, depending on the type of mycorrhiza, the species and strain
of the fungal partner and soil and environmental factors (Marschner and Dell, 1994).

In plants colonised by arbuscular mycorrhizal fungi, this improved phosphorus uptake
appears to result from a more complete exploitation of soluble phosphorus sources
and, to a much lesser extent, from the exploitation of less soluble phosphorus sources.
The increased volume of soil explored and longer life spans of mycorrhizal as compared
with non-infected roots, result in a more complete exploitation of slowly diffusing
phosphorus. The phosphatases of mycorrhizal fungi may play an important role in
the release of phosphorus fixed in organic forms allowing its transport and absorption by
the plant root. However, the quantitative significance of this requires more attention
(Haselwandter and Bowen, 1996).

Nitrogen uptake. Mycorrhizal formation generally improves nitrogen uptake in plants
although high soil nitrogen concentrations can depress their formation. Differences exist
between the major mycorrhizal types in the forms of nitrogen that they may access.
Both arbuscular and ectomycorrhizal fungi appear to take up inorganic N as
although at least some ectomycorrhizal species may also utilise both and organic
(amino acids) forms of N and transfer them to the plant (Marschner and Dell, 1994;
Smith and Read, 1997). Ericoid mycorrhizal fungi have well developed capacities to
utilise organic nitrogen sources (Smith and Read, 1997).

As eukaryotes, mycorrhizal fungi do not fix nitrogen although free-living, nitrogen-
fixing micro-organisms (e.g., Beijerinckia or Clostridium) may be active in the mycor-
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rhizosphere. In phosphorus deficient soils, nitrogen fixation by legumes is indirectly
enhanced by the formation of arbuscular mycorrhizae largely through an improved
uptake of phosphorus and other deficient elements (Marschner and Dell, 1994).

Uptake of other elements. A large number of macro- and micronutrient elements (and
some non-nutrient elements) may be taken up by external hyphae and transferred to the
plant: nitrogen, calcium, potassium, zinc, sulphate, copper, amongst others (Marschner
and Dell, 1994). As indicated above, mycorrhizae may increase the uptake of heavy
and other potentially toxic metals or exclude them from their tissues.

3.2.1.3 N-fixation by prokaryotes

Symbiotic nitrogen fixation is a unique process whereby plants acquire atmospheric
nitrogen to meet their nutritional requirements through associations with prokaryotes
that possess the nif (nitrogen fixing) genes (see Section IV.3.1.2.2). It is therefore a
highly challenging area for research and technical development since, in favourable
circumstances, certain prokaryote-plant associations can routinely fix up to
per cropping cycle and sometimes more (see e.g., Rinaudo et al., 1983; Toomsan et al.,

are able to fix up to over a cropping period (Rinaudo et al., 1983). Similarly,
two species of Casuarina also form active actinorhizae on their stems which make
a notable contribution to their N nutrition. In both these groups, the structures are
associated with the formation of adventitious roots and are most important in humid
environments (Duhoux et al., 1993).

Establishment of symbiotic associations
The mutualistic association between legumes and rhizobial bacteria starts as an infection
of the root tissues which later becomes a mutualistic relationship. Not all legumes can
be infected by Rhizobia, and both tropical and temperate plants form associations with
different species of Rhizobium and related genera (Sprent, 1984). Bacteria enter the root
through the tips of absorbing hairs, and multiply to form infection cords which grow
through the hair down to the root cortex (Figure IV.41). These cortex cells then actively
multiply to form meristem cells which are colonised by the Rhizobia. At this stage, the
cells have changed into so-called bacteroids which are aggregated into colonies of up to
20 cells covered by an envelope called the peribacteroid membrane. Bacteroids have

1995). On a world-wide basis, an overall estimate for biological N-fixation is      Mt per
year (Sprent, 1984).

Almost all of the higher plants forming nodulating N-fixing associations with
Rhizobial bacteria (Eubacteria) (Table IV. 10) occur in the family Leguminosae or in
the taxonomically-diverse range of trees and shrubs associated with N-fixing
Actinobacteria of the genus Frankia. Alnus (Betulaceae) and Casuarina (Casuarinales)
are perhaps the best-known genera associated with Frankia.

While most legumes fix N in root-associated nodules, species in a number of genera,
including Aeschynomene (20 species), Sesbania (4 species) and several others may have
active N-fixing nodules on their stems (Duhoux et al., 1993). The number of nodules
may thus be 5 to 10 times higher than in other plants and populations of this shrub
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the ability to transform into The colonised cells eventually form aggregations
called cortex nodules, usually a few millimetres in diameter. The formation of shoot
nodules in Sesbania rostrata follows a similar pattern although the initial phase differs
(Dommergues et al., 1985.).

Frankia organisms penetrate the root via the root hairs or by inter-cellular penetration
and form infectious hyphae which extend to the cortex. Once in the cortex, these organisms
form subspherical vesicles within which N-fixation occurs (Huss-Danell, 1997).

The biochemistry of N-fixation
Biological nitrogen fixation (N-fixation) is the reduction of atmospheric nitrogen
to ammonia in a reaction controlled by the nitrogenase enzyme. Nitrogenase consists
of two components. Component I is dinitrogenase, the site of reduction, and is a
molybdo-ferro-protein of about 230 kDa. Component II is dinitrogenase reductase, an
iron protein (molecular weight about 60 kDa) which provides electrons to Component
I for reduction. Dinitrogenase is associated with the iron-molybdenum cofactor
which is believed to contribute a surface for reduction (Sprent, 1984; Giller and
Wilson, 1991). The nitrogenase enzyme is similar among all N-fixing organisms
although alternative systems have been identified for Azotobacter spp. that do not
contain Mo in the cofactor (Pau, 1989).

Nitrogenase is extremely sensitive to oxygen, with both enzyme components becoming
irreversibly deactivated upon exposure to atmospheric concentrations. Consequently, free-
living, nitrogen-fixing bacteria only fix nitrogen in anaerobic or low oxygen environments
(Eady, 1992). Some cyanobacteria develop thick walled heterocysts, within which
nitrogenase occurs and where it remains isolated from aerobic processes (Elkin, 1992).
Nitrogenase is also restricted to the heterocysts in the cyanobacteria-plant symbioses
(Bergman et al., 1992b). Oxygen is excluded from nitrogenase in the legume-rhizobia
symbiosis by two mechanisms. The nodule cortex acts as a physical barrier to oxygen
diffusion (Witty and Minchen, 1990) and leghaemoglobin binds oxygen and transports
it to respiratory sites while excluding it from nitrogenase (Gallon and Chaplin, 1987).
Leghaemoglobin is the red pigment which colours the interiors of legume root nodules.

Nitrogen fixation is a highly energy-demanding process, whether carried out
biochemically within a prokaryote, or within a pressure vessel in fertiliser factory.
Sprent (1984) estimated that about 15 tonnes of photosynthate are required to assimilate
1 tonne of nitrogen by biological fixation. The energy requirements for N-fixation are
met by the host plant and are estimated to be 2.5 mg C mg (Warembourg and
Roumet, 1989), about 16 % less efficient than nitrate assimilation (see Neves, 1982).
Saari and Ludden (1986) estimated that 28 moles of ATP are required for each mole
of N fixed.
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Environmental influences on N-fixation
N-fixation rates are highly dependent on environment conditions. For example, N-fixation
in soybean crops varies from 10 to per crop, and some legumes may fix no
N at all (Dommergues et al., 1985). Factors that adversely influence N fixation rates are:
(i) edaphic, particularly drought and water logging, and (ii) the presence of assimilable
mineral-N as or (iii) environmental effects, notably insufficient light,
(iv) climatic, especially very high temperatures, (v) biological, including the presence
of root parasites such as nematodes, and (vi) the energetic constraints mentioned
in the section above. In this last respect, N fixation is clearly dependent upon an efficient
photosynthesis.

3 2.2 STIMULATION OF GROWTH AND DEFENCE AGAINST COMPETITORS
AND PATHOGENS

3.2.2.1 Plant growth promoting substances

Rhizosphere organisms produce a diversity of substances that stimulate plant growth.
Bacteria and fungi produce vitamins of the B group, and plant hormones including
auxins, gibberellins, kinetins and indole-3-acetic acid (IAA) (Brown, 1972; Rempe,
1972; Rademacher, 1994). The stimulatory effects of earthworm activities on plant
growth have also been attributed to a ‘hormone-like’ effect (Tomati et al., 1988).

Other substances may indirectly influence plant growth through allelopathic effects
on competing plants and the suppression of pathogens.

3.2.2.2 Allelopathy

Allelopathy includes any directly or indirectly harmful effect by one plant upon another
organism through the production of chemicals released into the environment.
These chemicals are secondary compounds and may be produced through exudation
or the decomposition of plant litter.

Chemical compounds implicated in allelopathy
Rice (1974) has identified 14 different groups of allelochemical compounds based on
their composition and metabolic pathways. The most important groups are phenolic
acids and their derivatives: terpenoids, steroids, coumarins, flavonoids, alkaloids,
cyanohydrins and tannins (Table IV. 11). They are generally water soluble, except for
a few volatile compounds that diffuse from roots and leaves (Jordan et al., 1993).

Effects of allelopathic compounds
Secondary plant compounds are chemicals produced by plants and micro-organisms
that are not essential to the growth of the organisms involved although they may play
important roles in mediating interactions with other organisms. They may directly
inhibit seed germination or the growth of other nearby plants; they may affect water
uptake (Einhellig et al., 1985) or nutrient supply through, for example, the inhibition
of nitrification or nitrogen fixation (Balke, 1985; Hoagland and Williams, 1985).
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Plant species have specific responses to allelochemicals; some may even be significantly
suppressed by products from their own species and tolerate those produced by others
(Newman and Rovira, 1975). Allelochemicals are considered to be an important driving
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force in successional processes since they influence the growth and competitive ability
of the plants present at the different seral stages of this process. It has been shown,
for example, that regrowth of Picea abies in montane forest of French Alps may be inhibit-
ed by secondary compounds produced by the heath shrub Vaccinium myrtillum (André et al.,
1987). Allelopathy may also be responsible for the decline of legumes in pastures (Halsall et
al., 1995) and for difficulties in the establishment of agroforestry systems that attempt to
combine plantings of trees and herbaceous plants of economic interest (Leigh et al., 1995).

Inhibition of nitrification
In chemically-infertile soils, nutrients are mainly conserved within the resistant
soil organic matter fractions and a lack of assimilable C may severely limit microbial
activities (Darici et al., 1986). N mineralisation rates may be extremely low in such
diverse ecosystems as natural savannas, artificial pastures or coniferous forests (Scholes
and Sánchez, 1990; Lensi et al., 1992; Stienstra et al., 1994). Inhibition of nitrification
by water-soluble substances produced by roots has been demonstrated in nutrient-poor
savannas (e.g., Meiklejohn, 1962; Munro, 1966; Lensi et al., 1992). Conservation or
the immobilisation of rather than nitrification is an efficient way of conserving N
and preventing C loss from infertile soils (Marrs et al., 1991).

3.2.2.3 Inhibition and spread of pathogens by micro-organisms and invertebrates

Soil invertebrates may have a significant role in the suppression of root diseases, through
their direct and indirect effects on the microbial and invertebrate pathogens that affect
roots (Curl, 1988). Dormant fungal propagules freed from fungistasis by root exudates
become able to initiate infection although, when communities of fungal feeding proto-
zoans and nematodes are abundant, these germinands may be consumed before this can
occur (Griffin and Roth, 1979). In soils considered as ‘suppressive’, infection does not
develop, despite the presence of the root-infecting fungi.

In the case of ‘take-all’ disease of wheat caused by Gaeumannomyces graminis tritici,
suppressiveness or reduced severity of disease has been related to the presence of
mycophagous amoebae (Chakraborty et al., 1983; Chakraborty and Warcup, 1984); or
lumbricid earthworms (Stephens et al., 1994). Other cases of reduced fungal attack have
been related to the activities of mycophagous nematodes, although very high densities
may be necessary to achieve a significant effect (Cayrol et al., 1978; Barnes et al., 1981).

In certain circumstances, Collembola may also reduce the infection rate of plants
by grazing on pathogenic fungi. Curl et al. (1983) showed that the ratio of mycofloral
density in the rhizosphere to non rhizosphere (R/S) diminished from 2.41 to less than
unity (0.41) after the introduction of 500 Collembola into glass tubes
containing 140 g soil and cotton seedlings. Laboratory experiments have demonstrated
that the ‘damping-off’ disease of cotton seedlings due to fungal infection may be partly
suppressed through the addition of Collembola (Curl, 1988) (Table IV. 12).

Phytoparasitic nematodes may also to be controlled by a number of biological factors
in the rhizosphere. The bacterium Bacillus penetrans (Stirling, 1984), the predaceous
fungi (certain zygomycote and other fungi, also protists) including species that trap
nematodes in constricting hyphal loops and against adhesive knobs (Kendrick, 1992)
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and a few other nematotrophic fungi (Kerry, 1980) are spectacular examples of nema-
tode parasites or predators. Earthworms may be effective predators on parasitic nema-
todes since their populations are often reduced in the presence of earthworms (Dash et
al., 1980; Yeates, 1981) (see also Chapter III.4).

However, the same mechanisms that suppress disease may also have adverse effects
on plants, either by reducing the effectiveness of root symbionts, or promoting the active
dissemination of plant pathogens. The nematodes (Shafer et al., 1981) or Collembola
(Warnock et al., 1982) that graze on pathogenic fungi may also affect mycorrhizal fungi
reducing the extent of infection and consequently plant growth. In a number of experi-
ments, mainly conducted under laboratory conditions, mycorrhizal infection was either
impeded or rendered ineffective in the presence of mycophagous amoebae (Chakraborty,
1985; Sutherland and Fortin, 1968) and Collembola (Warnock et al., 1982).

3.2.3 EFFECTS ON SOIL STRUCTURE

Root distribution and abundance are strongly influenced by soil physical structure (see
Chapter III.3). In turn, growing roots significantly affect the soil physical structure by
three different mechanisms: (i) the formation of macropores and channels; (ii) physical
enmeshment of soil particles and aggregates (Tisdall and Oades, 1982; Miller and
Jastrow, 1990); and (iii) aggregation through the production of exudates mixed with clay
and other mineral particles (Table IV. 13). The importance of these effects differs with the
type of root system. For example, root systems with lignified tap roots heavily influence
soil porosity whereas aggregation is effectively mediated by the dense, fasciculated root
systems of many grasses.
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Porosity: root death leaves holes
In the early phases of pedogenesis, roots colonise the weathered material of the C horizon
where they create channels that remain open after their death. In calcareous substrates,
Jaillard (1983) noted that limestone may be transformed into calcareous sands as a result
of solubilisation and the further crystallisation of  in root cells.

In fully-developed soils, root tips may exert maximum pressures of 0.61 to 1.3 MPa,
with a few values greater than 2 MPa leading to compression of the soil at the point of
root contact. The penetration of small aggregates requires lower axial root growth
pressures than large aggregates and the strength of these larger aggregates may impede
root penetration. Such common plants as pea (Pisum sativum), cotton (Gossypium
hirsutum) or sunflower (Helianthus annuus) may only be able to exert pressures of
0.1-0.3 MPa (Misra et al., 1986). Reorientation of particles along the root results in
slight (2-7 %) increases of bulk density (Goss, 1991).

Roots may thus break down large aggregates into small, and create channels that can
have important roles in facilitating water infiltration and gas exchange (Figure IV.42).
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This process is known as ‘biological drilling’ and its effectiveness varies greatly between
plant species. The tap root systems of woody perennial species ameliorate soil porosity
more effectively than the fibrous root systems of grasses (Hulugalle and Lal, 1986).
However, certain perennial grasses (e.g., deep rooted African species) and herbaceous
legumes (Medicago sativa) may penetrate 2-3 m into the soil and produce extensive
networks of soil macropores (Meek et al., 1991; Fisher et al., 1994). This process is of
utmost importance in the restoration of degraded soils.

Direct observation in the field shows that once root channels are freed following root
death and decomposition, they may be used preferentially by new roots (Dexter, 1986)
leading to an improvement in subsequent crop yields (Elkins, 1985). This enhanced
capacity for deep root penetration will only benefit the plant if the nutrients and water in
these pores are readily available (Cresswell and Kirkegaard, 1995).

Aggregation: effects of root enmeshment and SOM addition
Bartoli et al. (1993) showed that the surface fractal dimension Ds (as determined by
mercury porosimetry) is better than porosity at discriminating between the root zone and
non-root zone. This result indicates that the soil heterogeneity created by roots influences
both porosity and aggregation.

Roots may enhance soil aggregation by two complementary mechanisms.
Firstly, the release of mucilages by the root and the rhizosphere microflora ‘glue’ small
soil particles into micro-aggregates (Gouzou et al., 1993), and secondly,
these small aggregates become entangled by fine roots and the hyphae of mycorrhizal
fungi to combine as compound or macro-aggregates, greater than (Tisdall and
Oades, 1982) (Section I.1.3.3). This model is supported by the results of Thomas
et al. (1986) who demonstrated positive relationships between root abundance and
aggregate size and abundance. Gouzou et al. (1993) also found that inoculation of
Bacillus polymyxa into the rhizosphere of wheat increased the amount of soil adhering
to roots by 59 % and the amount of aggregates in the size class 0.2 to 2 mm by 100 %.

Miller and Jastrow (1990) observed a correlation between the overall mean diameter
of water-stable aggregates and such biological parameters as root length and the
development of the hyphae of mycorrhizal fungi. However, the magnitude of this
effect is likely to differ between soils, with plant species and with the associated
mycorrhizal fungi. This is due to differences in the architecture and diameter of roots, in
the type of mycorrhizal association formed, the hyphal density of the mycorrhizal and
other fungi present and the amount and quality of exudates that they produce.

Aggregation in the rhizosphere may also result indirectly through the accumulation
of the faecal pellets of earthworms and other invertebrates that feed in the rhizosphere.
In pots containing the less than 2 mm fraction of a sandy A horizon soil (alfisol) from
the Côte d’Ivoire, macro-aggregate formation (>2 mm) after three months was limited
to ca. 10 % of the soil mass in the presence of the tropical grass Panicum maximum,
whereas 80 % of the soil mass was aggregated in treatments to which endogeic
earthworms had also been added (Blanchart, 1992).



IV.4 THE DRILOSPHERE

Earthworms are ecosystem engineers sensu Jones et al. (1994) in that they effectively
modify their environments. Their large size and their capacity to move substantial
quantities of soil mean that their activities dramatically change the distribution patterns
of organic resources and the fluxes of water and gases in soil. Both the distributions
and activities of micro-organisms are modified by earthworms and through this, the
dynamics of soil organic matter and nutrient release.

Bouché (1975) introduced the concept of the drilosphere (from the Greek ‘drilos’
= earthworm) to describe the 2 mm thick zone surrounding the walls of earthworm
galleries. This term will be used here in the broader sense of describing those components
of the soil (including microbial and invertebrate populations) that are affected by
earthworm activities. The drilosphere therefore includes galleries and burrows, but also
extends to surface and subterranean casts, ‘middens’ (accumulations of litter surrounding
the openings of burrows) and the peculiar micro-environment represented by the gut and
its contents. Earthworms accumulate organic matter within their structures as a conse-
quence of their burrowing and feeding behaviours. Active communities can therefore
incorporate a large part of litter fall and root litter into the drilosphere and transform
a substantial proportion of the upper soil horizons into casts of different ages and origins
(Section II.3.3.2).

The drilosphere may be considered the functional equivalent of the rhizosphere and
litter systems both of which are micro-environments with a localised and intense micro-
biological activity. This activity is stimulated by the fine subdivision and thorough
mixing of litter debris with soil inorganic materials, and by the production of cutaneous
and intestinal mucus. The latter materials have analogous effects to the root exudates
of the rhizosphere and the leaf leachates of the litter system.

4.1 Classification of drilospheres

The effects of earthworms on soil properties differ markedly, depending on the ecological
categories of the species involved (see Chapter III.4.3.1.2) :
(i)

(ii)

(iii)

Epigeic species are part of the litter-system and their roles are similar to those
of other epigeic invertebrates. They have little or no impact on the physical properties of
the mineral soil horizons and their effects are thus marginally ‘drilospheric’;

Anecic species strongly influence soil properties by translocating leaf-litter and
mixing it with the soil, and through the construction of their subvertical burrow systems;

Endogeic species affect soil organic matter dynamics and physical structure by
building and maintaining a macro-aggregate structure, and a dense network of macropores.

463
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4.1.1 DETERMINANTS OF EARTHWORM COMMUNITY STRUCTURE

The regional abundances of earthworms and the relative importances of the different
ecological categories are determined by large-scale climatic factors (mainly temperature
and rainfall), their phylogenetic and biogeographical histories together with such regional
parameters as vegetation type and soil characteristics. As a result, drilospheres differ
greatly at the scale of broad climatic areas and regions, and between patches with
different soil and vegetation.

Comparative analysis of a large number of earthworm communities of wet areas
has revealed that temperature is the main large-scale factor determining the nature of
earthworm communities (Lavelle, 1983c). Along a thermo-latitudinal gradient, population
density increases from a few tens to several hundreds while biomass achieves a max-
imum in temperate latitudes. The most striking feature is the gradual shift in dominant
community feeding habits: these change from largely litter-feeding (epigeics) at high
latitudes, to a co-dominance of liner and soil feeding (anecics) at temperate latitudes, to
a dominance by soil feeding (meso- and oligohumic endogeics) in the inter-tropical areas
(Figure III.45). Thus, with rising temperature, the activities of earthworm communities
become increasingly concentrated at greater depths as they become capable of exploiting
resources of lower quality; this starts with the high-quality resources found at the soil
surface (litter) and is lowest with the extremely poor-quality soil organic matter used
by the oligohumic species characteristic of deeper horizons (see Chapter III.4.3.1.2).

Phylogenetic and biogeographical factors may influence the functional structure
(i.e., the proportions of the different ecological categories) of earthworm communities.
Oligohumic endogeic species do not occur in such families as the Lumbricidae and
Glossoscolecidae although the anecic earthworms - species with deep, subvertical
burrows and a resistance to seasonal drought derived from a true diapause - are well
represented. In contrast, anecic species are not found within the more primitive families
such as the Megascolecidae although endogeic earthworms are more diverse, including
those of oligohumic and mesohumic feeding habits. Overall, it is difficult to determine
whether the phylogenetic differences do not simply reflect selection for the different
soil environmental conditions pertaining over the geographical ranges of these families.

At a regional scale, forests generally have smaller populations than grasslands.
In Europe, for instance, forests have live earthworm biomasses in the range of 400 to
680 kg fresh weight whereas in grasslands, values of 500 to or more
are common (Lee, 1985; Edwards and Bohlen, 1996). In the introduced pastures of humid
tropical areas, communities dominated by the peregrine endogeic species Pontoscolex
corethrurus and Polypheretima elongata may have live biomasses of
in contrast to the species-rich communities of much lower biomass
fresh weight) characteristic of natural forest soils (Fragoso and Lavelle, 1992).

Soil characteristics and rainfall are also important determinants of earthworm
communities within a given biome. In western Africa, earthworms do not occur where
average yearly rainfall is less than 800 mm (Lavelle, 1983a). In tropical rainforests
in America and Africa, earthworm biomass increases with rainfall up to values of
ca. 3,000 mm and then decreases with higher values, probably due to the low nutrient
status of soils typical of these high rainfall conditions (Figure IV.43). Nutrient status and
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pH determine the dominance of both litter-feeders (epigeics and anecics) in nutrient
poor and/or acid soils, and of soil organic matter feeders (endogeics) in richer soils with
higher pH. In humid (5000 mm annual average rainfall) Indian monsoon forests, large
earthworm biomasses (up to 1200 kg fresh weight were found, although the soil
was young with high pH and nutrient status (Ferry, 1994). Nutrient contents are also
correlated with soil pH and local rainfall (Fragoso and Lavelle, 1992). In general, tropical
earthworms seem to be more acid-tolerant than those of temperate climates (Lavelle et al.,
1995). Comparison of species distributions in France (Bouché, 1972) with those at a
number of tropical sites (Lavelle et al., 1995) - including soils with a wide pH range -
showed that modal species diversity occurred at pH values of 6 to 7 in France and
at 5 to 6 in the humid tropics, respectively.
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The type of land-use also greatly affects earthworm communities. The main factors
that severely deplete populations are intensive cultivation, pesticides and soil denudation
(see, e.g., Edwards, 1983; Lofs-Holmin, 1983; Lavelle and Pashanasi, 1989; Lavelle
et al., 1994b; Edwards et al., 1995; Edwards and Bohlen, 1996). In the humid tropics,
cropping of soils recently cleared from their native vegetation depletes the stocks
of assimilable soil organic matter and reduces the carrying capacity for earthworm
communities. In terms of assimilable C, the cost of earthworm communities has been
estimated at in the humid savannas of Lamto (Côte d’Ivoire) (Lavelle, 1978);
this C is mostly, but not exclusively, derived from fresh residues largely concentrated in
the coarse organic fractions of soil organic matter (Martin et al., 1991; 1992). In tropical
agroecosystems, the cost of maintaining active earthworm communities of ca. 400 kg
fresh weight has been estimated at (Charpentier, 1996; Gilot et al., in press).

Chemicals also affect earthworms in diverse ways: fertilisers and a wide range of
pesticides do not affect them, provided concentrations are not unduly high. However,
when N fertilisation leads to soil acidification, communities may be significantly
depressed (Potter et al., 1985) and a few pesticides, notably the organochlorine com-
pounds, are extremely toxic (see, e.g., Lee, 1985; Edwards and Bohlen, 1996).

Neutralisation of acid pH following liming always enhances earthworm communities.
In a Finnish spruce forest, lime and the litter of deciduous species were applied and
earthworms (Allolobophora caliginosa) were introduced (Huhta, 1979). After two years,
earthworm biomass had significantly increased in all treatments. The application of
litter alone had a similar effect although it only resulted in a slight increase in pH.
After three years, earthworm biomass significantly decreased in the litter treatment,
probably because the resource was exhausted (Figure IV.44).
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These results have been confirmed by Persson (1988) who observed a strong response
of the soil fauna to the liming of a 40-year-old spruce stand in southern Sweden. Three
years after the application of lime (1.55 and earthworm numbers had
increased tenfold with no significant effect attributable to the amount of lime applied.

Finally, the overall effect of plant community change on earthworm communities
depends closely on the type of replacement vegetation and the earthworm community
that was present in the original ecosystem. Three examples are used to illustrate this
point: the establishment of pastures in Europe following the clearing of deciduous
forests, pastures established in Peruvian Amazonia following slashing and burning of
the primary forest, and pastures of African grasses and herbaceous legumes established
in a natural savanna environment in the eastern plains of Colombia (Table IV. 14).

Species richness is low in the largely forest-derived earthworm communities of
European pastures although it still remains in the upper range of values normally found
in forests. In Amazonia, all the species indigenous to the forest disappeared after clearing
and a new community of purely exotic species was established. Earthworm populations
had twice the biomasses of those of the primary forest, due to colonisation by the highly
vagile pantropical endogeic species Pontoscolex corethrurus. In contrast, in the Colombia
savannas, conversion of native savanna into pastures dominated by African grasses
and herbaceous legumes lead to substantial increases in the populations of the existing
earthworm communities.
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Biogeographical factors explain these observations. In Northern Europe ancient
communities were destroyed by the Quaternary glaciations. Following glacial retreat,
recolonisation occurred through the invasion of a suite of ubiquitous, vagile, southern-
European species. Pastures provide conditions favourable for the development of quite
populous communities and, in middle European sites, such communities generally have
much greater biomasses than adjacent forests of similar species composition
(Lee, 1985). Nonetheless, detailed studies show that the relative dominance of each
species depends on the type of ecosystem (Scheu, 1992) (Figure IV.45).
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A similar situation occurs in the Colombian llanos when natural savanna is transformed
into pasture. In that environment, local species are adapted to grassland conditions and
benefit from the substantially-increased plant production, and the return of a significant
proportion of this production as cow dung (Decaëns et al., 1994; Jimenez Jaen, unpub-
lished data). Again, not all species respond equally to the new environmental conditions.

In Peruvian Amazonia, deforestation eliminates the native species and communities
establish comprising one or two highly-adaptable, aggressive, colonist species. These
species build up large populations with biomasses greater than 1 Mg fresh weight
maxima of have been found in a rich vertisol in Martinique (West Indies)
colonised by the pantropical species Polypheretima elongata (Barois et al., 1988).

4.1.2 EARTHWORM DIGESTIVE SYSTEMS

A large part of the drilosphere effect on soil organic matter dynamics is due to the
mutualistic digestion of organic matter by earthworms acting in association with micro-
organisms. Although detailed information is still lacking, digestion in the earthworm gut
appears to result from a combination of ‘direct’ processes including enzyme production
by the worm and indirect processes involving some degree of mutualism with the
microflora (see Chapter III.4.4.1.2).

Epigeic lumbricids possess a rather diverse enzymatic capacity, including cellulases
(see e.g., van Gansen, 1962; Parle, 1963; Neuhauser and Hartenstein, 1978), and this has
led to the hypothesis of direct digestion of litter by these worms. Lumbricus rubellus is
a common representative of this group in temperate regions and appears to digest
living bacteria, even when they are protected by polysaccharides and clay particles
(Kristufek et al., 1994). However, it is still unclear which of these enzymes are produced
by the worm, and which by the ingested microflora (Loquet and Vinceslas, 1987).

Anecic earthworms appear to combine a form of direct digestion based on the
production of a few basic enzymes, with a mutualist digestion that occurs in combina-
tion with the soil and litter microflora. There is good evidence that the ‘external rumen’
type of mutualist digestion is important, and perhaps essential, for these worms. Anecic
earthworms drag dead leaves from the litter into their burrows and ingest them some
weeks later, once microbial incubation has rendered them more palatable (see e.g.,
Wright, 1972; Cooke, 1983, Cortez et al., 1989). Other species concentrate litter around
the openings of their galleries thus creating ‘hot spots’ of increased activity where meso-
fauna and microbial populations are more numerous and active; such accumulations
are called ‘middens’ (e.g., Nielsen and Hole, 1964; Dozsa-Farkas, 1978; Hamilton and
Sillman, 1989).

Tropical endogeic earthworms have a mutualistic digestive system based on interac-
tions that occur during gut transit between the worm and the microflora ingested with
the soil. Bacteria stimulated in the gut produce some enzymes that are not secreted by
the earthworm itself. Experiments on several tropical earthworm species have shown
that the enzymes cellulase and mananase (that digest important components of root
material) found in the gut content are produced by ingested bacteria and not by cells
of the gut wall (Zhang et al., 1993; Lattaud et al., 1997a, b) (Table IV. 15).
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Favourable conditions for micro-organism activity occur in the anterior part of the
gut: high water contents (100 to 150 % of the dry weight of soil), neutral pH and, above
all, high concentrations of readily assimilable mucus (5-16 % depending on the species)
(Barois and Lavelle, 1986). This mucus is a mixture of low molecular weight (ca. 200 Da)
amino-acids and oxides and a glycoprotein of 40 to 60 kDa (Martin et al., 1987). In the
mid-gut, micro-organisms whose metabolism has been sharply increased by feeding
on mucus, become able to digest soil organic matter. Their activity at 28 °C is then 6 to
10 times higher than in the control, and perhaps up to 30 times that in undisturbed field
conditions. The products of their external digestion are partly reabsorbed with water in
the posterior part of the gut.

Through this process, an estimated 3 to 19 % of soil organic matter may be assimi-
lated during a gut transit which may last from 30 minutes to 2-4 hours (Lavelle, 1978;
Martin, 1989; Barois, 1987). Evidence also exists for a mutualistic digestive system in
the temperate-climate earthworms Allolobophora molleri and Octolasium tyrtaeum
(Trigo and Lavelle, 1993; Trigo and Lavelle, 1995).

The efficiency of this digestive system is highly dependent on temperature. When the
temperature falls from 27 °C to 15 °C, increased microbial respiration in the posterior
gut of Pontoscolex corethrurus is limited to twice the control value, with maximum rates
diminished respectively by 70 and 85 % at 20 and 15 °C in comparison with respiration
rates measured at 27 °C (Figure IV.46). In temperate-climate earthworms, the microflora is
more active at 20 °C than at 27 °C, although mutualistic digestion seems to be less efficient.
The lower efficiency may be compensated for by a higher-quality food resource, and
an increased production of intestinal mucus in the gut (Figure IV.47). This may explain
why earthworms tend to feed more on litter in cooler climates. Drought, by reducing
the periods of activity, is likely to have a similar effect on communities. Finally, nutrient
deficiencies, especially of nitrogen, may also constrain earthworms to use resources with
higher nutrient contents i.e., the organic matterof the uppermost centimetres of the soil and
leaf litter. This is supported by the dominance of litter-feeding earthworms in tropical
forests with acid, nutrient-poor soils (Fragoso and Lavelle, 1992).

The relative contributions of the three digestive systems are thus expected to vary
with microclimate and the quality of resources available.
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4.2 The anecic drilosphere

4.2.1 DISTRIBUTION OF ANECIC EARTHWORMS

Anecic earthworms are unevenly distributed throughout the world for both climatic and
biogeographical reasons. They are absent from the acid soils of cold temperate regions
and coniferous forests in warmer temperate soils. They are dominant in most temperate
grasslands and deciduous forest soils where they may comprise up to 80 % of earthworm
biomass. In arable land, the proportions of anecics are much lower, although highly
variable, with average values of 10-30 % (Boström, 1988; Cuendet, 1983; Binet, 1993).
In tropical soils, they may be completely absent or have small populations. Savannas of
the Columbian llanos and, to a lesser extent, Amazonian rainforests at Yurimaguas, are
exceptions to this and anecic Glossoscolecidae may comprise from a few per cent. in the
forest to 15 % of the biomass in natural savannas, and 80 % in pastures derived from
these savannas (Lavelle, 1983a; Fragoso and Lavelle, 1987; Lavelle and Pashanasi,
1989; Jimenez Jaen et al., 1998).

In cold regions, anecics are clearly limited by climatic and edaphic factors and they may
rapidly colonise soils when pH is increased to neutrality by an amendment (Toutain, 1987b).

Their absence from African and Central American forests seems to have a phylogenetic
reason i.e., the lack of an anecic adaptive strategy in the families Acanthodrilidae and
Eudrilidae that predominate in these regions. In contrast, in South American tropical
forests and savannas, the dominant family Glossoscolecidae, contains a large number of
true anecic species, as does the Lumbricidae in temperate areas. However, as indicated
previously, these distributions may also be explained in terms ofsoil nutrient concentrations
and it is not yet possible to discriminate between the two effects.

4.2.2 INGESTION OF ABOVE-GROUND LITTER BY FIELD COMMUNITIES

Anecic earthworms ingest a mixture of litter and soil although the relative proportions
of both components vary between species, showing a clear gradient from epigeics
to anecics to polyhumic endogeics (Figure IV.48; Table IV. 16). Anecics generally ingest
large debris whereas epigeics tend to feed on smaller debris, probably due to their
smaller size. The proportion of plant debris in the casts of anecics may be highly
variable since they ingest large proportions of litter when they are actively feeding at
the soil surface, and ingest a preponderance of soil when they are active deeper in
the soil, creating new galleries or avoiding unsuitable surface conditions. Tropical species
of a given ecological category generally ingest a much lower proportion of organic debris.
Earthworms also ingest less soil when litters are more palatable (Cortez and Hameed,
1988) and contain more nitrogen (Abbott and Parker, 1981; Lavelle et al., 1989).
Ferrière (1980) observed that co-existing populations of different species may separate
their niches by selectively ingesting litters of different plant species. Finally, tropical
anecics seem to ingest a smaller proportion of litter than their temperate equivalents
(Kanyonyo ka Kajondo, 1984). The large anecic Acanthodriline Millsonia lamtoiana,
a common species in the savannas of Côte d’Ivoire, ingests 10 to 15 % organic debris
which consists of 69.2 % large grass particles, 19.3 % unidentified debris, 3.9 % seeds,



FUNCTIONING OF THE SOIL SYSTEM 473

3.4 % tree leaves, and smaller proportions of roots (1.7 %), stems and other debris.
Comparison of the sizes and relative proportions of these dietary items indicates that
grasses and leaves are more completely digested than seeds, roots or stems.

Re-ingestion of casts is frequent in temperate climate anecic earthworms. It accounts
for 50 % of the diet of Nicodrilus velox, a large anecic of eastern France; the remaining
50 % comprises 20 % of leaf material and 30 % of mineral soil (Bouché et al., 1983).
This behaviour has also been noted in laboratory studies (Binet, 1993; Cortez and
Hameed, 1988) and clearly separates anecic from endogeic species since the latter do
not re-ingest their casts until their compact structure has been broken down.
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4.2.3 ANECIC STRUCTURES

Anecic earthworms mainly produce surface and subterranean casts, and excavate
burrow systems.

4.2.3.1 Casts

Anecic earthworms cast around the openings of their galleries, at the soil surface. Cast size
depends on that of the worm and may range from some millimetres to several centimetres
in diameter. Their structure is also variable. They generally comprise an accumulation of
somewhat isolated round or oval-shaped pellets, one to several millimetres in diameter,
which may coalesce into ‘paste-like slurries’ that form large structures of rounded shape
(Lee, 1985). These casts have relatively high proportions of organic matter, especially large
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particles of plant material (Graff, 1971; Aldag and Graff, 1975) and a larger proportion
of small mineral components than in the surrounding soil (see e.g., Bolton and
Phillipson, 1976).

Anecics also produce subterranean casts which may partly fill their burrows, or are
deposited into other sorts of soil macropores. The abundance, structure and composition
of such casts has not yet been documented. Some results suggest that they are different
from casts produced by endogeics: in a microcosm study, Shaw and Pawluk (1986)
showed that the endogeics Octolasium tyrtaeum and Allolobophora turgida created
granular structures in sandy loam and clay loam soils whereas the anecic Lumbricus
terrestris created a fused structure. According to these authors, the combination of both
functional groups allows the formation of the most favourable structure.

The annual production of surface casts has been frequently estimated with average
values of ca. in temperate areas where anecic earthworms are dominant
(reviewed in Lee, 1985). However, these represent only a fraction of the overall materi-
al actually passed through the earthworm gut, and the casts produced by anecics and
endogeics are rarely distinguished.

4.2.3.2 Galleries

Abundance and structure
Anecic earthworms may create relatively sophisticated burrow systems (Lamparski
et al., 1987). In French temperate climate pastures, the burrow system comprises a large
number of galleries with total lengths of and overall surface areas of

depending on the season (Kretzschmar, 1982). Galleries are concen-
trated in the upper 60 cm of soil while an average of 16.3 % occur below this; they may
also be found at depths of 2-3 m. The majority (56.9 %) of galleries are subvertical
whereas subhorizontal galleries only account for 18.9 % of the total. Most galleries are
rather narrow and their average diameter is in the range 2-4 mm (Table IV. 17). Similar
observations were made in a Dutch polder recently colonised by anecic earthworms
(especially Allolobophora): density of galleries rapidly increased up to a maximum of
ca. at 5 cm depth after four years and then diminished slightly following
a decrease in earthworm biomass. Most burrows were found in the upper 40 cm of soil
(Ligthart, 1996). Estimates of ‘active galleries’, opening at the soil surface, at seven
French sites gave much lower figures, ranging from with average
distances between active burrows ranging from 10 to 30 cm in the upper 40 cm of
soil (Lopes-Assad, 1987). This indicates that a large part of the functional galleries may
not open at the soil surface, either because they have never done so or because they have
been partly refilled, especially when earthworms have become inactive or have died.

Burrow systems are dynamic entities which are periodically renewed. In temperate-
climate regions of the northern hemisphere, burrows are actively dug and maintained
during winter, from October to February whereas in late Spring and Summer, surface
activity diminishes and burrows are partly filled in as anecic worms enter diapause
(Kretzschmar, 1982). Ligthart (1996) found that cattle trampling and earthworm casting
in burrows were the main reasons for burrow destruction. Estimates of annual rate of
destruction were respectively 1172 ± 401 burrows at 2.5 cm depth and
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at 22.5 cm. This implies that burrows may exist for a few months close to the soil
surface but for several years deeper in the soil.

Micromorphology of burrows
Galleries are cylindrical and their walls are regularly recoated with cutaneous mucus
each time the worm passes through. Sometimes, worms deposit casts on the walls of
their galleries; this seems to occur more frequently in deep soil strata rather than close
to the surface. As a result, there is a continuity between the soil porosity and earthworm
galleries in the upper centimetres of soil and a discontinuity in the deeper soil. Such
specific features as iron-stained linings are not uncommon; they evidence the important
physico-chemical changes which can influence soils close to earthworm galleries
(Jeanson, 1979; Kretzschmar, 1987; Lamparsky et al., 1987).

4.2.4 ASSOCIATED MICROFLORA AND FAUNA

The soil microflora is remarkably concentrated at the surface of gallery walls and within
the adjacent 2 mm of the surrounding soil. This micro-environment comprises less than
3 % of the total soil volume but contains 5 to 25 % of the whole soil microflora with
a predominance of certain functional groups. Typical figures are 13 % of anaerobic
N-fixers, 16-40 % of denitrifiers, over 40 % of proteolytic and aerobic N-fixers and more
than 60 % of hemicellulolytic and pectinolytic bacteria. However, the microbial
communities of galleries and the surrounding drilosphere vary markedly with depth
and between seasons (Bhatnagar, 1975; Rouelle, 1977). In a microcosm experiment with
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an earthworm biomass equivalent to ca. 800 kg fresh weight the densities of
bacteria and protists were 100 times greater on burrow walls than in the soil,
whereas fungal biomass decreased in litter deposited at the soil surface (Binet, 1993).

The anecic drilosphere community is also characterised by an increased proportion of
actinobacteria and protists with lesser (or adverse) effects on fungal populations.
Hendrix et al. (1986) observed that minimum tillage stimulates earthworm activities and
the microbial communities that were dominated by fungi in conventional systems,
become dominated by bacteria in ‘no-till’ plots, as a consequence of earthworm activities.
Nonetheless, a detailed survey of the available literature shows that the results differ
between soils and with earthworm species; the hierarchy of determinants that influence
the composition of microbial communities is not yet fully understood (Brown, 1995;
Edwards and Bohlen, 1996).

The fate of the ingested micro-organisms varies broadly; some groups may be digested
by the worms, especially protists, algae and some fungi or bacteria whereas a large pro-
portion remains unharmed (see e.g., Cooke and Luxton, 1980; Piearce and Phillips,
1980; Rouelle, 1983; Brusewitz, 1959). Marked differences seem to exist between
species since bacterial densities increase during gut transit in Lumbricus terrestris and
Lumbricus rubellus, but decrease in the gut of Aporectodea caliginosa (Kristufek et al.,
1992; Parle, 1963). Finally, some astomatous ciliates are permanent residents of the gut
of anecic earthworms (de Puytorac, 1954; Piearce and Phillips, 1980; Rouelle, 1983).

The effects ofearthworms on other soil faunalgroups are variable. Earthworm activities
tend to depress nematode populations, especially those of phytoparasitic species
(Roessner, 1986; Boyer). This effect is probably due to changes in the soil environment
(Yeates, 1981) and positive effects on nematophagous fungi (Edwards and Fletcher,
1988), rather than direct feeding on nematodes (Dash et al., 1980). Litter arthropod
populations are generally depleted when anecic earthworms ingest most of the litter
present and mix it with the soil. Nonetheless, their populations may increase locally in
litter accumulated as ‘middens’ around the gallery openings into the soil (see, for example,
Szlavecz, 1985).

4.2.5 FLUX OF LITTER AND SOIL THROUGH THE ANECIC DRILOSPHERE

Where abundant, anecic earthworms may incorporate the total annual litter mass produced
into the soil within as little as two to three months (Lee, 1985). Their activity seems to
be limited more by food availability than by the environmental determinants of their activ-
ity. In a microcosm experiment conducted at 12 °C with a population of Lumbricus ter-
restris equivalent to ca. 800 kg fresh weight 85 % of litter deposited at the soil sur-
face had disappeared in three months (Binet, 1993). In southern France, Bouché (1983)
estimated that earthworms had assimilated 30 % of the carbon available in litter in 17
weeks. Such a figure is only acceptable if earthworms re-ingest the litter contained in
their casts several times.

In the humid savannas of the Côte d’Ivoire, anecic earthworms annually incorporate
the equivalent of 180 to 510 kg of dry litter into the soil, in regularly burned savannas.
This represents ca. 30 % of the weight of litter annually decomposed (i.e., mineralised
or incorporated into the soil instead of being destroyed by fire), but less than 10 % of
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the annual production. In unburned savannas, ingestion increases up to
which represents 9 % of the annual litter biomass decomposed (Lavelle, 1978).

4.2.6 FUNCTIONING OF THE ANECIC DRILOSPHERE

Earthworm activities influence two major soil processes: (i) the dynamics of litter
and soil organic matter decomposition and (ii), the physical structure of the soil. Anecic
and endogeic drilospheres are distinguished, although they may sometimes have
comparable characteristics.

4.2.6.1 Effects of anecic earthworms on C and nutrient cycling

C and nutrient cycles in the anecic drilosphere are especially characterised by the:
1.
2.
3.
4.
5.

relatively low ‘direct impact’ of digestion on litter decomposition;
rapid turnover of C and N in the earthworm biomass;
important translocation of litter into the subsoil and mineral soil close to the surface;
accelerated turnover of SOM;
further transformation of organic matter mediated by microbial activity within casts.

Direct effects of digestion
Assimilation of litter by anecic earthworms seems to be highly variable. Maximum
assimilation rates between 30 and 75 % have been measured in Lumbricus rubellus,
depending on litter quality and temperature (Dickschen and Topp, 1987; Daniel, 1991)
although much lower values (11.6-28.5 %) are reported by Crossley et al. (1971) for
a number of other species. The degree of previous litter decomposition, ambient
temperature and moisture conditions are other important determinants of litter assimila-
tion in earthworms, irrespective of species (Cooke and Luxton, 1980; Cooke, 1983;
Cortez et al., 1989). Specific rates of assimilation of N by anecic earthworms have not
been measured.

The flux of energy through anecic earthworms has rarely been estimated. Populations
of Lumbricus terrestris may assimilate ca. 10 % of litter fall in English woodlands
(Lakhani and Satchell, 1970). Based on only a few more estimates, the total assimilation
of litter by anecic earthworms is not considered likely to exceed 5 % of overall plant
production (Lee, 1985). The dramatic effects of anecic earthworms on litter decomposi-
tion and soil functioning are therefore mainly due to the reduction they effect in litter
particle size, its translocation into the soil and the large and selective stimulatory
influences they have on microbial communities.

The mineral soil that is mixed with litter is mostly derived from the upper 15 cm
and its organic matter is poorly assimilated; 95 % of the C assimilated by the anecic
worm Nicodrilus velox originates directly from ingested leaf litter, or after a period
of incubation in old casts (Bouché et al., 1983). This finding is corroborated by
observations based on measurements (Scharpenseel et al., 1989; Martin et al.,1991)
and microcosm experiments (Cortez et al., 1989) which show that anecic earthworms
only assimilate young organic matter from the litter.

As a result of digestion, a significant proportion of the organic matter present may be
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directly cycled through earthworms and the contained nutrients released. Estimates
range from a few kilograms to released in temperate soils (equivalent
to 20 % of the total amount recycled annually). Differences may be due to variation in
earthworm abundance, but can also result from inaccuracies in the assumptions made
in estimating the sizes of those compartments that are difficult to measure. These include
such factors as the amounts of N released in urine and cutaneous mucus (Syers et al.,
1979; Keogh, 1979; Scheu, 1987; James, 1991). Most of the nutrients thus released have
originated from casts which have high concentrations of assimilable nutrients.

Turnover of C and N in earthworm biomass
The rapid turnover of C and N in the earthworm biomass is a striking feature of the biology
of these animals. Under laboratory conditions, the C and N of anecic earthworm bodies
may be turned over in a few months (Bouché and Ferrière, 1986; Cortez et al., 1989; Binet,
1993). Part of this N is released in casts as ammonium, but more may directly flow into
the soil, through nephridiopores as urine (Needham, 1957), readily assimilable cutaneous
mucus or decaying bodies. Laverack (1963) assumed that the amount of N contained in
urine as ammonium and urea represents about half of that excreted through the intestinal
wall and the tegument; the amount of N secreted in urine may therefore be greater than
that in cutaneous mucus. Few estimates of the influence of earthworm populations on soil
nitrogen cycling include such effects which may lead to the release of 10-20 kg mineral

together with a further similar amount released from decomposing dead
bodies. In particular, the chemical nature and flow of cutaneous mucus are still poorly
known (see Cortez and Bouché, 1987; Scheu, 1991) although they certainly play a major
role in the enhanced microbial activity observed, for example, on burrow walls.

Transfers of C and nutrients in the soil system
Anecic activity results in a rapid and complete mixing of litter with the mineral soil and
an accelerated organic matter turnover. Litter does not accumulate at the soil surface and
the humus formed is a neutral mull. In the presence of anecic earthworms, released
into the atmosphere during nuclear tests and incorporated in litter, has been thoroughly
mixed with the soil down to a depth of 18 cm. In the absence of earthworms no
was found below 10 cm (Stout and Goh, 1980). Field and laboratory experiments using
artificially-labelled grass litter deposited at the soil surface have confirmed the ability
of earthworms to rapidly incorporate litter into the soil (Binet and Curmi, 1992; Hameed
et al., 1993). The half-time of apparent decomposition of litter of perennial
ryegrass (Lolium perenne) deposited at the surface of a temperate soil was 5.7 weeks in
the presence of earthworms and 20 weeks in their absence (Dietz and Bottner, 1981).

Organic matter removed from the litter system through feeding by anecic earthworms
accumulates in drilosphere structures. Microcosm experiments have shown that, in the
presence of Lumbricus terrestris, three times more N from litter was incorporated into
the soil in comparison with a treatment without earthworms. Seventy-two per cent of
this earthworm-incorporated nitrogen was located within drilosphere structures
(Figure IV.49) (Binet, 1993). Another important effect was the favouring of bacterial
over fungal proliferation.
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Mixing of surface-litter with the mineral soil, and its incubation in casts
The intimate admixture of organic and mineral components in the casts of anecic
earthworms results in the formation of stable organo-mineral structures. As a result, soil
organic matter in casts tends to be more highly humified than the originally ingested
plant material (Rafidison, 1982). The importance of this process in soil formation has
been emphasised elsewhere (see Chapter II). Microbial incubation in casts during
the few hours to days following their deposition may result in a significant release of
assimilable P (e.g., Sharpley and Syers, 1977; Satchell et al., 1984), nitrogen fixation
(Shaw and Pawluk, 1986; M’ba, 1987) or denitrification (Elliott et al., 1990), depending
on micro-environmental conditions.

4.2.6.2 Soil physical properties

Porosity
Both anecic and endogeic earthworms contribute generally to the maintenance of elevated
soil porosity through the creation of galleries. Deposition of casts at the soil surface
regulates soil porosity since the volume of voids created in the soil is at least equivalent
to that of the casts and this may represent the annual formation of volumes of tens
of cubic metres of voids per hectare. Such voids may be created preferentially at times
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and at sites where compaction is occurring. Seasonal variation in soil properties has
sometimes been related to changes in the abundance of earthworm populations (Hopp,
1973; Marinissen, 1995). Soil porosity increases of the order of 75 to 100 % may follow the
colonisation of new soils by earthworms (Hoeksema and Jongerius, 1959) with a predictable
increase in the proportion of large pores (Edwards and Lofty, 1982; Knight et al., 1992).

Infiltration of water and gas exchange
Burrows have a significant effect on water infiltration despite their small contribution
(generally less than 5 %) to the total soil volume (Edwards and Bohlen, 1996). Experiments
in arable land have demonstrated that when direct-drilling is substituted for ploughing,
anecic earthworms are favoured. Hydraulic conductivities at the interfaces of the A
and B horizons may be doubled through their enhanced activities (Douglas et al., 1980;
Urbanek and Dolezal, 1992; Joschko et al., 1992; Ligthart 1996) although many other
authors have emphasised the fact that burrow systems may only affect the flux of water
through the soil if ponding occurs at the soil surface. When this occurs, infiltration rates
will depend on the connectivity of the pore space and the properties of the burrow walls.
These may have linings of fine panicles, a compressed zone around the periphery, or no
modifications compared with the surrounding soils. Gas diffusion is affected in the same
way although diffusion into the soil surrounding the galleries is greater than direct
diffusion along the burrows (Kretzschmar, 1989).

In microcosms inoculated with the epi-anecic species Lumbricus rubellus, Kladivko
et al. (1986) concluded that these earthworms could diminish surface crusting through
the formation of stable macro-aggregates.

4.3 The endogeic drilosphere

4.3.1 DISTRIBUTION OF ENDOGEIC EARTHWORMS

Endogeic earthworms form part of most earthworm communities in environments
distributed from the cold temperate areas to the humid tropics (Figure III.45). Polyhumic
endogeic species are the most populous worms in temperate and semi-dry tropical areas.
They represent a functional group intermediate between true endogeics and anecics
since some species actually feed on surface-litter that they drag from underneath and mix
with the soil. The large proportion of plant remains sometimes found in their guts (up to
50-70 %) attests this behaviour. These earthworms also create galleries which are
mainly subhorizontal (Kretzschmar, 1982).

Mesohumic and oligohumic endogeics are most typical as they feed solely on soil
organic matter and do not build burrow systems. Gut content analysis has shown no
selective ingestion of dead plant tissues.

At a broad geographical scale, the distribution of true endogeics is mainly determined
by temperature. Since they feed on low quality soil organic matter, they can only thrive
where high temperatures allow an efficient digestion through a mutualistic association
with the soil microflora (see Section IV.4.1.2).

At a regional scale, for example in tropical rainforests, endogeics mostly occur
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in humid soils with a near-neutral pH and relatively high concentrations of nutrient
elements and organic matter (Fragoso and Lavelle, 1992). They usually comprise 75 to
99 % of earthworm biomass in most humid tropical pastures and some tropical forests
of tropical America and western Africa (Lavelle, 1983c).

Finally, there is some evidence that endogeics and anecics may occur at different
times during successional processes. Endogeics may feed on the faecal pellets of litter
invertebrates and litter-feeding earthworms, and thus predominate in successions
after litter feeders have converted large amounts of plant material into pellets that the
endogeic species may ingest. This situation has been observed e.g., by Cluzeau (1992)
in successional processes triggered by the input of domestic wastes into natural
heathland in Brittany (France). Similar successional processes seem also to occur in
rubber plantations where the carbon from trunks left at the soil surface after clearing
the forest, is first used by xylophagous termites, and then transferred to humivorous
termites and endogeic earthworms that feed on the faecal pellets deposited in the upper
few centimetres of the soil (Gilot et al., 1995).

4.3.2 ENDOGEIC STRUCTURES

Endogeics produce casts within the soil and at the soil surface. Annual production
of surface casts may be as high as as shown in Costa Rican tropical
pastures colonised by endogeic populations (Fraile, 1989). Even higher figures of

have been recorded from the moist savannas of the Côte d’Ivoire and the
Cameroons (Kollmannsperger, 1956; Lavelle, 1978). However, at Lamto (Côte d’Ivoire),
surface casts only represent 1.7 to 3.5 % of the of dry soil that endogeic
earthworms annually ingest. Interestingly, this proportion varies seasonally, probably
as a response to soil compaction and is at a maximum when the overall soil ingestion is
at its lowest (Figure IV.50).
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Two major kinds of casts may be distinguished:
(i)
(ii)

globular casts comprising coalescent round or flattened units (Figure I.17);
granular casts formed from an accumulation of small, fragile and fine-textured pellets.

Production of either type of casts appears to be related to soil texture and the size of
the worm. Specific anatomic features have been identified that allow the worm either to
release large units at regular intervals that will form the globular cast, or a thin constant
flux of cast material that will form the poorly structured granular casts (Lapied and
Rossi, unpublished data).

4.3.3 ASSOCIATED MICROFLORA

The microbial communities of earthworm guts and casts differ little from those of
uningested soils, at least in terms of their species composition. Under favourable
conditions, the endogeic drilosphere may comprise a large proportion or even the entire
volume of the soil (Section II.3.3.2). This may result from the deposition of casts over
long periods, by different earthworm populations.

Soil micro-organism populations tend to decline slightly in the anterior part of the
gut of the tropical earthworm Pontoscolex corethrurus. In this preliminary phase of
the reorganisation of microbial communities, some micro-organisms may be killed and
digested by the worm. In the median and posterior parts of the gut, and in the fresh
casts, microbial activity is highly enhanced, although no significant changes are
observed in the density and composition of microbial communities (Barois, 1987).
However, the overall microbial biomass is significantly greater in fresh casts (Figure
IV.51). These results indicate that, broadly, the microflora of the earthworm gut differs
little from that of the non-ingested soil. Detailed microscopic observation of gut walls
has demonstrated the existence of specific micro-organisms although it is possible
that the environmental conditions that prevail in the gut differentially stimulate micro-
bial populations of distinct species or strains. The gut contents of endogeic earthworms
and their casts must be considered as specific microhabitats, fully continuous with
the soil. In the first two days following deposition microbial biomass decreases steadily
and stabilises at values close to those of the control soil (Figure IV.51).

4.3.4 FUNCTIONING OF THE ENDOGEIC DRILOSPHERE

Effect on soil physical properties
Endogeic earthworms in particular, may favourably affect soil structure by promoting
the formation of large stable macro-aggregates greater than 2 mm in diameter (see
Chapter I). Their effects on water infiltration and bulk density may also be important
although both positive and negative effects have been reported. In Western Africa,
Casenave and Valentin (1989) found a clear relationship between the presence of earth-
worms, mainly endogeics, and rates of water infiltration. However, endogeic subsystems
may not be as important as those of the anecic drilosphere due to the even distribution
of macropores and the lack of real galleries (Figure IV.52).
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Selection of particles
Most endogeic earthworms exhibit some degree of selection in their choice of both
organic and mineral soil particles. In temperate regions, Bouché and Kretzschmar (1974)
found concentrations of plant debris of up to 15 % thus demonstrating that these
endogeic earthworms actively select for this type of material. Most earthworm casts
actually have greater concentrations of organic matter than the surrounding soil in field
conditions and in cultures with homogeneous soil (Lee, 1985). The rate of relative
concentration, however, varies with the species, and with the soil organic matter con-
centration (Barois et al., 1999) (Figure IV.53).

All earthworms select mineral materials of particular size classes, depending on
species and soils. Standard measurements made for nine species of anecic and endogeic
tropical species show a clear preference for clay-sized materials in soils with clay
contents less than 30 %; a few cases of significant selection for sand particles have been
indicated in highly clay-rich soils (Figure IV.54).
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Soil aggregation
Endogeic earthworms may annually ingest the moist equivalent of several hundred to
more than one thousand Mg dry soil per hectare (Lavelle, 1978; Boström, 1988). In four
arable soils with, respectively, unfertilised and fertilised barley, grass and lucerne crops,
annual cast production by Aporrectodea caliginosa was estimated to be between 36 and

of which 20 to 50 % was deposited at the soil surface. In humid tropical
grasslands, endogeic earthworms may ingest daily 5-6 (Pontoscolex corethrurus) and
up to 25-30 (Millsonia anomala) times their own weight of soil (Lavelle, 1975; Lavelle
et al., 1987). Overall annual cast production may therefore commonly range from
several hundreds to a maximum of 1250 Mg per hectare. As indicated above, only
a small proportion of these casts (5 to 20 % depending on species) are deposited at
the soil surface and subterranean casts form the component units of stable macro-
aggregate structures (Figure IV.52).

Experiments have demonstrated that such structures may be built in surprisingly
short periods of time suggesting that factors other than the simple production of
globular casts contribute to aggregation. Blanchart et al., (1989) found that in 33 days,
the activity of 5 g of Millsonia anomala resulted in the formation of 2883 g of aggre-
gates (i.e., 42.4 % of the soil in the experimental container), as compared to 906 g
(13.3 %) in a control treatment and 1075 g (15.8 %) in a treatment with the grass
Panicum maximum. Cast production by the earthworms was estimated at 1815 g, that is,
26.7 % of the aggregates formed; the remaining 15.7 % may have resulted from the pro-
liferation of fungal hyphae, perhaps those of mycorrhizal fungi associated with the roots.
Similar levels of aggregation have been obtained with the endogeic earthworm
Aporrectodea caliginosa (Hopp and Hopkins, 1946). After four days, two worms kept
in 75g of soil had formed 11.6 g of stable aggregates (15.5 %) i.e., more than three times
the control without worms.



FUNCTIONING OF THE SOIL SYSTEM 487

When earthworms were excluded from a soil in which they had built a macro-
aggregate structure, this structure remained intact for a long period (at least several
years) due to the stabilisation of aggregates that takes place over time. However, the
introduction of earthworms producing granular casts destroys the structure as large
aggregates are split into much smaller and more fragile units. Soil aggregation is
regulated through this process with small earthworms breaking down large aggregates
thereby preventing an excessive accumulation of large compact aggregates which
negatively affects plant growth (Rose and Wood, 1980; Chauvel et al., 1999).

Blanchart et al. (1997) have proposed the classification of endogeic earthworms into,
respectively, ‘compacting’ and ‘decompacting’ species, depending on their effects on
soil macro-aggregation and bulk density (Figure IV.55). In a series of experiments
conducted at Lamto (Côte d’Ivoire), undisturbed monoliths of soil dug out from the
savanna were de-faunated by temporary flooding and replaced in the field; some were
isolated from the surrounding soil with a fine stainless steel mesh and reinoculated either
with large-sized Millsonia anomala, or filiform Chuniodrilus zielae; in another treatment,
monoliths were reintroduced with no metallic mesh allowing recolonisation by the soil
fauna from the surrounding soil. After 20 months, aggregation and bulk density were
lowest in the treatment with filiform Eudrilid worms thereby confirming their effect as
soil ‘decompactors’. In the absence of fauna, soil was significantly less aggregated,
whereas inoculation with Millsonia anomala significantly increased the bulk density and
the proportion of macro-aggregates >2 mm in diameter.
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The effects of ‘compacting species’ may also depend on factors operating at larger
scales of time and space, notably organic matter supply and the types and abundances of
the different clay materials present. In a three-year field experiment conducted in
Peruvian Amazonia, the earthworm Pontoscolex corethrurus was introduced into the soil
of an annual cropping system with significant positive effects on plant production, and
evidence of soil compaction in some treatments (Alegre et al., 1996). Compaction only
occurred in treatments with no organic inputs; in these, earthworms produced casts
of low structural stability which dispersed to form a compact, continuous surface crust.
In contrast, in soil treatments where stubble mulch and legume green manure were
applied, casts retained a solid structure and the soil of the upper 4 cm had a large
proportion of macropores and macro-aggregates, with much better conditions for
infiltration (Duboisset, 1995).

Regulation of SOM dynamics
Endogeic earthworm populations in soils of the humid tropics have been shown to exert
a significant role on SOM dynamics at different scales of time and space (Martin, 1991;
Lavelle et al., 1998)(Figure IV.56).

In the short term. Earthworm activity results in the assimilation of a relatively small
proportion of SOM, ranging from 2-6 % to a maximum of 18 % (Martin et al., 1990;
Barois et al., 1987). Clear changes in the distribution of SOM between particle size
fractions have also been found following digestion by the endogeic earthworm Millsonia
anomala: that in the coarse fractions decreased sharply (e.g., 25 % in the
fraction) while SOM in the finer fractions tended to increase. Similar changes were noted
with Polypheretima elongata in a Martiniquan vertisol (Figure IV.53). By selectively
feeding worms with particle size fractions naturally labelled with Martin et al.
(1991) demonstrated that this effect was largely due to comminution as all particle-size
fractions were equally digested under the conditions of her experiments.

Medium-term effects.  Mineralisation of SOM decreases sharply in casts of the compact-
ing species Millsonia anomala and stabilises at a minimum level after a few days. As a
result, the SOM contents of casts remained higher than values measured in a 2 mm-
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sieved, non-ingested control soil incubated under similar conditions (Figure IV.57).
After one year, the total amount of SOM mineralised in casts of Millsonia anomala in
a sandy alfisol was 30 % less than that of the control and mineralisation rate was highly
limited. Similar results have been obtained with European Lumbricidae, namely
the endogeic species Aporrectodea caliginosa and the anecic Lumbricus terrestris
(McInerney and Bolger, 1996), Physical protection probably occurs in the massive
structure of compact casts and it is likely that SOM dynamics in the thin casts of
‘de-compacting’ species would be different. No data currently exist to test this hypothesis.

Longer-term effects. At scales of several years to decades, the effects of earthworms
on SOM dynamics are determined by the relative importances of short-term acceleration
of mineralisation during gut transit, and further effects in ageing casts. There is some
evidence that earthworms accelerate the overall turnover of SOM while the total soil
stock remains smaller but is, on average, more accessible. In a 7-year experiment in
a continuous maize crop, inoculation of the endogeic earthworm P. corethrurus
increased the loss of C due to cropping by and decreased the rate of
incorporation of new C from the crop. Earthworms significantly decreased the proportion
of C in coarse organic fractions and increased C in the smallest
fraction. In a similar experiment conducted on a sandy alfisol at Lamto (Côte d’Ivoire),
the rate of incorporation of new C from the crop residues was increased from 2.9 to
6.2 % (Villenave et al.,1999).

Experiments comparing the functioning of soil in the presence and absence of earth-
worms have never been conducted for periods of more than a few months to years.
Consequences of the long-term accumulation in soils of earthworm biogenic structures
can only be assessed through modeling. Two attempts have been made using the
CENTURY model of soil organic matter dynamics of Parton et al. (1983). In the first
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exercise, the predicted effect of SOM protection in casts was for positive long term
effects on SOM contents, especially in the slow pool (Martin and Parton, unpublished
data in Lavelle et al., 1998). In the second exercise, modeling was used to examine the
consequences of surface litter incorporation below surface casts of Pontoscolex corethrurus,
with the effects of bioturbation simulated as a gentle cultivation. The model
adequately described the decline in organic matter concentration observed in a three
year-experiment of a low-input agricultural system at Yurimaguas (Peruvian Amazonia),
with higher losses in soils inoculated with earthworms than uninoculated soil. However,
after some 12 years, the effect was reversed and predicted C stocks were 28 % greater
after 30 years in systems where earthworms were present (Lierman and Woomer,
unpublished data) (Figure IV.61).

Release of nutrients
Increase of concentrations in casts. The passage of SOM through the earthworm gut
leads to the release of significant amounts of assimilable nitrogen and phosphorus.
Nitrogen is secreted by the nephridia as ammonium into the gut (when nephridia open
in the gut, endonephridia), or at the surface of the body (ectonephridia). Part of the
ammonium found in casts may also result from microbial mineralisation before ingestion,
or inside the gut. Under standardised laboratory conditions (T = 27 °C, soil previously
sieved to less than 2 mm and moistened to field capacity), the amounts of ammonium
released differ between soils which suggests that part may result from the stimulation
of microbial activity within the gut (Lavelle et al., 1992b) (Table IV.18).
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In fresh casts of the pantropical species Pontoscolex corethrurus kept in standardised
laboratory cultures, concentrations of ammonium-N varied from soil.
Maximum absolute values were found in an andisol with a high N concentration and
minimum values in a much poorer inceptisol from Mexico. In the Martiniquan andisol,
ammonium-N contents of casts decreased when the worms were fed soil from increasingly
deeper soil strata with lower organic-N contents. The maximum absolute mineralisation
rate between ingested soil and casts was found in a vertisol (29.5 %) while most other
values were in the range 4-10 %. Finally, comparison of N concentrations in
control soils (in which N mineralisation was artificially enhanced by sieving the soil to
less than 2 mm and keeping it at field capacity for the duration of the cultures) and casts
indicates that the effect of earthworms becomes increasingly important in soils with a
low organic nitrogen content.

In laboratory cultures of the earthworms Pontoscolex corethrurus and Polypheretima
elongata in Martiniquan andosols, 45 to 65 % more ammonium was found in casts of
the former species and suggests that N mineralisation rates differ between species
(Lavelle et al. unpublished data). Other results suggest that tropical native species have
greater mineralisation capabilities than exotics (Barois et al., 1999).
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Extrapolation of these results to the scales of field populations and a year shows that
mineral-N released by earthworm populations may represent a significant proportion
of plant requirements in grasslands. In the moist savanna of Lamto (Côte d’Ivoire),
the overall release of mineral-N in casts of the endogeic earthworm Millsonia anomala
was estimated at by using the DRILOTROP model which simulates
the dynamics and effects on soil of populations of this species (Martin, 1990). With the
addition of N from decomposed dead earthworms and cutaneous mucus, a total amount
of 21 to 39 kg assimilable is annually released in this savanna. This represents a
significant proportion of the 70 kg of annually incorporated into the plant
biomass. Nonetheless, the proportion of earthworm-derived N actually incorporated into
plant biomass is not known.

In the absence of plants, ammonium-N released in casts rapidly disappears, either
through nitrification or reorganisation into the microbial biomass (Syers et al., 1979;
Lavelle et al., 1992b)(Figure IV.51 and IV.59). Eight days after deposition, casts of M.
anomala had a mineral-N content equal to uningested soil control values. In soils with
higher clay contents, reorganisation is slower and a few weeks may be required to
achieve values equivalent to the control soils (Lavelle et al., 1992 op. cit.). In those soils
where nitrification does not occur, e.g., the savanna soils at Lamto, ammonium may be
taken up by plants or directly transformed to microbial tissues.

Phosphorus availability is also influenced by endogeic earthworm activities. In casts
of P. corethrurus, exchangeable and water-extractable inorganic P increase over time
with maximum values, respectively, 2-8 times and 3-8 times those of a control after one
to four days (Table IV.19) (López-Hernández et al., 1993). In a vertisol from Martinique
(West Indies), fresh casts of Polypheretima elongata contained 43 % more exchangeable
P than non-ingested soil, mainly due to digestion processes. Extrapolation of these
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results to field populations suggested that of assimilable P are
released in these exotic pastures (Brossard et al., 1996).

Synchrony
Little information is yet available to determine whether the release of nutrients contained
within the casts of endogeic worms is synchronous with plant demand. In a microcosm
experiment, endogeic worms placed in a non-labelled soil supporting
the grass Panicum maximum rapidly eliminated their as ammonium in their casts;
45 % of this was transferred to the plant (Spain et al., 1992). In short-term field
experiments in which plant residues were applied at the soil surface,
the incorporation of into plants was always greater in the presence of endogeic
earthworms (Gilot, 1994; Pashanasi and Lavelle, unpublished data).

At a larger scale, evidence for synchrony is still lacking. In the African savanna at
Lamto (Côte d’Ivoire), seasonal changes in the release of mineral-N in the drilosphere
have been simulated using the DRILOTROP model (Martin, 1990). Results indicate that
a significant proportion of ammonium-N is released over the last few weeks of the rainy
season, when earthworm activity is at a maximum. By this time, plants have completed
their growth and do not appear to take up further N from the soil. Furthermore, Abbadie

nutrient cycling. measurements of soil organic matter, plant material and earthworms
in a sugarcane plantation in northeastern Australia suggest that, in this sandy infertile
soil, earthworms may feed preferentially in the rhizosphere, possibly on root exudates

et al. (1992) analysed the natural abundance of  in grasses and a control rhizosphere
soil and concluded that the grasses appear to make little use of N from soil organic
matter since they recycle their own nitrogen within plant tussocks. The apparent
contradiction between these results emphasises the need to consider processes at
different scales in order to understand field observations. It is also likely that a better
knowledge of the feeding behaviour of endogeic earthworms would facilitate interpretation
of the results and allow an increased predictability of the effects of earthworms on
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and root litter (Spain and Hodgen, 1994). This is consistent with the attraction of
P. corethrurus to roots where it may feed and release nutrients that are readily used by plants.

4.4 Influence of the drilosphere on plant growth

Positive effects of earthworms on plant growth have been observed with many species
and in many environments. Most of these studies have been ‘pot-experiments’ in which
earthworms and plants are maintained together in a relatively small volume of soil.
Suitable conditions are provided for both the plant and earthworms, and earthworms
are forced to conduct their activities in the rhizosphere itself. Under these conditions,
spectacular increases in plant production may occur over short-time periods. For example,
plant biomass increases of up to 300 % over a three-month period followed the intro-
duction of the mesohumic endogeic earthworm Millsonia anomala into pots containing
the tropical grass Panicum maximum (Spain et al., 1992). The N and P contents of plant
material (especially roots) were significantly increased in treatments with earthworms.
The increase in production was proportional to the earthworm biomass added up to a
maximum biomass equivalent to ca. above this, the soil became compacted
and water infiltration was impeded.

The responses of tropical tree seedlings to inoculation with P. corethrurus were highly
variable: Bixa orellana (Bixaceae) which has a fine, dense root system responded vigor-
ously leading to biomass increases of 14-24 times the control value after 120 days.
Eugenia stipitata (Myrtaceae) responded less (+1.6 to 2.5 times) and the palm tree
Bactris gasipaes was negatively affected by the inoculation of earthworms (-1.8 to 2.7
times). In a similar experiment conducted with the epi-anecic species Lumbricus
rubellus in a soil taken from a Finnish coniferous forest, above-ground production of
seedlings of Betula pendula was enhanced by ca. 30 % whereas root production was
slightly decreased, probably as a result of a better soil nutrient availability (Haimi et al.,
1992). Further experimentation has confirmed the existence of species-specific responses
by plants to earthworm presence.

In a series of 240 experiments conducted in pots or intermediate scale field designs
in tropical and subtropical areas, with 30 different earthworm species or associations
of species and 15 plant species, Blakemore (1995) and Brown et al. (1999) found
positive effects of earthworm inoculation in 72 % cases and measured an average
increase of 63 % in production (Figure IV.60). Increases were most marked in soils that
had low organic contents, high sand concentrations and were of intermediate pH. Not all
plants responded in the same way, and there was some evidence that not all earthworms
had the same impact. Response depended on the amount of earthworm biomass: average
effects on plant growth were significant at biomass levels greater than
Graminaceous species such as rice (Oryza sativa) and maize (Zea mays), and trees such
as Bixa orellana, tea (Camellia sinensis) or Eugenia stipitata are highly responsive
whereas legumes and the palm tree Bactris gasipaes do not seem to benefit from earth-
worm activities.

The carrying capacity of soils for earthworms is highly variable. The availability of
assimilable organic residues in the soil appears to be one of the major factors that sup-
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port the maintenance of earthworm biomasses at levels that significantly stimulate plant
production (Gilot, 1994).

The reasons why plants grow better in the presence of earthworms are still poorly
understood. The enhanced growth probably results from a combination of increased
nutrient release from above ground litter and soil organic matter in the rhizosphere,
a reduction in the adverse effects on plant parasitic nematodes (Dash et al., 1980,
Yeates, 1981), enhanced mycorrhizal infection of roots (Reddell and Spain, 199lab;
Ydrogo, 1994) and ‘hormone-like’ effects (Tomati et al., 1988).

At larger scales, the introduction of endogeic and anecic earthworms into soils where
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they are absent, or represented by less active populations, often results in significant
increases in plant production. In New Zealand, the native fauna is dominated by
endogeic Megascolecidae which are adapted to a natural environment where grasses
produce low quality organic matter. The introduction of European anecic and endogeic
species following the introduction of European grasses, had dramatic effects on grass
production (Stockdill, 1982). Similar effects have been described in Dutch polders
where patches of soil colonised by earthworms could be readily identified on aerial
photographs from their brighter green colouring (Hoogerkamp et al., 1983).



IV.5 THE TERMITOSPHERE

5.1 Introduction

The termitosphere is defined as the zone of influence of termites within the biosphere.
It comprises that part of the soil and above-ground ecosystem components influenced
by the termite communities present and a rather specific microbial community that,
in combination with the termites’ own enzymes, allows them to use almost all the plant
resources available in the ecosystem (see Chapter III.4.3.2.1). The social organisation of
termite populations also allows them to carry out considerable engineering activities. They
produce four categories of organo-mineral biogenic structures that profoundly affect soil
function: epigeic and subterranean nests, surface sheathings and runways, subterranean
galleries and chambers, and aggregates. Some termites also produce holorganic structures
in the form of near-surface and arboreal carton nests, and fungal combs.

Where termite communities are diverse, their functional domain may extend throughout
and below the soil horizons to the tree tops. It may include the external and internal parts
of standing trees and shrubs (both living and dead), standing dead grasses and other
herbaceous plants, the layer of litter on the soil surface (including such materials as dead
leaves and other small plant parts), fallen timber and higher animal faeces. Below ground,
it particularly encompasses the upper soil horizons and, diminishing in influence with
increasing depth, the weathering zone beneath and intermittently down to the phreatic zone.

Termites strongly modify soil physical and chemical properties within their zones
of influence. Over long periods, they substantially influence soil profile development
and some termite groups effect changes to soil organic matter concentration and quality.
The parts of the weathering zone affected will depend on the depth distributions of roots,
whether the termites gather fine particles for their mounds from the weathering zone
and the depth of the water table. The termitosphere also includes plant roots, both living
and in all stages of decomposition.

Termites influence vegetation distribution and productivity directly through their
effects on individual plants and indirectly through the creation of mounds and other
constructs and through their influences on soil properties. Epigeal mounds, subterranean
nests and their associated systems of galleries modify drainage patterns in the immediate
environs of their mounds while certain groups influence soil fertility and thereby affect
plant distributions. While a few species are spectacularly destructive of mans’ constructs,
food and other stored materials, few termite species are able to effectively attack healthy,
undamaged plants in natural ecosystems. Nonetheless, a range of termite species causes
severe economic losses to crop and other cultivated plants.

Relationships with micro-organisms are important for termites in several ways.
As considered in Chapter III, their nutrition is partly dependent on interactions with
internal prokaryotes and protists and, in the Macrotermitinae, with an external
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cultivated fungus. The nest environment creates a habitat for a range of saprophytic and
other micro-organisms and for mycorrhizal fungi and the roots of surrounding plants.

5.2 Subdivisions of the termitosphere

The termitosphere particularly includes systems of nests and galleries, the food resources
exploited and some unusual and highly specific microbial communities. It may be sub-
divided into a number of different but spatially, and even functionally-overlapping
termitospheres, depending on the various ecological strategies represented among the
species present in particular environments. The functional structure of termite communi-
ties is determined by the suite of abiotic and biotic factors described in Chapter III.4.3.2.4.

5.2.1 ECOLOGICAL CATEGORISATION

As discussed in Chapter III.4.3.2.2, termites may be categorised by the materials on
which they feed, where they feed and by their nest types and locations (Abe, 1987).
Many termites are mobile animals and individual colonies may utilise organic resources
distributed across several strata of the biosphere. Species living within trees may either
exploit the resources found there or in the surrounding area, depending on their ecolog-
ical strategies. Conversely, species with subterranean nesting habits may also exploit
underground, surface and arboreal resources. Their considerable mobilities, the broad
dietary ranges of certain species and the capacity of many species to alter their dietary
regimes, together with the lack of correspondence between particular feeding habits and
nest characteristics makes it difficult to erect a general and mutually-exclusive classifi-
cation of termitospheres (Table IV.20).

Despite the above and the considerable variation in dietary items that occurs within
each group (Sleaford et al., 1996), the following broad trophic groupings have emerged
as useful at the ecosystem level (Josens, 1983; Eggleton et al., 1995):
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i. Grass-harvesting species. These species largely harvest the dead leaves of grasses
which may be stored in their nests; they belong to the families Hodotermitidae and
Termitidae. Unusually, the northern Australian rhinotermitid species Schedorhinotermes
derosus harvests standing grasses, mostly dead but some living, in addition to the diet of
wood characteristic of this family (Watson, 1969). The Neotropical termitid harvester
Syntermes praecellens also harvests green leaves (Roonwal, 1970). A number of species
in this category also collect litter: the tropical Australian species Drepanotermes
rubriceps stores a wide range of materials in its low epigeal mounds including the leaves
of grasses, broad leaved species and a diversity of seeds and small woody litter (Gay
and Calaby, 1970).

ii. Litter-feeding species. Species in this category feed on a broad variety of litters on
the soil surface in diverse habitats ranging from savannas to tropical rainforests.
Food materials in this class include the partly-decomposed and finely subdivided litter
of grasses and broad-leaved species, leaves, seeds, twigs and animal faeces. While a few
species of this group belong to the lower termites, most species of this category belong
to the Termitidae, including the fungus cultivators of the subfamily Macrotermitinae.

Amitermes laurensis is a widespread and common species in northeastern Australia
where it builds low approximately-conical mounds in well-drained areas but elongate,
wedge-shaped mounds where drainage is impeded (Gay and Calaby, 1970). Populations
of mounds may exceed in favourable locations. Its food comprises small seeds,
pieces of dead grass, the dung of domestic animals and other finely-divided vegetable
matter (Lee and Wood, 1971a).

In the humid West African rainforest, the fungus-cultivating termite Macrotermes
mülleri collects leaf litter which it shreds into small pieces. On returning the subdivided
leaf materials to its nest, they are moistened with saliva and stored for a period prior to
adding them to the fungus comb, possibly in an initial fermentation stage (Garnier-
Sillam et al., 1988a).

iii. Wood-feeding species. These may be separated into three smaller groups comprising
species feeding on a decay series:

wood in living trees;
sound, largely-undecomposed wood;
partly-decomposed wood.

The wood-feeding habit occurs in species of all termite families except the Serritermitidae
and includes certain of the fungus cultivators (subfamily Macrotermitinae). Many wood-
feeding termites include materials from more than one of the above categories in
their dietary range, sometimes even within a single colony (Lee and Wood, 197la).
The Australian rhinotermitid species Coptotermes acinaciformis, for example, attacks
a wide range of living and dead trees, predominantly Eucalyptus species (Calaby
and Gay, 1956), and dead wood lying on the ground; it is also a severe pest of timber
in buildings (Gay and Calaby, 1970). Tree species also differ widely in their attractive-
ness to termites because of differences in the chemical composition of the wood and
perhaps hardness (Waller and LaFage, 1987). Differences in wood quality may influence
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the growth and development of termites, their caste differentiation and reproductive
success (Lenz, 1994).

Certain species attack the wood of living trees and these are considered below
(Section IV.5.4.1). With the exception of the Hodotermitidae, the lower termites are
dominantly wood-feeders although this habit is also widespread within the higher
termites. The dead wood feeders include the ‘dry-wood’ feeders of the family
Kalotermitidae that colonise the dead branch stubs of trees and develop independently
of the ground. Species in this family also feed on largely-undecomposed wood, both
in dead (and sometimes living) standing trees and in logs on the ground. Wood-feeders
include species that nest in subterranean, epigeal and arboreal locations both within
and on the outsides of trees. ‘Damp-wood’ feeders of the family Termopsidae occur in
temperate areas and the Prorhinotermes spp. (Rhinotermitinae) that feed on decaying
wood and logs in wet situations are largely limited to tropical and subtropical areas,
often islands (Abe, 1987).

iv. Soil-wood feeders. Members of this group (Eggleton et al., 1995) feed at the inter-
faces of decomposing logs and the soil, or within highly-decayed and friable wood.
Species in this category are intermediate between the wood and soil feeders although
their gut contents include substantial quantities of mineral materials. Species in this
group belong entirely to the higher termites.

v. Soil-feeders. The soil-feeders or humivores subsist on humified organic materials and
are characterised by the presence of substantial masses of mineral soil particles within
their gut (Sleaford et al., 1996). These termites are distributed particularly in the upper
soil profile where they ingest organic-rich, humified materials. However, Eggleton
et al. (1995) have postulated that some species in this group may be fine root feeders.
Some soil feeders, exemplified by species of the Afro-tropical genus Cubitermes, build
epigeal or partly epigeal mounds. However, many species have subterranean nests or live
in the abandoned or occupied mounds of other termites where they may subsist on the
carton of the host termites nest (Miller, 1991). As with the soil-wood feeders, soil feed-
ers belong entirely to the higher termites and representatives are found within all sub-
families except the Macrotermitinae.

vi. Polyphagous species. A number of species are highly polyphagous and their
feeding activities may cross several of the group boundaries given above; many cause
considerable economic damage. For example, the primitive, largely-tropical Australian
species, Mastotermes darwiniensis attacks a variety of living plants ranging from
herbaceous agricultural crops such as maize (Zea mays) to trees such as Pinus caribaea,
Eucalyptus and other indigenous species, sound and partly-decayed wood, animal faeces
and a variety of stored organic materials, including plastics (Gay and Calaby, 1970).
In Hawaii, the wood-feeding termite Coptotermes formosanus is recorded as being
the most serious structural pest. It is reported to attack 47 species of plants distributed
between 27 plant families in addition to such materials as paper, cardboard and fabric
(Lai et al., 1983). Dietary flexibility is also present in other groups. In the Chihuahuan
Desert, the subterranean higher termite Gnathamitermes tubiformans prefers to eat
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fragments of dead grasses and forbs but will also consume leaves of the shrub Larrea
tridentata and the faeces of large herbivores when its preferred food is in short
supply (Whitford, 1991). Similarly, the African grass harvester Trinervitermes trinervius
may change to feeding on dead wood during drought conditions (Lepage, 1974).

Over all environments, the wood and litter feeders are probably the most important
ecologically because of their widespread distributions and numerical preponderance in
terms of both species and individuals. In addition, with the grass harvesters, they are
the major initial processors of the dead organic matter produced by plants. Substantial
overlaps occur between the first three groups in the food materials they gather, from
their environments. However, it seems desirable to separate them since their biological
and pedological effects may differ substantially. Because of their dietary flexibility,
many economic pests are represented among the polyphagous species. No overlap in
feeding habits occurs between the soil feeders and those of the first three groups
(Noirot, 1992) although some members of the soil-wood feeder group are reported to feed
partly on relatively sound wood (Miller, 1991).

The fungus cultivators (Macrotermitinae) include both litter and wood feeders
(Darlington, 1994). As considered below, they break down their food materials in a much
more complete way than other groups and have different effects on soils. This group
may be worthy of separate categorisation because of the distinctive ecological and
pedological effects of its members.

5.2.2 BIOGENIC STRUCTURES IN THE TERMITOSPHERE

5.2.2.1 Nests and nest materials

Nest types
Termites nest in a range of locations (Chapter III.4.3.2.2 and Table IV.20). Many species
nest and feed within their foodstuffs while others build nests in locations often, but
not necessarily, closely associated with their food materials and exploit the resources
of their surrounding territories. As shown below, the nests of certain species may not
be confined to one location and a single colony may have more than one nest within
its territory.

Termite nests and other constructions are built by a combination of excavation
and construction (Noirot, 1970). Excavation in wood is considered the most primitive
since it most closely resembles the behaviour of the presumedly-ancestral, wood-feed-
ing cockroaches. Some form of construction is always present in termite nests. This may
range from a simple lining of galleries with faeces to the construction of highly-
elaborate nest structures. The materials used in the construction of termite mounds
include earthen and little-digested plant materials and these may be diluted, softened or
cemented by saliva or faecal materials. In certain types of construction, faecal materials
may comprise much of the mass.

The materials comprising nests and other termite constructions may be of four major
types (Wood, 1996):
(i) Those built largely of repacked, orally-transported mineral soil materials with
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little or no admixed faeces. This group is represented by the Macrotermitinae and some
others which use no or minimal faeces in their constructions but build their constructions
with earthen materials softened with saliva (Noirot, 1970; Lee and Wood, 1971a).
(ii) As for (i) above but the earthen materials are admixed with faeces, mainly as gallery
linings or special structures;
(iii)
(iv)

Those dominated by faecal material, as in the soil and soil-wood feeding species;
Those consisting almost entirely of faeces derived from ingested plant materials

(carton), as in the nests of the two Australian arboreal Nasutitermes species discussed
below. Carton is a common component of many nest structures.

Compound structures also occur. Mounds of the widespread Australian rhinotermitid
(lower) termite Coptotermes acinaciformis have a soft carton centre with some
masticated wood and little mineral material, as in (iv) above. Their mounds also have
a hard, protective, dominantly-earthen outer covering some 10 cm thick. Mounds of
the Australian species Microcerotermes nervosus and certain others contain composite
earth:carton structures with intermediate mineral contents (Lee and Wood, 1971b).

As illustrated in Chapter III, nests occur in the following five major locations (Noirot,
1970; Martius, 1994):

i. In the wood of living and dead trees
Examples of species nesting in these locations include the ‘dry-wood’ termites (family
Kalotermitidae) that nest and explore for food in dead branch stumps on living trees.
Other members of this family, such as the Neotermes species, may live and nest in logs
and stumps, and within the wood of living trees. In all these circumstances, colonies
are established in the aerial parts of the trees and have no contact with the ground.
Economic damage to the affected trees often results where stems are attacked and
this may happen through devaluation of the wood or by weakening the vigour of the tree.
Neotermes insularis is a large termite (soldier length to 15 mm) common in near-coastal
northern and eastern Australia where it causes economic damage to a wide variety of
trees ranging from native Eucalyptus species to ornamental and exotic fruit trees such
as Mango (Mangifera indica) and Tamarind (Tamarindus indica) (Hill, 1942).

Other termites establish nests within living trees. In temperate Australia, colony founding
pairs of the widespread termite Coptotermes acinaciformis may enter the tree near the
base or through shallow exposed roots. Colony development occurs within the tree and
the termites eventually create a central pipe that can occupy much of the length of the
tree stem, often extending into the branches. Large colonies extend through
underground galleries to the roots of neighbouring trees which are also exploited. In the
tropics, this species builds large earth-capped mounds, often associated with the base
of the tree and within which much of the colony occurs.

This group also includes species that nest and feed in fallen wood lying on the ground
surface. The ‘damp-wood’ termites of the genus Stolotermes (Termopsidae) live and feed
in decaying wood in damp situations, often logs lying on the soil surface or in the bases
of trees.

ii. Subterranean locations
Many termites nest underground with no surface expression of their presence while
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others such as the harvester Hodotermes mossambicus betray their presence by surface
soil dumps and other structures (Coaton, 1958). Nests may be diffuse with little
differentiation between the galleries with transitional forms culminating in a clearly-
recognisable nest area and differentiated structures (Noirot, 1970). Heterotermes spp.
provide examples of species with diffuse, little-differentiated nest systems which
occur in the soil, in or under logs and stumps and in the mounds of other termites
(Watson and Gay, 1991).

In contrast, some groups, such as the fungus-cultivators (Macrotermitinae), build
highly complex subterranean nests that may comprise multiple nesting chambers,
food stores and fungus chambers with interlinking galleries (Darlington, 1994).

iii. Epigeal nests
Epigeal termite mounds of diverse types are a common feature of many tropical
landscapes. The mounds are normally built by higher termites belonging to a range of
ecological strategies, including grass harvesters, litter feeders, wood-feeding species
and, in some locations, soil-wood and soil feeders. A number of fungus-cultivating
termites also build epigeal mounds. The epigeal and semi-epigeal mounds of some
soil-wood and soil feeders are occasionally numerous and the species of this group are
therefore of ecological and pedological importance, although their biological role is
currently ill-defined. Certain Australian Coptotermes species (family Rhinotermitidae)
are among the few lower termites to build epigeal mounds, although they may not do
so at all locations within their ranges.

The distinction between subterranean and epigeal nesting locations may be some-
what arbitrary. Epigeal mounds normally originate from subterranean beginnings or
from a colony established in wood and most of these mounds have at least some part
of their structure below the ground surface. A number of intermediate forms occur
between epigeal and the wholly subterranean forms. Miller (1991) reports that the nest
structure of the Australian soil-wood feeder Paracapritermes secundus (family
Termitidae) is largely underground but that the tip protrudes above the litter within its
rainforest habitat,

Epigeal mounds occur in a range of sizes from a few centimetres to almost 9 m tall
in the Australian grass harvester, Nasutitermes triodiae (Lee and Wood, 1971a). Noirot
(1970) distinguishes two major types: those comprising a series of essentially similar
chambers and those with more differentiated internal structures. The mounds of the
tropical Australian litter-feeder Amitermes laurensis and Noditermes aburiensis
(both Termitidae) from the Côte d’Ivoire are of the first type while the fungus-cultivating
termites of the sub-family Macrotermitinae may build complex nests that include their
fungus chambers (Noirot, 1970).

iv. Intermediate nests
These nests are usually associated with the bases of trees and have clear connections to
the ground. The builders of such structures are often soil or soil-wood feeders in contrast
to the predominantly wood-feeding termites that construct arboreal nests (Martius, 1994).
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v. Arboreal nests
Arboreal nests are built on the outsides of trees, frequently in the angles between branches.
They are built only by the Termitidae and by species in all subfamilies except the
Macrotermitinae. They are most frequent in the Nasutitermitinae, common in the widespread
genus Microcerotermes, but also occur in Speculitermes (Indomalayan) and
Anoplotermes (Neotropical) (Noirot, 1970). The latter has small fragile nests that may
hang from foliage although little is known of their function (Araujo, 1970). Australian
examples of arboreal-nesting termites include Nasutitermes graveolus and Nasutitermes
walkeri, two species that build nests constructed of carton on the exterior of trees, often
many metres above the ground (Chapter III.4.3.2.2).

vi. In the nests of other termites
Inquiline termites occur in both occupied and abandoned mounds built by many
termites although no communication normally takes place between the portions
occupied by different species. Noirot (1970) reported that as many as 10 species
may occur in a few cubic decimetres of the mounds of the soil feeder Cubitermes sp..
Many soil-feeding species occur as inquilines within the mounds of other termites
(see, for example, Miller, 1991).

Another common situation is the acquisition of space within an existing mound by
a termite different from the original builder which then constructs its own mound on top
of the original. In northern Australia, a common compound mound type is that formed
by the construction of a conical mound of the litter-feeder Amitermes vitiosus on the
surface of a low mound of the grass harvester Drepanotermes rubriceps.

Abundance and composition
Epigeal mounds may be abundant: Aloni and Soyer (1987) report populations of more
than 5000 mounds per hectare from Zaïre, principally belonging to the soil-feeding
Cubitermes species. The above-ground sections of termite mounds may weigh many
tonnes per hectare and occupy considerable proportions of the soil surface, depending
on their type. In tropical Australia, mound populations may number up to 1100
representing approximately 62 Mg of soil and covering 1.7 % of the sampled area
(Wood and Lee, 1971). Median mound mass for the 58 Australian sites recorded by
Spain et al. (1983b) was, however, only 20 Mg (inter-quartile range 15-25) and
the median area covered by their bases just 0.8 % of the sampled sites (inter-quartile
range 0.5-1.1). Similar estimates from African sites range up to 10 % of the area sampled
although Meyer (1960) estimated that the bases of mounds at one site covered an excep-
tional 33 % of the soil surface, representing an estimated dry mass of 2400 Mg

The spatial distributions of termite mounds may be random, aggregated or over-
dispersed. Where mound populations are high, they frequently tend to over-dispersion
(Spain et al., 1986) suggesting that such termite populations can utilise a substantial
proportion of the organic resources available to them in the landscape. This is reinforced
by the denudation and dietary shifts that occur during drought years (Lepage, 1981a;
Watson and Gay, 1970) or as a consequence of altered or intensified land use (Wood
and Pearce, 1991).
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Different species build their epigeal mounds with characteristic proportions of
inorganic materials. They may be composed predominantly of soil materials, as are the
mounds of many grass-harvesting and litter-feeding termites. Some have a hard earthen
capping with a softer, more-organic interior while others possess a largely-organic
structure with little or no included soil material. The largely-earthen parts of the mounds
are normally of finer texture than the surrounding soils since termites exclude the larger
particles from their nests (Lee and Wood, 197la). As discussed below, the mound
materials of many grass-harvesting and litter-feeding termites are substantially enriched
in nutrient elements compared with the local surface soils; this is ascribed to the transport
of harvested materials to their nests where they may be partly digested and their
breakdown products incorporated in mounds or galleries as linings or infillings.

5.2.2.2 Galleries

Termite galleries vary in shape from circular to narrowly-elliptical and, in size, from
less than 1 mm to more than 20 mm in their greatest diameters (Grassé, 1984) (see also
Table I.10): they are therefore all in the large macropore size range. Gallery lengths
of up to 7.5 km  (Darlington, 1982; McKay and Kladivko, 1985; McKay and Malcolm,
1988) have been estimated for soils associated with the mounds of Macrotermes
michaelseni although Wood (1988) felt that this figure could perhaps have been doubled
to account for the galleries of the subterranean termite species also present. The equivalent
of 90 000 storage chambers per hectare also occurred in the soils of Darlington’s
study area. Assuming that these structures were largely confined to the top 20 cm of
the soil and applying Wood’s multiplier, it may be calculated that termite galleries
and related structures formed voids occupying approximately 0.4 % of the soil volume
to this depth. Some Macrotermitinae may open access holes at the surface which they
use for foraging at night; the overall surface of these openings has been estimated at
2-4 in a dry savanna of Kenya (Lepage, 198la).

It is clear that the sizes, types of wall construction, depth distributions and extents
of termite gallery systems differ markedly, depending on the ecological strategies
of the species involved and the characteristics of the soils present. The galleries of
soil-feeding termites, for example, are usually more superficial than those of the Macro-
termitinae and their walls are dark and plastered with fluid excreta. In contrast, those of
the Macrotermitinae are smooth and massive due to compression of the soil and the
clay-saliva mixture used to line them (Kooyman and Onck, 1987).

In certain Australian soils (alfisols) with coarse-textured A and massive, clay-rich
B horizons, termite galleries occur principally in the A horizon and descend into the B
horizon largely in old root channels and adjacent to rocks where local changes in the soil
matrix have occurred (A.V. Spain, unpublished). Where termite populations are substan-
tial, their gallery systems are considered to strongly influence soil physical properties
(Lee and Wood, 197la). While few quantitative data are available, as shown below
(Section IV.5.3.1.2), their effective penetration of surface crusts is of agronomic relevance.
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5.2.2.3 Aggregates, voids and other structures

In addition to the biofabrics discussed in Chapter II, a wide range of micromorphological
structures have been described from the mounds and galleries of a range of termites
(see Sleeman and Brewer (1972) for those of a number of Australian species and
Mermut et al. (1984) for four species of Macrotermitinae). The structures of the fungus-
cultivating species (Macrotermitinae) were shown to be distinct from those of most
other termites in that they do not incorporate faeces into their mound structures.
Wielemaker (1984) and Kooyman and Onck (1987) used similar methods to categorise
termite-derived structures in gallery systems distant from mounds. Garnier-Sillam et al.
(1985) described organo-mineral micro-aggregate structures from the faeces of four
species of termites of different ecological strategies and Eschenbrenner (1986) noted
the similarity of aggregates found in certain termite-inhabited soils and those from
termite mounds.

In addition to the gallery systems described above, termites create a range of voids
both in epigeal mounds and within the soil. In both locations, these voids differ widely
in size and in shape (Table I.10) and may serve as nests, food storage areas, burial
chambers and, in some species of the subfamily Macrotermitinae, as chambers within
which the colony’s fungus combs are located. Such voids are not static: they are created
by the termites to serve their designated purposes and, following this may be actively
backfilled with organic or inorganic materials or subject to infilling by soil particles
moving under the influence of gravity or in flows of water. Such voids may also be occu-
pied by termites distinct from the original creators or other animals, and re-modelled
according to their specific designs.

In stable environments, the continued cycles of void creation and infilling to which
termites contribute have a considerable influence on landscape dynamics and soil
formation. Humphreys (1994) described the systems of voids and related biologically-
formed aggregates of termites, ants and other animals from sandy ultisols and entisols
in southeastern Australia. He concluded that approximately 8 % of the surface A and
E horizons consisted of recognisable faunally-derived structures and that the topsoil
at the site formed a biomantle (Chapter II.3.3.2).

Other important structures built by termites include surface covers and runways.
The former are temporary structures built over food materials to provide shelter for
the termites from predators and from desiccation; most of these structures are constructed
predominantly of inorganic soil materials. Runways are hollow linear structures formed
by termites to cover their movements over exposed areas and may be constructed
predominantly of either organic or inorganic materials.

Two examples of predominantly organic runways are those built by the higher
Australian wood-feeding termites Nasutitermes graveolus and Nasutitermes walkeri. Their
nests are built on the exteriors of trees, often many metres above the ground, although
workers forage for woody materials around the bases of their host trees.
The nests are joined to the ground by runways which are normally built over the bark
of most tree species, but also within grooves cut through the soft flaky bark of Melaleuca
and Lophostemon (Myrtaceae). Runways constructed by these species may be 1-2 cm
across and are constructed of carton; they appear to contain little inorganic material.
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Runways constructed largely of earthen materials are built by a wide variety of
species and are used to protect foraging worker and soldier termites while they explore
for or exploit arboreal or soil surface resources. Such runways, and sometimes more
substantial structures, are associated with termite attacks on wooden materials within
man’s built environment. These often originate from external nests located in the soil.

5.2.3 ASSOCIATED ORGANISMS

As ecosystem engineers, termites greatly influence communities of micro-organisms,
plants and invertebrates within their functional domains. The structures created offer
a diverse range of chemical and physical environments that differ strongly from those
present in the general soil mass.

As seen in Chapter III (Section III.4.3.2.1), specific microbial communities are asso-
ciated with termite digestion, inside the gut and outside, in fungus gardens and other
biogenic structures (Section IV.5.2.2, Table IV.21). The termitosphere as a whole has
large microbial communities. For example, Holt (1995) calculated that microbial
biomass in a mound of the Australian litter feeder Amitermes laurensis comprised 16 g
C compared with 31 g for termite biomass carbon. As shown below (Section
IV.5.4.2.3), mycorrhizal fungi may contribute to this biomass.
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Termites also interact with a large variety of invertebrate and vertebrate animals
through positive (mutualism, symbiosis), neutral (commensalism) or negative (predation,
parasitism) associations (Sections III.4.3.2.7 and IV.5.4). Finally, the structure of plant
communities and their growth are profoundly modified in the termitosphere (Section IV.5.4).

5.3 Interactions between termites and the non-living environment

The major ecological role of termites is the breakdown of dead plant materials
(Figure IV.61). In ecosystems where the termitosphere is well developed, termites
strongly influence energy flows and nutrient cycling characteristics by consuming
much of the dead secondary production of the higher plant communities. Further, part of
this energy is expended in modifying the soil and above-ground environments through
the creation of biogenic structures located in the soil, at the surface within dead or
living plant materials or at various heights in the arboreal stratum (Chapter III.4.3.2.2).
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Termites strongly influence soil organic matter dynamics. They sequester organic
matter and biological nutrient elements for considerable periods in their nests, mounds
and in the walls of their galleries and other structures. The breakdown and erosion of
above-ground structures through the agencies of organisms, rainfall and perhaps wind
constantly return their contained nutrients to the soil surface. Also, roots of surrounding
plants frequently abstract nutrients from the often-concentrated stores held in the bases
of termite mounds and within decomposing organic materials in back-filled subterranean
voids (Figure IV.62).

Where nutrient concentrations in the termite-derived organic matter are high, the
sequestration of organic matter within termite mounds leads to a nutrient patchiness in
the landscape which helps to maintain ecological diversity. In many infertile savanna
environments, the only places where plants requiring a high nutrient status may grow
satisfactorily is on and adjacent to termitaria. The underground gallery systems created
by termites improve gas exchange with the atmosphere and facilitate water infiltration
and movement through the soil. Termites may also help to restart nutrient cycling
processes in degraded ecosystems through mechanisms of nutrient concentration and
organic matter breakdown, and their considerable effects on soil physical processes.

Because their diversities and populations are highest in the inter- and sub-tropics, it is
there that termites have their greatest impact. As discussed below, the effects of termites
on soil processes are significant at spatial scales ranging from the landscape to the catena
to the micro-aggregate and even to the clay mineral level. In addition, their effects are
expressed in soils at time scales ranging from the geological, to years, to a few months.
Termites have also played significant roles in the formation and development of certain
palaeosols (see, for example, Tardy and Roquin, 1992) whose soils may therefore be
considered as forming biomantles.
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5.3.1 SOIL PHYSICAL CHARACTERISTICS

The presence of substantial termite populations in a landscape affects most aspects
of soil organisation and function, both at coarse and fine spatial scales (Figure IV.64).
Over long periods, much of the soil mass may be modified directly by termite activity
through the faunal pedoturbation (Hole, 1961) processes discussed in Chapter II.
These activities include the continuing cycle of void formation (nests, galleries, storage
structures) in the soil. It also includes the construction of above-ground structures togeth-
er with their subsequent destruction by natural processes of erosion and the infilling of
soil voids through biological activity, gravity- and water-mediated sediment transport.

In soils where termites are populous, their effects on profile morphology are clearly
apparent in the form of the lower parts of epigeal mounds, subterranean nests, systems
of small and large galleries radiating from nests, and food stores associated with
the galleries. Their activities may lead to the formation of new horizons (Nye, 1954) or,
in some instances, interfere with profile differentiation. At a landscape scale, the surface
expression of faunal pedoturbation contributes to toposequence formation (Nye, 1954,
1955abc) and at even larger scales to the formation of biomantles (Johnson, 1990)
(Chapter II.3.3.2).

At shorter time scales, termite activity influences most aspects of soil function
including water movement, gas exchange, organic matter processing and biological
nutrient flows. Even the spatial dispositions of the biota (micro-organisms to higher
plants) and the stocks of organic matter, nutrient and other elements are affected.
Fourteen years after experimental eradication of termites from a North American desert
rangeland through pesticide application, soil N concentrations had increased although
water infiltration and storage had diminished in comparison with untreated plots
(Whitford, 1991).

5.3.1.1 Termites and soil textural relationships

Termite distributions and activity both influence and are affected by soil texture.
As considered in Chapter III, mound-building termites are largely excluded from certain ver-
tisols in northern Australia through the instability induced by the expansive smectitic clays.
Shortages of clay in deep sands may equally limit the colonisation of certain species.

Termites substantially affect surface processes by transporting soil from various depths in
the profile to the surface, where it is built into epigeal mounds and other structures. Surface
structures erode continuously particularly underthe influence ofintense rainfall leading to the
redistribution of soil materials in the landscape. In locations with dispersive B horizon clays,
the fine-textured materials eroded from termite mounds may contain sufficient clay and silt
to form a thin surface seal.

Because termites generally select the smaller particles from within the profile, materials
brought to the surface are commonly finer in texture and may have different
elemental and clay mineral compositions than those predominating at the original
surface (Boyer, 1973b, 1982). Thus, as discussed in Chapter II.3.3.2, abstraction of finer par-
ticles from various depths in the profile and their deposition on the surface often lead to the
gradual build up of a fine-textured surface soil which may sometimes be underlayed by stone
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lines, or by concentrations of particles too large to be transported by the termites (e.g.,
Williams, 1968; Wielemaker, 1984; Johnson, 1990).

Alternatively, where surface erosion removes the fine materials brought to the surface, a
coarse-textured surface soil may result (Wielemaker, 1984; Humphreys, 1994).
On sloping surfaces, downhill transport and sorting of materials is hastened by the actions of
termites and other burrowing animals through the exposure of soil materials to rainsplash and
overland water flows. Where prevalent, termites therefore contribute materially to the for-
mation of catenas (Nye, 1954,1955abc; Wielemaker, 1984).

Net annual increments in the thickness of fine-textured, termite-derived surface
soils have been estimated to range from 0.01 to 0.10 mm (Lee and Wood, 197 la). This is
an important pedological and ecological process in the large areas of the tropics and sub-trop-
ics where the termite fauna is dominated by species that build soil materials into epigeal
mounds and other above-ground structures, Beneath the surface, changes in texture - and
therefore water holding capacity - and the distributions of organic and mineral matter also
reflect the composition and functioning of local termite communities.

5.3.1.2       Effects on soil structure

Termites have profound effects on soil structure through their mound-building activities,
the formation of aggregates and other structures and through the creation of extensive
systems of subterranean nests, galleries and storage chambers. Epigeal mounds are
highly-visible structures of substantial importance in terms of pedogenesis and plant
growth, both directly and in terms of their erosion products. However, the many species
that nest underground also have substantial effects on soil structure. Humphreys (1994)
considered that the four termite species present in the sandy ultisols and entisols at
his study site in southeastern Australia were more important as sub-surface bioturbators
than mound builders.

While a range of termite-derived structures are known from epigeal mounds and
gallery walls (see, for example, Sleeman and Brewer, 1972; Garnier-Sillam el at, 1985),
less is known of their contribution to soil aggregation away from the immediate
environs of the mounds, or of the role of subterranean-nesting termites in this regard.
Termite galleries act as networks of horizontal and vertical macropores influencing bulk
density, aeration and water infiltration and forming conduits for the movement of mate-
rials upwards, downwards and laterally within the soil (see, e.g., Wielemaker, 1984).
Movement of soil materials through the galleries is mediated both by the activities of
the termites and by physical processes.

Termites influence soil structural stability in the vicinity of their mounds although
the effect is dependent on the ecological strategies and nesting locations of the termites
involved. Garnier-Sillam et al. (1988b) recorded the contrasting effects of two species
in a humid African forest environment. The soil-feeding species Thoracotermes
macrothorax increased the structural stability of the soil in its area of influence while
the fungus-cultivating species Macrotermes muelleri reduced it. The effects of termite
activity on drainage properties are considered below.
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Effects of subterranean nests and epigeal mounds
Epigeal termite mounds are usually externally hard, massive structures and shed almost
all of the water that impinges on them. Through the energy of rainfall impact and runoff,
a steady erosion of mound surfaces occurs, even while they still contain active popula-
tions (Bonell et al., 1986). There is a considerable sorting of the eroded material: finer
materials are transported furthest leaving coarser-textured materials close to the mounds
(Janeau and Valentin, 1987) (Figure IV.64). Sometimes, sufficient fine-textured disper-
sive material is deposited close to the mounds to form surface seals which may
continue to modify local infiltration and drainage patterns until disrupted through
the activity of the soil fauna (Janeau and Valentin, 1987), or other agencies.

The bioturbing effects of termites have been used as part of systems for rehabilitating
certain degraded soils in Burkina Faso. Roose et al. (1996) found that surface mulches
attracted termites, locally disrupting surface crusts. In experimental studies of these
crusted soils, Mando (1997) found that these burrowing activities increased infiltration
rates and saturated hydraulic conductivity, reduced bulk density and cone penetration
resistance. These effects were not evident in mulched soils from which the termites had
been removed by pesticide application.

Mound erosion may exclude some epigeal mound-building termites from high
rainfall areas, particularly those species whose mounds lack specific adaptations for
water shedding. The repair of these losses must entail substantial energy costs for
the termite colony, both during mound building and repair. The soil materials added
to epigeal termitaria during both processes are initally soft and particularly susceptible
to erosion, at least until hardened by curing or internal repacking processes.

After the colony has died, or the mound has been broken up, the resistant mound
materials erode slowly and may continue to modify local drainage patterns for some
time. Where mounds are common, an area equivalent to the entire soil surface will have
been covered by their bases over quite short geological times. As stated above, the
median area occupied by the bases of the mounds recorded from the northern Australian
sites discussed above is 0.8 % of the land surface area. If this percentage were to remain
constant over time, an area equivalent to the whole surface will have been covered
by the bases of termite mounds in approximately 125 generations of mounds. If the
standing mass of the mounds is assumed to be a constant 20 Mg and turnover time
of the mound materials is assumed to be of the order of 30-50 years, this is equivalent
to the distribution of 2500 Mg (or a layer of soil ca. 20 cm thick with bulk density
1.3 Mg ) over the surface during a period of 3730-6250 years, a short time in terms
of soil formation.

Simple calculations of this type patently underestimate the effects of termite mounds
on the soil. Many incipient colonies build small mounds but soon die out through
the effects of predation, competition or other factors. Further, the masses of soil
materials brought to the surface to form runways and to cover food supplies have
only occasionally been quantified. The few data available suggest that this may be in
the order of 1 Mg (see, for example, Lepage, 1981b, Bagine, 1984).

The turnover times of mound soil materials are poorly known but are substantially
longer than the life spans of the colonies that construct the mounds. An individual mound
of the Australian grass-harvesting termite Nasutitermes triodiae in northern Australia
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is known to have existed for approximately 100 years (Watson, 1972) and medium-sized
mounds from a range of species and localities are recorded as having existed for
15-115 years (Grassé, 1984); however, the estimated ages of most mounds are likely
to be towards the lower end of this range.

Bonell et al. (1986) measured the rates of erosion of abandoned mounds of the grass
and litter-feeding termite Amitermes vitiosus in the semi-arid tropics of northeastern
Australia. Erosion rates were most strongly correlated with high-intensity (>90 mm )
rainfall although lesser intensities also resulted in lower mound erosion rates.
These authors considered it likely that erosion rates would accelerate due to the expo-
sure of internal galleries and the complete breakdown of these mounds through rainfall
was estimated to require ca. 30 years. A possible 30 years of colony existence may
be added to this to give turnover times of ca. 60 years for populations of these mounds.

For the soil materials of a population of small mounds (principally soil feeders of
the genus Cubitermes) in Zaïre, Aloni and Soyer (1987) estimated a turnover time
of approximately a decade. In addition to erosion by raindrop impact and runoff water,
mounds are also subject to damage by cattle, other large herbivores and by specialised
termitophilous vertebrates, including the birds that create nesting holes in their mounds
(Hindwood, 1959). Over the period of existence of a mound, the total amount of
sediment eroded may substantially exceed the mass of the mature mound, due to the
continuing cycles of erosion and repair of the mound that take place during the period
that the colony occupied it.

The large mounds built by African Macrotermitinae (‘high termitaria’) exist for
very long periods, possibly many thousands of years. They undergo long periods of
transformation, erosion and increase and develop their own distinctive fauna and flora
(see below), long after the builders of the original mound have died out. Their soils are
often distinctively different from those surrounding them; many have a different texture,
a higher pH and base status (Aloni, 1975; Pullan, 1979) and their organic matter may
differ in its stable C isotopic composition, as shown below.

Galleries and water infiltration
In an arid (350 mm annual rainfall) Australian woodland environment, sub-circular
surface pavements up to 2 m diameter and occupying ca. 1.6 % of the soil surface area
are the expression of subterranean nests of harvester termites of the genus Drepanotermes
(Eldridge, 1994). Ponded infiltration rates on the pavement surfaces are very low and
much of the incident water is shed to a surrounding annular area which exhibits
enhanced plant growth with respect to the inter-pavement area more distant from
the mounds. At 113.2 mm ponded infiltration rates in the annular areas are more than
16 times higher than those of the pavement (6.7 mm ) and are slightly higher again
than those of the inter pavement area (103.6 mm ). No differences were apparent in
infiltration under tension and the higher rates of ponded infiltration in the annular zone
were ascribed to the greater densities of termite galleries. In an experimental study
of a desert rangeland ecosystem, Elkins et al. (1986) reported higher bulk densities,
lower infiltration rates and higher bedloads in runoff waters from areas in which
subterranean termites had been eliminated by insecticide application.
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Soil aggregation
The overall effects of termites on soil aggregate formation and stability depend on the
functional community structure, or the spectrum of ecological strategies represented
among the species of the local termite community. While higher percentages of water-
stable aggregates have been reported by several authors from termite-affected soils
this is not always the case. Garnier-Sillam and Harry (1995) demonstrated differences
in the stabilities of mound materials formed by four sympatric soil-feeding termite
species from Congo rainforests. Judged on the basis of a stability index, materials
from the mounds of two species were more stable, one was similar and one less stable
than those of the adjacent surface soils. These authors noted a much greater structural
stability in materials - in both the mounds and surrounding topsoils - reworked by
the three species that incorporate faecal organic matter into their constructs.

In the same study, mounds of the fungus-cultivating species Macrotermes mülleri
and their surrounding surface soils, were highly clay-enriched and had the low organic
matter concentrations typical of structures built by these termites. Both the mound wall
materials of M. mülleri and associated A1 horizon-soils were markedly less permeable
to water and less stable than the control surface soils (Garnier-Sillam et al., 1988b;
Garnier-Sillam, 1989). The surface-sealing effect considered above was also noted in
association with the dispersion of clay-enriched materials from the mounds of M. mülleri.

Effects on pedogenetic processes
The clay minerals present in termitaria are largely derived from the soil and sometimes
the alteration zone below. In addition to these, 2:1 clay minerals have been found
regularly in the mounds of certain African termites in environments where these are
otherwise uncommon or absent (Boyer, 1982). Boyer reported the widespread presence
of an artificial illite in the mounds of a number of wood-feeding termites although such
neoformation is apparently less common in the soil-feeding termites. The neoformation
of these minerals was considered to result from the direct effects of grinding and
working of mica and other particles with the mandibles in the saliva-rich environment
of the buccal cavity. An indirect effect was also considered to result from placement
within the altered chemical and physical environment of the mounds. Other clay
minerals, calcite, dolomite and certain oxide minerals have also been reported to be
associated with certain African termitaria although Lee and Wood (1971b) could find
no differences between the clay minerals present in the mounds of Australian termites
and in their adjacent soils.

5.3.2 TERMITES AND SOIL ORGANIC MATTER

Termites may profoundly affect SOM dynamics at different scales of time and space.
Short-term effects are associated with digestive processes, whereas storage within
biogenic structures may lead to longer term effects that may extend over scales of years
to decades (Figure IV.65). Such stores may however be partially depleted through
exploitation by the roots of surrounding plants and their associated mycorrhizal fungi.
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5.3.2.1 Organic matter fluxes associated with the termitosphere

The ecological impact of termite feeding may be large. Lepage (1972) reported that
termites in low-lying parts of Soudano-Sahelian savannas may locally consume up to
49 % of annual herbage production, although the overall figure for the area was estimated
to be 5.4 %. In further studies of pastures in semi-arid areas of Kenya, Lepage (1981b)
estimated that termites and grazing mammals had similar impacts, both consuming
approximately 1 Mg

In an Australian tropical savanna, termites and their associated microflora are consid-
ered responsible for ca. 20 % of annual C mineralisation (Holt, 1995). Lee and Wood
(197la) reported that Nasutitermes exitiosus consumed 17 % of the total estimated fall
of leaves and small woody materials, or 4.9 % of the total annual litter fall in a dry
temperate-climate Australian forest dominated by Eucalyptus spp. Similar estimates for
Malaysian rainforests range from 1 % for a site prone to flooding, to 16 % for a relatively
dry forest whose termite fauna was dominated by species of the subfamily Macrotermitinae
(Collins, 1983). In other Malaysian rainforests, Matsumoto and Abe (1979) estimated
that the termite Macrotermes carbonarius consumed ca. 22-32 % of daily litterfall.

Termite overgrazing may have substantial effects on soil stability where populations
are high or where drought limits the productivity of the vegetation. With increasing
severity of drought, Macrotermes spp. may progressively shift their diet from litter
to standing herbaceous vegetation to roots, thereby disturbing the soil surface and
rendering it more susceptible to erosion and degradation (Lepage, 198la). However, in
many of the situations where denudation has been reported, over-grazing by domestic
animals may have been primarily responsible (Watson and Gay, 1970; Wood and Pearce,
1991); the effects of the termites may become evident only when most of the standing
vegetation and litter has been previously removed by vertebrate grazing. Despite this, it
is still unclear whether there is a direct competition with termites, even where stocking
levels exceed carrying capacity.

In areas where Macrotermitine termites are dominant, a higher than normal proportion
of annual litter fall may be recycled by termites. This has been ascribed to the greater
efficiency of decomposition that results from their symbiotic relationship with fungi of
the genus Termitomyces, described in Chapter III (Garnier-Sillam, 1988a, 1989).

5.3.2.2       Short-term effects: the importance of adjustment of the C:N ratio

Digestion by termites in mutualistic associations with specialised micro-organisms is
highly efficient. Assimilation rates are by far the highest recorded for soil invertebrates,
despite the elevated C:N ratios of the food materials in the grass, litter and wood feed-
ing species. According to Higashi el al. (1992), these micro-organisms allow the termites
to compensate for the unfavourable C:N ratios of their ingested food materials by increas-
ing their N intake or by selectively eliminating C. N intake may be increased in a
number of possible ways: increasing N intake through fixation, synthesis of organic
N from N excreted as uric acid, application of excreted N as ‘fertiliser’ to fungus
gardens prior to ingestion of the fungus; selective feeding on N-enriched litter humus,
and the extraction of N from the most recalcitrant materials of the dead plant (lignin)
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or ingested soil organic matter. Selective elimination of C may occur through methane
emission in species possessing methanogenic bacteria, or as through

respiration of the fungus gardens of the Macrotermitinae (Figure IV.63 ).

The end products of termite digestion may have high C and N contents due to their
selection for C-rich food materials and N fixation in the gut. For example, the N con-
tent of the excreta of the Australian termite Amitermes laurensis is 1.7 % in spite of
a diet low in nitrogen (<0.10 %). Some termite mounds that contain large amounts of
faecal material may have high inorganic N concentrations. Nitrate concentrations in
the mounds of grass and litter-feeding termites are generally less than 100 mg
(Okello-Oloya et al., 1985; Barnes, 1992) although Barnes et al. (1992) found maximum
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values up to 2000 at the surface of the mounds where it had been concentrated
by evaporation. Soil-feeding termites usually feed on organic accumulations in soils
and the faecal pellets used to build their nests have higher nutrient and c concentrations
than the surrounding soil (Wood et al., 1983; Anderson and Wood, 1984; López-
Hernández et al., 1989) and Table IV.22. Faecal pellets of some termites may also have high
microbial biomasses: Boulaud (1996) measured very high concentrations of microbial
ribonucleic acid (in the faeces of the African soil-feeding termite Cubitermes  fungifaber.
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5.3.2.3 Intermediate scale effects

In addition to the specialised fungi of the genus Termitomyces, a wide range of micro-
organisms is found in termite mounds including nitrogen fixers, denitrifiers and nitrifiers
(Lee and Wood, 197la). Active populations of heterotrophs have been found in the mounds
of Amitermes laurensis from Australian savannas (Holt, 1987) and these are probably
widespread in many other termite structures. Microbial biomass was ca. four times,
and respiration as high as six times greater in mound materials than in an external
control soil (Holt, 1995). In a mound of the soil-feeding species Cubitermes fungifaber,
microbial biomass represented 16 % of organic carbon compared with 2.2 % in soil
below the nest and 0.3 % in the surrounding soil (Boulaud and Braumann, 1998)
(Table IV.21). However, respiratory activity per unit of biomass is much lower in
the walls of termitaria than in recently-completed constructs or in soils sampled
below the nests that have a higher soil moisture status. According to Boulaud (1996),
termite mounds of this species may function as ‘external rumens’ in which fermentative
activities favoured by micro-aerophilic conditions may release organic compounds that
could be assimilated by termites when re-ingesting soil from the internal mound walls.

Such microbial heterotrophs may even play a role in the nutrition of certain grass-
harvesting and litter-feeding termites by partly degrading some of the resistant materials
in stored food, and by contributing the nutrients and energy from their own tissues.
In the Macrotermitinae, and prior to degradation by Termitomyces, a pre-fermentation
stage of generalised heterotroph activity may partially degrade food stored in the mounds
of certain species (Darlington, 1994). Subsequent breakdown occurs on the fungus
combs and is due solely to Termitomyces. In mounds with active colonies, it is the only
species capable of growing on the combs of Macrotermes spp., possibly due to an
inhibitor produced by the termites (Thomas, 1987). In contrast, Lee and Wood (1971a)
reported the inhibition of microbial activity in mounds of the wood-feeding species
Nasutitermes exitiosus.

A significant activation of C and N mineralisation has also been observed in the walls
of the fungus comb chambers of the West African termite Ancistrotermes cavithorax
(Abbadie and Lepage, 1989). In a 31-day laboratory incubation, evolution was
3.9 times greater in soil from the first 5 mm of the chamber walls on the first day than
in a control soil. This activation also occurred at greater depths (a three-fold increase
between 5 and 15 mm) and was maintained for several weeks (+50 % at day 31).
This may be due to improved conditions of moisture and aeration and a slightly
higher N concentration (from 0.48 in control soil to 0.54 and 0.58 respective-
ly in soil from 0-5 mm and 5-15 mm).

Significant nitrogen mineralisation also occurred in the same experiment: after
two days, produced in the 0-5 mm layer was more than twice that of the control
soil (69 compared with 33 ). This effect still remained significant after 31 days
of incubation.

5.3.2.4 Large scale effects

In some circumstances, a relationship between termite presence and soil organic matter
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concentrations has been demonstrated. Parker et al. (1982) found increased concentra-
tions of organic matter in a desert soil following experimental eradication of the
subterranean termites present. Similarly, the absence of fire and an effective termite
fauna from the vertisol studied by Moore el al. (1967) in sub-tropical Australia, were
considered to be the causes of the large standing crop biomass of above-ground dead
organic materials. These authors estimated that there were 75 Mg of litter together
with 58 Mg of standing dead organic materials on the site, in addition to the
relatively-elevated levels of soil organic matter and nitrogen characteristic of these
soils, when undisturbed.

Sequestration of organic matter in termite constructs
Carbon concentrations in most epigeal termite structures are higher than those of
the soils from which they are formed. This is due to the incorporation during mound
construction of salivary or - more importantly - faecal materials that are frequently
used as adhesives, or as linings to chamber and gallery walls. Waste materials may
also be used as void infill ings in mounds, subterranean galleries and other structures.
A salivary adhesive from the mound wall of the wood-feeding species Coptotermes
acinaciformis has been identified as a glycoprotein (Gillman et al., 1972). In structures
formed mainly from soil materials, the degree of organic matter enrichment depends
primarily on whether faeces are included. The Macrotermitinae do not incorporate their
faeces into the mound fabric which consequently has a lower C concentration than that
of the soil-feeding species.

The C:N ratios of the constructs built by termites are often higher than those of the
surrounding surface soils (Tables IV.22, IV.23), although the differences change between
trophic groups. As discussed above, the macrotermitine fungus-feeding termites do not
build faeces into their mound structures and their C:N ratios may be similar to or lower
than those of the surrounding soils (Garnier-Sillam, 1989).
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Figure IV.64 presents the C:N ratios of the mound materials of 44 Australian termitaria
built by termites of five trophic groups (Lee and Wood, 1971a, Okello-Oloya et al., 1985;
Tayasu et al., 1998). In the Australian data set, the C:N ratios of the soil:wood interface
feeders and the wood feeders have markedly higher values than those of the litter, grass
and soil-feeding species, the last of which differ only slightly from those of their
surrounding surface soils. It seems likely that the higher values in mounds of the wood
and soil-wood interface feeders may have been due to the incorporation of undigested
wood in their faeces (Lee and Wood, 1971a).

As Lee and Wood (197la,b) noted, Australian termitaria have higher C:N ratios than
those of equivalent ecological strategies recorded from African environments. For example,
a sample of eleven mound materials of African soil-feeding species had a mean C:N ratio
of 11, less than half that of the seven mounds of the equivalent Australian species
presented in Figure IV.64, The reasons for such differences are unknown.

The entire nests of a number of species and the interiors of the mounds of certain
wood- and grass-feeding termites consist of carton, a relatively soft mixture of excreta,
some inorganic material and fragments of undigested, comminuted plant material.
Organic matter concentrations in carton are high and that in the mounds of Coptotermes
acinaciformis, a wood-feeding termite from northern Australia ranged from 83 to 93 %
loss-on-ignition (Lee and Wood, 1971b). Intermediate materials also occur, a mixture of
carton-like material and inorganic matter (5-15 % C) occurs in the mounds of
Microcerotermes nervosus from northern Australia (Tayasu et al., 1998).

Soils closely associated with termitaria are also modified, often by such physical
processes as the erosion of materials from the mounds and diffusion of materials and
elements from the mound into the soils below and adjacent to the mounds. In tropical
Australia, the mounds of litter and grass-feeding termites (Amitermes spp.) are surrounded
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by erosional pediments which have carbon concentrations similar to those of the mound
materials, or intermediate between these and soils distant from the mounds (Okello-
Oloya et al., 1985).

There have been few detailed studies of the chemical characteristics of the organic
matter of termite mounds. Lee and Wood (1971b) presented information on the concen-
trations of organic matter and selected organic and inorganic components of mound
materials and the carton of a number of Australian wood-, grass- and litter-feeding ter-
mites. Carton from the Australian mounds studied was shown to be high in lignin and
humic acids, with higher lignin, total carbohydrate and C:N ratios but lower nitrogen
concentrations in the wood-feeding than in the grass-feeding species. Other studies have
concentrated on the mounds of the Macrotermitinae. Arshad et al. (1988) studied organic
matter from the mounds of two African Macrotermitinae (Macrotermes michaelseni,
M. herus). Generally, humic acids from soils were shown to have higher molecular
weights and less aromatic material than those from the mounds. In the mounds of
Macrotermes spp., the concentrations of groups increased while those of carbo-
hydrates and other O-substituted compounds decreased in the order: outer wall, nursery,
royal chamber. Some inter-site variation in the composition of the organic matter of
the Macrotermes mounds was also noted.

The fungus comb of M. michaelseni was studied by Arshad and Schnitzer (1987) and
Arshad et al. (1988) who found it to contain approximately 14 % of inorganic material.
The organic matter contained 40 % carbohydrate (all of which was present as polysac-
charides which, on hydrolysis, were shown to be dominated by glucose), 10 % proteina-
ceous material (all as peptides or longer-chain structures). Appreciable concentrations of
aliphatic and aromatic plus phenolic materials were also noted. Using fractionation
techniques commonly used for soil materials, the base-insoluble humin (40 % by mass
of organic matter) was found to be mostly carbohydrate while the humic acid (40 %) and
the fulvic acid (20 %) components contained most of the aromatic material.

As discussed in Chapter III.4.3.2.1, termite whole-body values are closely related
to those of their diet (Figure III.52). The values of termite-mound organic materials
are also related to those of the termite diet (Figure IV.65) (Spain and Reddell, 1996)
because of the incorporation of faeces and secretions of limited ranges into the
mound materials during construction, as gallery linings and as infilling materials in voids
of all types. Mound organic matter may therefore lie in the C3 range, the C4 range or
somewhere in between, depending on the diet of the termite building the mound and
the proportion and value of the incorporated soil (Spain and Reddell, 1996).

In savanna environments, the organic materials included in the mounds of the pre-
dominantly-earthen, grass-harvesting termites are largely of C4 origin and raise the
values of the mound materials above those of the mound interspace soils. In contrast,
the inclusion of materials of C3 origin depresses the values of the mounds of
the wood-feeding termites below those of the surrounding soils. The diet of the litter-
feeding species may include a mixture of C3 and C4 materials; the values of
organic matter in their mounds depends on that of the predominant materials incorpo-
rated and this may alter with time and location. However, mounds in C3-dominated
rainforest situations have similar values to those of the adjacent surface soil. In the high
termitaria built by fungus-cultivating termites in African savannas, the C3 vegetation
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growing on the mounds may contribute to the substantial differences (up to 5.5 )
that may occur between the mounds and the adjacent C4-dominated surface soils
(Spain and Reddell, 1996).

5.4 Interactions between termites, higher vegetation and micro-organisms

Over long periods, termites may considerably influence the distribution and community
structure of higher plants. This influence is often indirect and may be mediated through
alteration of soil properties or through interactions with other environmental factors.
In the short time scales associated with agriculture and forestry, termites may directly
attack plants causing damage that may kill them or reduce their growth and productivity.
This is clearly of importance in agricultural and forestry enterprises but may also be
of relevance in disturbed but near-natural environments. Other, less direct biological
interactions also occur.

5.4.1 DIRECT EFFECTS

Termites are rarely sources of extensive plant mortality in undisturbed natural
ecosystems although in disturbed and man-made environments, a wide range of crop and
other plants may be severely affected.

Termites may be severe pests in cropping systems in contrast to the earthworms
that are almost always considered beneficial, sometimes unjustifiably. Wood (1996)
has noted that termites rarely fit into the common pest category of ‘introduced species’.
While exotic termite species may cause problems in a few places, species that damage
crops (herbaceous or woody species) are nearly always present in the environment
at sub-economic population levels and their elevation to pest status normally results
from changes in the availability of food. However, to become pests they must also
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be able to survive the physical disruption and other stresses (e.g., greater diurnal
temperature fluctuations and periodic drought) normally associated with the conversion
of land to arable use, or be able to colonise the disturbed areas rapidly and effectively.

Termite damage is often greatest to exotic plant species (commonly species of such
genera as Pinus and Eucalyptus), to stressed plants, particularly young plants and those
subject to drought, as at the end of the intertropical dry season. Such stress may also
derive from the alteration of drainage regimes. Termites frequently gain entry to trees
through areas that have been physically damaged: such injury may result from the effects
of large mammals, through pruning scars and incisions (Wood, 1996) or through fire
scars, all of which allow fungi to attack the damaged tissues and make them vulnerable
to termite attack (Perry et al., 1985).

As indicated in Section IV.5.3.2.1, a few examples exist of grass-harvesting termites
apparently denuding areas subject to drought or overgrazing although they usually have
only small effects on long term plant cover. Few species attack the leaves of living plants:
species of the Neotropical genus Syntermes may defoliate nursery trees, sugarcane and
other plants (Mill, 1992) and the northwestern Australian harvester species Schedorhino-
termes derosus (family Rhinotermitidae) unusually harvests living grasses (Watson, 1969).
Most grass-harvesting and litter-feeding species feed on hayed-off, nutrient-depleted,
above-ground materials. Similarly, litter feeders may not cause severe damage directly
to plants unless their feeding habits are broad or flexible enough to extend into other
food materials, as illustrated in Section IV.5.3.2.1.

Most of the termites that directly damage plants are wood-feeding or polyphagous
species. Damage may be minor to severe and can occur in a variety of ways, often being
expressed through feeding on the roots, hollowing, severing or ring barking the stems.
Colonies of many species may establish in larger trees and gradually eat out the centres
of the stems; in species of the intermediate life type, colony members also extend their
attacks to adjacent trees. The polyphagous Australian termite Mastotermes darwiniensis
may kill mature trees by ring barking, often forming a characteristic cincture around
the stem (Hill, 1942). In crop species, damage may occur directly to the plant or the
product may be attacked, as illustrated below.

Termite attack may entrain damage by other organisms. In groundnut (Arachis hypogea)
crops, damage to subterranean pods may lead to infection and spoilage by various fungi
to such an extent that affected crops become unsaleable (Wood, 1996).

The biology and population dynamics of termites attacking crops is now well docu-
mented, especially in Africa and parts of South America (Black and Wood, 1989; Cowie
and Wood, 1989; Cowie et al., 1989; Mill, 1992; Sen-Sarma, 1986; Wood and Pearce,
1991; Wood, 1996). A very wide range of crops are at risk, including cereals (especially
maize), groundnuts, dryland rice, cotton, yam, cassava, tea, cocoa, coconut, coffee,
rubber and a range of fruit producing species. Seedlings of fast-growing exotic tree
species, including softwoods, are also highly vulnerable and termites may therefore
adversely impact timber plantations and agroforestry schemes.

The soil-wood feeders and the soil feeders cause little damage to living plants or their
products. However, some soil-wood feeding species may occasionally damage timber
and a few soil feeders may browse the root tips of certain crop species (Mill, 1992).
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5.4.2 INDIRECT EFFECTS

5.4.2.1 Termites and the local distribution of vegetation

Termites interact with vegetation to influence its composition, distribution and
productivity, although this interaction is also modified by other factors including
herbivores, saprophytic organisms and environmental factors such as rainfall and fire.
However, an important local factor is the presence of epigeal termitaria, particularly
those of grass-harvesting and litter-feeding termites. The mound materials of these
species may be substantially enriched in plant nutrient elements in comparison to their
surrounding soils. Where these mounds are populous, it is partly through the dynamics
of their construction and breakdown that termites influence the nature and distribution of
the vegetation present. A major effect of the presence and erosional reduction of these
termitaria is an increased nutrient patchiness in the landscape (Salick et al., 1983);
in some savanna environments this provides sites for species requiring a higher soil
nutrient status than that available in the general environment (Spain and McIvor, 1988).
In degraded areas, the same process may provide locally fertile sites for the initial
regeneration of vegetation and the re-establishment of nutrient cycles.

Such erosional breakdown of mounds is not always beneficial. In parts of northern
Australia, erosion of mounds of the litter-feeding termite Amitermes laurensis may lead
to the deposition of an annulus of fine-textured soil materials around the mound bases.
These deposits dry to form an impermeable crust, inhibiting the growth of the surround-
ing vegetation.

Subterranean termites may also influence vegetation growth. Whitford (1991) reported
increased soil N concentrations 14 years after experimental eradication of the termite
Gnathamitermes tubiformans from plots in a Nearctic desert environment. Further, the
reduced water infiltration and storage reported apparently led to the eradication of
the perennial grass Erioneuron pulchellum and higher litter production in the deep-
rooted shrub Larrea tridentata. The increased litter mass present on these plots has
also provided a habitat and food source for selected micro-arthropods, notably cryp-
tostigmatid mites and psocopterans.

In sandy soils (alfisols) overlying laterite in Niger, areas of both poor and enhanced
growth of the woody species Faidherbia albida have been found (Miedema et al., 1994).
The greatest growth occurred on soils close to abandoned Macrotermes mounds, but not
on the mound materials themselves. The structure and texture of the materials support-
ing the greatest growth had higher clay and organic matter contents and therefore greater
water-holding capacity and an enhanced soil nutrient status.

As shown in semi-arid environments of Burkina Faso, termitaria may influence both
long and short term landscape dynamics in sites with banded vegetation distributions
(Ouedraogo, 1997). In this environment, termite mounds cover, respectively, 2.7 % and
2.3 % of the soil surface in unvegetated and vegetated strips. Termite activities and
structures:

affect soil porosity by creating galleries that open at the soil surface (375 holes
in the vegetated zones where termites are highly active: almost none in the unvegetated
zones) and considerably loosen the soil;
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concentrate nutrients that are later released with the erosion of termitaria that may
be deserted or contain active colonies;

increase water infiltration (up to eight-fold in comparison with surfaces not affected
by termites) especially in the vegetated strips where termitaria with active colonies are
most common;

increase water runoff (up to a maximum of 98 %) on unvegetated surfaces between
strips where fine-textured soil eroded from termitaria tends to form an impermeable
surface crust;

enhance plant species richness and density of woody species such as Combretum
micranthum (increased three fold) and Boscia senegalensis (increased ten fold).

The combination of the above effects may enhance or even determine, the dynamics
of this vegetation system by favouring germination and growth of trees on the uphill
part while mortality of trees on the downhill part is followed by death of termitaria and
accelerated erosion of their structures.

5.4.2.2 The vegetation associated with epigeal termite mounds

While they may strongly influence the nature and productivity of the vegetation surround-
ing them, few termitaria support an extensive growth of vegetation on their surfaces.
A notable exception to this generalisation is the distinctive and specialised vegetation
of African ‘high termitaria’ which are considered separately.

Despite the general lack of actively-growing vegetation on the surfaces of most epigeal
termitaria, the materials comprising certain of these termitaria are well provided with plant
nutrient elements. Table IV.23 illustrates selected properties of the mound materials of the
tropical Australian litter-feeding species Amitermes laurensis (Okello-Oloya et al., 1985).
As shown in the Table, organic C, total N and an index of ‘plant-available’ P were all
substantially elevated compared with equivalent values for the surface soils of the
inter-mound spaces. A feature of these mound materials is the substantial excess of the
sum of the ‘exchangeable’ Ca, Mg, Na and K ions present over the cation exchange
capacity indicating the large quantity of soluble bases present.

If the mound materials of many grass-harvesting and litter-feeding termites are
broken up and supplied with water, commensurate with their enhanced nutrient status
they may support substantially greater plant growth than their adjacent, unaffected
surface soils (Okello-Oloya and Spain, 1986) (Table IV.23, p. 517). This may not be true
of the wood-feeding species whose mound materials often differ little from the
surrounding soils in their concentrations of plant nutrient elements (Lee and Wood, 1971b).

It appears that the densely-packed arrangement of soil particles in most mounds
creates a compact surface structure whose physical condition is unfavourable to plant
establishment and growth. Most mound materials, except during the brief seasonal
periods when they are highly hydrated, may be too strong and their water held too firmly
to constitute a satisfactory physical growth medium for most plants. However, despite
their normally compact surfaces, the mounds of some grass-harvesting and litter-feeding
termites may support a sparse growth of plants for periods during the wet season. In such
humid environments as rainforests, termite mounds often support the growth of algae.
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mosses and lichens on their surfaces.
Mound surfaces are subject to erosional attrition through the action of water and

wind and are therefore unstable surfaces, at least during the seasons when rainfall is high.
The products of this erosion may form a chemically-fertile pediment (Okello-Oloya
et al., 1985), slightly elevated above the surrounding soils and without the physical
conditions inimical to plant growth possessed by the termitaria. If, as shown above, the
materials built into the mounds are easily dispersed, surface crusts may develop around
the bases of the mounds.

The moisture contents of the soils surrounding termite mounds and other pavement-
like structures may be elevated by runoff (Eldridge, 1994) leading to a higher moisture
status in the materials forming the bases of termite mounds, and their surrounding
erosional pediments. Some combination of the more favourable moisture status and
the higher nutrient contents of the materials available to the root systems of the surround-
ing plants often leads to enhanced plant growth on and close to the mound base. In sites
subject to seasonal flooding, the slightly-increased elevation of the pediment may permit
a better aeration of these soils during the wetter part of the year. Figure IV.66 illustrates
the substantial decline in vegetation biomass that occurs with increasing distance from
the bases of the mounds of Amitermes laurensis in savanna environments in northeastern
Australia (Spain and McIvor, 1988). Similar situations pertain in the soils surrounding
certain African termite mounds, although the spatial scales may be different (see, for
example, Arshad, 1982).

The growth strategies of the plant species that occur on and close to the mounds
of grass and litter-feeding termites differ from those unaffected by the dynamics of
mound erosion and water runoff. The annual grasses that grow on the pediment and close
to the mounds compete well under the higher nutrient conditions present and grow and
set seed rapidly. Similarly, many of the herbaceous dicotyledonous plants growing in
this situation are biennial species but have the capacity to complete their life cycles
within a single season and consequently behave functionally as annuals. In contrast,
herbaceous vegetation not influenced by the mounds is normally dominated by slow-
growing perennial grasses and sedges and the few annual grass species present are small.
These effects are illustrated by the changes that occur, as a percentage of plant biomass,
in four categories of plants with increasing distance from the mounds at a site in
northeastern Australia (Figure IV.67) (Spain and McIvor, 1988).

5.4.2.3 Termitaria, roots and mycorrhizal fungi

In both savanna (Okello-Oloya et al., 1985) and rainforest (Salick et al., 1983) environ-
ments, the termitaria of grass-harvesting and litter-feeding termites may form ‘islands’
of enhanced fertility within the generally nutrient-poor soils of the surrounding
landscape. While the mound exteriors are normally hard and impenetrable, the interiors
are not. A network of galleries radiates from the bases of most termitaria and a proportion
of these and the voids within the mounds may be backfilled with organic materials.
Such openings into the mounds provide access for the roots of surrounding plants which
frequently exploit the often elevated nutrient resources contained within and beneath
the mounds.
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Roots from woody plants some distance from the mounds have been consistently
noted to enter the soil beneath the epigeal mounds and frequently to penetrate the mounds
themselves. In a humid West African savanna environment, Mordelet et al. (1996) found
that the roots of the palm Borassus aethiopum could extend as far as 20 m to exploit such
nutrient-enriched sites. Roots have also been reported to follow old infilled termite
galleries in subsoils beneath Kenyan coffee crops (Robinson, 1958), presumably because
of their lower material strengths and greater nutrient contents.

Kaiser (1953, in Araujo, 1970) described a specific root-feeding relationship with
Anoplotermes pacificus (Apicotermitinae) and Mill (1992) also referred to this species
as attacking the root tips of certain crop plants (Section III.4.3.2.1). Eggleton et al.
(1995) have suggested that more generalised feeding on fine roots by soil-feeding
termites may take place in certain environments. In some Amazonian forests, rapid
seedling growth in mounds follows their abandonment because the termites are no
longer present to control their growth (Salick et al., 1983). Further, the often extensive
proliferation of roots within unoccupied, degrading termitaria suggests that the termites
may play an active role in preventing the ingress of roots, while the colony remains active.

Recent Australian work has demonstrated the presence of infective propagules of both
ectomycorrhizal and arbuscular mycorrhizal fungi in the mounds of grass-harvesting,
litter-feeding and wood-feeding termites at concentrations similar to those in the
surrounding soils (Spain et al., in preparation). Also, ectomycorrhizal fungi (notably
Pisolithus sp.) have been noted to fruit on the surfaces of termitaria at some locations.

The presence of roots, fungal propagules and by implication hyphae, suggests that
termitaria are being explored either directly by the roots of ectomycorrhizal host species
(largely Eucalyptus and other sclerophyllous species that may be located some metres
distant from the mounds), or indirectly through their associated mycorrhizal fungi
(Spain et al., in preparation). Host plant species of vesicular-arbuscular mycorrhizal
fungi (grasses, forbs) occasionally grow on the surfaces of the epigeal termitaria of
grass harvesting and litter-feeding termites but occur more regularly and in greater
profusion on the erosional pediment surrounding the mounds. Thus, the inward
movement of nutrient elements to the mounds in transported termite food materials may
be at least partly balanced by a countervailing outward movement back to the adjacent
herbaceous vegetation and, at a larger radial scale, the surrounding trees.

A possibly quadripartite association between the widespread African wood-feeding
termite Sphaerotermes sphaerothorax (Macrotermitinae), cellulolytic and N-fixing
bacteria and the roots of the surrounding trees was described by Garnier-Sillam et al.
(1989). This termite has either lost or never developed a relationship with Termitomyces
and instead forms comb-like structures containing an active cellulolytic and N-fixing
microflora. Roots from the surrounding trees grow into the nest and the combs rest on
a mass of small roots and root hairs. Food materials in the form of small spheres
of masticated wood are broken down by some combination of the termites’ own
enzymes, bacteria located in the hind gut or externally in the combs. Faeces in the lower
part of the nest are explored by root hairs and it seems likely that interchanges of
materials may occur between the roots, the termites and the two types of bacteria forming
the association.
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5.4.2.4 High termitaria

High termitaria are a feature of many parts of the African continent. They may be up
to 10 m in height above the surrounding plain and as much as 30 m in diameter
(Pullan, 1979). These termitaria may have been originally built by species of the genus
Macrotermes but have undergone complex cycles of development and regression.
At various stages of their development they may be partly occupied by the original builders,
other species, or by none at all.

Since they are formed by different termite species from a variety of soil materials and exist
under a range of environmental conditions, they may develop in various ways. Pullan (1979)
describes how their development is influenced by the presence of fire, erosional influences
and the activities of man and large mammals (notably elephants).

These high termitaria may support a diverse (more than 336 species of higher plants) and
regionally-variable flora which may include cyanobacteria, grasses, forbs, shrubs, vines and
trees, including palms. This flora is characterised by a higher incidence of thorniness,
xeromorphy, succulence and eutrophy than occurs in that of the immediate surrounds. The
diaspores of many of the woody species of the high termitaria are dispersed by animals
(Malaisse, 1978).

The vegetative cover of these termitaria protects the surface from erosion and while it
remains intact, termitaria may exist for long periods. Based on the vegetation, complex food
webs may be associated with these termitaria. In addition, secondary termite species and a
range of other soil animals may also be present (Malaisse, 1978). When regularly fired, these
termitaria can degrade rapidly under the influence of raindrop erosion and surface water flows.

5.5 Interactions between termites and higher animals

The interactions between termites and higher animals may be direct - as in predation - or indi-
rect, as in the provision of habitat or other effects. However, apart from predation on termites
by the vertebrates mentioned in Chapter III, few direct relationships are known.

A number of indirect relationships have been recorded, most of which benefit
the vertebrates. Provision of habitat is an important way in which vertebrates interact indi-
rectly with termites and a widespread example of this is the use of both epigeal and arboreal
termite nests as nesting sites by a range of bird species (Hindwood, 1959)
and other vertebrates, particularly reptiles (see, for example, Araujo, 1970). The high
termitaria of Africa provide habitat for a wide range of vertebrate and invertebrate
animals, including secondary termites (Malaisse, 1978).

In a more general relationship, Braithwaite et al. (1988) demonstrated a positive
relationship between termite species richness and the species richness and abundance
of grasshoppers, but negative relationships with macropodid species richness and
abundance. These authors also reported a positive correlation between the species
richness of termites feeding on living trees and the abundance of the introduced water
buffalo (Bubalus bubalis) in parts of northern Australia. It was considered that soil
compaction caused by the buffaloes led to water stress in the trees and made them more
susceptible to termite attack.
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Key: Tables are indicated in italics; figures are indicated in bold text.

see Stable isotopes
see Stable isotopes
see Stable isotopes

16S rRNA and differentiation between bacteria 205
Abiotic chemical oxidation of litter 365
Abiotic limitations to decomposition 369-372
Absorption of nutrients by roots, see Roots
Acari 270-279

abundance and biomass 275
Acido-complexolysis of minerals 158, 161
Acidolysis of minerals 157, 158, 161
Actinobacteria 204, 205-206, 226
Actinorhizae 439, 454
Adaptive strategies of invertebrates 351-352
Aggregated distributions

of Acari 277, 278
of earthworms 292-293
of Enchytraeidae 283
of fungi 219
of invertebrates 344

Aggregates, see also Macro-aggregates; Micro-aggregates; Earthworm casts;
Termitosphere

agents forming 46
definition 46
in drilosphere 401, 486-488
in rhizosphere, 462
formation and stabilisation 51, 52-58, 346, 359
hierarchy of sizes 46, 54-56, Fig. I.20
humification of soil organic matter and stabilising capacity 56
oxygen status within 42, Fig. I.15
size distributions 46, 57
sizes 52-56, Table I.10

Aggressive leaching systems 160, 186, 187, 346, 393
Algae 203, 207, 255
Alkalinolysis of minerals 157, 159, 161
Allelochemicals in root exudates 250
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Allelopathic compounds in soil solution 244
Allitisation 162-164
Alteration 154
Ammonia volatilisation 97, see also Nitrogen
Amoebae 253, 256, Fig. III.26
Amphimictic reproduction 258
Anaerobiosis 41-44

fungal tolerance of 214
Andosolisation translocation through 172
Anecic drilosphere 472-481

and soil physical properties 482-483
carbon fluxes and nutrient cycling 478-480
flux of litter and soil 378, 477
functioning 478-481
soil physical properties 480-481

Anecic earthworms see also Anecic drilosphere; Biogenic structures
cast types 160
category defined 289, Fig. III.43
diet 470-471
digestion 471, 480
distribution 292, 348, 472, Fig. III.45
litter ingestion 472

Anhydrobiosis in Collembola 265
Anion exchange capacity 25
Antarctica, weathering in 163
Antibiosis 202
Ants 316-334

abundance and biomass 333
adaptive strategies 202
arboreal 318, 332, 334
Army ants 319, 323, 325, 331, 333
castes 318-320
colony longevity 321
colony ontogeny 320-321
community structure 322, 331-332
defence mechanisms 317
development 318-320
effects on soil 334
exploitation of plant resources 324-327
feeding habits 317
food items 322-328
foraging 317-324, 327, 330, 332-333
frugivory 325-326
fungivory 327-328
geographic distribution 317, 328-330, Table III.17
granivory and seed dispersal 325
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ground- and soil-dwelling 318, 322, 325, 327, 332, 334
honeydew feeding 326-327
horizontal dispersion 332-334
invasive species 322-323
leaf-cutting 176, 317, 322, 327-328
migration 331, 333
nectar feeding 326
nests 317-334
queens 318-321
relationships

with plants 317
with termites 316

sociotomy 320
spatial distributions of colonies 330-333
species richness 318, 330
surface deposition by 175-176, 202
taxonomy 318
territory 330-332
vertical stratification 332
workers 318-333

Araneae 323, 334, 338
Archaea 204
Archaebacteria, see Archaea
Arthropods litter-dwelling 160
Asexual reproduction 281
Astigmata Acari 273
Bacteria 202-205, 211-213

abundance 209, 222
biomass 210, 222-223
cell morphology 205
chemo-lithotrophic 205
chemo-organotrophic 205
colonies 204, 220
diameters and pore sizes colonised 220
functional classification 205
functional groups

in earthworm casts 492
in earthworm gallery walls 476
in termite mounds 518

predation by nematodes 221, 259, 261
predation by protists 221, 255
strains 205

Bare soil and depth distribution of Acari 279
Berlese funnel extraction technique 263, 267
Biogenic structures 345, see also Earthworm casts; Termite mounds

anecic earthworms 474-476
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ants 175-176
galleries 47
rhizosphere 51
termitosphere 501-507, 518-522
types and sizes 48-51

Biogeographic determinants of community structure 313, 348
Biogeography

and ant distributions, see Ants
and earthworm distributions, see Earthworms
and termite distributions, see Termites

Biological processes and weathering 159
Biological structures, see Biogenic structures
Biological systems of regulation 357, 366, 376-381, 386, 390
Biomantles

African example 176-177
Australian example 173-174
defined 170
and palaeosols 509

Biopores 47, 51, 58, 173, Fig. II.8, Table I.10, see also Macropores
defined 47
organisms forming

ants 334
earthworms 463,475-476, 483, 488
roots 460, 462
termites 506, 511

Biota as soil forming factor 152
Bioturbation 173-177, see also Ecosystem engineers

ants 175, 317
earthworms 174, 490
litter 388, 402
mammals 173
termites 175, 501, 502, 512

Bisiallitisation 161, 162, 164
Blattodea 294, 310, 334
Brunification 186
Bulk density of soil 346
Burial of litter by physical processes 362, see also Litter translocation
Burrows 173, 202, see also Galleries

of mammals 173
Calcification 171
Calcium

Concentrations
in earth’s crust Table I.1
in organisms

animal tissues 103, Table I.14
plant tissues Tables I.14, I.15, I.18, I.26, I.27
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in soils Table I.2
and earthworms 285, 465-466
roles

in animals and plants 85, 103, 335, 336, Table I.16
in soils 27, 89, 103-104, 148

Cannibalism in termites 304
Carbon

as component of soil organic matter 375
concentrations

and bulk density 89, Fig. I.31
and climate 138, 169, Fig. I.50
in organisms 87-88
in soils 90-93, 169, Figs I.32, I.33, Table I.2

cycle in terrestrial ecosystems 88
depth distributions 91-93, 132, 134, 168, Fig. I.33
flux through litter system 417
isotope abundance 132-133, 307, 349
in microbial biomass, see Microbial biomass
mineralization in litter 417
and nutrient turnover in earthworm biomass 479
ratios to nutrient elements 374-375, Fig. IV.10
residence times in soil pools 167
stocks

in soils 87-89, Fig. I.50, Table I.17,
world stocks 87-88, 135-137, Fig. I.49, Table I.17

Carbon dioxide
dissolved in soil water 90
in soil atmosphere 40-41, 90, Table I.9

Carbon:nitrogen ratio
and decomposition 112-115, 279, 374-375
in organisms 112-115, Table I.21
root exudates 250
soils 112-115, Table I.21, I.22
and termite digestive processes 515-516, Fig. IV.63

Carbon:nutrient element ratios, see Carbon
Carbon sequestration

in earthworm casts 489-490
in termite mounds, see also Termite mounds 509-519

Carrying capacity of soil for earthworms 494
Casts, see Earthworm casts; Enchytraeidae
Catenas, see Toposequences
Cation exchange capacity

of clays 25-27, Table I.5
of highly weathered soils 151, 192-193
of roots 244
of selected minerals 21, Table I.5
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of selected soils Tables I.5, I.6
of soil organic matter 37, 90, 359

Cattle grazing 312
Cellulolytic activity in termite gut 304
Cellulose 303
CFU (microbial colony forming units) 207
Charcoal, occurrence in soils 89-90
Chelicerae 270
Chilopoda 267, 35, 336, 339, 342
Chitinase 229
Chronosequences in soil formation 187-193
Ciliates 253
Classification of soils 195-200, see also Soil Taxonomy
Clay minerals

classification 16-23
clay:humus complexes 10, 129, 156, 163
as coatings on micro-organisms and organic particles 370-372
effects on decomposition 370
and enzymes, see Enzymes
formation processes 182-183
geographic distribution 23-24, Fig. I.9
neoformation,

and climatic influences 164
defined 159
and materials present in highly weathered soils 192
and minerals produced Table II.4
and other processes in clay formation 181-186, Table II.6
within termitaria 514

particle sizes Table I.5
platelets 204
1:1 types 19
2:1 types 19, 161

Clays, definitions 5, 16-17
Climate

and decomposition 365, 366-368
and pedogenesis 149
and weathering processes 162

C:N ratio, see Carbon:nitrogen ratio
Cockroaches, see Blattodea
Cocoons, earthworms 281, 283, 285, 293
Cold climate soils 162-163, 184-185
Coleoptera 263, 312, 334, 336-338
Collembola 263-270

community structure 268-270
density and biomass 267-268
functional classification 265-266
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oviposition rate 267
reproduction 265
species richness in communities 268, 347
taxonomic richness 263
water balance control 265

Colonisation of litter by Acari 277
Comminution

in decomposition processes 341, 360, 410, Fig. IV.2
in earthworm gut 488
of litter 335, 341
of plant materials in termite carton 520

Community structure
of micro-organisms 216-229
termites 313-315

Competition 202
Coprophagy 32, 115, 360

earthworms 380, 482, Fig. IV.55
isopods 335
termites 306, 482

Cryptostigmata 273, 276
species diversity 277

Cyanobacteria 107, 113, 438-441, 455
Cytochemical test for bacterial activity 225
Decalcification of soil 188
Decarbonatation of soil 188
Decomposition 357, 359-388

abiotic 88, 365
changes in chemical composition with 121
chemical aspects of 362-363, 372-375
constant (k) 361, Figs I.43, IV.7
in litterbags 123, 373, 420
models 363, 366
participation of soil organisms in 366
physical aspects of 360-362
rates

in forest systems 391, 413, 420-421
methods of estimation 361
in microcosms 412
models 360-363
and mycorrhizal fungi 416
and nutrient cycling 420-422
and resource mixtures 424

time course 364-366, Fig. IV.5
Defoliation and root exudation 250
Demographic profiles

of Collembola 266



626

of earth worms 289
Denitrification 97, 221
Deposition of materials at soil surface, see Ants; Bioturbation; Earthworms; Ecosystem
engineers; Termites
Depth distributions of roots 231, 235, 237-238
Diapause

in Acari 274
in earthworms 287, 294, 464, 475

Digestion of micro-organisms 212-213
Digestive capabilities of invertebrates 202, 346, 350
Dilution plate technique 207
Diplopoda 201, 312, 335, 336, 338, 347
Diplura 263, 284
Diptera larvae

abundances 339, 346
feeding habits 336, 342, 413, 444
as litter inhabitant 393, 410
and spread of fungal propagules 215

Dissolution
of carbonate 185
of minerals 157
of nutrients by roots 243

Dissolved organic carbon 88
Distance between roots 237
Disturbance 193, 227
Donnan equilibrium 244
Drilosphere 463-496, see also Anecic drilosphere; Endogeic drilosphere

associated microflora and fauna 476-477
defined 379-380, 463
plant growth 494-496
soil organic matter dynamics 488-490
soil phisycal structure 480-481, 483-488

Drought responses
Acari 273, 275
Collembola 265, 266
earthworms 286-287
Enchytraeidae 281
fauna 71
micro-organisms 70
nematodes 260
roots 245-246

Dung-beetles 336, 338
Earthworms 285-294, see also Anecic earthworms; Endogeic earthworms;

Epigeic earthworms
abundance and biomass 289-290
annual transit of soil through 174
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biomass and lime application 466-467
calciferous glands 285
compacting and decompacting species 487, Fig. IV.55
digestion 285, 287, 469-471, 349-351
ecological categories 288-289
elimination 411
fecundity 287
and food resource quality 289
galleries 475-476
geographic distributions 285, 290, 291-292, Figs III.44, III.45
gizzard 285, 286
gut contents 474
hydrostatic skeleton 285
intestinal mucus 341-342, 350-351, 380, 470
middens 463, 469
movements 288
pigmentation 289
population dynamics 292
reproduction 285-286
size 285
soil bulk density 487
soil pH 465
species richness in communities 291, 347, 467
taxonomic classification 285
vertical movements 174
water relationships 287

Earthworm casts
as admixtures with litter 112, 390, 425, 472
of anecic species 474-475
conservation of carbon and nitrogen within 488-490
deposition above:below the soil surface 174, 482, 486
of endogeic species 482-483
as macro-aggregates 131, 160, 486
microbial biomass in, see Microbial biomass
morphology of 56, 474, 483
nutrients in 479, 490-494
presence as soil taxonomic criterion 57, 174, 188
protection of organic matter in 131, 372, 480, 488-489
rates of deposition 57, 174, 475, 486
re-ingestion of 380, 473, 477-478
size range Table 1.10
stability of 57, 487-488

Earthworm community structure 291-292, see also Species richness
determinants 464-469
pastures 467-469
secondary successions 468
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Ecological categories
of Acari 273-274
of Collembola 266, 274
of earthworms 288-289
of Enchytraeidae 281
of termites 305, 307, 313-315

Ecological niches 289
Ecological strategies of Acari 270
Ecosystem engineers 153, 285, 344-347, 355

ants as 316-317, 334
definitions and types 153
earthworms as 288-289, Fig. III.43
macrofaunal elements as 345-347
termites as 501-507

Eco-units 397, 399
Effects of fauna on physical environment 202, Table III.1
Effects of tillage on nematode communities 261
Elemental concentrations, see also individual elements; Nutrients, Soils

in contaminated soils and areas of mineralisation Table I.2
in the earth’s crust 3, Table I.1
in plant and animal tissues 80-86, Tables I.14, I.15
in surface soils 4, Table I.2

Eluvial horizon 147, Fig. II.7
Eluviation 147, 170, 171, see also Illuviation

through galleries 175
and soil processes 171, 186, 190, 191, 194

Enchytraeidae 279-285
abundances and biomass 281-282
adaptive strategies 202
casts 279, 406
community structure 282-283
mor litters 392
soil moisture limitations 281
species richness in communities 282, 347

Endemic species 291, 330
Endogeic drilosphere 481-494
Endogeic earthworms 288-289, 292-293, 312, 347

cast production 486
conservation of nitrogen and phosphorus 490-493
diet 474
digestion 469

Endospores 205, 215
Energy 141, 143, 173
Energy flow 153
Enzymes

adsorption on clays 370-371
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of ants 327-328
of earthworms 469-470
extracellular 212, 248
intracellular 212
and micro-organism activity 208
and mycorrhizae 378, 453
nitrogenase 455
and termites 304, 307

Epiedaphic Collembola 266, 270
Epigeic arthropods 187, 270
Epigeic earthworms 288-289, 292-293, 469
Epigeic Enchytraeidae 283
Erosion 156, 177-178, 193

of bioturbated materials 173, 175, 177
and creep 178
sheet 178
soil losses by 178
of termite mounds 512, 513
by wind 156

Euedaphic Collembola 266, 268-270
Euedaphic Enchytraeidae 283
Exfoliation of root cap cells 248, Fig. IV.25
External rumen digestion

earthworms 469
in faecal pellets 279, 283, 341, 343, 413
foodwebs 383
litter transformers 385, 391, 413
termites 518

Extracellular digestion by micro-organisms 213
Exudation, see Root exudation
Faecal pellets 346

Collembola 279
Enchytraeidae 280
litter layers 393
microbial activity 414
termites 519

Fairy ring fungi 415
Fasciculated root systems 230
Faunal dispersion of fungi 215
Faunal influence on soil processes 176, see also ch. IV
Feeding habits

Acari 270-272, 274, 277
Ants 317, 322-328
Collembola 264, 268
macroarthropods 335-336
nematodes 258
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Protoctista 253
Ferrallitic soils 184, 191
Ferrallitisation 181, 190-191

translocation through 172
Ferricretes 192
Ferrihydrite, see Oxide minerals of iron and aluminium
Ferrugination 190
Fersiallitisation 190
Fine earth 7
Fine roots, see Roots
Fire 156, 312
First link hypothesis 349-351
Flagellates 253
Foodwebs 347, 354, 383-385

composition 384
functional importance 387
microfoodwebs 344, 383-387
spatial patterns 386

Formalin extraction earthworm sampling 289
Fragmentation of Enchytraeidae 281, 283
Fragmentation of rock 155
Freeze: thaw

rock fragmentation 155
soil translocation 170

Functional classifications, see individual groups
Functional diversity

bacteria 204, 212
in earthworm communities 292

Functional groups of soil organisms 202
Functional guilds of soil organisms 344-347
Functional structure of nematode communities 261
Fungi 206, 213-215,

adaptive strategies 202
biomass 210
classification 206
community species richness 225
community structural dynamics 228
decomposition 305, 306
digestion 214
dispersal of propagules within soil 215, 413-414, 452
dispersion within soil, see Aggregated distributions
hyphae 204, 207
mycelium 206
spores 206, 215
and termites 305-306, 307
trophic groups 214
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Fungivory 385, 413, 451
in Acari 270, 272, 386
in ants 324, 327
in beetle larvae 338
in Collembola 413, 459
in Diptera larvae 413
in mammals 436
in nematodes 261, 385
in protists 385, 441, 459, 460
in termites 305-307

Galleries
infilling of 177, 187, 519
infiltration through 481, 513
linings 33, 56, 501
micromorphology of 476
networks of 503, 510, 511
organisms forming 202, 343, 384, Table III.1

ants 176, 328, 334, Table I.10
Chilopoda, Diplopoda 336
dung beetles 338
earthworms 475-477
enchytraeids 279
termites 505

roots within 232, 598
sizes Table I.10
translocation of materials through 173-176

Generation times
bacteria 221, 224
nematodes 263

Genetic plasticity bacteria 205
Genetic polymorphisms bacteria 205
Geographical distributions, see also Biogeography, Thermo-latitudinal gradients

Acari 278
invertebrates 344

Geophages 129, 131, 132, 287-289
Gibbsite, see Oxide minerals of iron and aluminium
Goethite, see Oxide minerals of iron and aluminium
Glaciation 291
Gleying translocation through 172, 195
Golgi apparatus and root exudates 247
Gram-negative bacteria 204-205, 212, 216, 220, 221
Gram-positive bacteria 205, 219
Growth factors in root exudates 249-250,
Growth patterns in Protoctista 253
Gut contents in Acari 272
Haematite, see Oxide minerals of iron and aluminium
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Halloysite, see Clay minerals
Halophilic bacteria 204
Hemicellulose 121, 306, 362, 421, Table I.25
Hemiedaphic Collembola 266, 269
Hemiptera 334, 343
Hermaphrodism 281, 285
Heterogeneity litter inputs 278
Hierarchy, see Aggregates
Hierarchy of determinants in soil processes 364-369
High-input annual crops and root biomass 240, Table III.8
Holorganic faeces 400
Holorganic layers, see Litter layers; Horizons
Honeydew 322
Horizons

and chronosequences 186-190, Figs II.10-II.12
definitions of 146-148, see also Layers
master 145, Fig. II.1
mineral 147-148
organic 146
and toposequences 194-195, Fig. II.15
transitional 148

Horizontal distributions
Acari 278
earthworms 292-293
micro-organisms 219
nematods 262
roots 235-236

Humic compounds 35, 129, 374
Humification, see also Soil organic matter

constraints on rates 276, 360
and decomposition 359
defined 169
increase with depth in soil 113
in earthworm casts 480
formation of humic compounds 374
in litter layers 394, 419
and particle size 129
and the pedoclimax concept 179
and soil-feeding termites 500
and soil functioning 358
and soil organic matter quality 139, 374
and soil structure 56

Humus forms 389-393, see also Successions
moder 261, 339, 391
mor 338, 339, 392
as mosaic 397
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mull 186, 390
Humus layer 146
Hydration:dehydration 159, 170
Hydrobiont organisms 201-202
Hydrolysis of minerals 157-158, 181
Hydrophilic Collembola 265
Hygrobiont organisms 201-202
Hygrophilic Collembola 265
Hyphal length 209, 216
Hyphal mats 434
Illite, see Clay minerals
Illuviation 147, 148, 175, 176, 187, 194-195, see also Void infilling
Incipient soils 152-153, 154

man-made and strongly modified soils 150, 200
Incorporation of organic materials 229
Individuals, adaptive significance of size 343, 344
Individual weights Acari 276
Invasive species, see Ants
Ion:humus links 129, 186
Ion mobility 244
‘Islands’ theory 227
Isopoda 322, 334-335, 338
Isotopes, see Stable isotopes; Natural isotopes
k, see Decomposition constant
K, see r and K demographic strategies
Kaolinite, see Clay minerals
Land use

effects of change on invertebrate communities 352-353
influence on microbial communities 217
suitability for 196

Layers, see also Horizons
in litters, see Litter systems; Litter layers
in mineral horizons 145, 148

Leaching, see also Aggressive leaching systems; Soil solution; Water soluble materials
ammonium 412
of cations in tropical forest systems 424
of cations under nitrogen saturation 419
and clay mineral formation 24, 184,
as component of decomposition process 360, 361, 410
defined in relation to translocation processes 170
nitrate 96-97
organic leachates 32-34, 111, 115, 117, 165, 412
and soil formation processes 156-157, Fig. II.2
toxic substances 218, 360
and weathering process 156, 168, Table II.4

Leakages from roots 247
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Life cycles of termites 310
Life history in Acari 274
Lignin

concentration in litter 279, 374
decomposition by ‘white-rot’ fungi 213
digestion by termites 303-304, 342

Lignin:holocellulose ratio as predictor of decomposition rates 421
Lignin:nitrogen ratio as predictor of decomposition rates 374
Lignocellulose, see Lignin
Limestone 185
Liming in agriculture 104
Litter accumulation 395, 402

and pH 407-408
Litterbag experiments 123, 373, 420
Litter-dwelling invertebrates 265
Litterfall in relation to litter standing crop Fig. IV.7, see also Decomposition constant
Litter-feeding earthworms 312
Litter invertebrate communities 406-409
Litter invertebrates, contribution to N-mineralisation 406-407
Litter layers

characteristics at different scales 393-395
nomenclature 146-147, 393-395, Fig. IV.15, Table II.1
seasonal changes in 122, 418

Litters
annual inputs and standing crop 124
assimilation by saprophagous Acari 273
availability in time 123
components 395-396, 400
decomposer communities 404-409
lateral heterogeneity 395, 397
leachates 139, 218
lignin content of 374
micro-organisms 404-405
mixing with soil 480
passive burial 411
polyphenol protein complexes 120
quality 119, 120, 121, 381, 424, see also Lignin; Polyphenols; Tannin-protein
complexes
spatial distribution 124
suspended 124
transformers 344, 346, 347, 353, 355
translocation 410-411
woody 120

Litter systems 378, 388-425
classification 389-393
composition 388
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nutrient dynamics 419-425
processes 410-416
roots 404-406, 416
structure 393-403

Macro-aggregates 481, 484, 487-488
agents binding 56, 462
defined 54
microbial biomass in 56, Figs IV.51,52
produced by animals 160, 202, 482, 483, 511, see also Earthworm casts
and soil structure 52-58, 346, Fig. 1.20, Table I.11

Macroarthropods
communities 334-339
population density and biomass 338-339

Macrofauna 201-202, 285-339, 343, 345-347, see also Macro-invertebrate communities
Macrofaunal effects on microbial distribution 219
Macrofaunal roles in aggregate formation 57
Macro-invertebrate communities 312
Macro-invertebrates and the rhizosphere 444
Macro-organisms 225
Macrophytophagous Acari 270, 272, 274, Table III.12
Macropores 47, 232, 234, 343, see also Biopores

defined 46
dynamics 57-58
eluviation through 171
filling with earthworm casts 475
and root growth 232, 234
as shelter for macro-invertebrates 342-343
water flow through 47

Magnesium
roles in plants, animals and soils 103
in soils 102-104; Table 1.2

Maintenance energy microbial cells 215
Mammals

as bioturbators 156, 73, 436, 529
as termite predators 315-316, Table III.15
as vectors of mycorrhizal propagules 436

Man-made soils 152-153, 200
Mark:recapture population estimation method 310
Matric potential, see Soil water potential
Mesofauna 201-202, 263-279, 343, 345

and the rhizosphere 443
Mesohumic endogeic earthworms 288-289, 292-293, 352
Mesostigmata Acari 273
Metabolic rate of Protoctista 253
Metallophytes 85
Metastigmata Acari 273
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Methane production by termites 305
Methanogenic bacteria 204, 305
Micro-aggregates 204, 215, 216, 220, 223

and microbial biomass nitrogen, phosphorus 56
and microbial distributions 219-220, 221
and protist distributions 253

Micro-arthropods 263-285
adaptive strategies 202

Microbial communities in the rhizosphere 250
Microbial abundance 207-211

distance from root surface 430-431
estimation techniques 208
rhizoplane/soil ratio 430

Microbial activity and litter invertebrates 412-414
Microbial biomass

in aggregates 56
carbon 56, 87, 210, 369, Table I.17
carbon:nitrogen ratio in 94, 369, 374, Table I.21
correlations between carbon, nitrogen and phosphorus in 86
in earthworm casts 380, 483, 484, Figs IV.51, IV.52
in invertebrate faeces 413
measurement 208-209
nitrogen 56, 86, 105, Table I.17
as nutrient reserve 413
phosphorus 56, 100, 105
in rhizosphere 449
in soils 210, 217, 224
sulphur 101, 105
in termite mounds 507, 518
turnover times 215, 225, Table III.5
world stocks 87

Microbial communities 203-229, 347
species richness 225-226

Microbial DNA 225-226
Microbial processes 369
Microbial respiration 131, 208, see also Respirometry
Microbial succession 221, 227, 405,
Microfauna 201-202, 253-263, 343, 345

and the rhizosphere 441
Microflora 201-202, 203
Microhabitat diversity in litter 277, 283
Micromorphology

biological features 173-174
earthworm burrows 476

Micromyriapoda 263, 284
Micro-organisms
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biology 211
classification 203
dissemination by litter invertebrates 413
diversity 413
interactions with macro-organisms 225

with other organisms 202, Table III.1
strategies 227

Microphytophagous Acari 270, 272, 274, Table III.12
Micropores

colonised by micro-organisms 220, 343
defined 46
diameter 220

Micro-predator food chain 345, 355
Microrelief 44
Microscale distributions of micro-organisms 219
Microtopography and earthworm distributions 292

and the distribution of Acari 278
Mineral horizons, see Horizons
Mineralisation

organic matter 169
regulation by invertebrates 411-414,

Minerals
defined 18
primary 156
secondary 156
types in soils, see also Clay minerals 16

Mobility of ions in soils 96
Mobility of bacteria 212
Molecular weights of root exudate compounds 250
Monera 203, see also Prokaryotes; Bacteria
Monosiallitisation 162-164
Moulting in Acari 273
Mound-building ants 333, 334
Mound-building termites 309-313
Mounds 346, see also Ants; Ecosystem engineers; Termite mounds
Movement in protists 255

in soil organisms 343
Mucigel 247
Mucilage root and microbial 246-247, 248, 427
Mucus, see Earthworms
Mucopolysaccharide 204
Mutualism

and adaptive strategies of organisms 202, Table II.1
ants

and fungi 327
and Homoptera 326-327
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and plants 317, 325-327
and termites 316

and climate 349-351, 353-356, 378
and earthworm digestive processes 341-342, 350-351, 469, Fig. III.60
invertebrates and the ‘external rumen’ effect 341-342, 346
micro- and macro-organisms 378
and organism size 345-347, 383-384, Fig. III.61
rhizosphere 379
termites

and associated fungi 305-307, Fig. III.51
and intestinal symbionts 304-307, 342

Mutualistic digestion 291, 304, 344, 351
Mycophagous Acari 272
Mycorrhizae 213, 241, 245, 378, 432-437

ectendomycorrhizae 437
ectomycorrhizae 434-436
endomycorrhizae 436-437
geographical distribution 437
inhibition of litter decomposition 416
orchid 437
propagule dissemination by soil animals 413-414, 436
propagules 413-415
vesicular arbuscular 435-436

Mycorrhizosphere 426, 453
Myriapoda 202, 334-336
Myrmecosphere 377
Natural carbon isotopes, carbon labelling 167-168, see also Stable isotopes
Negative charge on soil colloids 193
Nematodes

abundance and environmental parameters 260
adaptive strategies 202
biology 257-263
community structure 260-263
feeding habits 258
free living 257
functional groups 259, 261
movements and dissemination 258-259
reproduction 258
resistance to water stress 259
respiration rate 257
rhizosphere 441-443
and soil porosity 258
species richness in communities 261
as virus vectors 203

Nematode-trapping fungi 385
Neoformation 159, see also Clay minerals; Oxide minerals of iron and aluminium
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Neoteny in social insects 299
Niche partitioning 277, 348
Nitrification 95, 221
Nitrogen 94-97

concentrations
in animal tissues 95
in micro-organisms 95
in plant tissues 84, 95, Table I.15
in soils 97, Figs I.32, I.33, Table I.2
in soils and climatic factors 138, 169, Fig. I.50

denitrification 42-43, 95, Figs I.15, I.34
fixation, see Nitrogen fixation; Nitrogen fixing organisms
forms taken up by plants, micro-organisms 95-96, 453
limitation to production 94
losses from soils 97, see also Leaching
microsite exploitation by roots 239, Fig. III.22
nitrification 95, 459, Fig. I.34
organic nitrogen

composition 97
geographic variation in composition 97

saturation 94, 419
stable isotope abundance, see Stable isotopes
world stocks 87, Table I.17

Nitrogenase 455
Nitrogen conservation in termites 304
Nitrogen cycling 96

earthworms 479
foodwebs 387
micro-organisms 201

Nitrogen fixation
abiotic nitrogen fixation 95, 455
biochemistry of 455
colonisation of hosts 454-455, Fig. IV.41
in the earthworm gut 95
energy requirements for 455
environmental influences on 212, 439, 457
Frankia 439, see also Actinorhizae
rates 419, 439-441, 454
the ‘Rhizobium’:legume symbiosis 439
in the termite gut 304, 516, Fig. IV.63

Nitrogen fixing organisms 107, 437-441
associative bacteria 107, 440
free-living bacteria 107, 438, 440
and host plants 95, 107, 206, 437-440, Table IV.10
symbiotic bacteria 107, 439-441
types of relationship with host plants 107
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Nitrogen mineralization
in earthworm casts 491-493
and immobilisation 244
by invertebrates 412
by roots 412
in termite structures 518

Nutrient availability 238
in soil solution 243

Nutrient cycling 193
Nutrient cycling in litter, see Litter; Litter systems; Drilosphere
Nutrients

assimilation 243
atmospheric deposition 98, 106
classification 81-87
concentrations in plant tissues 84
conservation

through retention in organic form 359, 414, 417, 419, 422, 459
by synchronising and synlocalising mineralisation and uptake 381,
Fig. IV.13

depth distributions 108, 110
dissolved in water 28-29
dry deposition 419
macronutrients 82, 85, Table I.14
micronutrients 82, 85, Table I.14
‘plant-available’ fractions 110
release from decomposing organic matter 111-112, 419-420

earthworm casts 490-494
requirements 82
as resources 80, 119, 243
sources for plants 105-107, 365
stocks 107-111

in plant material 109, 111
in soils 109

storage and release 107-115
storage in plant biomass and soil 421-425

Oligohumic endogeic earthworms 288-289, 292-293
Organic compounds, aggressive 190
Organic resources 115-140, 360-361, see also Successions

classification 115-118
composition 120-121, Table I.25
quality 226, 229

Organic surface layers, see Horizons; Litter layers; Litter systems
Organo-mineral bonding 56
Organo-mineral faeces 400
Orthoptera 323, 343
Osmotic potential, see Soil water potential
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Osmotic pressure in roots 246
Osmotrophy in flagellates 255
Overstocking and soil degradation 193
Oxide minerals of iron and aluminium 23, 24-25

distributions 26, 187, 190-191, Fig. I.9
and soil formation 158-165, 184, 187, 190-191, Fig. II.14, Table II.4
specific surface areas Table I.5

Palaeosols 191-193
termite roles in formation 509

Parasitic Acari 273
Parasitic nematodes, stimulation by exudates 250
Parent materials

acid rocks 186
calcareous 185, 188
nutrient concentration 150
and soil formation 150-151, 180
types 150

Parthenogenesis
Acari 273, 274
ants 318
Collembola 265, Table III.2
earthworms 285, 287
Enchytraeidae 281
nematodes 258

Particles, see Soil particles
Patchy distributions, see Aggregated distributions
Pathogenic fungi 213
Pauropoda 263, 284
Pedoclimax concept 179
Pedogenesis

cold climates 184
temperate climates 185-186
tropical climates 181-184

Pedological classifications, see Classification of soils
Pedon 196-197
Pedotubules 173
Peregrine (or tramp) species 313, 330
Permafrost 185
Pervection 170
pH

amelioration 102, 104
and chemical weathering 157-159, Table II.3
and earthworm abundance 125, 407, 466, Figs I.44, IV.23, IV.44
and nutrient availability 25, 98-100, Fig. I.35
and nutrient uptake 96, 429, Fig. IV.32
and surface charge of colloids 21-23, 25, 27-28, Fig. I.10, Table I.6

641



642

and weathering processes 157-159, Table II.3
Phenol-protein complexes 372-373, see also Tannin-protein complexes
Phosphorus 97-100

atmospheric deposition 98
as commonly deficient element 98
concentrations

in biological tissues 98, Tables I.14, I.15
cycle 387 in soils 98, Fig. I.32c, Table I.2

fixation 100
forms in soils 98-100
in microbial biomass 100
mineralisation in earthworm casts 492
and pedogenesis 98, 192
root exudates 250
root production 233
stocks in soil and phytomass 109
in termite mounds 525, Table IV.23
uptake by fungi 100

Photo-lithotrophic bacteria 205
Photo-organotrophic bacteria 205
Phyllosphere 228
Phylogeny 347, 351
Physical protection

of micro-organisms 215, 216, 223
of organic matter in biogenic structures 372

Phytoliths 25, 171, Fig. I.5, Table I.10
Phytoparasitic nematodes 257, 262
Plant ‘feeding regimes’ 242
Plant rooting strategies 238
Plant genetic control

of nutrient uptake 245
of specific root length 234

Plant pathogens, stimulation by exudates 250
Podzols, see Spodosols
Podzolisation 171, 187-189
Point of zero net charge 25
Polyethism

in ants 318, 320
in termites 299

Polyhumic Enchytraeidae 283
Polyhumic endogeic earthworms 288-289, 292-293
Polyphenols 372-373, see also Phenol-protein complexes

allelopathy 457
and decomposition rates 420
humus types 389-392
and litter-transformers 406
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in termite mounds 521
‘white-rot’ fungi 415

Polyxenidae 263, 284
Pore size distribution and protist size 254
Pore space

habitable 220, 270
protective 220

Pores, see Biopores; Macropores; Micropores
Porosity in the anecic drilosphere 480
Porosity and root production 233
Post-embryonic development in Acari 273
Potassium 104-105
Predation 202, Table III.1
Predatory Acari 270, 274
Predatory nematodes 261
Primary resources, see Organic resources
Priming effect 376-377, 379, 382-383, 427, 448-450, see also Root exudates; Earthworm
mucus
Prostigmata 273, 276
Protection of soil organic matter

by clay 33
in micropores 220
in earthworm casts 488-490

Protists, see Protoctista
Protoctista 203, 253-257

abundance and biomass 255-257
adaptive strategies 202
microhabitat 253
predation on bacteria 257
rhizosphere 257, 443
size 253
species richness in communities 256
taxonomic classification 253
tests 254

Protozoa, see Protoctista
Protura 263, 284
Quiescence

in Acari 274
in earthworms 286-287

r and K demographic strategies 238, 266, 288-289
earthworms 289, 288-289
micro-organisms 227, 431

Recalcitrance in food materials 303
Redox potential 139, 181

in aggregates 42
anaerobiosis 41-44
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Référentiel pédologique 197, 198, see also Soil classification systems
Regulators of microbial activity 347
Rejuvenation of soils 192
Resource quality 343, 344, 351

and decomposition processes 372-375
and fungal species 228-229

Resources, see Soils
Respirometry of soils 208
Rhizodeposition 246-251, see also Exudation
Rhizomorphs 214
Rhizophagy 232, 444

Acari 274, Table III.12
earthworms 444
nematodes 235, 261, 441
taxa involved 343, 352, 444
termites 500, 528

Rhizoplane 428, 431, Fig. IV.34
Rhizosphere 347, 377, 379, 381, 383-385, 426-462,

characterisation 426-446
communities 430-444
extension of 427-428
faunal communities 441-444
free-living micro-organisms 430-432
and microbial distribution 219
micro-environment 428-429
pH 429, Fig. IV.32
subdivisions of 428
symbiotic micro-organisms associated 432-441

Root density and nutrient depletion 244
Root exudates 139, 243, 246-251, 379

composition 248-250
quantities produced 250-252

Root exudation sites and mechanisms 247-248
Root-feeding, see Rhizophagy
Rooting strategies 128, 232-242
Roots 230-252

adaptations to anaerobiosis 43
annual inputs and standing crop 128
apex 245
availability in time 127
biology 242
biomass 240-241
branching pattern 230, 245
cap cells 247
chemical quality of tissues 126-127
coarse 232, 237, 238
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diameter 232
distributions in soil profile 235-239
elongation zone 427
exploitation of nutrients and water by 232, 237
fine 202, 235, 241-242, 406
longitudinal differentiation 427
maximum extents 238-239
morphology 230-242
nutrient concentration in fine 127
parasitic fauna 441
production 240-242
radial extent 238
root hairs 246, 247, 248, 427
root mats 238, 328, 404-405, 434
secretions 246, 247
spatial distributions 127
tap or sinker roots 230, 231, 235-238, 460, 462
topology 230-232
uptake of water and nutrients 242-245

Root:shoot ratio 232-234, 387
Root tips 231, 262, 427

in litter Fig. IV.5
Rubefication and translocation 172
Ruderal plants 227
Salination and translocation 76, 170-171
Salinity, saline soils and climate 16, 162, 165, 184, 185, Fig. II.3, Table II.6
Salinolysis and weathering 157, 158-159, Fig. II.3, Table II.3
Saprophagy, see Soil functioning; Decomposition
Saprotrophic fungi 213
Seasonal variation 263

in acarine communities 279
in bacterial abundance 222
in collembolan communities 269
in fungal abundance 223-225

Seed consumption and transport by ants 317-320, 325-326
Seed consumption by earthworms 472-473
Seed exudates 250
Seed sizes Table I.10
Sesquioxides 91, 171, 186, see also Oxide minerals of iron and aluminium
Silcretes 192
Single-tree effects 395, 402-403, Fig. IV.22
Size groupings of organisms 202, Table I.10
Sizes of soil biogenic structures Table I.10
‘Sleeping beauty’ paradox 224-225, 358, 369
Smectites, see Clay minerals
Sociality 344, see also Ants; Termites
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Soil animal faeces 56
Soil atmosphere 39-44, Table I.9
Soil classification systems 195-199
Soil component groupings 1-2
Soil creep induced by fauna 176-177
Soil drainage 181, 194
Soil enzymes, see Enzymes
Soil formation processes 179-200
Soil forming factors 149-153, 179
Soil heterogeneity 141-142, 239
Soil horizons, see Horizons
Soil microclimate 59-79, 281
Soil organic matter

abundance 136-138, 168, 260
accumulation 165-169
characterisation 34
chemically stabilised pool 168
compartments 166-167
concentration 190
depth distributions, see Carbon
distributions in aggregates 130
dynamics (models) 166,
elemental composition 375
energy density 37-38
fluxes in litter 417-425
functional pools 38, 168
heavy fraction 35
horizontal distribution 134-136
labile (see Water soluble materials) 34
light fraction 34
metabolic pool 165
morphology 32-33,
as nutrient source 36-37, Table I.29
particle size distribution, see Soil particles
physically stabilised pool 168
physical protection in biological structures 372
quality 129-132
radiocarbon in 167
recalcitrant, see Soil organic matter, resistant
resistant,

and accumulation of organic materials 411, 413, 428, 459, 518
and low resource quality 372-374, 419,
in pools of differing decomposability 166-167, 168-169, 360, 374-375,
Fig. IV.2

role in soil function 359-360
stabilisation by clay 169
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translocation by earthworms, see Translocation
water soluble 139, see also Water soluble materials

Soil particles, see also Clays
illuviation 194
mineral particles, chemical composition 8, Fig. I.2
numbers per gram Table I.3
size distributions

mineral particles 9-15, Figs I.3, 1.4, Table I.4
organic particles 36, 129-130

size fractions 7-10,
surface areas 7, Table I.3

Soil pH, see pH
Soil profile 196
Soil profile development 187-189
Soil resources 80-140, see also individual taxa for food resources
Soil respiration 365, 387, see also Respirometry
Soil:root interface 246
Soil soluble resources 139
Soil solution 28-29
Soil structure

and agriculture 49, 56
classification 50, 51
components 44
definedn 43
dynamics and impairment 55-56
and functioning of the soil system 358
and stability 55

Soil Taxonomy
and other soil classification systems 197-200
properties of representative soils 13-15
synopsis of orders Table II.7
times for development of selected orders 152, Table II.2

Soil temperature
daily and seasonal variation 60-63
effects of vegetation 63-65
regimes 281

Soil texture 6-16, 292
Soil transformation front 179-180
Soil water balance 76-77
Soil water

content and root distribution 231, 238
forms 67, 72-73
hydrological regimes 74-79
potential 67-70
retention

by litter and soil organic matter 74
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in different soils 73
mechanisms 67-69

topography and 78-79,
vegetational and seasonal effects 69, 77-78

Solonisation, translocation through 172
Soluble carbohydrates 232
Soluble compounds in root exudates 247
Soluble soil materials, movement of 194
Spatial distributions

ant territories 330
Collembola 268
earthworms 292
Enchytraeidae 282-283
micro-organisms 216-220
nematodes 262
Protoctista 256
termite mounds 504

Spatial mosaics and resource distribution 227, 229
Species and generic richness in termite communities 314-315
Species assemblages in Acari 277
Species diversity 153
Species richness, see also Thermo-latitudinal gradient

of ants 318, 330
in collembolan communities 268, 347
determination of 347-351
in earthworm communities 291, 347, 467
in enchytraeid communities 282, 347
in microbial communities 225-226
in nematode communities 261
in protist communities 256
in termites 347, 351

Specific root length 232, 234, 239
Spodosols, see Soil Taxonomy
Stable isotopes

of carbon,
in earthworms 133, 478, 488
in plants 132, 166-168, 307
in soils 132, 133, Table I.30
in termitaria 521-522, Fig. IV. 65
in termites and their food materials 307-308, Fig. III.52

of nitrogen
in plants 133-134
in termites and their food materials 307-308, Fig. III.52

of sulphur
in plants 134

Stress effects
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on microbial successions 227
on root exudate production 250

Stress-tolerance in plants 227
Succession

in collembolan communities 270
micro-organisms on decomposing substrates 227-229
forest litter types 417

Sulphate-reducing bacteria 204
Sulphur cycle 102
Sulphur in soils 101-102
Sulphur stable isotopes, see Stable isotopes
Survival mechanisms

in micro-organisms 215
in protists 255

Suspended litters 124
Symbiotic micro-organisms, roles 115
Symphyla 263, 284
Synchrony 358, 360, 381, 402, 413

agroecosystems 424
drilosphere 493
litter 423-425
litter placement 425

Synergy between bacteria 212
Synlocalisation 358, 381
Tannin content of litter 280, 457
Tannin-protein complexes 120, see also Phenol-protein complexes

and decomposition processes 362, 372-373, Figs IV.8, IV.9
and external rumen processes 346

Temporal variation
earthworm communities 294
enchytraeid communities 283
microbial communities 221-224
nematode communities 263
protist communities 256

Termitaria, see Termite mounds
Termite:ant relationships 316
Termite colonies 299-301

budding 301
ontogeny and reproduction 301-302
populations within 310-311
proportions of larvae 302
sociotomy 301

Termite galleries 505
water infiltration 513

Termite mounds
abiotic and biotic processes 508, Fig. IV.61
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abundance
and soil fertility 314
and types 504-505

ant types and populations within 316
areas covered by bases 504, 512
carbon:nitrogen ratios 520, Fig. IV.64, Tables I.21, IV.22, IV. 23
chemical characteristics of 516, 525
constructional materials 501, 502, 505, 519
erosion of 512-513
‘high’ termitaria 529
masses 504, 512
microbial biomass 518
mycorrhizal fungi within 528
nitrogen-fixing bacteria within 307
organic matter properties 514-522
plant biomass 527
and plant distributions 525-526, Figs IV.66, IV.67
roots associated 509, 526, 528
saprophytic fungi in 518
size Table I.10
and soil formation 176-177, 512
and soil processes Fig. IV.61
spatial distributions 504
species building 503
stable carbon isotopes, see Stable isotopes

Termite nests 308-309, 501-505
arboreal 504
epigeal 503, 512
subterranean 502, 512
in wood 502, 504

Termites 294-316
values of mounds, see Stable isotopes
values of tissues, see Stable isotopes
values of tissues, see Stable isotopes

adaptive strategies 202
aggressive behaviours 315
assimilation rates 303
biology 294-299
castes 299-302
colonisation and soil properties 313-314
community structure 313-315
damp wood feeders 311
defensive chemicals 299
density and biomass 310-312
development pathways 300-301
digestion 297, 302, 305, 380
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dry wood feeders 302, 310
ecological categories 498-501
egg production 299
feeding habits 299, 302, 498, 522
fungus combs 306, 499, 511, 518, 529
fungus-cultivating 299, 302, 307, 312, 313, 380
geographical distribution 294-296, Fig. II.48, Table III.14
grass harvesters and litter feeders 303, 306-307, 310, 499, Figs III.52, III.53
gut microbiota 305
higher vs. lower 297, 299-301, 304
interactions between 315
interactions with higher animals 529
and landscape dynamics 524-525, see also Soil creep
litter-feeding 302, 499
and micro-organisms 522-528
moults 300
movements and dissemination 302
nest construction 299
nitrogen budget 304, Fig. IV.63
nitrogen fixation, see Nitrogen fixation
and nutrient patchiness 524
as pests in cropping systems 522-523
plant interactions 522-529
polyethism 299
polyphagous species 500
predators on 315-316, Table III. 15
size 299
sociotomy 302
and soil aggregates 506
soil-feeders (or humivores) 303-305, 312, 380, 500
soil-wood feeders 500
specialist feeders 303
species richness in communities 347, 351
surface deposits 175, 511, 512
swarming 299, 301
symbionts 297, 299, 304, 306
taxonomic classification 294-297
territories 302, 315
tolerance of disturbance 312
vegetation associated 524-525
wood-feeding 302-304, 312, 313, 380
workers 299, 306, 307

Termitosphere 347, 358, 377, 378, 380, 499-529, see also Termites
associated organisms 507-508
defined 380, 497-529
organic matter dynamics 509, 514-522
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pedogenetic processes 514
soil aggregation 514
soil physical characteristics 510-514, 524-525
soil structure 511-514
soil texture 510
subdivisions 498-508

Thermo-latitudinal gradients
ant species richness 328-329
earthworm communities 290, 349
earthworm ecological categories 291-292, Fig. III.45
functional diversity 92
population density

Acari 275
Collembola 267

and termite distribution 297, see also Termites
and termite species richness 298, Fig. III.48, see also Termites

Thermophilic bacteria 204
Thysanura 263, 335
Time as soil forming factor 151
Tolerance of environmental stress by soil organisms 202, 343, see also drought resistance
Tolerance of low temperatures

Acari 273, 275
Collembola 265
Enchytraeidae 281

Topography 153, 277
Toposequences 153, 193-195
Trace elements 83
Transfers, see Translocation
Transitional horizons 148
Translocation

fungal cytoplasm 216
of litter 410-411

by ants 362
by earthworms 289, 362
by termites 362

photosynthates to roots 246, 247
of soil organic matter and nutrients 169

in the anecic drilosphere 479-480
soil processes associated 169-177, Fig. II.7

Transpiration by plants 246
Trophic effects, see Biota as soil forming factor
Tundra soils 163, 184-185
Turnover time

fine root biomass 241
microbial biomass 215, 224

Tussocks and mesofaunal aggregations 269, 278
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Vermiborolls 174
Vermudolls 174
Vermustolls 174
Vertical distributions

Acari 274, 278
Ants 332
Collembola 269
earthworms 294
Enchytraeidae 283
microorganisms 217
nematodes 262

Vertical gradient in food resources 351
Vertical migrations

Collembola 269
earthworms 287

Vertisolisation and translocation through 172
Vertisols, see also Soil Taxonomy

churning in 170, 172
Viruses 203
Void infilling by soil animals 173, 175, 176, 506, 519
Water infiltration

and termites 513
in the anecic drilosphere 479

Water logging 217, 218, 287
Water potential 243

and protist activity 255
Water relations

bacteria 211
earthworms 287
isopods 335
nematodes 257
protists 253-256

Water soluble materials 139-140, see also Earthworms; Leaching; Priming effect; Root
exudates; Root exudation; Salinity

and allelopathy 244, 412, 442, 459
as component of labile organic matter 34
in decomposer resources 121, Table I.25
and decomposition processes 121, 362, Fig. IV.2, Table I.25
and litter types 120
and organic matter insolubilisation 411

Water stress, see Drought responses; Soil water; Stress effects
Weathering 151-152, 153, 346, Table II.4

aplasmogenic 161
chemical processes 156-159
and climate 162, 182-183
defined 154-155
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highly weathered soils 192, see also Palaeosols
patterns 160
physical processes 154-156
plasmogenic 161
processes 164-165

‘White-rot’ fungi 415-416
in different litters 391, 393, 402, Figs IV.5, IV.8, IV.22
as efficient litter decomposers 373, 375, 389
and Enchytraeidae 280
taxa included 389

Wood degradation by termites 303
World Reference Base 197, 198
Xerophilic Collembola 265
Xerophytic fungi 214
Yeasts 206, 228, 255
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