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Foreword

During the past couple of decades, two seemingly unrelated themes have emerged,
sequentially, as new focal points in the study of ecological systems. In addition to
adding to the fund of knowledge about ecosystem science, the results of these studies,
in combination, have had a large impact on how knowledge about the status and oper-
ation of ecosystems is conveyed to nonspecialists. One of these themes is the concept
that biodiversity, per se, plays a role in the functioning of ecosystems. The second theme
is that of linking ecosystem processes to the delivery of services to society.

The prevailing studies of ecosystem functioning up to this period concentrated on
understanding the interactions of the most fundamental ecosystem units, that is,
trophic levels, and their operation in controlling the fluxes of carbon, energy, water, and
nutrients. This simple but powerful paradigm enabled great advances in our under-
standing of ecosystem dynamics.

There has been a growing concern in recent times, however, with the increasing loss
of species from ecosystems due to impacts of biotic disruptions of various kinds (hunt-
ing, selective harvesting, invasions), land-use change, and pollution. The question arose
of how these losses of species were affecting ecosystem functioning. This issue resulted
in a large-scale international effort to probe this question across the major biomes of the
world. The initial effort relied mostly on information gathered for other purposes, but
it nevertheless was useful for analyzing this new question. More recently there has been
a shift toward experimental approaches to this question, with a considerable body of lit-
erature resulting.

At the end of the initial global synthesis, which was run under the auspices of the
Scientific Committee on Problems of the Environment (SCOPE), it was concluded that
the analysis was hampered by our lack of knowledge of underground biodiversity and
processes. The decision to initiate a new study on belowground biodiversity and ecosys-
tem functioning was the genesis of this book and much of the work that led to it. Fur-
ther discussion, however, led to the innovation that is captured in this volume. Rather
than merely looking at soil biodiversity, it was proposed that the analysis focus on
below-surface processes, including terrestrial and aquatic. This was a very bold move,
since it brought two very disparate scientific communities together, yet these commu-

xv
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nities, as was suspected early on, shared commonality in the processes that they stud-
ied. Bringing these communities together also had the important result of focusing on
the linkages between below-surface terrestrial, freshwater, and marine systems.

As our knowledge of biodiversity and ecosystem functioning was accumulating,
another somewhat independent line of inquiry was developing. This was the consider-
ation of how the results of ecosystem processes produces the goods and services upon
which human societies depend. This has proven to be a very powerful extension of our
understanding of the role of biodiversity in ecosystem functioning in terms that are
extremely relevant to policies relating to the use of biotic resources. This work has turned
out to be intellectually challenging. It focuses attention on ecosystem linkages in a whole
new manner. It forces us to look at the whole train of ecosystem processes that result in
clean water, for example, including all of the biological, physical, and chemical
processes involved. Importantly, in the larger analysis, it involves the assessment of how
those processes that deliver clean water, in this example, can be compromised by the
alteration of ecosystem properties resulting from management practices designed to
deliver different services, which we also value, such as food.

There is another important thread that is captured in this book in addition to sys-
tem functioning, services, and linkages: the vulnerability of these systems to continue
to provide services under global changes. Thus this volume is innovative in its scope and
important in its conclusions. An excellent team under the leadership of Diana Wall has
produced a volume that no doubt will be a template for future syntheses as well as an
important guidepost of the crucial research needs in this vital area of research.

Harold A. Mooney
Department of Biological Sciences
Stanford, California, USA

xvi | Foreword
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Preface

This book about the biodiversity in soil, freshwater sediments, and marine sediments
and their role in the operation of ecosystems and provision of ecosystem services is a
project developed under the Scientific Committee on Problems of the Environment
(SCOPE). SCOPE’s mandate is to assemble, review, and assess available data on
human-made environmental change and the effects of these changes on people. In doing
so, SCOPE has collected and synthesized scientific information on the complex and
dynamic network of flows and interactions of the major biogeochemical cycles over the
last three decades (SCOPE 61). When this project was started in 1996, one phase of the
SCOPE Global Carbon Cycle project on the flow, interaction, and fate of carbon and
other nutrients from land via lakes and rivers to deep oceans was being finalized
(SCOPE 57), and a major synthesis of the transfer cycles and management of phos-
phorus in the global environment had been published, as had aspects of sulfur cycling
in wetlands, terrestrial ecosystems, and associated water bodies (SCOPE 48, 51, 54).
The first workshop on nitrogen cycling in the North Atlantic ocean and its watersheds
was also underway (Howarth 1996). All of these projects, along with a workshop on bio-
diversity and ecosystem functioning (Schulze and Mooney 1994), drew attention to a
lack of science-based knowledge in the area of soil and sediment biodiversity and their
influence on ecosystem functioning, and the need for a thorough review and syn-
thesis of the information available, as it posed a significant impediment to achieving
sustainability.

Since then, nearly 100 scientists and students from more than 20 countries have vol-
untarily contributed their time and intellectual knowledge toward achieving a better
understanding of soil and sediment biodiversity and biogeochemical cycling, and the
consequence of loss on ecosystem services. The productivity of this group over the inter-
vening eight years has been prodigious (see the SCOPE Soil and Sediment Biodiversity
and Ecosystem Functioning [SSBEF] Committee Publications Resulting from Three
Workshops in the back of this volume).

The SCOPE Committee on Soil and Sediment Biodiversity and Ecosystem Func-
tioning held its final international workshop in Estes Park, Colorado, in the fall of 2002;
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the results of their deliberations are presented in this volume as a synthesis of their cur-
rent understanding.

Diana H. Wall
Natural Resource Ecology Laboratory, Colorado State University
Fort Collins, CO, USA

John W.B. Stewart
SCOPE Editor-in-Chief
Salt Spring Island, BC, Canada

SCOPE Secretariat
51 Boulevard de Montmorency, 75016 Paris, France
Véronique Plocq Fichelet, Executive Director
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1
The Need for Understanding
How Biodiversity and Ecosystem
Functioning Affect Ecosystem 
Services in Soils and Sediments
Diana H. Wall, Richard D. Bardgett, Alan P. Covich,
and Paul V.R. Snelgrove

There is an astonishing diversity of life in mud and dirt. Much of life as we know it is
supported by the soils and sediments of freshwater lakes, ponds, streams, and rivers, and
the vast sediments of estuaries and the ocean floor. Together, soils and sediments form
an interconnected subsurface habitat that teems with millions of species providing
essential ecosystem services for human well-being, such as cycling of nutrients, soil sta-
bilization, and water purification. Like microbes, plants, and animals in more visible
habitats across the earth, the below-surface habitats and their biodiversity are being
modified at an unparalleled rate. Land use change and sediment change (trawling,
dredging, damming, drying up of rivers), the movement and introduction of biotic
species, changes in atmospheric composition (CO2, increasing availability of fixed
nitrogen), climate change, and pollution are all agents of change to subsurface ecosys-
tems. These alterations of soil and sediment habitats, and their biota, have major con-
sequences for humans. Soils, freshwater and marine sediments and their biota are non-
renewable natural resources that humans depend on for the many goods and services
that are so tightly linked to the economic basis of societies. Former US President
Franklin D. Roosevelt once noted, “A nation that destroys its soils, destroys itself.”

In the face of the rapid and massive transformation of global ecosystems, we need
to assess the vulnerability of soil and sediment biodiversity to change and, in turn, to
assess how this affects the nature of ecosystem services provided to humanity. This
becomes increasingly important as we ask how we can sustainably conserve and man-
age these biota and habitats to ensure that future generations receive their critical
ecosystem services.

1
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2 | 1. How Biodiversity and Ecosystem Functioning Affect Ecosystem Services

This book addresses these and other important questions relating to how soil and
sediment biodiversity contribute to human well-being and overall ecosystem function.

Freshwater Sediments, Marine Sediments, and Soils
Freshwater sediments, marine sediments, and soils cover the Earth’s surface (Table 1.1)
and are critical links between the terrestrial, aquatic, and atmospheric realms (Figure
1.1). These below-surface habitats are arguably the most diverse on the planet, teem-
ing with a complex assemblage of species. The profusion of organisms and the compo-
sition of the biotic assemblages are integral to the maintenance of below-surface and
above-surface habitats, to ecosystem functioning, and to the provision of ecosystem ser-
vices that are crucial for human well-being (Wall et al. 2001b). Table 1.1, Fig 1.1 here

The public, farmers, gardeners, tourist industries, shoreline residents, and fishers are
interested in the maintenance of sediments and soils for production of harvestable crops,
recreation, and beauty of the landscape. These land users typically have high regard for
the ecology of the habitats that they rely on for their livelihoods. They need to know: Will
these shared resources—the soils and sediments and their biodiversity—be sustained in
the future given increasing human populations and numerous and rapidly occurring
changes in the environment? This has not been an easy question for scientists to answer.

Until recent decades, scientists considered the biota in the Earth’s soils and sediments
to be a “black box”: They monitored the physical and chemical components of these
environments, but treated the diverse, smaller organisms that comprise the soil and sed-
iment community as an “unknown, undefined” set of functional groups. Now, facing
this era of unprecedented anthropogenic disturbance resulting in biodiversity and habi-
tat loss and the spread of invasive species, an urgent question facing both scientists and
decision-makers is: Which taxa, and how much biodiversity, must be conserved to
maintain or restore essential ecosystem functioning such as plant and animal produc-
tion, breakdown of organic wastes and nutrient cycling?

Table 1.1. A general comparison of global characteristics of soils, fresh-
water sediments, and marine sediments.

Freshwater Marine
Parameters Soils sediments sediments

Global coverage 1.2×108 km2 2.5×106 km2 3.5×108 km2

Carbon storage 1500 Gt 0.06 Gt 3800 Gt
Organic content High Low Low
Oxygenation Oxic Oxic-anoxic Oxic-anoxic
Salinity Low Low-High High
Pressure Low Moderate High

Modified from Wall Freckman et al. 1997.

Scope 64.qxd  10/6/04  11:34 AM  Page 2



1. How Biodiversity and Ecosystem Functioning Affect Ecosystem Services | 3

Figure 1.1. Schematic depiction of relative importance of different ecosystem goods and
processes in terrestrial, freshwater, and marine sediments. The circles represent the relative
contributions of the ecosystem services provided by soil, freshwater sediments, and
marine sediments along the land-sea gradient.

The extremely diverse soil- and sediment-dwelling organisms occur all over the
Earth and play critical roles in regulating the most vital ecosystem services (Daily et al.
1997; Petersen & Lubchenco 1997; Postel & Carpenter 1997). Identifying the signif-
icance of below-surface biological diversity for ecosystem functioning under scenarios
of global change is being increasingly recognized as a major research priority (Lake et
al. 2000; Smith et al. 2000; Wolters et al. 2000; Wall et al. 2001a). Changes in land-
use practices affecting soils, in turn, have impacts for sediments of freshwater lakes,
streams, rivers, estuaries, bays, and oceans. Alteration of hydrologic processes, contam-
ination of soils, surface waters, and ground waters, and climate change are but a few
examples of pressing problems that cannot be managed sustainably without a more com-
plete understanding of the biota and ecosystem dynamics of soils and sediments.
Applying this integrative knowledge to options for management and conservation will
be crucial for long-term global sustainability of ecosystems and the welfare of human
society (Millennium Ecosystem Assessment 2003).
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This book highlights the fascinating biodiversity, ecosystem functions, and critical
services provided by this often-assumed static and seemingly nondescript world of soils
and sediments. The authors describe examples and present important priorities for
research and considerations for sustainable management. This synthesis is an interna-
tional, transdisciplinary assessment based on detailed knowledge for each of three sep-
arate domains—marine sediments, freshwater sediments, and soils—as well as identi-
fication of the most critical biota and their functions necessary for sustaining ecosystem
services.

A Scientific Challenge
Furnishing the needed scientific information for this book has been challenging. We
know that soils and sediments in most ecosystems contain enormous biological
diversity—tens of millions of bacteria, thousands of fungal species, millions of proto-
zoa and nematodes, up to a million arthropods (Groffman & Bohlen 1999), and thou-
sands of species (World Conservation Monitoring Centre 1992; Wall et al. 2001a,b) per
square meter—and that assemblages of these organisms are responsible for ecosystem
processes (Tables 1.2 and 1.3). However, specific information is still lacking regarding
the importance of many species-specific functions and whether the species involved in
these functions are irreplacable. Information on biogeographical distributions and
responses to human activities, such as management regimes and global change, is also
lacking for most keystone species (e.g., Covich et al. 1999; Levin et al. 2001; Wall et
al. 2001a,b). insert Tables 1.2 and 1.3 here

Below-surface organisms generally have been neglected by researchers, and often have
been unrecognized by management and conservation programs relative to above-surface
biota. Scientific research as a whole has understandably emphasized the visible: large
plants and animals above the Earth’s surface (both aquatic and terrestrial). For example,
the latitudinal distribution of species, species ranges, and the occurrence of hot spots of
biodiversity—all information used for local to national management and policy deci-
sions—are based primarily on the larger, charismatic above-surface organisms. The
emphasis on above-surface research continues in universities; there are fewer specialists
trained to study the taxonomy, evolutionary biology, and biodiversity of below-surface
organisms and their biogeochemical interactions, which limits our understanding in
each domain compared with our understanding of above-surface domains. Separate sci-
entific disciplines have developed based on “distinct habitats” in soils, freshwater sys-
tems, and marine systems, increasing understanding within each but effectively hin-
dering the study of soils and sediments as an ecological continuum. For example, the
biodiversity linkages between the soils of farms and cities in terms of runoff to fresh-
water sediments, and then to ocean sediments, have typically been neglected. Part of this
neglect may be because of the additional complexity and cost involved in organizing
interdisciplinary teams, or because of the manner in which research organizations have
traditionally focused on specific disciplines. Scientific publications addressing the
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Table 1.3. Examples of the diverse biota within functional groups are listed for a
few ecosystem processes that are similar in soils and sediments. The functional
groups play an important role in global transfers and biogeochemical cycling.

Organisms Functional groups Ecosystem processes

Vertebrates (gophers, lizards, beavers, Bioturbators, ecosystem Soil and sediment 
whales); Invertebrates (oligochaetaes, engineers alteration and structure, 
polychaetaes, crustaceans, mollusks; laterally and to greater
echinoderms in sediments; ants, ter- depths, redistribute or-
mites in soils), plant roots, macrophytes ganic matter and microbes

Plant roots, algae, diatoms Primary producers Create biomass, stabilize
soils and sediments

Stoneflies in fresh water, decapods, Shredders Fragment, rip and tear
millipedes organic matter, providing

smaller pieces for decay by
other organisms

Bacteria and fungi Decomposers Recycle nutrients, increase 
nutrient availability for 
primary production

Symbiotic (e.g., Rhizobium) and Nitrogen fixers Biologically fix atmospheric
asymbiotic bacteria (e.g., Cyanobacter, N2
Azobacter)

Methanogenic bacteria, denitrifying Trace-gas producers Transfer of C, N2, N2O, 
bacteria CH4 denitrification
Roots, soil organisms CO2 producers Respiration, emission of CO2

See Wall et al. 2001a for detailed listing of numbers of described and estimated species globally in soil
taxonomic groups by size.

Table 1.2. A comparison of the biodiversity (described species) in soil and marine
sediments. Ants and earthworms are not present in marine sediments. Numbers of
species of crustaceans in soils are for the Isopoda (Brusca 1997).

Numbers of described species

Biota Soil Marine sedimentsb

Fungi 18–35,000a 600

Protozoa 1,500a 2,000

Nematodes 5,000a 4,000

Ants 8,800a ———

Earthworms 3,600a ———
Crustaceans 5,000c 21,000
a Modified from Brussaard et al. 1997
b Modified from Snelgrove et al. 1997
c Modified from Wall et al. 2001a
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subject of the relationship of biodiversity and ecosystem functioning in either marine
or freshwater sediments make up only about 1/100th of those published on above-sur-
face terrestrial ecosystems. Consequently, taxonomists have described only a fraction of
below-surface diversity (e.g., less than 0.1 percent of the marine species may be known;
Snelgrove et al. 1997) and there is no site on Earth for which all the soil or sediment
species present have been described. Thus a major component of the global ecosystem
has been a minor part of analyses that consider how modifications of ecosystems result-
ing from global changes would affect ecosystem processes and human well-being.

Building the Foundation for This Book
The synthesis of available knowledge on the biodiversity and ecosystem functioning
below surface became an international scientific priority in 1992 as a result of a work-
shop on biodiversity and ecosystem functioning (Schulze & Mooney 1994). In 1995,
a SCOPE (Scientific Committee on Problems in the Environment) Committee on Soil
and Sediment Biodiversity and Ecosystem Functioning (SSBEF) began to evaluate
available data with the goal of providing policy makers with the scientific tools and
information needed to promote sound management. How did this committee proceed
to build the foundation for this book?

Through unprecedented collaboration between 70 international taxonomists and
ecosystem scientists with expertise in soils, freshwater sediments, and marine sedi-
ments, the SSBEF committee developed state-of-the-art interdisciplinary syntheses
and identified research and policy areas that need the most urgent attention. The
committee held three extremely successful international workshops (see the SCOPE
SSBEF committee publication list at the back of this volume, and summaries at the
website http://www.nrel.colostate.edu/soil/SCOPE/scope.html). The workshops
have resulted in 41 publications in journals read by scientists, managers, and policy
makers. Additionally, the workshop syntheses have helped launch a new integrative
discipline that crosses traditionally isolated disciplines (e.g., taxonomy, biogeochem-
istry, ecology), management, and domains (terrestrial, atmospheric, freshwater, and
marine). This new scientific approach has contributed data to advance a more inte-
grated and holistic understanding of Earth-system functioning and provides a foun-
dation for this book. The SCOPE SSBEF syntheses identified major gaps in knowl-
edge and research priorities in three overarching areas:

1. The importance of soil and sediment biodiversity and ecosystem functioning within
domains (soils, freshwater sediments, marine sediments). Keystone functional groups
(a group of species that has a much greater impact on an ecosystem process through
impact on trophic relations than would be expected from its biomass) were identi-
fied within each domain. Comparisons among all domains revealed that, in general,
the keystone ecosystem functions were strikingly similar in all domains (Table 1.3),
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although the taxa involved were often remarkably different. The diversity of func-
tions performed may be more important than the diversity of organisms for sus-
taining ecosystem processes. Thus, there appear to be universally important func-
tions performed across all soil and sediment domains, and these contribute to vital
ecosystem goods and services (Table 1.4). For example, in all domains many species
are part of a complex food web that breaks down organic matter—by shredding,
ripping, or dissolving it—and thus recycles soil nutrients to living plants and
releases carbon dioxide and sequesters carbon (Table 1.3). Species in both soils and
sediments filter particles from water and influence its flow, in turn cleansing and
purifying water and playing a pivotal role in nutrient cycling and in the Earth’s
hydrological cycle.

2. The importance of soil and sediment biodiversity and ecosystem functioning across
domains. Collaboration of scientists from all domains was crucial to elucidating the
understanding that below-surface species and the processes they regulate do not
operate in just one domain (e.g., exclusively in soils, freshwater sediments, or
marine sediments). These species play a critical role by crossing and connecting
domains, below and above surface, and thus regulating essential global cycles that
contribute to the stabilization of Earth’s climate and the maintenance of function-
ing ecosystems. Moreover, human disturbances in one domain can have cascading
effects onto other domains. The SSBEF review committee found that integrated
knowledge, research, and management of the domain interfaces was severely lack-
ing. They set this area of interface exploration as a major research priority in order
to maintain the high diversity and important functions in soils and sediments.

3. Threats to soil and sediment biodiversity and their functioning. The SSBEF workshops
revealed that across all domains, global change poses a significant threat to below-
surface biodiversity and the ecosystem functions they regulate. There was evidence
across domains that land use change (including deforestation, overfishing,
damming of rivers, agricultural intensification, pollution, and increased tram-
pling), invasive species, and climate change can shift species composition, eliminate
species, and reduce diversity at local to regional scales (Lake et al. 2000; Smith et
al. 2000; Wolters et al. 2000; Wall et al. 2001b). The loss of populations and
species at these local and regional scales threatens biodiversity, since it reduces
genetic diversity, foreclosing opportunities for evolution and homogenizing biodi-
versity across the landscape. Whether species become globally extinct depends on
the geographical extent of their range relative to that of the disturbance. But high-
resolution data on the effects of a perturbation on soil and sediment biodiversity at
large biogeographic scales is incomplete and was identified as another research pri-
ority. The SSBEF committee also determined that across all domains, current and
predicted global change effects on below-surface biodiversity are, and will be, man-
ifested largely through changes linked to above-surface habitats and biodiversity.
These above-surface changes will transform the below-surface physical-chemical
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environment, alter the transfer of nutrients and other resources belowground, and
decouple species-specific interactions. These transformations may, in turn, have
multiple, significant consequences for above-surface habitats and for their biodi-
versity and ecological processes.

Specific information was lacking on the vulnerability to human activities of the most
important below-surface taxa and functions and their linkages above surface. How this
vulnerability might be ameliorated by management options was considered an urgent
priority for further research and synthesis. The workshops and syntheses of the SSBEF
committee have advanced a paradigm shift in understanding biodiversity in soils and
sediments. Scientists have acquired a more complete picture of these domains, especially
the keystone taxa and functions, and are beginning to learn to what extent they are
being, and may continue to be, disrupted and impaired by global change.

This improved, holistic understanding of below-surface biodiversity and of the link-
ages to organisms both above-surface and among domains was necessary before we could
proceed toward addressing questions on the critical taxa, their ecosystem functions,
habitats, biogeographical occurrence, and vulnerabilities.

How This Book Is Organized
Part I of this book outlines the critical soil and sediment ecosystem services (e.g., car-
bon sequestration, oxygen production, renewal of fertility, cleansing of water, provision
of food; see Table 1.4) that sustain our natural and managed ecosystems. We also dis-
cuss, in Part I, the most essential below-surface habitats, ecological functions, and taxa
for the provision of these services at different spatial and temporal scales. Table 1.4 pro-
vides a template of the types of ecosystem services that are expanded upon and discussed
in each chapter. In Part II, ecologists provide a scientific appraisal of the vulnerability
of the biota and functions in each domain and discuss how alterations resulting from
global changes may affect the composition and operation of ecosystems and, in turn,
the provision of ecosystem services. The integration of current knowledge revealed
from the appraisal of each of the three domains—soils, freshwater sediments, and
marine sediments—is then applied in Part III toward understanding the connectivity
of the domains and the trade-offs that must be considered for managing and sustain-
ing these systems. Table 1.4 here

This book provides an in-depth analysis of each domain and builds on previous
reviews, examining ecosystem services (Daily et al. 2000; Dasgupta et al. 2000) and vul-
nerability of biodiversity to perform ecological functions in soils (Daily et al. 1997), and
freshwater (Postel & Carpenter 1997) and marine ecosystems (Petersen & Lubchenco
1997). Wall et al. (2001b) considered soils and sediments as an ecological continuum
and assessed the critical taxa and critical habitats for ecosystem services in terms of con-
serving these habitats. In this book we focus on the biodiversity within specific habitats
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of each domain, their vulnerablity, and how the vulnerability differs within habitats of
each domain. We present case studies and trade-offs throughout to illustrate that the
biodiversity and ecosystem functions with this ecological continuum below-surface
must be considered for management of the global ecosystem.

Because there are frequently varying definitions for terminology, in this book we
have used the following definitions, modified from the Secretariat of the Convention
on Biological Diversity (2001), Chapin et al. 2002, and Folke et al. 2002, throughout
the text:

• Biodiversity: the variability among living organisms including genetic, species, func-
tional group, and ecosystem diversity across all temporal and spatial scales.

• Ecosystem Functioning: the activity of an ecosystem process, as in nitrogen mineral-
ization rates in a given location and time period.

• Ecosystem Good/Product: substance directly produced by an ecosystem and used by
people.

• Ecosystem Processes: inputs or losses of materials and energy to and from the ecosys-
tem and the transfers of these substances among components of the system.

• Ecosystem Service: societally important consequences of ecosystem processes (e.g.,
water purification, mitigation of floods, pollination of crops).

• Function: ecosystem process.

Table 1.4. Ecosystem services provided by soil and sediment biota.

Regulation of major biogeochemical cycles
Retention and delivery of nutrients to plants and algae
Generation and renewal of soil and sediment structure and soil fertility
Bioremediation of wastes and pollutants
Provision of clean drinking water
Modification of the hydrological cycle

Mitigation of floods and droughts
Erosion control

Translocation of nutrients, particles, and gases
Regulation of atmospheric trace gases (e.g., CO2, NOx)(production and consumption)
Modification of anthropogenically driven global change (e.g., carbon sequestration,

modifiers of plant and algae responses)
Regulation of animal and plant (including algae, macrophytes) populations
Control of potential pests and pathogens
Contribution to plant production for food, fuel, and fiber
Contribution to landscape heterogeneity and stability
Vital component of habitats important for recreation and natural history

Modified from Daily et al. 1997; Wall and Virginia 2000; Wall et al. 2001a
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• Functional Group/Type: a group of species that is similar with respect to their impacts
on community or ecosystem processes; also defined with respect to their similarity of
response to a given environmental change.

• Resilience: rate at which a system returns to its reference state after a perturbation.
• Resistance: the ability of an ecosystem or community property to withstand a major

disturbance or stress.
• Vulnerability: The propensity of social and ecological systems to have diminished func-

tional capacity following exposure to external stresses and shocks.

This book is the culmination of the SCOPE Committee on Soil and Sediment
Biodiversity and Ecosystem Functioning. It has been an integrative activity that has
resulted in a preliminary synthesis of knowledge on the below-surface world that will
provide information needed for scientists, managers, and policy makers who are
addressing options for sustainable management of ecosystems. However, all the
authors involved in this final SSBEF synthesis realize that this is only an initial
attempt to fill in the gaps on the contribution of the below-surface biodiversity and
ecosystem functions to the provision of those ecosystem services necessary for human
well-being. We are hopeful that the priorities and needs noted throughout the book
will be an impetus for additional quantitative research and syntheses on the linkages
of the wealth of biodiversity beneath and above the surface to the provision of ecosys-
tem services.
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PA R T  I
Ecosystem Processes and the
Sustainable Delivery of Goods 
and Services
Alan P. Covich

In the next three chapters we describe how different types of goods and services are pro-
vided by diverse soil and sediment biota. We know that biotic communities living in
soils as well as in freshwater and marine sediments provide many critical ecosystem ser-
vices. Yet our understanding of the importance of biodiversity loss in these ecosystems
is very limited. Information is available for some essential keystone species, but the many
species-specific relationships that characterize these communities and their particular
functional roles are just beginning to be studied. We discuss how soil and sediment bio-
diversity can influence rates of productivity, nutrient transformations, and decomposi-
tion of organic matter. We include case studies that demonstrate the degree to which
the loss of a single species could alter these ecosystem services.

Soils are associated with critical processes, such as nutrient storage and cycling, that
control production of agricultural crops, as well as natural plants that provide foods for
people and a wide range of herbivores. Marine sediments are rich in species that also are
essential for nutrient cycling and that provide foods used by many people and diverse
food webs. Fresh waters provide unique ecosystem services, such as natural purification
of drinking water, through a series of complex interactions among microbes and inver-
tebrates that break down organic matter and pollutants such as excessive nutrients. Fish
and shellfish production in oceans, lakes, and rivers clearly depend on the growth of var-
ious life stages of fishes that feed on a wide range of sizes and types of benthic prey
species in complex food webs.

The sustainability of ecosystem services is linked to natural and human-derived
sources of nutrients from surrounding agricultural fields, urban areas, and natural
watersheds. The capacity of soils and sediments to store organic carbon and to buffer
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chemical transformations is a service that connects to many terrestrial and aquatic
ecosystem dynamics. If nutrient inputs enter soils and sediments in appropriate pro-
portions and concentrations from natural and human-derived sources, food webs func-
tion predictably and effectively to maintain ecosystem services. However, if managers
focus only on crop or fish production, they may lose important values derived from
related ecosystem functions that are critical for disease control and recreational uses of
downstream waters. We stress that the overexploitation of one ecosystem service can lead
to a disservice, a loss, or a reduction in benefit from another ecosystem service. 

Providing a framework to disentangle and analyze the relative importance of inter-
related ecosystem services is still very much needed. Such a framework could help
managers avoid mistakes of linear analysis and focus on single-service attributes of bio-
logically complex ecosystems. This process of evaluation requires interdisciplinary stud-
ies by ecologists and economists to determine relative as well as absolute values of
ecosystem services. Trade-offs in managing for various combinations of ecosystem ser-
vices are inherently complex.

In the next three chapters we discuss how sustainable goods and services are related
to natural ecosystem processes. Ecologists, economists, and engineers are beginning to
work together to determine how natural bioturbation and biofiltration in ecosystems
work in conjunction with improved technological processes to break down organic mat-
ter or to manage agricultural production. The loss of diverse microbes and benthic inver-
tebrates can result in a buildup of high concentrations of organic matter or can lock up
essential nutrients that are needed to maintain production. In some cases, the seques-
tration of organic matter is a service if it reduces carbon dioxide in the atmosphere and
reduces threats of global warming. In other cases, recycling of carbon and associated
nutrients is an essential service. Natural processes associated with the “self-cleaning” of
freshwater and marine ecosystems thus can maintain clean water, improved fishing, and
sustainable delivery of ecosystem services. Moreover, these natural ecosystem processes
can save money by eliminating the need for larger investments in engineered solutions
for restoring or duplicating natural processes. However, it is also clear that natural
ecosystem services have their limits when very large amounts of waste are allowed to
enter and overload the ecosystem, or when toxic elements are dumped into natural
ecosystems resulting in collapse of the entire system. In this section, each chapter iden-
tifies these complexities and summarizes the priorities for future research, and also sug-
gests where additional understanding is needed to enhance policy.
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2
The Sustainable Delivery of Goods 
and Services Provided by Soil Biota
Wim H. van der Putten, Jonathan M. Anderson,
Richard D. Bardgett,Valerie Behan-Pelletier, David
E. Bignell, George G. Brown,Valerie K. Brown, Lijbert
Brussaard, H. William Hunt, Phillip Ineson,T. Hefin
Jones, Patrick Lavelle, Eldor A. Paul, Mark St. John,
David A. Wardle,Todd Wojtowicz, and Diana H. Wall

Soil systems provide numerous goods and services that are critical for human society
(Daily et al. 1997; Wall et al. 2001; Millennium Ecosystem Assessment 2003). Many
of these goods (e.g., food production, construction materials) and services (e.g., renewal
of fertility, carbon sequestration, storage and purification of water, suppression of dis-
ease outbreaks) are in part mediated by soil organisms. The reduction of soil services as
a consequence of improper management is rarely considered when evaluating conse-
quences of management strategies and decisions. The consequence of such impropri-
ety has been estimated to be in excess of US$1 trillion per year world-wide (Pimentel
et al. 1997; Table 2.1), but the local financial consequences will vary according to how
dependent the local economy is on ecosystem services. The role of soil organisms
depends not only on the type of organisms present and their activity, but probably also
on their diversity (Wardle 2002) and on a range of abiotic factors, some of which act
locally (soil fertility), while others are more global (climate). Table 2.1

The management of soil systems requires an understanding of the underlying
ecosystem processes and how these are influenced by the environment. This sets the bor-
ders for the ecology of the species involved. In this chapter, we provide a framework for
assessing the role of soil organisms in the delivery of ecosystem goods and services. We
use examples from grasslands, forests, and agriculture to illustrate how the conse-
quences of management may be evaluated for the soil system in different environ-

15
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16 | I. ECOSYSTEM PROCESSES AND SUSTAINABLE DELIVERY

ments. We compare unmanaged with managed grassland and forest ecosystems, and
non-tilled with tilled agricultural systems. We discuss which soil systems, habitats, eco-
logical soil functions, soil taxa, and underlying processes are critical to the sustainabil-
ity of delivering goods and services, and how human activities may affect these by land
management and by inducing global change. We work along a gradient, where plant-
soil feedbacks in unmanaged systems may resemble those in low-input agriculture or
forestry. We discuss whether these continua do indeed exist and what may be learned
from unmanaged ecosystems when attempting to manage or enhance the sustainabil-
ity of managed systems.

Table 2.1. Total estimated economic benefits of biodiversity with special
attention to the services that soil organism activities provide worldwide
(modified from Pimentel et al. 1997).

World economic
benefits of 

Soil biodiversity involved biodiversity
Activity in the activity (× US$109 / year)

Waste recycling Various saprophytic and litter feeding 760
invertebrates (detritivores), fungi, bacteria, 
actinobacteria, and other microorganisms

Soil formation Diverse soil organisms, e.g., earthworms, 25
termites, fungi, eaubacteria, etc.

Nitrogen Biological nitrogen fixation by diazotroph 90
transformations bacteria, conversion of NH4 to NO3 by 

nitrifying bacteria, conversion of NO3 to 
N2 by denitrifying bacteria

Bioremediation Maintaining biodiversity in soils and water 121
of chemicals is imperative to the continued and improved 

effectiveness of bioremediation and biotreatment
Biotechnology Nearly half of the current economic benefit 6

of biotechnology related to agriculture involves 
nitrogen-fixing bacteria, pharmaceutical industry, etc.

Biocontrol of pests Soil provides microhabitats for natural enemies 160
of pests, soil organisms (e.g., mycorrhizae) that 
contribute to host plant resistance and plant 
pathogen control

Pollination Many pollinators may have edaphic phase in 200
their life cycle

Wild food For example mushrooms, earthworms, small 180
arthropods, etc.

Total 1,542
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Hierarchy of Environmental Controls
of Soil Ecosystem Goods and Services
The contribution of soil organisms to ecosystem goods and services is determined by a
suite of hierarchically organized abiotic factors, and by the nature of the plant com-
munity (Lavelle et al. 1993; Figure 2.1). At the highest level of the hierarchy, climate
determines soil processes at regional and global scales (Gonzalez & Seastedt 2001). Cli-
matic limitations, such as drought or low temperatures, directly determine the rates of
the main physical, chemical, and microbiological reactions (Lavelle et al. 1997). At the
second level in the hierarchy, the landscape and the original nature of parent material
largely influence soil ecosystem goods and services. Nutrient heterogeneity of the sub-
strate, along with the amount and quality of clay minerals, are the most important
characteristics. Figure 2.1

The third level in the hierarchy is the quality and quantity of the organic matter pro-
duced, and this depends on the nature and composition of plant communities. The
release of energy and nutrients stored in dead organic matter depends strongly on the
proportion of support tissues rich in lignin and lignocellulose; the proportion of sec-
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Figure 2.1. Hierarchy of the determinants of soil processes that provide ecosystem ser-
vices (after Lavelle et al. 1993). Note that these determinants occur at different temporal
and spatial scales.
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ondary chemical compounds, such as tannins or polyphenols; and the ratio of nutrients
to carbon (Grime 1979; Swift et al. 1979). Production of secondary products potentially
affecting the decomposability of the organic matter may be enhanced by nutrient defi-
ciencies and/or attack by herbivores (Waterman 1983; Baas 1989). The chemical com-
position of plants is, therefore, an important determinant of the composition and activ-
ity of the soil organism community. At the lowest hierarchical level, the soil organisms
themselves operate within functional domains. A functional domain comprises a sub-
set of the soil community that has similar functions or effects on, for example, soil struc-
ture (Lavelle 2002). The influence of each factor affecting soil ecosystems varies over
temporal scales, from millimeters to kilometers.

Information on the sustainable delivery of goods and services originating from one
region may not be directly applicable to another region; information on intensively
managed soils, where functional domains differ considerably from those under exten-
sive management, should not be generalized a priori. Therefore, our comparison of
ecosystem management strategies for sustainable delivery of ecosystem goods and ser-
vices as provided by soils should be regarded as a template, rather than as results that
apply to the whole globe.

Biotic and Abiotic Drivers 
of the Underlying Processes in Soils
The complete destruction of the community of soil organisms—for example, due to
erosion—results in obvious loss of soil ecosystem functions. Far less is known about the
consequences of the loss of soil biodiversity for the sustainable delivery of ecosystem
goods and services (Wall et al. 2001). Results from empirical studies on the relation
between soil biodiversity and ecosystem functions range from positive to neutral or even
negative (Mikola et al. 2002). However, it is obvious that soil biodiversity may act as a
source of insurance, thereby making systems more stable. For example, when soil bio-
diversity is reduced by one stress factor or event, the soil community may be less able
to recover from a repeated or second stress. Such accumulation of stresses may well result
in the loss of stability of soil ecosystem processes (Griffiths et al. 2000).

Belowground processes that involve decomposition of organic matter, transforma-
tions of nutrients, and the supply of nutrients from the soil for plant growth are driven
in the first instance by the activities of bacteria and fungi (Wardle 2002). Biotic driv-
ers of microbially driven processes in soils include plants, their herbivores and path-
ogens, and other soil animals. Plant species differ in the quantity and quality of litter
(dead organic matter that is sufficiently intact to be recognized) and rhizosphere mate-
rials that they return to the soil. This in turn governs the composition, growth, and
activity of the microflora, and, hence, the rates of soil process (Hooper & Vitousek
1998). Aboveground herbivores can strongly influence soil organisms through a num-
ber of mechanisms by which they alter the quantity and quality of resources entering
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the soil (Bardgett & Wardle 2003). Soil animals have important effects on microbial
activity at a range of scales (Lavelle 1997): by consuming microbes directly, by trans-
forming litter and thus altering its physical structure, by creating biogenic structures,
or by entering into mutualisms with microbes either in the “external rumen” or in the
gut cavity (Lavelle 1997).

Some groups of soil organisms have a direct relationship with plant roots (Wardle et
al. 2004). Soil pathogens and root herbivores are notorious for causing yield reductions
of arable crops, re-sowing failures in grassland, disease in orchards that requires replant-
ing, and die-back in production forest. Root pathogens and herbivores can also have
strong impacts on the species composition of natural vegetation and the rate of changes
therein (Brown & Gange 1989; van der Putten 2003). Root pathogens and herbivores
contribute to primary and secondary plant succession (Brown & Gange 1992; van der
Putten et al. 1993; De Deyn et al. 2003) and plant species diversity (Bever 1994;
Packer & Clay 2000). Plant species that escape from soil pathogens may become inva-
sive in new territories (Klironomos 2002; Reinhart et al. 2003). Root symbionts, such
as mycorrhizal fungi and nitrogen fixing microorganisms (e.g., Azobacter, Rhizobium,
and Cyanobacter), are important for plant nutrition in unmanaged systems and in non-
tilled, low-input arable systems (Smith & Read 1997).

The various biotic and abiotic drivers in soil systems do not operate independently
of one another, and interactions among them are important determinants of soil
processes. For example, a recent litter exclusion study found that soil microarthropods
play an important role in decomposition in a tropical forest but not in a temperate for-
est, where the abiotic drivers of microbial activity emerged as being of greater impor-
tance (Gonzalez & Seastedt 2001). Similarly, substrate fertility determines the role of
microbially driven processes in supplying nutrients: in fertile conditions, plants produce
litter of high quality from which ammonium (NH4

+) is readily released by microbes and
taken up by plants, while in infertile conditions plants produce poor-quality litter pro-
tected by polyphenols from which nitrogen is not readily mineralized. In these infertile
systems, plants often bypass the mineralization process entirely by taking up organic
nitrogen directly (e.g., Northup et al. 1995).

Context Dependence of Environmental Controls
Environmental controls of soil ecosystem processes and the delivery of soil ecosystem
goods and services depend on climate, soil type, vegetation, and the local context (Fig-
ure 2.1). Stressed systems, whether they are stressed from extreme climatic seasonality
(seasonal forests and savanna) or human interventions (managed grassland, managed
forest, and tilled arable land), are usually characterized by lower diversity of soil fauna
(there is little comparative information on microbes) and greater dominance of certain
species (see Tables 2.2–2.4). Under these conditions the effects of key organisms, some-
times at species level, become more apparent (Anderson 1994). In arable soils, soil tillage

2. Sustainable Delivery of Goods and Services Provided by Soil Biota | 19

Scope 64.qxd  10/6/04  11:35 AM  Page 19



consistently reduces the abundance of animals with large body sizes, whereas microbes
and microfauna are not affected so much (Wardle et al. 1995). Here, we illustrate the
consequences of the local context by discussing ecosystem processes, goods and services
for three major types of land use: grassland, forest, and arable land and the role of soil
organisms in controlling ecosystem goods and services (see Tables 2.2–2.4 for an
overview of processes, goods, and services for grassland, forest, and arable land, respec-
tively). Later, we discuss management trade-offs for each of these three systems and pro-
vide a conclusion on the importance of soil biodiversity.

Grasslands

Grasslands, including steppes, savannas, prairies, and tundra, are important terrestrial
ecosystems covering about a quarter of the Earth’s land surface. Grasslands build soil sys-
tems that differ from those of forests and other vegetation types. A key feature of grass-
lands, especially those that are more fertile, is their high turnover of shoot and root bio-
mass, and the consequent large pool of labile organic matter at the soil surface. In
contrast to many terrestrial ecosystems, heavy herbivore loads, both above- and below-
ground, are also a characteristic feature of fertile grasslands. This significantly influences
plant growth and species composition, and the structure of grassland, since herbivores
consume high proportions of annual aboveground (McNaughton 1983) and below-
ground (Stanton 1988) net primary production.

Aboveground herbivores also have a profound influence on nutrient pathways in
grasslands through short circuiting both litter return and soil recycling processes (Bard-
gett & Wardle 2003). A large percentage of nutrients taken up by plants in grazing
ecosystems is cycled directly through animal excreta, resulting in accelerated soil incor-
poration, particularly of nitrogen and phosphorus (Ruess & McNaughton 1987).
Therefore, soils of grazed grasslands tend to have relatively small amounts of litter on
the soil surface, but large amounts of organic nitrogen and carbon in the soil. These fea-
tures combine to produce a soil environment that sustains, or is sustained by, an abun-
dant and diverse faunal and microbial community.

In high latitude and high altitude grasslands, as well as in grasslands of semi-arid
regions, soil processes and ecosystem goods and services are likely to be controlled
more by abiotic factors than by biotic ones. This may be different in lowland temper-
ate or tropical regions where soil processes are not so limited by climate. Carbon seques-
tration, for example, across the Great Plains of the United States, depends on interac-
tions between annual precipitation and soil type (Burke et al. 1989). Nutrients can be
lost due to a number of factors. For example, in tall-grass prairie, the major local path-
ways for nutrient loss are either abiotic (hydrologic fluxes and fire-induced losses) or
biotic (gaseous fluxes via denitrification and ammonia volatilization) (Blair et al. 1998).
In wet grassland systems, hydrology is indisputably the dominant controlling factor.
However, in waterlogged soils, there can be considerable release of gaseous products
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from denitrification, while at the same time waterlogging limits nitrification and min-
eralization (Nijburg & Laanbroek 1997).

Forests

Of the total terrestrial net primary productivity of 62.6 Pg C yr–1, forests are responsi-
ble for 52 percent (ca. 32.6 Pg C yr–1) (IPCC 2001; Saugier et al. 2001; Gower 2002).
When combined with the large land surface area covered by forests (boreal, temperate,
and tropical), savannas, and shrubland systems (ca. 72×106 km2), it is clear that nearly
50 percent of the organic input into soils are from forest litter and plant roots. The role
of the forest soil biota is immediately highlighted when we realize that the majority of
the world’s forests rely heavily on internal nutrient cycling to maintain productivity (see,
for example, Miller et al. 1979) and, in the total absence of soil biota, these systems
would become extremely nutrient limited.

Not only is nutrient cycling controlled by the soil biota but several major sources of
nutrient input to forests (e.g., mineral weathering and N fixation) are also mediated or
strongly affected by soil biological activity. Thus, factors that impair soil biological activ-
ity (e.g., acidification, heavy metal pollution) have negative consequences for both
nutrient inputs and subsequent cycling. There is also an increasing appreciation that our
understanding of forest nutrient cycling and the high inorganic N concentrations cur-
rently found in many of the soils of the major developed regions of the world are atyp-
ical of unmanaged, pristine forests (Perakis & Hedin 2002), where more tightly cou-
pled nutrient cycling, frequently involving intimate links between primary producers
and soil biota, may dominate (Ohlund & Nasholm 2001). At the most basic level, for-
est soil biota are essential for the maintenance of the forest, but these organisms also have
very direct effects on the ecosystem services provided within the forest.

Although examples exist that show where soil biodiversity is critical in maintaining
an ecosystem service (e.g., specific edible fungal fruiting bodies, inoculation or manip-
ulation of wood stump saprotrophs to control pathogens), in general we are ignorant
of the extent to which soil diversity is important in maintaining services. The observa-
tion that increased inorganic N additions to forest soils can greatly impair methane oxi-
dation rates (Wang & Ineson 2003) is an example of how soil organisms are clearly con-
trolling an important ecosystem service, but direct information of the diversity of the
species involved is proving extremely difficult to extract (Bull et al. 2000).

In unmanaged humid tropical forests it is rare that any specific identifiable group of
organisms have a role in soil processes. Litter breakdown is accomplished by many dis-
parate groups of organisms such as crabs, millipedes, cockroaches, and so on. Within
these groups there is always some marginal overlap in feeding-niche parameters. Similarly,
soil-feeding termites (which exhibit particularly high species diversity in African forests)
produce significant methane fluxes and play an important role in P cycling and soil
organic matter turnover. However, all these processes are also mediated by other animals
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and microbes, and strongly buffered by the biophysical pools of soil organic matter and
ion exchange sites (Anderson 1994). Rate determinants of key processes, such as hydro-
logic pathways and erosion, are affected by the combined activities of microbes, animals,
and plant roots on aggregate stability and soil structure (Silver et al. 2000).

Arable Land

Intensive tilled arable farming systems occur worldwide, but are most prominent in
industrialized countries in temperate regions. Intensive tilled agriculture bears little resem-
blance to highly complex unmanaged ecosystems. Arable soils are extremely disturbed by
cultivation, fertilizers, and pesticides, all of which alter their biophysical composition
(Anderson 2000). Plant communities of these conventionally managed, tilled agro-
ecosystems are unnaturally simple. Intensive tillage farming negates the activity of many
soil organisms, such as earthworms (Marinissen & de Ruiter 1993), ants (Decaens et al.
2002), and mycorrhizal fungi (Helgason et al. 1998), but some soil organisms continue
to play an important role in the decomposition of crop residuals or organic manure, and
are involved in the processes of nitrification and pesticide degradation (Anderson 2000).

In intensive tilled agriculture, short rotations and the use of high-yielding crops can
trigger development of soil-borne pathogens and viruses, nematode infestations, and
soil-dwelling insects, causing major yield losses. Overcoming these outbreaks requires
the breeding of resistant crop varieties, the frequent use of soil pesticides (Epstein & Bas-
sein 2001), or the development of novel biological control practices (Whipps 2001). In
contrast, in traditional small-holder (predominantly tropical) farms, the role of organ-
isms is apparent and the activities of a few species of earthworms, termites, and other
fauna dominate soil communities. After hand tillage (mostly on tropical farms) or
abandonment of the site in shifting agriculture, soil earthworm communities usually
recover rapidly (Decaens & Jimenez 2002). This is in contrast with the microbial recov-
ery of soil communities after intensive tilled farmed systems in temperate zones (Siepel
1996; Korthals et al. 2001).

Intensively tilled arable soils are primarily controlled by abiotic factors. For exam-
ple, erosion is a constraint to soil fertility in 10 to 20 percent of the world’s regions (Bot
et al. 2000). In parts of the tropics, seasonal rains can cause severe soil erosion, degrad-
ing soils and making agriculture less sustainable. The adoption of minimum tillage or
organic farming in some cropping systems to improve soil organic matter, or the adop-
tion of erosion control for improved soil moisture, results in a significant recovery of soil
biodiversity (Mader et al. 2002). However, this recovery, including the return of earth-
worms, has not been consistently linked to improvement in crop yields (Brown et al.
1999; Mader et al. 2002).

Arable soils may sequester carbon, but this ecosystem service depends on a combi-
nation of climatic factors (temperature/moisture conditions), topography and soil
properties (texture, clay content, mineralogy, acidity) (Robert 2001), deposition history
(VandenBygaart et al. 2002), and management strategy (Brye et al. 2002).

Scope 64.qxd  10/6/04  11:35 AM  Page 22



2. Sustainable Delivery of Goods and Services Provided by Soil Biota | 23

Management Trade-Offs and Functional Diversity
in Grassland, Forest, and Arable Land
In evaluating the consequences of management options for ecosystem services, it is
impossible to consider all possible combinations of potentially interacting factors, such
as soil type, vegetation type, and climate. Therefore specific examples were chosen,
which we believe may be adopted for any type of ecosystem at any place on earth. Tab-
ulating our information (see Tables 2.2–2.4) gives us the opportunity to quickly assess
where specific soil organisms contribute positively, neutrally, or negatively (relative to
abiotic factors) to the sustainable delivery of specific ecosystem goods or services.

In the specific sections for grassland, forest and arable land, we discuss trade-offs for
management versus no (or extensive) management. In the case of arable land, we com-
pare tilled land with non-tilled land. There is little consistency across studies with
regard to the role of species diversity within functional groups of soil organisms on
ecosystem processes (Mikola et al. 2002). However, our method of representation
enables us to draw some general conclusions about the importance of functional diver-
sity of soil organisms for the sustainable delivery of ecosystem goods and services in the
three major types of ecosystems considered.

Temperate systems were selected because they are the best characterized. We appre-
ciate that the assessment is imperfect, as perceptions of the services provided by each sys-
tem in a locale differ and we therefore cannot list and evaluate precisely the same ser-
vices in each ecosystem. We have compared the extremes of unmanaged and managed
systems to highlight the service trade-offs, which are implicitly brought about by man-
agement. In reality, there is usually a gradient of possible interventions.

The relative importance of ecosystem goods and services ranking from –3 (strongly
negative) to +3 (strongly positive) under both unmanaged (pristine, semi-natural, or
zero-input) and managed (with significant human inputs and/or anthropogenic dis-
turbance) states are presented. We compare three specimen temperate ecosystems:
grassland, forest, and arable land. Under each category we have distinguished between
biotic (mediated by living organisms) and abiotic (mediated by chemical, physical,
and geologically historical factors, over which living organisms have, essentially, no over-
whelming control on the short- and medium-term) processes. This is done by allocat-
ing each an asterisk rating from * (weak) to *** (strong) relative importance in deter-
mining the impact of the biotic and abiotic process on the specific ecosystem good or
service identified. Habitat support functions, such as decomposition, bioturbation,
and so on, are included in the allocation of drivers to biotic and abiotic categories. This
level of resolution indicates those systems in which the manipulation of soil biodiver-
sity (within or between groups of soil organisms that perform specific functions) could
be effective in reinforcing a particular service, and where the services appear most vul-
nerable to changes in the biological soil community (see Wardle et al., Chapter 5,
where some processes have been valued slightly different owing to the comparison
between non-perturbed and perturbed systems).
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Grasslands

Unmanaged and lightly managed grasslands can be seen as having a low rank for
ecosystem service for products directly consumed by human beings, but they often sus-
tain populations of large herbivores that serve as food and other animal products used
by humans (Table 2.2). Unmanaged grasslands are extensive in the tropics, and range
along a broad gradient of precipitation that strongly influences both production and
biological diversity, aboveground and belowground, merging into parkland and, ulti-
mately, forest at the wet end. These grasslands are often the guardians of important
watersheds. They have a disproportionately high aesthetic value, deriving from an
inherently high biodiversity, the visibility of some wildlife, and a large recreational
potential (McNaughton et al. 1983). Where grasslands are the product of low precipi-
tation, management options are limited because animal production is ultimately a
product of (inverse) stocking density (Ruess & McNaughton 1987). However, in mesic
systems, where many managed grasslands are the product of historical forest clearance
and/or intensive grazing, production can often be enhanced in proportion to fertilizer
input and manipulation (through tillage and seeding) of plant species composition.
Such management carries major implications for water quality (reduced by large rises
in dissolved C and N compounds in runoff water) and for greenhouse gas emissions
(Williams et al. 1998). There is also, arguably, a fall in aesthetic value and restrictions
in the availability of land for recreational purposes. Table 2.2

A large functional diversity of soil organisms in grassland soils contributes to the
sustainability of ecosystem goods and services. In unmanaged grasslands, there is a
strong positive role of soil organisms, whereas intensified grassland management
results in reducing the role of soil organisms in the decomposition of soil organic mat-
ter and the mineralization of nutrients due to the addition of mineral fertilizers or liq-
uid manure (Bardgett & Cook 1998). Reduced activity of burrowing soil organisms
decreases the contribution of managed grasslands to water storage, which results in
enhanced runoff of rainwater and, consequently, flooding in downstream areas
(Bardgett et al. 2001). In managed grasslands, nitrifying microorganisms may con-
tribute to the leaching of mineral nitrogen to surface water or groundwater because
the amount of available mineral nitrogen exceeds the uptake by plants (Smith et al.
2002). The predominance of bacterial-based soil food webs reduces the capacity of
managed grasslands to act as sinks for carbon (Burke et al. 1989; Brye et al. 2002;
Mader et al. 2002).

The possible management interventions are mowing, stocking density, fertilization,
pesticide application, seeding, tillage, and enclosure. In reality, there is a gradient of
management from light to intensive, and also a major difference between dryland grass-
land systems and mesic ones. The total number of land uses imposed on managed grass-
lands is very large. Grasslands may also be created on a temporary basis when tropical
forest is felled, or permanently by invasive species if the soil is subsequently exhausted
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2. Sustainable Delivery of Goods and Services Provided by Soil Biota | 27

through subsistence agriculture. Unmanaged grasslands are mainly used for free-range
animal production.

In conclusion, our example shows that in the type of grasslands considered, the
largest impacts of management on ecosystem goods and services are on water quality and
quantity and on trace gases. There may be a management trade-off between enhanced
production and increased leaching and trace gas production, but in this trade-off the
total area needed for food production as well as the price of land will undoubtedly play
an important role.

Forests

Unmanaged forest ecosystems provide a diversity of ecosystem goods and services, and
their ranks are moderate (food production) to strongly positive (e.g., fuel/energy, recre-
ation, carbon sequestration, and regulating trace gases) (Table 2.3). Biotic and abiotic
processes have almost equal contributions to the rate or efficiency of the delivery of these
goods and services. Plant roots play an important role in the regulation of the quality
and quantity of water volume and erosion control, whereas soil bacteria are particularly
important for the regulation of the trace gases in the atmosphere (Wang & Ineson
2003). Mycorrhizal fungi play an important role in the formation of organic matter in
coniferous forests (Smith & Read 1997), whereas earthworms have some impact in
deciduous forests (Lavelle et al. 1997). Table 2.3 near here

In managed forests, the presence of soil pathogens, parasites, decomposers, and N2
fixers is a more important factor, especially in monospecific stands for timber or fuel-
wood production (Waring et al. 1987). On the other hand, there are fewer natural
sources of food, a less diverse range of macro- and microorganisms, and fewer soil habi-
tats in managed forests. Conversely, the importance of abiotic factors in controlling the
delivery of these ecosystem goods and services is little changed in managed forests,
except for the potential role of external inputs, such as fertilizers and lime, in altering
trace gas production, mineralization, and nitrate leaching.

Intensifying forest management decreases the potential for carbon sequestration
into the soil, and it also reduces sources of biochemicals and medicines by providing
fewer habitats for other organisms. There is considerable diversity of functions of soil
organisms in unmanaged and managed forests. Soil fungi play a more substantial role
in decomposition in forests than in grasslands, and the role of plant roots in the deliv-
ery of ecosystem goods and services, for example in erosion control, is also more promi-
nent. Forest management has relatively little effect on functional diversity of soil organ-
isms, but it may change the importance of symbiotic nitrogen-fixing microorganisms
to nitrogen availability, especially when monocultures of nitrogen-fixing trees are estab-
lished. Humans can affect the diversity of mycorrhizal fungi, as can atmospheric dep-
osition (Smith & Read 1997).

In conclusion, trade-offs for forest management occur within narrower margins
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than they do for grasslands, as most options differ by a unit of only one. However, for-
est management has large implications for biodiversity within forests, for example, the
removal of wood, and/or soil erosion following large-scale tree felling (see Ineson et al.,
Chapter 9), can have important impacts on soil biodiversity and soil ecosystem services.
Management for biodiversity and ecosystem functioning will have to balance the trade-
offs of selective tree cutting against felling of entire forest stands (see Ineson et al., Chap-
ter 9). Selective felling of trees leaves a large proportion of the forest system intact, while
complete felling can result in complete loss of topsoil due to erosion. Moreover, selec-
tive forest management promotes more attractive forests for recreational use.

Arable Land

Agriculture ranges in management from non-tilled, or lightly managed, lightly cultivated
fields and food-gathering systems to highly managed tilled fields that receive large inputs
of pesticides, fertilizers, energy in tillage, and even irrigation water. Another type of dis-
tinction is conventional versus biological (or organic) agriculture. We choose soil tillage
involving heavy soil disturbance as an example, which has a major impact on soil organ-
isms (Marinissen & de Ruiter 1993; Helgason et al. 1998). It has been demonstrated that
high yields can be obtained with monocropping and intensive tillage management,
where natural biodiversity is overridden by high inputs of nutrients and pesticides
(Tilman et al. 2002). This, however, often comes with high costs to the environment in
water pollution by nitrates and toxic, partially decomposed, chemical inputs (Carpenter
et al. 1998). It also can result in fluxes of CO2 from fossil fuel combustion and N2O (Hall
et al. 1996), one of the most active greenhouse gases (Table 2.4). Table  here

Biodiversity, or the variety of life forms, does not necessarily increase the sustainable
delivery of ecosystem goods and services in agriculture. Nitrifiers and denitrifiers are
responsible for huge losses of nitrogen from the soil system while leading to pollution
of the groundwater with NO3 and the atmosphere with N2O (van Breemen et al.
2002). Many closely coupled natural systems operate essentially without these organ-
isms in that they have an NH4-N nutritional system (Coleman & Crossley 1996).
Nitrogen fixers are essential for food production, especially in farming systems where
mineral fertilizers are costly and organic fertilizers are insufficiently available. Soybeans
are considered a desirable crop because of their N-fixation potential that supplants the
need for N fertilization. They, however, produce little crop residue that is easily
degraded and thus are not desirable for carbon sequestration unless grown in a cropping
sequence with a high residue producer such as maize, unless the maize shoots are used
as fuel.

On average, most systems that have and produce soil biodiversity also favor carbon
sequestration, good soil tilth, and high fertility (Sperow et al. 2003). This can occur in
non-tillage systems and in systems with increased cropping complexity and perennial
crops, as well as in systems where nutrient inputs are efficiently utilized. Site-specific

30 | I. ECOSYSTEM PROCESSES AND SUSTAINABLE DELIVERY
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exceptions require careful management. Non-tillage agriculture, when used with certain
soils, increases the incidence of plant diseases. It can also lead to wet cold soils that delay
planting. Increased cropping complexity and cover crops can have significant advantages
in many agroecosystems, especially where the degree of mechanization is relatively low.
On some soils, however, the moisture used by the cover crop results in lower crop yields
and if not properly managed some cover crops can compete with the primary crop and
act as weeds (Locke et al. 2002).

In conclusion, management trade-offs for arable land, for example non-tillage ver-
sus tillage, need to balance between the efficiency of fertilizer inputs and obtaining high
crop yields. Indirectly, the price of land and labor will be weighed against that of fer-
tilizer, pesticides, and the costs related to the resulting environmental pollution, such
as groundwater contamination. Non-tillage favors soil C sequestration, but can
enhance the need for disease control. When comparing conventional (highly intensive)
agriculture with organic (or biological) agriculture, similar trade-offs may occur, possi-
bly with a stronger emphasis on reduced outputs versus the price of land.

Discussion and Conclusions
Soil organisms play a major role in the delivery of ecosystem goods and services that are
crucial for supporting human societies and for the sustainability of natural and man-
aged ecosystems. Soil organisms act on very small scales, but their effects may range from
local (diseased plants, nutrient mineralization) to very large scales (plant succession, car-
bon sequestration, production of trace gases that contribute to global warming). The
diversity of soil organisms may matter more for a process that is accounted for by only
a few species than for a process that is accounted for by many species. However, empir-
ical evidence on effects of species diversity on ecosystem processes is still relatively rare
and does not yet allow generalizations. It is probable that the diversity of functions is
more important for the sustainability of ecosystem goods and services than species
diversity per se, but this area is still wide open for further studies.

The role of soil organisms is more prominent in grasslands (especially natural
ones), forests, and low-input (no-till) arable land than in intensively managed grass-
lands and arable land. However, the relative importance of soil organisms for the per-
formance of ecosystem processes (as compared with the importance of abiotic influ-
ences) differs along climatic gradients or between soil types. There are also differences
between the relative contributions of different taxa of soil organisms to ecosystem
processes along climate gradients or between soil or vegetation types. In cold areas,
for example, soil microorganisms play a lesser role in the decomposition of organic
matter, whereas soil fauna have a more dominant role. Earthworms are key species in
mesic grasslands, but enchytraeids are crucial in coniferous forests and some arable
land.

Human interventions, such as plowing, fertilization, and using pesticides, often

2. Sustainable Delivery of Goods and Services Provided by Soil Biota | 33
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lead to shifts in the major decomposition channels or to a by-passing of the role of soil
organisms. In intensively fertilized tilled arable land, the decomposition pathway is
bacteria-based and the role of symbiotic mutualists (mycorrhizal fungi and nitrogen-
fixing microorganisms) is largely redundant. Stability of nutrient pools in these systems
may be achieved by high-input measures, but this results in, for example, the leakage
of nutrients to ground- and surface water. In these cases, human activity to enhance the
delivery of ecosystem goods, such as food production, result in the loss of ecosystem ser-
vices, such as water purification occurring in soils.

Other human-induced changes, such as land use change, deforestation, soil drain-
age, erosion, enhanced temperature, and increased CO2 concentrations may all affect
soil ecosystem goods and services by affecting soil organisms either directly or indirectly.
Erosion will affect soil communities through the direct loss of habitat, whereas rising
temperature and CO2 concentration may lead to more incipient changes in soil com-
munities and, therefore, of the functioning of soil systems and the sustainability of the
delivery of ecosystem goods and services.

There are clearly management trade-offs for the role of soil organisms in the deliv-
ery of ecosystem goods and services. We do not have much evidence that these trade-
offs act through the loss of species diversity, but this is mainly due to our limited knowl-
edge on the diversity of, for example, soil microbial communities and consequences for
ecosystem processes. Management trade-offs clearly act through effects on the diversity
of functions. Intensive tillage farming practice reduces the abundance of earthworms,
which negatively affects both the water-holding capacity of soils as well as the popula-
tion of mycorrhizal fungi. This, as well as changes in the soil due to deforestation, may
enhance flooding incidence in lowlands due to increased peaks in run-off water.

The template that we have developed for the analysis of the contribution of soil
organisms and abiotic soil factors to the organization of soil processes, and to the deliv-
ery of ecosystem goods and services, is applicable to a wide range of environmental con-
texts. The examples that we have presented, however, apply to temperate systems. The
approach adopted here may well prove valuable for comparison with tropical systems,
where the potential for soil biotic diversity may be higher.

The obvious weakness of the present approach is that the relative importance of the
services and the relative contributions of biotic (essentially manageable) and abiotic
(only partially manageable) processes are expressed only in comparative terms. To make
absolute (monetary) valuations possible, some of the services (e.g., food and fuel pro-
duction) could be costed for a given local economy, while other services could be
assigned financial status from these by reference to the relative importance we have sug-
gested. The difference between these biological valuations and other schemes of cost-
ing, which are the stock-in-trade of economists, is that in each defined ecosystem some
processes are amenable to management, and others are not. The prices of services,
which essentially reflect their availability for manipulation by humans, should be
adjusted accordingly.
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Research Needs and Recommendations
Soil biota provide many services in a wide range of terrestrial ecosystems. Our knowl-
edge of how to manage and protect species in the soil and the processes that they drive
is, however, limited (Wall et al. 2001). Areas that need further studies in order to
enhance the effectiveness of management are:

1. Incorporate the role of soil organisms and soil biodiversity in crop protection. Soil organ-
isms influencing plant defense against aboveground insects and pathogens and soil
management may, therefore, influence plant protection in arable ecosystems.

2. Acknowledge the role of soil biota in restoration and conservation of aboveground biodi-
versity. Soil organisms are strongly involved in primary and secondary succession and
in the regulation of plant species diversity in unmanaged ecosystems. More studies
are needed to determine how these processes operate and how they can be used and
influenced in order to reach management goals, such the conversion from arable land
to more natural systems in order to conserve and protect biodiversity.

3. Use soil organisms in bioremediation. Many soil organisms can play a role in clean-
ing polluted soils and the sheer diversity of microbes provides ample opportunities
for reducing pollution loads in contaminated soils.

4. Use food web modeling to improve the conservation and use of soil nutrients. Soil ecol-
ogy has been strong in developing functional group approaches and in modeling the
interactions between functional groups in order to assess the stability of ecosystem
processes. These food web models may be further developed for use in testing land
management options—for example, in relation to land use history, current status
of the soil abiotic and biotic conditions, and management goals.

5. Communicate the role of soil biota and soil biodiversity to land managers and policy
makers. Soil organisms for too long have been “out of sight, out of mind.” How-
ever, increasingly, land managers and policy makers express interest in the sheer
diversity underneath their feet. Communication of the relation between soil biota,
soil biodiversity, ecosystem processes, and ecosystem services and practical recom-
mendations are, therefore, of top priority. We hope that this chapter will inspire end
users and stakeholders to start collaborative actions leading to enhancing both
knowledge about soil biodiversity and ecosystem functioning and the application
of these results in order to improve the sustainability of ecosystem goods and ser-
vices as provided by the soil biota.
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Appendix 2.1

Narratives to Tables 2.2, 2.3, and 2.4 

Narrative to Table 2.2 about Grasslands

• Food production: In both unmanaged and managed grasslands, plant products are con-
sidered insignificant because plant materials are harvested by herbivores, but they
would be affected by biotic and abiotic factors in the same way as animal products.
Management shifts decomposition and organic matter transformations toward bac-
terial dominance, with a reduction of faunal diversity, especially macroarthropods.

• Water quality: Water quality refers to runoff to streams. The context is essentially ripar-
ian; as in dryland systems, potential evapotranspiration exceeds precipitation. Differ-
ent dynamics exist in mesic systems. Simplification of soil organisms reduces the
retention of nutrients (C, N, and P) in living biomass. Nutrients released or trans-
formed may be directed more into runoff than may percolate to the water table.
Higher stocking densities introduce undesirable bacteria into runoff and reduce infil-
tration by compacting the soil.

• Water volume: Factors reducing evapotranspiration will be paramount in dryland sys-
tems. These include plant diversity (root depth, root architecture, and hydraulic lift),
organic matter stratification and particle size distribution, and biopore formation by
macrofauna.

• Other products: Fiber production (e.g., hides, carcass contents) is not an objective in
managed grasslands, but a by-product. Animal production is roughly inversely pro-
portional to population density in unmanaged grasslands (i.e., it is a function of
plant production, which in turn depends on nutrient recycling and transformations
by microorganisms).

• Recreation: The service rank of unmanaged grasslands for recreation is derived from
both wildlife and the aesthetic value of biological diversity and landscape hetero-
geneity. Managed (and fenced) grasslands are harboring some wildlife, and in some
areas access is given to hiking. Access to fenced land may be the subject of legal dis-
putes, and landscape simplification or dissection reduces overall aesthetic value, but
this has enormous potential for recreation in many industrialized countries.

• C sequestration: A managed grassland means it has been tilled. The C dynamics of
untilled pastures are uncertain. Again, a large difference would be expected between
the responses of dryland and mesic grassland systems. Accumulation of organic mat-
ter at the surface of the soil profile is greater in unmanaged systems with stratification
downward and more C directed into complex long-term stable pools by fungal-
dominated organisms.

• Trace gases and atmospheric regulation: The C and N fluxes of unmanaged grasslands
are probably not very significant in terms of the global cycles of these elements, as out-
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puts of greenhouse gases to the atmosphere by components of the soil organisms (fun-
gal decomposers, nitrifiers, and denitrifiers) are restricted by corresponding seques-
trators (primary producers and nitrogen fixers). Fertilizer input (chemical or animal
dung) causes a large increase in both nitrification and denitrification (according to
context), from which process greenhouse-forcing NOx gases are by-products. Distur-
bance of any kind (including compaction) strongly reduces CH4 oxidation by archaea
in soils.

Narrative to Table 2.3 about Forests

• Food production: A side benefit especially of unmanaged forests. Fungal fruiting bod-
ies are a forest food product. Fungal diversity in unmanaged systems may be higher
due to the higher diversity of trees and other plants than occurs in managed systems.
Many species of soil invertebrates (e.g., ants) are an important food source for
birds/wildlife, which in turn are important for recreation. Soil pH is a moderately
important determinant of fungal diversity. Managed beech systems also produce
truffles.

• Water quality and volume: Flood and erosion control. Different plant species have
widely different attributes, which can affect soil water quality and quantity (evapo-
transpiration, different rooting depths/architecture, hydraulic lift). Soil organisms
can affect water quality through production of NO3. Bioturbators affect soil physical
properties, which, in conjunction with topography, affect runoff and infiltration.

• Fuel: When in the form of wood, fuel is a potentially important service of both
unmanaged and managed systems. However, wood fuel may be more commonly
extracted from unmanaged systems since managed systems are typically intended for
fiber production.

• Biochemicals and medicines: Unmanaged forests are used extensively for bio-prospecting,
particularly for microbial diversity, genes, and potentially useful products (antibiotics,
yeasts, etc.) for industrial or medicinal properties. The diversity of genes, and of useful
products, is likely to be related to the diversity of the forest.

• Habitat provision: Soil organisms encourage nutrient cycling for plant growth. Ecosys-
tem engineers (e.g., earthworms) create new habitat and provide food for other
animals.

• Waste disposal: Soil fungi and bacteria affect the accumulation of heavy metals in plants
and indirectly into animals. Soil texture and drainage affects a system’s ability to hold
pollutants, pathogens, and heavy metals. However, we have ranked them with 0, as
forests are not intended to be used for waste disposal.

• Biological control: Ants predate Lepidoptera pests; mycorrhizae and fungi discourage
root pathogens. Water logging of soils encourages fungal pathogens such as root rot.

• Trace gases and atmospheric regulation: Soil organisms (nitrifiers, denitrifiers, methane
oxidizers) are important to trace gas production and to scrubbing the atmosphere of
NOx, N2O, SO2, CH4, and NHx. Soil pH, texture, and structure provide anaerobic
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microsites for trace gas production. Forest ecosystems are particularly important for
methane oxidation. When fertilized or limed, the dynamics of emissions are changed:
up to 10 percent of N fertilizers may be denitrified. There exists some doubt as to the
organisms responsible for CH4 in forest ecosystems, but the organisms responsible
have been identified as type II methanotrophs. Forest ecosystems are well known to
act as sinks for a variety of air pollutants, such as SO2, NOx, and NHx. Diversity has
been used as an indicator of aerial ecosystem pollution.

Narrative to Table 2.4 about Arable Land

• Food production: Crop variety, rooting type, and the nature and composition of
residues are critical to the quality and quantity of food service provided. Animal pro-
duction is indirectly affected by the use of arable products for fodder.

• Water quality: No-till agriculture is considered to leach fewer nutrients to ground and
surface water than occurs when the soil is tilled regularly. Topography is an important
factor influencing water runoff, more in tilled than in non-tilled systems: soil tillage
leads to exposed soil, which is sensitive to erosion.

• Water volume: Non-tillage systems have more biopores formed by earthworms than
tilled systems, which benefits water storage volume. Moreover, non-tilled systems are
less sensitive to topography than tilled systems because of constant surface cover. On
slopes, for example, the direction of soil tillage (along or across altitude lines) is also
crucial for runoff of surface water.

• Other products: A number of crop plants are used for fiber production (cotton, flax),
and effects of biotic and abiotic processes are similar to those for food production.

• Waste disposal: Detoxification of waste products is lower under no-till systems because
wastes cannot be incorporated, leading to volatilization from the soil surface. The role
of soil biota, however, is higher than in tilled systems, where the waste may be directly
introduced into the soil. In addition, under no-till systems, concentrations of inter-
mediate toxic products and pesticides can build up in surface soil layers, along with
organic matter and nutrients.

• Biological control: We define biological control as control of pathogens/weeds by
another organism. Rotations in tilled conditions—through maintaining microbial
activity and diversity, and through disrupting disease and arthropod cycles and also
mycorrhizal networks—improve biological control more in till than in no-till mono-
culture. However, multi-year rotations may not be economical. Earthworms can have
a negative effect on plant parasitic nematodes: for example, in India, joint manage-
ment of earthworm communities and organic resources doubled tea production while
regenerating degraded soils. The effect of earthworms is hypothesized to be obtained
through different processes, including suppression of nematode parasites and release
of plant growth promoters through enhancement of mycorrhizae. There is little
known on the effects of biological agriculture and landscape management (small-scale
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or fragmented landscape versus large-scale landscape) on soil-borne disease manage-
ment. However, whereas no-till conventional agriculture uses herbicides to control
weeds, in organic agriculture (e.g., Brazil), cover-crops are used to kill weeds. Effects
of GMOs are currently strongly disputed, and the potential solution of GMOs for one
problem (weeds) may enhance others (more disease incidence). Therefore, we have
weighed the GMO effect neutral.

• Recreation: Our concept is habitat for soil biodiversity. The key biotic aspect here is
how field margins and riparian areas are managed. Field margins managed for habi-
tat not only harbor diversity, they can also act as refuges for biological control agents,
especially predatory arthropods such as beetles. Landscape aspects are important for
aesthetic value and crop species matter, since some crops (e.g., corn) do not allow
landscape-wide views. Riparian areas managed for habitat enhance surface and
groundwater quality. On average, we assessed the recreational value of tilled and non-
tilled systems to be equal, especially due to landscape effects.

• Carbon sequestration: Carbon sequestration ranks slightly higher in non-tilled than in
tilled systems, because the rate of decomposition of crop residues and roots can be
slightly less. When the organic matter pool is in balance, effects of C sequestration will
be neutral in most cases.

• Trace gases and atmospheric regulation: Soil structure is considered under abiotic fac-
tors only, though it is clearly a product of both abiotic and biotic factors, especially
macro- and microengineers that form aggregates. Specific aspects of macrofauna can
alter trace gas emission, for example, denitrification can intensify in earthworm casts.

• Nutrient cycling: The microbial community and their activity are essential for nutri-
ent cycling and are moderated by the micro–food web. Synchrony of mobilization and
immobilization depends on the dynamics of the micro–food web. The shift from a
bacteria-based soil food web under till to a fungal-based food web in no till triggers
an associated shift in the nematode and microarthropod assemblage, and alters the
micro–food web.

P-cycling is dependent on soil properties; for example, the amount and nature of
clay, the nutrient content of the parent material, and soil enzymes. Cultivation (till)
can decrease the enzymes (arylsulfatase and acid phosphatase) involved in S and P
transformations. P uptake by mycorrhizae is variable, and is more important in no till
systems.

• Other goods and services: We have not mentioned habitat provision, biochemicals and
medicines, and fuel/energy in the table. These goods and services may indeed be pro-
vided by arable land, but these aspects are so context dependent that they are prefer-
ably explored in individual case studies.
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3
Ecosystem Services Provided 
by Freshwater Benthos
Alan P. Covich, Katherine C. Ewel, Robert O. Hall, Jr.,
Paul S. Giller, Willem Goedkoop, and David M. Merritt

The concept of ecosystem goods and services (Daily 1997; Heal 2000; Brismar 2002)
conveys how natural processes such as biomass production and nutrient cycling are
essential to the Earth’s capacity for sustaining human populations. Here we examine
how species diversity and ecosystem processes, which supply these goods and services
to human societies, are mediated by sediment- or bottom-dwelling (benthic) organisms
in fresh waters. Benthic invertebrates, microbes, and aquatic plants are widely distrib-
uted in fresh waters. Their ecology is well understood in many temperate-zone regions
and the diversity of freshwater benthic communities is broadly documented (Bronmark
& Hansson 1998; Giller & Malmqvist 1998; Thorp & Covich 2001). This biota
includes some species that are widespread, functional generalists and others that are
restricted in their distributions and are functionally specialized.

Sediment-dwelling plants and invertebrates provide numerous critical ecosystem
services in fresh waters (Ewel 1997; Covich et al. 1999), yet economic valuation of asso-
ciated ecosystem functions is rarely measured other than in shellfisheries production
(Carpenter & Turner 2000; Odum & Odum 2000). What are the values of nonmar-
ket goods and services derived from a lake or river or wetland? Relationships between
species diversity, water resource allocations, and freshwater ecosystem services are being
evaluated by ecologists and economists (Loomis 2000; Daily & Ellison 2002; National
Research Council in press). Moreover, benthic biologists are beginning to determine
how the loss of different species affects freshwater ecosystem functioning (Wall et al.
2001); to date, however, these experiments have primarily focused on small-scale,
short-term studies of relatively few species (Giller et al. 2004; Covich et al. in press). Vul-
nerability of ecosystem services is increasing because of the elimination of many fresh-

The authors would like to acknowledge Nina Caraco for her contributions to this chapter.
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water habitats and the accelerated rates of extinction among key species. Time for
research on the ecological and economic importance of species is short (Everard & Pow-
ell 2002; Dudgeon 2003), and there is growing concern about losing these services fol-
lowing declines in species diversity (Davies & Day 1998; Moulton 1999).

In this chapter we outline the types and importance of freshwater ecosystem services.
In particular, we discuss the role of benthic species in ecosystem processes such as pro-
ductivity, nutrient transformations, and decomposition of organic matter (Figure 3.1).
We also examine patterns of inter-connected ecosystem processes and ways to evaluate
them. We briefly review how particular sediment-dwelling organisms can alter fresh-
water ecosystem services. We discuss three major categories of ecosystem services: pro-
visioning, supporting, and cultural (Millennium Ecosystem Assessment 2003). Each of
these categories is then illustrated with examples of how benthic species provide differ-
ent ecosystem services. The vulnerability of ecosystem services in fresh waters is dis-

Figure 3.1. Schematic overview of a functional food web showing the linkages between
food web processes and services provided by sediment and above-surface biota in fresh-
water ecosystems. Small black arrows indicate pathways for nutrient uptake and cycling
from sediment-dwelling species to those in the open waters. Large gray arrows indicate
major nutrient sources (inputs) and resulting ecosystem services (outputs) from biological
processing in lakes and streams. FPOM = Fine Particulate Organic Matter.
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cussed in Chapter 6, where we consider the concept of disservice (or the exploitation
of one ecosystem service that leads to a negative effect or elimination of a second serv-
ice) and review several case studies. Figure 3.1

Importance of Freshwater Ecosystem Services and Biodiversity
Ecosystem services in fresh waters depend on a range of different benthic species (Tables
3.1a–3.1e). For example, fish and shellfish yields depend heavily on sustained produc-
tion of diverse benthic prey species (Huner 1995; New & Valenti 2000). Although only
a few of the 390 species of crayfish native to North America are harvested for food, other
crayfish species play major roles in ecosystem dynamics by linking sedimentary habitats
with overlying waters through burrowing and mixing of sediments, nutrient cycling,
breaking down dead organic matter, and grazing on submerged macrophytes (Covich
et al. 1999; Hobbs 2001). Benthic invertebrates are essential prey for bottom-feeding
fishes and aquatic mammals such as river otters and raccoons. Other freshwater ecosys-
tem services include the breakdown of industrial and residential wastes by microbes and
invertebrates (Geber & Bjorklund 2001; DeBruyn & Rasmussen 2002). Fresh waters
dilute wastes, provide cooling waters for power generation and other industrial
processes, as well as serve demands for recreational swimming, fishing, and boating (Pos-
tel & Carpenter 1997). The economic values of fisheries (New & Valenti 2000; Wel-
comme 2001) and recreational activities in fresh waters are well documented (Loomis
2000). Moreover, managers rely on monitoring services provided by benthic inverte-
brates by measuring changes in benthic species’ presence and abundance to quantify
indicators of water quality (Johnson et al. 1992; Clements & Newman 2002). These
benthic species integrate local impacts over various time scales and provide important
information on concentrations of dissolved oxygen, nutrients, and specific toxins. All
these services are important for managerial decisions regarding water allocations (Pos-
tel & Carpenter 1997; Strange et al. 1999). Table 3.1a–e

Benthic ecosystem services are sometimes considered a free resource (Mitsch &
Gosselink 1993; Barbier et al. 1994; Acharya 2000). For example, clean drinking water
supplies are derived from natural watersheds (Watson & Lawrence 2003). This essen-
tial ecosystem service is well studied by ecologists, economists, and environmental
engineers. Clean drinking water can be naturally sustainable because of the role played
by benthic species that carry out biofiltration, detoxification, and numerous processes
that break down organic wastes in rivers, lakes, and groundwaters. Without this recy-
cling by diverse microbes and benthic invertebrates, organic matter accumulates and
leads to deoxygenation (through microbial respiration), which then causes rapid dete-
rioration in water quality and often results in fish kills. The effectiveness of this natu-
ral “self-cleaning” ecosystem service is limited by the quantity, type, and rates of organic
waste inputs that can be processed biologically under specific flow conditions and
retention times (see Giller et al., Chapter 6). Thus, anthropogenic threats and influences
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Table 3.1a. Positive ecosystem service rankings (relative within fresh
waters; not quantitative) for managed (flood-control reservoirs) and
unmanaged lakes. 

Explanation of service values:
(–3) = strong disservice; (0) = neutral; (3) = strong positive; n.a. = not applicable.

Lakes: Lakes:
Unmanaged Managed

Service Service
Goods and Services Rank Biotic Abiotic Rank Biotic Abiotic

Provisional Services

Food production
Plant 0 n.a. n.a. 0 n.a. n.a.
Animal 2–3 *** *** 0–1 *** ***

flow- naturally
dependent flow-

dependent

Other products
Fuel/Energy 1 n.a. *** 1 n.a. ***
Fiber 0 n.a. n.a. 0 n.a. n.a.
Potable water 3 *** ** 0 n.a. n.a.

dilution,
sorption

Water quantity 3 n.a. *** 3 n.a. ***

Supporting Services
Waste processing 2 *** *** 1 n.a. n.a.

dilution
temperature

Climate modification 0 n.a. n.a. 0 n.a. n.a.
C sequestration
Trace gas production –1 *** * –1 *** *

temperature
Irrigation 3 n.a. *** 3 n.a. ***
Transport 3 * *** 3 * ***

Cultural Services
Recreation 3 *** *** 1 * 3

fish/boat/fowl
Aesthetic

Asterisks indicate the relative importance of biotic and abiotic factors, from weak (*) to strong (***),
in the provision of the associated good or service.
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Table 3.1c. Positive ecosystem service rankings (relative within fresh
waters; not quantitative) for managed and unmanaged wetlands. 

Explanation of service values:
(–3) = strong disservice; (0) = neutral; (3) = strong positive; n.a. = not applicable.

Wetlands: Unmanaged Wetlands: Managed

Service Service
Goods and Services Rank Biotic Abiotic Rank Biotic Abiotic

Provisional Services

Food production
Plant 1 ** *** 3 ** ***
Animal 2 *** *** 1 *** ***

Other products
Fuel/energy 0 n.a. n.a. 0 n.a. n.a.
Fiber 2 ** *** 0 ** ***
Potable water 3 *** *** 0 n.a. n.a.
Water quantity 0 n.a. n.a. –1 n.a. ***

Supporting Services
Waste disposal 3 *** *** 2 *** ** 

applica- 
tion of 
manure

Climate modification
C sequestration 0 n.a. n.a. 0 n.a. n.a.
Trace gas production 3 *** *** 3 *** ***
Irrigation 0 n.a. n.a. 0 n.a. n.a.
Transport 0 n.a. n.a. 0 n.a. n.a.

Cultural services
Recreation 1 *** *** 0 n.a. n.a.
Aesthetic 2 ** *** 2 *** ***

Asterisks indicate the relative importance of biotic and abiotic factors, from weak (*) to strong (***),
in the provision of the associated good or service.
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Table 3.1d. Positive ecosystem service rankings (relative within fresh waters;
not quantitative) for groundwater and abstraction. 

Explanation of service values: 
(–3) = strong disservice; (0) = neutral; (3) = strong positive; n.a. = not applicable.

Groundwater: Abstracion: 
Unmanaged (Artificially Recharged)

Service Service
Goods and Services Rank Biotic Abiotic Rank Biotic Abiotic

Provisional Services

Food production
Plant 0 n.a. n.a. 0 n.a. n.a.
Animal 0 n.a. n.a. 0 n.a. n.a.

Other products
Fuel/energy 1 *** 1 *** 

geothermal geothermal
Fiber 0 n.a. n.a. 0 n.a. n.a.
Potable water 3 *** ** 3 *** *** 

percolation infiltration
(recharge)

Water quantity 3 n.a. *** 3 n.a. ***

Supporting Services
Waste disposal 1 ** ** 0 n.a. n.a.

biore- reverse 
mediation wells

Climate modification 0 n.a. n.a. 0 n.a. n.a.
C sequestration 0 n.a. n.a. 0 n.a. n.a.
Trace gas production 0 n.a. n.a. 0 n.a. n.a.
Irrigation 3 n.a. *** 3 n.a. ***
Transport 0 n.a. n.a. 0 n.a. n.a.

Cultural Services
Recreation 0 n.a. n.a. 0 n.a. n.a.
Aesthetic 1 * geysers, 0 n.a. n.a.

microbial springs
mats,

sulphur
precipitation

Asterisks indicate the relative importance of biotic and abiotic factors, from weak (*) to strong (***), in
the provision of the associated good or service.
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Table 3.1e. Positive ecosystem service rankings (relative within fresh
waters; not quantitative) for prairie floodplain and drained wetlands. 

The column on the left represents an intact ecosystem and the one on the right represents a
managed ecosystem likely to be derived from the other. Explanation of service values:
(–3) = strong disservice; (0) = neutral; (3) = strong positive; n.a. = not applicable.

Prairie Wetlands and Agricultural Crops on 
Floodplain Forests Drained Wetlands

Service Service
Goods and Services Rank Biotic Abiotic Rank Biotic Abiotic

Provisional Services

Food production
Plant 0 n.a. n.a. 3 ** ***
Animal 2 *** ** 2 *** **

Other products
Fuel/energy 1 *** ** 2 *** **
Fiber 0 n.a., no n.a. 0 n.a. n.a.

present-day 
use

Potable water 3 ** *** –2 n.a. ***
Water quantity 2 n.a. *** –1 n.a. ***

groundwater
recharge flood
mediation

Supporting Services
Waste disposal 0 n.a. n.a. 0 n.a. n.a.
Climate modification
C sequestration 0 n.a. n.a. 0 n.a. n.a.
Trace gas production 1 *** *** 0 n.a. n.a.
Irrigation 0 n.a. n.a. 0 n.a. n.a.
Transport 0 n.a. n.a. 0 n.a. n.a.

Cultural Services
Recreation 2 *** ** 2 *** **
Aesthetic 3 *** ** 1 ** **

Asterisks indicate the relative importance of biotic and abiotic factors, from weak (*) to strong (***),
in the provision of the associated good or service.
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can alter the balance of natural regulatory factors such as energy flow, organic matter
transport, hydrologic regimes, biogeochemical cycles, and hydrochemistry (Palmer et al.
2000; Malmqvist & Rundle 2002). They change the structure of sediments, alter tem-
perature regimes, and cause other extreme environmental conditions beyond normal lev-
els of variation.

Misuse or overuse of one type of ecosystem service can lead to a negative effect on
other important services and the biota and the ecosystem functions that underpin
them (see Giller et al., Chapter 6). For example, soils are critical in the production of
food and fiber, but overexploitation of terrestrial ecosystem services can diminish
downstream services provided by sediment-dwelling systems. Runoff from intensive
agricultural fields following heavy rains can contain excessive nitrogen because of the
overuse of fertilizers or the accumulation of animal wastes. When these high-nutrient
concentrations are combined downstream with nitrogen and phosphorus from sewage
effluents and other sources, they cause excessive growth of aquatic plants and deoxy-
genation associated with eutrophication. Human health suffers from the poor water
quality resulting from growth of toxic algal species (Burkholder 1998; Anderson et al.
2002) and increased abundance of disease pathogens in nutrient-laden rivers and estu-
aries. Furthermore, deoxygenation of nutrient-rich fresh waters results in increased
ammonia, which is toxic to fish and many benthic invertebrates. The buildup of nitrate
in groundwater can also pollute drinking waters and result in “blue babies” (methaemo-
globinaemia) when infants drink contaminated water (Bouchard et al. 1992; Gupta et
al. 2000; Mallin 2000). Thus, the provision of clean drinking water (through biotic
treatment in ground waters and surface waters) is lost because of eutrophication (Brock
1985; Baerenklau et al. 1999; Boyle et al. 1999; Carpenter et al. 1999; Bockstael et al.
2000). Disservice results when ecosystems are poorly managed and positive natural
processes are lost (see Giller et al., Chapter 6). Protection of catchments and good ripar-
ian and wetland management contributes to the maintenance of ecological processes and
associated critical ecosystem services.

Analysis of Roles Played by Benthic Species
1. Ecological evaluation of ecosystem service. Society has alternative uses for fresh water,

which are associated with competing demands for particular quantities and quali-
ties of water. For example, in Central Asia, increased diversions of water from the
Amu and Syr Darya Rivers expanded production of irrigated agriculture and other
upstream uses beginning in the early 1960s, but resulted in major declines in fish
production and water-based transportation after the Aral Sea partially dried and
became more saline. The results included loss of aquatic species and endangerment
of human health in and around what had been the fourth largest lake in the world
(Williams 2002). Another example of these trade-offs for competing demands for
fresh waters led to ecosystem degradation resulting from lower lake levels in Mono

54 | I. ECOSYSTEM PROCESSES AND SUSTAINABLE DELIVERY

Scope 64.qxd  10/6/04  11:35 AM  Page 54



Lake, east of the Sierra Nevada Mountains of California. Demands for fresh water
increased rapidly in the Los Angeles Basin and water was diverted from the Owens
River in the Mono Lake Basin. These diversions to Los Angeles resulted in fewer
breeding sites for migratory waterfowl and changes in lake food webs as salinity
increased (Hart 1996). Local community action eventually restored the integrity of
the lake ecosystem (Loomis 1987, 1995). These sorts of trade-offs require careful
ecological evaluation of the full range of ways in which water allocations and
species loss may alter ecosystem services. Ecologists and economists are beginning
to quantify trade-offs among different uses of ecosystems influencing water qual-
ity and yield (Whigham 1997; Loomis et al. 2000). As is discussed below, more
research is needed to evaluate how loss of species diminishes or eliminates critical
ecosystem services.

2. Economic evaluation of ecosystem services. Many natural freshwater ecosystem
processes have definable economic values (Abramovitz 1998; Pearce 1998) as well
as the non-use, existence, and aesthetic values that must also be evaluated in ways
that reflect the importance of protecting benthic species and their habitats. Meth-
ods to determine economic values include market pricing, contingent evaluation,
cost-benefit analysis, consideration of replacement costs, and prices of substitute
goods and services, if any (National Research Council in press). Values of ecosys-
tem services such as the production of high-quality drinking water or storm miti-
gation (protection of river banks and lake shores by riparian vegetation) can be esti-
mated by determining how much people are willing to pay for, or, if possible, to
replace these services (Cleveland et al. 2001; Daily & Ellison 2002). The costs of
comparable substitutes (e.g., in the form of engineered replacements for natural
benthic ecosystems) provide one means to evaluate the economic values of some
natural services provided by sediment-dwelling organisms. For example, building
filtration plants to provide clean drinking water for New York City could cost
from US$2 to 8 billion (Foran et al. 2000; O’Melia et al. 2000; Gandy 2002), while
protection of the watershed’s natural communities of benthic invertebrates and
improved riparian management is likely to save many or all of the costs of build-
ing filtration plants (Daily & Ellison 2002). On-going studies of water quality and
stream invertebrates by ecologists at the Stroud Water Research Center in Penn-
sylvania, USA, are documenting these ecosystem services (Bern Sweeney, personal
communication 2003). Replacement costs of wetlands that provide natural filtra-
tion are also generally large (Mitsch & Gosselink 1993; Bedford 1996; Williams
1999) because of the complex nature of these ecosystem processes performed by
numerous sediment-dwelling species of plants and animals. For example, more
than US$500 million is being spent to restore 11,500 hectares along 90 km of the
old river channel of the Kissimmee River Basin in Florida (Dahm et al. 1995; Toth
et al. 1998). Services from the natural meandering river and its floodplain were lost
in the 1960s when 167 km of the river was channelized and 21,000 hectares of wet-
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lands were drained (Whalen et al. 2002). Other attempts to replace lost services
with artificially constructed wetlands have had limited success, especially if native
species and habitat structures are not included in the design (Zedler 2000; Bonilla-
Warford & Zedler 2002; Stevenson & Hauer 2002). Similarly, as discussed in
Chapter 6, attempts to restore ecosystem services provided by benthic organisms in
European rivers (following industrial pollution, channelization, and dam building)
continue to face serious constraints (Cioc 2002). In many cases there are no satis-
factory and sustainable substitutes for natural ecosystem services.

Complexity of Natural and Managed Freshwater Ecosystems
Determining the total economic value of freshwater ecosystems is very difficult because
some of their ecological functions have competing commercial values and others have
primarily aesthetic or existence values. Studies that illustrate the importance of fresh-
water benthic ecosystems in providing essential services for sustainable human popula-
tions require a comprehensive perspective on evaluation of freshwater services that
include both use and non-use values (National Research Council in press). The values
of drinking water, freshwater fish, and shellfish, as well as recreational uses of rivers,
lakes, and wetlands are very important to humans regardless of the methods used to esti-
mate their market values. Indeed, “use values” derived from market pricing and the
intrinsic “existence values” (estimated from surveys and nondirect methods) can be com-
plementary and combined to document the need to maintain the biodiversity of fresh
waters. Once species are lost, their economic values become abundantly clear to the gen-
eral public but their natural services often cannot be fully restored or artificially replaced.
Lessons from these failures can be extended to avoid similar future losses in other fresh-
water ecosystems.

Types of Freshwater Ecosystem Services
The goods and services provided to humans by freshwater benthic ecosystems may be
classed as provisioning services, or products obtained from ecosystems, such as plant and
animal food and fiber; supporting services, or services necessary for the production of all
other ecosystem services, such as waste processing, the production of a sustained clean
water supply, flood abatement, and climate moderation; and cultural services, or non-
material benefits obtained from ecosystems, such as aesthetics, education, and recreation
(Millennium Ecosystem Assessment 2003). Besides natural waste treatment that
enhances water quality, many freshwater ecosystems are critical habitats for certain life
stages of marine and freshwater fishes, waterfowl, and other sources of human foods.
Moreover, these benthic ecosystems provide critical habitat for many other species.

Understanding natural processes that contribute to ecosystem services is of imme-
diate concern given the rates at which human activities are altering natural fresh waters.
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As human population densities increase further and new chemical compounds and tech-
nologies are developed, unanticipated consequences will have long-lasting impacts on
freshwater benthic ecosystems (Malmqvist & Rundle 2002). If fresh waters are
degraded under intensive exploitation, their natural processes can be diminished or lost
completely. As native species are lost through local extinction and nonnative species are
introduced into fresh waters, there is lively debate regarding trade-offs among different
management alternatives. It is critical that decision makers understand how species can
provide unique roles in cycling nutrients and in producing valuable commodities and
services in many different types of fresh waters. Tables 3.1a–3.1e highlight the major
goods and services under a number of major categories (including food production,
water quality and quantity, waste disposal, climate modification, and recreation). The
relative importance of services varies across the different freshwater ecosystems.

Groundwater

Provisioning Services. Groundwater supplies drinking, municipal, industrial, and irriga-
tion water worldwide. The most important ecosystem service humans receive from
groundwater is providing clean water for drinking. Although abiotic processes control
water quantity through recharge, microbes are especially important in producing clean
water. Microbial remediation of contaminated groundwater is another ecosystem ser-
vice provided by sediment-dwelling organisms. Bioremediation of groundwater often
benefits from injecting microbial assemblages into contaminated sites and encouraging
bacterial growth with nutrient additions (Ghiorse & Wilson 1988; Baker & Herson
1994). For example, bacteria can remove nitrate or degrade recalcitrant organic con-
taminants. Groundwater supports a rich food web consisting of microbes and metazoan
consumers (Marmonier et al. 1993). Because these groundwater species respond to
chemical contamination, they can be used to identify polluted aquifers (Gounot 1994;
Moeszlacher 2000). For example, the presence of certain flagellates and their grazing of
bacteria may increase degradation rates of toluene (Mattison & Harayama 2001).
However, little is known about the details of food web interactions in groundwater or
subsurface flows in stream channels (hyporheic zones) that alter degradation and
removal rates of contaminants (e.g., nitrate, organic compounds).

Lakes and Rivers

Provisioning Services. Benthic organisms in lakes and rivers provide food production
mostly through the dependence of fish production on invertebrate prey and nutrient
cycling. Globally about 8 × 106 tons of freshwater fish are harvested, with double that
amount produced by aquaculture (FAO 1995). Productivity of these fisheries will, in
part, depend upon benthic production directly (e.g., consumption of benthic inverte-
brates or aquatic plants) or indirectly (e.g., benthic mineralization of nutrients). For
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example, Chinese polyculture relies on benthic productivity for plant and mussel pro-
duction for feeding carp. Productivity of deepwater ecosystems is often influenced by
how tightly the upper waters are linked to nutrient cycling in the lower waters that are
in contact with sedimentary sources of nutrients. This process of pelagic-benthic cou-
pling is critical in determining how nutrients (or toxins) are stored in sediments and sea-
sonally cycled into surface waters, where they are incorporated into algal production and
then consumed by filter-feeding zooplankton and fishes. Several marine fisheries influ-
ence and depend upon production in freshwater ecosystems (e.g., anadromous salmon
spawn and juveniles are reared in freshwater rivers and lakes).

Support Services. Benthic species maintain water quality via transformation of excess
nutrients and organic pollutants. For example, stream organisms can rapidly take up and
incorporate nitrogen into their biomass or produce ammonia or methane that enters the
atmosphere, thereby lowering the loads of dissolved organic nitrogen (Alexander et al.
2000). Nutrients such as phosphorus in streams can be temporarily stored in sediments
and the biota (Meyer & Likens 1979). Benthic bacteria permanently remove nitrogen
via denitrification (e.g., Pind et al. 1997) as well as convert nitrogen from unusable to
usable forms that can be taken up during plant growth. Invertebrates and microbes that
are widely distributed in natural ecosystems also occur in sediments and biofilms found
in water-treatment plants. Thus, the biological functions are similar, although the
species and densities generally vary greatly between natural and artificial habitats and
these communities respond primarily to nutrient loading (e.g., Kadlec & Knight 1996;
DeBruyn & Rasmussen 2002). Other species of macroinvertebrates (such as stoneflies
and caddisflies) that break down particular types of organic materials are restricted in
their distributions. Many occur in pristine, unmanaged habitats where low levels of
nutrients and high concentrations of dissolved oxygen are sustained by a diverse assem-
blage of plants and animals.

The breakdown of dead organic matter (detritus) is an ecosystem service provided
by most freshwater benthic communities. The roles of benthic detritivores that trans-
form and transfer nutrients are well documented (Wallace et al. 1996; Giller &
Malmqvist 1998). Benthic organisms shred coarse sizes of organic matter into finer par-
ticles. Microbial species condition detritus, which facilitates use by the shredding inver-
tebrates, and also decompose organic particles. Microbes also produce gases (CO2,
CH4, N2) that enter the atmosphere and dissolved forms of nutrients that enter the over-
lying waters. Dissolved nutrients increase the growth of algae and aquatic macrophytes,
which in turn are consumed by herbivorous and omnivorous invertebrates and fishes,
thus creating the basis for complex food webs (Covich et al. 1999; Crowl et al. 2001;
Jonsson & Malmqvist 2003).

As previously discussed, water quality is maintained by a number of biotic processes
that are associated with sedimentary habitats where benthic invertebrates play well-
defined roles in ecosystem processes. The loss of certain species or their changes in abun-
dance may impair ecosystem function and consequently ecosystem services. For exam-
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ple, findings from Coweeta Hydrologic Laboratory, a US National Science Foundation
Long Term Ecological Research site in North Carolina, indicated that measures of
stream water quality (associated with rates of detrital processing) declined when stream
insects were experimentally eliminated from a stream. Sequential declines in aquatic
insect biodiversity correlated with the changes in stream ecosystem processes. This
study was the first field experiment to show that these measures of water quality corre-
lated with ecosystem processes (Wallace et al. 1996). This research also showed specif-
ically how physical and chemical impacts (which deplete invertebrate populations)
may feed back to alter stream ecosystem processes. The ecosystem-scale evidence for this
linkage in streams and rivers obtained from the research at Coweeta provided detailed
information about specific ways in which ecosystem-level processes change following
invertebrate removal. In these studies, many species of leaf-shredding invertebrates
were known to process coarse leaf-litter inputs from riparian zones into smaller parti-
cles. To test the importance of this role of shredders in ecosystem function, the Coweeta
researchers experimentally removed most stream-dwelling insects using low doses of
insecticide, which lowered shredder secondary production to 25 percent of that of a
nearby reference stream (Lugthart & Wallace 1992). Organic carbon export from the
watershed decreased dramatically following the insecticide treatment (Cuffney et al.
1990). Leaf decomposition was twice as slow in the invertebrate removal stream, so
standing stocks of leaf litter were much higher. In general, lower export of organic car-
bon from headwater streams may lower animal production in downstream food webs,
where filter-feeding species may be facilitated by shredding species living upstream
(Heard & Richardson 1995).

Studies at the Luquillo Experimental Forest in Puerto Rico (another US National
Science Foundation Long Term Ecological Research site) further demonstrate the
potential for a single species to have an impact on ecological functions. A freshwater
shrimp (Xiphocaris elongata) is one of the few species of shredders that facilitates the
uptake of suspended organic particulates by a filter-feeding species of shrimp (Atya
lanipes), which co-occurs in some tropical headwater streams (Crowl et al. 2001). Loss
of these species’ functions of shredding and filter feeding would likely result in slower
rates of leaf litter breakdown and less energy flow in the headwater food web. This loss
of species that shred leaf detritus may be critical in tropical headwaters, where species
of shredding insects are relatively rare and the functional redundancy among leaf shred-
ders is relatively low (Covich et al. 1999; Dobson et al. 2002). Related research is
beginning to identify the degree to which ecosystem services of rivers and other fresh-
water ecosystems are altered directly by physical and chemical impacts (e.g., low O2, low
pH, or high sedimentation) compared with being altered indirectly through the loss of
key animal taxa (Jonsson & Malmqvist 2003).

Accumulation of organic matter can slow decomposition by microbial species and
detritivorous invertebrates when dissolved oxygen is depleted by high rates of respira-
tion, especially at warm temperatures. Deoxygenation subsequently results in displace-
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ment of numerous species that require high oxygen concentrations and replacement by
other species that can tolerate the stressful conditions of low dissolved oxygen. This
sequence of species substitutions typically results in a degraded stream community
with nuisance and disease-transmitting characteristics as well as reduced capacity for
providing critical ecosystem functions. For example, heavy pollution and deoxygenation
in some urbanized streams around Rio de Janeiro eliminated Atyid shrimp, which pre-
viously filtered out suspended organic matter. Following this pollution and loss of
freshwater shrimp in the streams, the increased densities of filter-feeding blackflies led
to more biting insects due to the loss of the same ecological function (filtration of sus-
pended organic matter) by the shrimp (Moulton 1999). Other benthic invertebrates
directly serve as biocontrol agents by feeding upon vectors of diseases (e.g., aquatic
insects and crustaceans that feed on certain species of mosquito larvae and snails) that
are prevalent in tropical freshwater habitats. Field studies substantiate the widespread
importance of benthic invertebrates as indicators of water quality and as functional reg-
ulators of important ecosystem functioning (Clements & Newman 2002).

Wetlands and Associated Freshwater Habitats

Among the most critical and scarce freshwater ecosystems are marshes, floodplains, and
swamps. Although they cover only roughly 6 percent of the Earth’s land surface and are
most common in temperate and boreal regions, wetlands perform a wide range of
ecosystem functions, many of consequence on a global scale. Most of these functions
are related either directly or indirectly to the activities of the flora and fauna living in
sediments. Wetlands occur where saturation or inundation often produces anaerobic
sediments, limiting rooted plant diversity to only those species adapted to anoxic con-
ditions (Ewel 1997; Brinson & Malvarez 2002). Seasonal and interannual patterns of
hydrologic regime and water source (rain, groundwater, and/or riverine surface water)
govern many of the characteristics of wetland ecosystems, including species diversity and
primary productivity. Freshwater wetland types include wet meadows, fens, bogs, lake
margins, floodplain forests and bottomland swamps, tropical peat swamps, and exten-
sive boreal peatlands. All wetlands are flooded long enough to influence the types of
biota able to inhabit the site and the character and rate of biogeochemical processes. The
global diversity of wetlands derives from regional and local differences in hydrologic
regime (especially duration of flooding but also water residence time and water chem-
istry), physical factors such as fire and storms, unique characteristics of the plant species
inhabiting those wetlands, and the influence of the animals that visit and live in them.

These many types of wetlands often are connected to surface and subsurface waters.
Their ecosystem services include cycling of nutrients, breakdown of organic matter, and
filtering of sediments that otherwise would enter rivers (Naiman & Decamps 1997;
Keddy 2000). Yet, these critical habitats are being lost at a rapid rate despite their rec-
ognized values and legal standing (Dahl et al. 1991; Bedford 1999; Brinson & Malvarez
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2002). Threats to rivers, floodplains, and lakes are also increasing (see Giller et al., Chap-
ter 6) and are likely to result in loss of their essential ecosystem services.

The draining of wetlands and other threats to freshwater ecosystems have given rise
to local and regional programs aimed at reducing their loss and restoring them to nat-
ural levels of diversity (Zedler 2000; Mayer & Galatowitsch 2001). In some cases new
wetlands are constructed in other areas to attempt to offset the loss of natural wetlands
(Moshiri 1993; Kladlec & Knight 1996). These constructed wetlands for “mitigation
banking” can provide some ecosystem services, but often lack the biodiversity as well
as the hydrologic regime that characterize natural ecosystems. Successful management
for the sustainability and reliability of ecosystem services remains uncertain.

Provisioning Service. Riparian wetlands often have higher concentrations of micro-
organisms, insects, and animals than adjacent ecosystems (Naiman & Decamps 1997),
and in arid regions they may be the only forested natural vegetation, thereby providing
valuable habitat for arboreal species (National Research Council 2002). Many terrestrial
animals, both vertebrates and invertebrates, use wetlands during some portion of their
lives, and 50 percent of the 800 species of protected migratory birds in America rely on
wetlands for habitat and food resources associated with benthic production of inverte-
brates and aquatic plants (Wharton et al. 1982). For example, 50 to 80 percent of the
duck populations in North America are produced in north-central prairie potholes.
These ecosystems provide hunters with significant recreational opportunities of eco-
nomic importance (Batt et al. 1989). Waterbirds use a range of habitats including
ponds, swamps, lagoons, mudflats, estuaries, embayments, and open shores of lakes,
rivers, and reservoirs. Wetlands flooded to average depths of 15 to 20 cm (fringe and
depressional wetlands) accommodate the greatest richness and abundance of birds (Taft
et al. 2002).

Beavers play an important role in wetland landscapes as ecosystem engineers, creat-
ing a tremendous expansion of wetlands that otherwise would not have existed. Beaver
harvests have averaged 400,000 pelts per year over the past century in North America
(Novak et al. 1987). Alligators are also harvested for their pelts and meat, generating
over US$16 million in a single year in the state of Louisiana, USA (Mitsch & Gosselink
2000). Crayfish aquaculture has also become an important use of natural and created
shallow marshes in North America, northern Europe, and Australia in recent years. Pro-
cambarus clarkii accounts for about 90 percent of the 60–70,000 tons of crayfish cul-
tured annually for food in North America (Huner 1995).

Nearly all commercially harvested freshwater fish and shellfish species depend on
fringe or riverine wetlands at some life stage (typically for spawning or for nursery habi-
tat). Anadromous fishes are less reliant directly on freshwater marshes, but fry may use
riverine marshes for protection. Plant foods are harvested from fringe, riverine, and
depressional wetlands as well as from extensive peatlands. For instance, berries from
boreal peatlands are an important and nutritious part of the diet typical of high-latitude
human populations (Usui et al. 1994). The worldwide average annual harvest of blue-
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berries (Vaccinium myrtillus) was 157,128.6 million tons (1990–2002), with approxi-
mately 42,000 ha in production (FAO 2003). The total wild berry harvest in Finland
can be as high as 109 kg per season for a market value of more than US$240,000 (Wal-
lenius 1999). Rice production in managed wetlands plays an important role in world
nutrition and in the global economy. About 596 million tons of rice are produced each
year (86 percent of this is consumed by human populations), harvested from 1.6 mil-
lion km2 of wetlands (IRRI 2000).

Wetland timber is harvested for pulp and building materials; peat (partially decom-
posed organic material) for fuel and horticultural soil amendment; and herbaceous veg-
etation from marshes for livestock fodder, fuel, fiber, and other products. Harvesting
may require lowering of water tables to facilitate access to and removal of materials,
which may permanently alter species composition. Peat harvesting is often viewed as
renewable, but recovery may take centuries or more. Peatlands cover 420 million ha
globally, with the most extensive habitats located in Russia and Canada. Peat is used as
fuel to generate electricity or for conversion to methanol or industrial fuels (Rydin et
al. 1999; Mitsch & Gosselink 2000). It may also be used to remove toxic materials and
pathogens from wastewater and sewage (Jasinski 1999). Wetland meadows of many
kinds are used for harvesting fodder and grazing livestock throughout the world. In
Scandinavia, wet meadows bordering lakes and rivers are some of the most productive
areas for the production of livestock fodder (Nilsson 1999; Rosén & Borgegård 1999).

Supporting Service. Wetlands can recharge local and regional shallow groundwater
water systems; small wetlands can be very important locally (Weller 1981). Many wet-
lands may also improve water quality by removing organic and inorganic materials from
inflowing waters. Wetland vegetation takes up and stores nutrients and some toxic
compounds, thereby removing them from rapid cycling. Where water levels fluctuate,
microbial denitrification can reduce nitrogen loads.

Waste processing is a service most often attributed to wetlands, although it is gen-
erally restricted to a few kinds of wetlands that can treat only certain wastes under spe-
cific conditions. Generally, riverine and fringe wetlands treat non-point-source pollu-
tion, such as from agricultural fields, either directly through the uptake of nutrients,
chemicals, and metals, or indirectly through the chemical transformation and process-
ing of toxic compounds. For example, the freshwater tidal marshes of the Hudson
River retain nutrients and result in denitrification when properly managed (Zelenke
1998). Depressional wetlands and extensive peatlands can substitute for tertiary waste-
water treatment (e.g., Odum 1984; Ewel 1997), but the lack of control over waste pro-
cessing has made construction of artificial wetlands more attractive (Ewel 1997). Wet-
lands created for further treatment of secondary sewage from major cities can remove
up to 97 percent of the nitrogen delivered to them through a combination of uptake
by plants and through denitrification (Costa-Pierce 1998).

The ability of wetlands to process wastes effectively depends on the rates of nitro-
gen, iron, manganese, sulfur, and carbon transformations that occur under increasingly
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low oxygen conditions in the sediments. Although wetlands maintain the widest range
of oxidation-reduction reactions of any ecosystem, effective waste processing depends
on appropriate ratios of many compounds. Overloading the system can compromise
ecosystem functions. Waste processing and biological fixation of nitrogen relies on
microbes such as Azotobacter, Clostridium butyricum, Rhizobium in root nodules, and
cyanobacteria. Sediment-dwelling fauna affect surface and subsurface flows of water as
well as stimulate microbial activity, even to the extent of changing the entire nature of
a wetland. Beavers dam rivers, creating ponds and fringe wetlands, and alligators exca-
vate cavities in wetlands in karst regions, such as the Florida Everglades (United States),
facilitating the concentration of fish in patches of swamp wetlands during dry seasons.

Large expanses of wetlands (extensive peatlands in particular) are believed to affect
global climate through the alteration of carbon dioxide and methane cycles. Burning
peat as fuel further increases production of greenhouse gases such as carbon dioxide.
Current global warming trends are likely to result in increased atmospheric trapping of
greenhouse gases, in part because of the release of methane from boreal peat bogs. Wet-
lands contribute from 33 to 50 percent of the total annual methane production per year
(100 teragrams; Whiting & Chanton 1993), mostly from boreal peatlands but approx-
imately 25 percent from tropical and subtropical wetlands as well.

Cultural Services. Recreation such as bird watching, boating, fishing, and hunting are
ecosystem services provided by many freshwater food webs that are supported by ben-
thic organisms. In some areas, the recreational catch and value to the economy of recre-
ational fishing outweigh the commercial catch because recreational fishermen spend
nearly five times more per fish caught than commercial fishermen (DeSylva 1969). In
South America, for example, the Pantanal provides many opportunities for ecotourism
and recreational fishing in this enormous tropical wetland (approximately the size of the
state of Florida). Its basin includes approximately 138,000 km2 in Brazil and 100,000
km2 in Bolivia and Paraguay (see Giller et al., Chapter 6). For four to six months of most
years, some 70 percent of the land is inundated. Hunters, fishermen, and conserva-
tionists travel from all over the world to view and to exploit this exceptional biodiver-
sity (Moraes & Seidl 1998). During the dry season, this wetland becomes a savanna used
for grazing large herds of cattle.

Species Diversity and Ecosystem Services
In many regions, biodiversity is concentrated in specific “hot spots” of high species rich-
ness. For example, riparian areas and riverine wetlands typically maintain a much
higher biodiversity than the proportion of the landscape that they occupy (National
Research Council 2002). Large, ancient ecosystems such as Lake Baikal, the Amazon
River, and the Pantanal wetland are other examples of especially diverse biotic com-
munities. The seasonally flooded forests in the Amazon basin contain about 20 percent
of the 4,000–5,000 estimated Amazonian tree species (Junk et al. 1989), and fish
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diversity in the Amazon Basin is exceptionally rich. The Pantanal contains more than
400 species of fish and many species of benthic invertebrates (see Giller et al., Chapter
6) in addition to providing habitat to endangered species such as the giant river otter
(Pteronura braziliensis).

In the Santa Monica Mountains of Southern California, less than 1 percent of the
total land area is comprised of wetlands but approximately 20 percent of the native vas-
cular plant species have their primary habitat there (Rundel & Sturmer 1998). In Swe-
den, 13 percent (>260 spp) of the country’s entire vascular plant flora occur along the
Vindel River (Nilsson 1992). In France, 30 percent of the country’s 1,386 vascular plant
species occur along the Adour (Planty-Tabacchi et al. 1996). Approximately 28 percent
of the threatened or endangered plants, 58 percent of threatened or endangered verte-
brates and mussels, and 38 percent of threatened or endangered insects in the United
States occur in wetlands (Niering 1988). Nevertheless, half of the world’s wetlands are
estimated to have been lost during the 20th century (Dahl 1990). More than half of this
loss has been in the United States, and most resulted from conversion to agriculture and
other land uses (Dahl et al. 1991).

Research Needs and Recommendations
Given the many services provided by benthic species living in a wide range of freshwa-
ter habitats, we must better understand how to maintain and protect these species and
their associated processes. We suggest several areas that need more study to improve
management of these critical services:

1. Link fisheries production to sustainable models of harvest and management that avoid
crashes and long-term breakdown of ecosystem functions. There is an urgent need to
strengthen the long-term collection of data on inland fisheries resources if a more
complete understanding is to be achieved about the production of benthic inver-
tebrates and determinants of high-quality water. The relationships between safe lev-
els of water quantity and quality that ensure adequate habitats for freshwater
species are poorly understood. Too often, minimum values of flow and dissolved
oxygen are viewed as sufficient although they are often based on short-term data.
In fact, these guidelines do not provide reliable, long-term sustainability. Including
margins of error to enhance the “safe minimum levels” will increase reliability and
minimize long-term species losses and impairment of benthic ecosystem services.

2. Communicate results of large-scale, long-term monitoring programs to community-
based organizations. Major changes in water quantity and quality can encourage gov-
ernmental agencies and local communities to generate alternative actions such as
communities that conserve water for sustaining instream flow needs and fisheries
that provide sustainable ecosystem services. Results of water-quality monitoring
programs need to be translated into formats that enhance effective and informed
responses from a wide range of stakeholders. Management groups need to include
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wide representation by both professional managers and general consumers of
ecosystem services. Community-based ecosystem management approaches will also
help to establish systematic data collection on the direct and indirect costs and ben-
efits of fish stocking, introduction, and other “enhancement programs” to deter-
mine impacts of nonnative fish species on benthic biodiversity and ecosystem ser-
vices. Programs such as the European Union’s Freshwater Directive, the US
Environmental Protection Agency’s Community-Based Ecosystem management
Program, and the Nature Conservancy’s Sustainable Waters Initiative are recent
examples of frameworks that are designed to incorporate a wide range of stake-
holders in decision making. More of these partnerships and social networks are
needed to resolve conflicts regarding evaluations and alternative uses of fresh water.

3. Monitor and restore habitats in rivers, lakes, and wetlands. Information on a wider
range of chemical and biological measures is needed to detect changes in both sur-
face water and groundwater that are essential to ecosystem services. Enhanced tech-
nologies such as remote sensing, wireless data transmission, and comprehensive
modeling to develop spatial data are needed to monitor the connections among
groundwater levels, stream and river flows, lake-level changes, and wetland distri-
butions at large scales. This regional and cross-national monitoring can provide up-
to-date information on changes in the locations, sizes, and types of lakes and wet-
lands, especially in response to climate changes and global changes in land use.
Extreme fluctuations in runoff and erosion from widespread deforestation and
related land uses are rapidly altering sedimentary conditions in many fresh waters
that, in turn, will alter benthic habitats and associated ecosystem services. Restora-
tion and establishment of hydrological monitoring stations are needed to improve
the water-quality monitoring at the regional level using benthic invertebrates and
diatoms. Even though there is increased recognition of the long-term effects of cli-
mate changes (global warming, cyclic changes in El Nino–Southern Oscillation and
the North Atlantic Oscillation, etc.), the capacity to monitor stream flows and lake
levels on large-scales within nested watersheds is limited and even diminishing in
many regions. Integrated information on data regarding long-term changes in
groundwater resources, including their distribution, quality, capacity, and use, is
needed across a wide range of scales in different regions.

4. Restore natural flow regimes. Information on the number and locations of dams,
including the thousands of dams less than 15 m in height that are not currently
listed in international databanks, must be compiled and made widely available.
These small dams greatly influence the peak flows, minimum low flows, and habi-
tats available for benthic species. Additional studies of the effects of dam removal
are needed to identify trade-offs for comparisons with more innovative management
of water releases from reservoirs. Many small dams are being removed to provide
more upstream habitat for fishes, but sediment releases during and after reservoir
removal can still degrade benthic habitats for many years. Furthermore, some non-
native species can increase their distributions following dam removal if the struc-
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tures previously served as barriers to dispersal. What ecosystem services are lost
when dams are removed? How can these relatively short-term losses be minimized
and long-term gains maximized? These and many other questions are being inves-
tigated as more dams are being phased out and removed.

5. Consider additional measures of diversity. Diversity measures have usually considered
just the number of species and/or functional groups in studies of benthic ecosystem
processes. This limited approach excludes consideration of the range of diversity ele-
ments that potentially affect ecosystem services because different size and age classes
within species, as well as their relative abundances, food preferences, and positions
within food webs, all can influence rates of processes. Anthropogenic disturbances
can substantially change the evenness of species, distributions of abundance, and for-
aging behavior without associated changes in species richness. The question of
whether these changes in evenness, independent of changes in species richness, can
influence levels of ecosystem functioning is a necessary focus of future investigation. 
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and Robert B. Whitlatch

Marine sediments cover more of the Earth’s surface than all other ecosystems combined
(Snelgrove 1999), yet direct human experience is limited largely to the narrow zone at
the interface between land and sea. Although 62 percent of the Earth’s surface is covered
by water greater than 1,000 m deep, only approximately 2 km2 (Paterson 1993) has been
quantitatively sampled for macrofauna (invertebrates greater than 300 microns but not
identifiable in photographs) and only 5 m2 (Lambshead 1993) has been sampled for
meiofauna (invertebrates greater than 300 microns but retained on a 44-micron sieve).
With most of the ocean sedimentary biota out of sight, we tend to ignore their role in
regulating rates and processes that maintain the integrity of marine systems (Snelgrove
et al. 1997), instead focusing on biologically generated products or consequences that are
of direct economic benefit. The publicity associated with the Kyoto Protocol (United
Nations 1992), particularly with respect to atmospheric carbon dioxide increases and car-
bon sequestration, has helped to broaden public concern about the role of the sea in cli-
mate regulation, but even here, the primary focus has been on the water column above
the seafloor and its processes (Martin et al. 1994; Hanson et al. 2000). Public outcry in
the United States and elsewhere has driven major changes in environmental policy over
the last 20 years, resulting in significant improvement in environmental standards for air,
land, and drinking water, and improved protection for species that are considered
endangered. Unfortunately, oceans have not received similar levels of protection. Seaward
deposition of waste materials generated in the terrestrial domain continues generally with-
out regard for effects on sediments and marine benthos. Most marine sedimentary
organisms are undescribed (Grassle & Maciolek 1992) and have no degree of protection.
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Table 4.1. Goods and services provided by sedimentary systems. 

The role of sedimentary invertebrates has been inferred from published studies; ratings are
based on estimated global importance. Public concern is based on qualitative observations of
how frequently the good or service is discussed in the popular press.

Role of Sedimentary Biota Public Concern

Provisioning
Animal food moderate high
Plant food low low
Medicine & models for moderate low
human research
Fuels & energy high low

(on geological time scales)
Clean water high moderate
Fiber low low

Regulating Services
Remineralization high low
Waste treatment high low
Biological control moderate low
Gas and climate regulation moderate moderate
Disturbance regulation moderate low
Erosion and sedimentation control high low

Habitat Maintenance Services
Landscape linkage & structure/ high moderate
habitat/refugia

Aesthetic Services
Recreation, tourism, and education high high

Although oceans are responsible for approximately 60 percent of the estimated total value
of global ecosystem services (Costanza 1999), efforts to valuate the specific roles of sed-
imentary biota are effectively nonexistent.

In this chapter we identify ecosystem processes that are strongly influenced or reg-
ulated by marine sedimentary systems, and consider how marine sedimentary organisms
contribute to economically important extractable ecosystem goods/products (e.g., fish) and
influence ecosystem services (e.g., water purification and shoreline stabilization, see
Chapter 1, Figure 1.1) within the marine environment. We include a summary of im-
portant ecosystem goods and services provided by marine sedimentary biota (Table 4.1),
the roles that living organisms play in delivering those goods and services, the biotic and
abiotic factors that regulate provisioning of services, and specifically how biodiversity
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contributes to regulation and provisioning of ecosystem goods and services. The marine
systems considered here are grouped into estuarine, continental shelf, and deep-sea
sediments. Estuaries encompass sedimentary habitat at the land-sea interface where
freshwater input measurably dilutes seawater, continental shelf sediments refer to the sub-
merged, gently sloping seafloor between continents and the upper edge of the con-
tinental slope (~130 m deep), and deep-sea sediments include the comparatively steep
(~4˚) continental slope that extends from the edge of the continental shelf to the less
steep continental rise (~4,000 m) that grades into the abyssal plains (4,000–6,000 m).
Abyssal plains are primarily sediment-covered, flat rolling plains that cover approxi-
mately 40 percent of the Earth’s surface; in some areas they contain submerged moun-
tains known as seamounts that can extend thousands of meters above the seafloor to rel-
atively shallow depths. Threats and sustainability of goods and services in these habitats
are addressed in Chapter 7. Table 4.1

Estuarine and Continental Shelf Sediments
Approximately 39 percent of the global human population, or approximately 2.2 bil-
lion people, lived within 100 km of the coast in 1995, most within estuarine watersheds
(Burke et al. 2001). In countries such as the United States, coastal populations have
increased faster than the overall population (Beach 2002). Historically, human popu-
lations have depended on estuaries for food (e.g., fish and shellfish), transportation,
trade (e.g., waterways, sheltered ports), and recreation. Ancient civilizations in the Fer-
tile Crescent (area around the rivers Tigris, Euphrates, Nile, and on the western slopes
of the Mediterranean coast) are now recognized to have had a culture and society that
were based on utilization of wetlands and estuaries (Pournelle 2003). This dependence
on estuaries has arisen because these sedimentary environments harbor abundant fishes
and shellfishes, are habitats for many invertebrates that are also integral parts of estua-
rine and oceanic food webs, and are essential for the long-term sustainability of coastal
ecosystems.

Wherever they occur, vascular plants contribute to virtually every ecosystem ser-
vice associated with estuaries. Although restricted to intertidal (e.g., marshes and man-
groves) and shallow subtidal (seagrass beds) portions of temperate and tropical estu-
aries, the contribution of these plant communities to estuarine production can be
greater than suggested by their modest areal extent (Heymans & Baird 1995). Above-
ground plant structures (e.g., stems and leaves of marsh plants or prop roots of man-
groves) trap and retain sediments, and provide substrata, refugia, and food for estua-
rine biota (Thayer et al. 1987; Covi & Kneib 1995). Plant roots help to stabilize
sediments and promote the structural integrity of tidal channels, and mediate biolog-
ical activity in the sediments by transporting oxygen to the root zone and detoxifying
sediments (Lee et al. 1999). Benthic plants and animals also maintain environmental
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quality by binding and removing particulates and contaminants from the water column
and sediments and are an integral part of the aesthetic vistas of coastal landscapes that
enrich the human spirit.

Although estuarine sediments contain few species relative to most other sedimentary
habitats, they nonetheless represent hotspots for ecosystem processes that can extend
well beyond the estuarine sediments. Of the ecosystem goods and services associated
with shelf and nearshore ocean areas, people are most aware of provisioning of food (e.g.,
fish and shellfish), which has huge commercial and cultural importance in coastal soci-
eties worldwide. Even aquaculture businesses often rely on wild (natural) fisheries (e.g.,
for fishmeal) or natural supply of food (e.g., phytoplankton) for aquaculture species and,
in some cases, for provision of brood and juvenile stocks. Marine plants are used as food,
particularly in Asia, and seaweed extracts such as alginates and other phycocolloids are
used in many industrial and food applications (e.g., manufacture of films, rubber,
linoleum, cosmetics, paints, cheeses, lotions). The living components of estuarine sys-
tems provide not only the primary and secondary production that supports com-
mercial, recreational, and subsistence fishing and other extractable resources, but also
much of the structure that stabilizes sediments to provide flood and erosion control, and
maintains the integrity of wetlands and coastal waterways (Levin et al. 2001a; Tables
4.2a–4.2b). Tables 4.2a and 4.2b 

Sedimentary fauna are a critical part of the diet for many estuarine and shelf species
that feed near or on the bottom, such as cod and flatfish (Feder & Pearson 1988; Carl-
son et al. 1997). Some pelagic fish feed directly on benthic invertebrates at the seafloor-
water interface during various phases in their life cycles. Many benthic fauna spend the
early parts of their life cycle in the plankton and, in some cases, are extremely abundant
and potentially important for pelagic food chains (Lindley et al. 1995). Structure-rich
sedimentary habitats, particularly marshes, mangrove swamps, and seagrass beds, cre-
ate refuges for juveniles of commercially exploited pelagic fish and invertebrates (Lau-
rel et al. 2003).

Nutrient cycling and sediment oxygenation (redox) processes are interlinked to
lesser known, but key, services of detoxification and disposal of waste by shelf and estu-
arine sediment biota. These processes are regulated directly by microbial organisms and
indirectly by larger, bioturbating organisms (Henriksen et al. 1983; Pelegri & Blackburn
1995). Detoxification and immobilization of contaminants may represent a service or
a disservice, depending on the circumstances. Detoxification is performed primarily by
microbes (Geiselbrecht et al. 1996) and may be facilitated by bioturbation, which
strongly influences oxygenation and physical movement of contaminants. Bioturbating
organisms such as polychaete worms relocate sediment particles and water as they feed,
and amalgamate fine particles into fecal pellets (Levinton 1995). Microbes process
organic wastes and organic compounds into less hazardous breakdown products (Boyd
& Carlucci 1996; Lee & Page 1997), which can be recirculated back into the water col-
umn through bioturbation. Microbial processing of toxic waste such as organometallic
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compounds can produce harmful breakdown products that can be biomagnified
through the food web (Srinivasan & Mahajan 1989). Bioturbation activity by large
invertebrates can also accelerate pollutant burial by feeding and removing material at the
sediment surface and defecating deeper in the sediment, but feeding at depth by other
species that defecate at the surface can also remobilize buried contaminants (Gallagher
& Keay 1998).

Sediment-dwelling organisms contribute to sediment formation through their skele-
tal remains (e.g., the shells and calcareous structures of mollusks, foraminifera, and
lithothamnia [algae]). More importantly, particularly in nearshore, shallow-subtidal
habitats, sedimentary organisms directly affect sediment stability and erodability (Lev-
inton 1995; Paterson & Black 1999). Sediment particles are bound together by extra-
cellular polymeric substances (mucus) within diatom and microbial films (Grant &
Gust 1987), and within meiofaunal and macrofaunal secretions. Macrofaunal fecal
and pseudofecal production also binds sediments (Rhoads 1963). Although biological
adhesion (Grant et al. 1982) and biological structures above the sediment (such as sea-
grass, Fonseca & Fisher 1986), can stabilize sediment, biologically generated bottom
roughness (Wright et al. 1997) and increased water content of sediments as a result of
bioturbation (Rhoads & Young 1970) can also increase erodability.

Shelf and estuarine sediments are habitats for many fishes and invertebrates, and are
valued for recreation, sport and subsistence fishing. Sandy beaches, for example, are of
particular importance as recreational areas (Weslawski et al. 2000). Sediments provide
educational value because of their role in the ecosystem and can have spiritual impor-
tance for humans as a source of food, ornaments, and even currency (shells).

Estuaries are the most accessible marine sedimentary habitats for humans, and they
are also the most productive. The value of ecological services from estuaries can be sub-
stantial, an observation that can be attributed to the service of nutrient cycling defined
as the storage, internal cycling, processing, and acquisition of nutrients (Costanza et al.
1997; Ewel et al. 2001). In open estuaries, much of the nutrient cycling occurs in the
water column, but the benthic component in shallow subtidal and intertidal systems is
also important. As with estuaries, depending on the local communities’ values and
willingness to pay (Daily et al. 2000; Dasgupta et al. 2000), the value of ecosystem ser-
vices for intertidal wetlands could be substantial. Intertidal wetlands provide critical ser-
vices such as waste treatment, environmental buffering/flood control, recreation, and
food production. Many service categories (e.g., nutrient cycling) must be considered
based on their value at local levels; thus, total economic value of these systems may be
underestimated at regional and global levels. It is also important to recognize that many
methods have been applied in placing monetary values on estuarine habitats, including
the substantial cost of restoration to recover lost functionality (Kruczynski 1999).
There is insufficient evidence available to know whether estuaries can be restored to all
previous functions, although partial restoration of some functions has been achieved in
some cases (see Snelgrove et al. Chapter 7).
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Deep-Sea Sediments
Deep-sea sediment ecosystems are often ignored when considering the services provided
by the ocean. Although human activities continue to expand to greater depths with
improved technology, much of the current exploitation (Table 4.2c) is concentrated in
the upper 1,000 m. These upper slope sedimentary habitats are repositories for organic
carbon moving off the shelf (Walsh et al. 1981) and support expanding commercial and
sport fisheries. Table 4.2c 

Continental slope sediments have higher carbon input and higher abundances of
fishes and invertebrates than deeper areas. These are sites of relatively new fisheries for
bony fishes such as orange roughy, pelagic armorhead, sablefish, flatfish, and rattails
(which occur deeper as well) (Merrett & Haedrich 1997), and for invertebrates such as
snow crabs, tanner crabs, golden crabs, northern shrimp, and red crabs (Elner 1982;
Otto 1982). Many fisheries have focused on seamounts as well as the continental mar-
gin. On seamounts, black and pink corals are harvested for jewelry (Grigg 1993). All
of the deepwater fishery taxa are slow-growing, long-lived forms that cannot sustain fish-
ing pressure; most of their populations have declined or will in the near future, and the
provisioning of fish secondary production is therefore short-lived and marginal at best
(see Snelgrove et al., Chapter 7). Other deep-sea species, such as blue hake, spinetail ray,
and spiny eel, have experienced major declines in the past few decades from take as
bycatch (i.e., individuals that are removed incidentally as a result of a fishery that is non-
selectively targeting some other species) (Baker & Haedrich 2003).

To the extent that biodiversity is considered a valuable resource (e.g., for future uses,
scientific interest) in itself, the deep sea functions to maintain and promote high species
diversity (Rex 1983; Gage & Tyler 1991). The continental slopes are regions of high
diversity, possibly because of the highly heterogeneous environments in space and time.
Specific habitats within the deep sea, such as coral (Lophelia) reefs (Fossaa et al. 2002),
seamounts (Koslow et al. 2001), and some reducing environments (hydrothermal
vents, whale falls, and methane seeps) (Van Dover 2000) are recognized as valuable refu-
gia that are important in the maintenance of diversity. More than 99 percent of the
deep-sea floor has yet to be sampled (Snelgrove & Smith 2002), so there is considerable
potential for future discovery and uses. One emerging area is the exploitation of micro-
bial forms for specific industrial properties, among them their ability to degrade lipids
at low temperatures and to break down hydrogen sulfide, and for enzymes to function
at high temperatures (Prieur 1997).

Ecological processes that are regulated by deep-sea marine sediment biota include (1)
the capture and deposition of organic matter onto the seabed, (2) the transfer of
organic matter to higher consumers, (3) the burial of organic matter, and (4) the oxy-
genation of sediments through bioturbation. In deep-sea sediments, foraminiferans
related sarcodines, macrofauna, and nematodes are key bioturbators and regulators of
organic cycling. Active suspension and plankton feeders such as sponges, tunicates,
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anemones, and bryozoans capture, ingest, and deposit organic matter or small plank-
ton onto the sea floor in quiescent regions. Passive suspension feeders such as corals,
crinoids, selected polychaetes, ophiuroids, and brisingid starfish do the same in higher
energy settings. Epibenthic holothurians consume massive deposits of phytodetritus that
carpet deep-sea sediments following phytoplankton blooms (Billet 1991), while other
surface-deposit feeders are often the first to ingest and transform incoming organic mat-
ter into tissue. Nearly all metazoans participate in deep-sea food chains, although diets
of most species are unknown (Fauchald & Jumars 1979; Sokolova 2000).

Areas at a depth of greater than 1,000 meters are thought to have reduced biologi-
cal activity and therefore to be relatively stable compared with shallower ecosystems, and
thus they have been a repository for many different kinds of wastes over the last half cen-
tury (see Snelgrove et al., Chapter 7). However, recent studies show that labile organic
matter reaching the deep sea is processed rapidly by benthic macrofauna such as sipun-
culans and maldanid polychaetes (Graf 1989; Levin et al. 1997), despite low overall fau-
nal biomass (Rowe 1983).

Microbes account for a significant proportion of sediment community oxygen con-
sumption (e.g., 80 percent, Heip et al. 2001), contributing to nutrient cycling through
transformation, degradation, and sequestration of organic matter. They control redox
conditions within sediments, provide food for protozoan and metazoan consumers (via
heterotrophy and symbioses), and their role in nutrient cycling relates strongly to sed-
iment oxygenation (Fenchel & Finlay 1995). Microbes form unusual natural products,
enzymes, and detoxification functions (Bunge et al. 2003) that may be exploited com-
mercially. Living microbes have been discovered much deeper in the Earth’s crust than
any other life form (Parkes et al. 1994).

Key benefits from sediment-based nutrient cycling and carbon burial may include
removal of carbon over extended periods of centuries or longer (Heip et al. 2001). The
deep sea is currently being considered for more rapid removal of CO2 in liquid form
through direct injection (Ozaki 1997; and see Snelgrove et al., Chapter 7).

Factors Affecting Biodiversity
Numerous abiotic environmental factors influence species diversity (Levin et al. 2001b)
and potentially affect processes, goods, and services provided by marine sediments.
Salinity, soil texture, organic content, nutrients, waves, currents, and oxygen are abiotic
factors that control species composition, densities, and diversity. All of these factors are
affected by natural and human-altered regional control of sediment supply, nutrient
input, water depth, exposure to disturbance, and hydrologic environment (Diaz &
Rosenberg 1995; Parsons et al. 1999; Gray 2002).

Sediment resuspension and motility in shelf and coastal regions is dictated by hydro-
dynamic processes such as currents, tides, and wave action (Boudreau 1997). This dis-
turbance affects recycling services, the maintenance of sediment oxygenation (e.g.,
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Ziebis et al. 1996), and potentially the detoxification of pollutants (Bunge et al. 2003)
and rates of biogeochemical cycles (Turner & Millward 2002). It also significantly
affects species composition (Ysebaert & Herman 2002).

Hydrodynamic processes primarily determine sediment granulometry and therefore
substrate type. This is important to food production, as substrate or habitat availabil-
ity affects survival of food species of fish and invertebrates (Snelgrove & Butman 1994).
Oxygen availability and temperature influence the survival of organisms, reproduction,
and function (Garlo 1982), and hence the provision of goods and services by shelf biota.
Oxygen availability is particularly important in maintaining sediment redox chemistry
(Rhoads et al. 1978; Fenchel & Finlay 1995).

The perception of the deep sea as a species-depauperate and homogeneous habitat
has been debunked in the last few decades by evidence of strong regional and tempo-
ral variation in the abundance and diversity of deep-sea sediment biota (Levin et al.
2001a; Snelgrove & Smith 2002). The density and biomass of deep-sea infauna are most
strongly influenced by organic matter availability (Rowe 1983). Input of organic car-
bon to the seabed mirrors (but is only a fraction of ) surface primary production; it is
also influenced strongly by circulation and local flow conditions. Where particulate
organic input is high, infaunal species are abundant, animals live deeper in the sedi-
ments, and bioturbation rates are greater (Schaff et al. 1992). The continental margins
and the north Atlantic are areas of particularly high organic matter input. Topographic
features such as seamounts, ridges, canyons, and gullies have accelerated flows where
particulate flux is elevated. Because the benthos provides critical trophic support for
larger fish and invertebrates, production of harvested species is greatest in these areas,
as are rates of carbon processing, burial, and sequestration.

In some estuarine and shelf areas, excess production from surface waters can lead
to hypoxia in bottom waters (see discussion of nutrient loading in Chapter 7). An
intriguing parallel occurs in some deep-sea areas when high production from surface
waters sinks to bottom areas with sluggish circulation, leading to the formation of mid-
water oxygen minimum zones (OMZs) at depths of 100 to 1,000 meters. Within
OMZs, there is reduced productivity, less remineralization of carbon, and lowered
functional and species diversity of the sediment biota. These effects occur over huge
areas (>106 km2) of the sea floor (Levin 2003). Temporal changes in the boundaries
of OMZs exert tremendous control on seabed productivity and diversity over ecolog-
ical time (e.g., with El Niño events; Arntz et al. 1988) and over geological time
(Rogers 2000).

The structure and function of deep-sea sediment biota is also influenced by benthic
storms (Hollister & McCave 1984) and turbidity flows or mass wasting (Masson et al.
1996). Microbial function and activity are greatly influenced by availability of oxygen,
organic matter, and reduced compounds such as methane and sulfide. Amazing discov-
eries of microbial syntrophy (symbioses involving microbes of different metabolic func-
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tions), multiple bacterial symbioses within invertebrates, and sediment ecosystems
reliant on methane for carbon have come from highly reduced sediments in the deep sea.

Linkages to Marine Sedimentary Systems
Marine sedimentary goods and services are linked to adjacent ecosystems, including the
water column above, the coastal zone, and even freshwater systems (Figure 4.1; see also
Chapter 1, Figure 1.1). Because they are open transitional systems between land and sea,
estuaries and their associated biotic components have direct hydrological links to
coastal seas and upland watersheds. Tides provide the principal natural vector for
marine-derived inputs to estuaries and freshwater flows from surface or groundwater
sources that convey materials, nutrients, and organisms from upland drainage basins.

Figure 4.1. Schematic depiction of interrelated nature of soil, freshwater, and coastal
marine sedimentary ecosystems. The top diagram depicts a functioning ecosystem prior
to deforestation. The lower diagram illustrates the cascade of changes that may occur
from disturbance to soils. Deep-sea ecosystems are not shown because their linkages with
terrestrial and freshwater domains are indirect and expressed only at long temporal and
large spatial scales. Arrows indicate flow of materials (water, nutrients, organic matter),
and circles indicate biological filters. POC is particulate organic carbon, C is carbon, P
is phosphorus, and N is nitrogen.
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Sedimentary inputs to estuaries may be from either marine or upland sources, whereas
biological linkages occur through movement of organisms in and out of estuaries
(Levin et al. 2001a). The food provision and food web supporting services of estuarine
and shelf sediments are closely linked with the overlying pelagic realm and particularly
their food webs (Steele 1974). Many benthic invertebrates and fishes spend the first part
of their life cycle within the plankton, providing linkages with pelagic species through
predator-prey interactions (Bullard et al. 1999). Among deep-sea taxa, this is true of
many commercially harvested taxa such as snow crab, golden crab, armorhead, sable-
fish, and grenadiers (Zheng & Kruse 2000). The terrestrial linkage of supplying estu-
aries and coasts with input of detritus and nutrients are also important to trophic
support processes and food provision from estuarine through slope sediments.Figure 4.1

Marine Sediment Diversity and Ecosystem Function
The role of species diversity in regulating ecosystem processes and services in sedimen-
tary systems has received considerably less attention than its role in terrestrial systems
(Estes & Peterson 2000). Although there are many examples of living organisms that
play critical roles in providing services and functions, there is little evidence that bio-
diversity per se is critical for the delivery of services and functions. In many instances,
it is likely that the availability of specific functional groups is most important in pro-
viding a given service or function (Tables 4.2a–4.2c). The benthic biota of estuaries are
the least diverse of the marine sediment realms, but specific groups perform valuable
functions: they create habitat, trap and retain sediments (e.g., rooted vegetation), main-
tain water quality (e.g., filter-feeding bivalves), contribute to aeration of subsurface sed-
iments (e.g., bioturbators/burrowing crabs), and shunt production from the microbial
decomposers to higher trophic levels (e.g., grazing snails and amphipods). There is some
evidence that diversity decreases variability in rates of nutrient recycling and there are
complementary effects of diversity on function, but there is no consistent relationship
between species richness and function (Emmerson et al. 2001; see also Biles et al.
2003). However, few experiments to test these questions have been conducted in
marine systems. Experiments with hard substrate communities have suggested that
species diversity enhances resistance to invasive species (Stachowicz et al. 1999), but sim-
ilar experiments are lacking for estuarine sediments. Nonetheless, estuaries have a pub-
lic visibility that seems to confer a high value to the limited species diversity for aesthetic,
recreational, and scientific reasons.

The role of species diversity on the continental slope is not well documented in pro-
vision of trophic support, nutrient cycling, and waste disposal/detoxification, but it is
clear that multiple species are involved. In cases where multiple species are eliminated
by hypoxic events, for example, the loss of key sedimentary functions has resulted
(Rabalais et al. 1996), but it could be argued that loss of functional groups, rather than
species, is more important (Elmgren & Hill 1997). In estuarine and shelf ecosystems,
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the diversity of structure-forming species often contributes to habitat diversity, which
subsequently increases the diversity of species that utilize that habitat and therefore may
enhance key services such as food production (Auster et al. 1996).

The high diversity of infaunal species in the deep sea raises many questions about
rates and redundancy that are largely unanswered (Snelgrove & Smith 2002). The rel-
ative importance of species diversity for the efficiency of the deep-sea functions discussed
above has not been tested experimentally. In general, measures of macrofaunal density,
biomass, or diversity have been poor predictors of functions such as bioturbation,
whereas particulate organic carbon (POC) flux and densities of selected megafauna can
be good predictors (Smith 1992; Smith & Rabouille 2002).

One formidable challenge is to determine whether diversity at the level of habitats,
functional groups, species, genes, or gene expression (functional genomics) is most
critical for sustaining ecological processes and services. Recent research has considered
the role of landscape configuration (Archambault & Bourget 1999) and the effect of
anthropogenic modifications and structures on estuarine biodiversity (Chapman &
Bulleri 2003). These foci have potential applications for restoring and conserving bio-
diversity in the face of growing pressures for increased coastal development; they also
have potential consequences for processes and services.

Theory based on the terrestrial literature suggests that if each species performs a func-
tion slightly differently, then sediments with high diversity are likely to achieve the most
effective function (i.e., sampling effect) (Loreau et al. 2001; Zedler et al. 2001). Inter-
specific facilitative interactions are particularly likely to enhance functions in areas with
low oxygen, high sulfides, food scarcity, physical disturbance, or other stressors (Levin
et al. 2001b). Structures on the sea floor such as polychaete feeding mounds, tracks in
sediments from surface burrowers, and discarded shell material provide heterogeneity,
which facilitates adults and juveniles of many deep-sea species, providing food, substrate,
and refugia (Levin et al. 1997; Snelgrove & Smith 2002).

Research Needs and Recommendations
The vast majority of marine sedimentary organisms are undescribed and unknown (e.g.,
10 million macrofaunal species are estimated in Grassle & Maciolek 1992), with the
diversity of the smaller organisms much less well understood than that of larger organ-
isms. There is a fundamental need to document the taxonomic composition of sedi-
mentary biota through biodiversity surveys of representative marine habitats. Although
the large area of marine sedimentary habitat precludes a comprehensive biodiversity sur-
vey, it is reasonable to survey representative areas in order to generate diversity estimates
for different habitat types and biogeographic maps for relatively common species. This
information is critical to manage and conserve the functional properties of marine
ecosystems for the long term, particularly in areas that are vulnerable to human activi-
ties (see Snelgrove et al., Chapter 7; Wall et al. 2001). A significant obstacle to the study
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of biodiversity is the “taxonomic impediment”—a worldwide shortage of taxonomists
(Hoagland 1995; Environment Australia 1998).

The role of marine sediment biodiversity in the regulation of ecosystem processes and
services is poorly understood, particularly for groups such as the fungi, protists, and
meiofauna. Even for macrofauna and megafauna, the role of biodiversity has been
examined in only a few studies. Levels of functional redundancy within and across
groups and their relative importance must be characterized to offer predictive capabil-
ities concerning controls on, and threats to, ecosystem processes. Given the many
abiotic variables that influence biodiversity patterns and the linkages between different
sedimentary ecosystems, studies of ecosystem processes and services must consider
marine sediments and their biodiversity when establishing and implementing marine
conservation strategies. Finally, efforts to value sedimentary biota are effectively non-
existent. Lack of direct experience alone limits our capacity to value marine sedimen-
tary services. Aside from coral reefs, sandy beaches, and wetlands, most sedimentary
habitats generate little public concern and hence often rate low in conservation prior-
ity. This situation can be altered as both scientists and the public improve their under-
standing of the critical roles and services provided by marine sediments in the biosphere.
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PA R T  I I
Assessment of the Vulnerability
of Critical Below-Surface Habitats,
Functions, and Taxa
Paul V.R. Snelgrove

In the previous chapters, we described the many goods and services provided by soil and
sediment biota and alluded briefly to some of the effects that human activities have had
or will likely have on the continued delivery of these services. The next section focuses
specifically on the vulnerability of ecosystem goods and services, defined here as the
probability that ecosystem services will be altered by external disturbances. Each of the
chapters that follow notes that different threats operate on different spatial and temporal
scales, as does the provisioning of different ecosystem goods and services. For example,
invasive species are identified as major stressors in terrestrial, freshwater, and marine
ecosystems, but some invasive species are localized in their current distribution and may
disperse rapidly or slowly. By contrast, global climate change is large scale by definition,
and it cuts across habitats, ecosystems, and even the terrestrial/freshwater/marine inter-
face. Decomposition, a key regulation service in all of the domains, occurs over very
broad landscapes, aquatic habitats, and seascapes, but it is manifested largely at the scale
of individual microbes and invertebrates. Differences in exposure (frequency, intensity),
sensitivity to exposure (likelihood of change), and resilience (capacity to rebound from
alteration) are all factors that are scale-dependent and vary among ecosystems, habitats,
and the specific organisms that deliver goods and services.

The initial goal of these chapters was to address three broad questions on vulnerabil-
ity of ecosystem goods and services. First, what is the vulnerability of critical below-
surface ecosystems, habitats, functions, and taxa to human activities? Second, to what
extent is the vulnerability of different systems spatial- and time-scale dependent? Third,
what are the implications for management when we consider the vulnerability of soils and
sediments, their biodiversity, and their provisioning of ecosystem goods and services?

Scope 64.qxd  10/6/04  11:35 AM  Page 99



The evidence for linkages between vulnerability of goods and services and biodiver-
sity varies considerably among ecosystems. However, in the chapters that follow, we pro-
vide the most relevant examples and case studies currently available in order to illustrate
the issues and to point out where information is inadequate. Ultimately the initial ques-
tions we posed cannot be fully addressed with our current knowledge, but the situation
is rapidly improving. Questions regarding the biotic basis of ecosystem processes and
the implications of biodiversity loss and associated effects on delivery of goods and ser-
vices are now at the forefront of conservation biology. Unfortunately, the magnitude and
pervasiveness of many threats stemming from human activities is rapidly increasing at
a rate that underscores the urgency of research in this area.
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5
Vulnerability to Global Change
of Ecosystem Goods and Services
Driven by Soil Biota
David A. Wardle,Valerie K. Brown,Valerie Behan-
Pelletier, Mark St. John,Todd Wojtowicz, Richard
D. Bardgett, George G. Brown, Phillip Ineson,
Patrick Lavelle, Wim H. van der Putten, Jonathan
M. Anderson, Lijbert Brussaard, H. William Hunt,
Eldor A. Paul, and Diana H. Wall

Soil biota play an essential role in the delivery of a range of ecosystem goods and ser-
vices. However, it is important to recognize that ecosystems are not static, and that
human-induced global change phenomena have the potential to alter the capacity of soil
organisms to provide this contribution. Given that global change phenomena directly
or indirectly impact the soil biota in some way (Wolters et al. 2000; Wardle 2002), the
question that emerges is how these phenomena may alter the goods and services, driven
by soil organisms, upon which we all depend.

Predicting the effects of global change on ecosystem goods and services requires
explicit acknowledgment of the vulnerability of ecosystems, and therefore of the organ-
isms that drive those ecosystems, to global change. This chapter focuses on the vulner-
ability of goods and services to global change. In assessing this, we use the definition of
vulnerability provided by the Resilience Alliance (www.resalliance.org), which is “the
propensity of social and ecological systems to suffer harm from exposure to external
stresses and shocks,” a definition that involves three components: (1) exposure to events
and stresses, (2) sensitivity to such exposures, and (3) resilience owing to adaptive
measures to anticipate and reduce future harm. We first discuss conceptual issues
regarding vulnerability of soil organisms and processes to global change in terms of
effects of spatial scale, the extrinsic and intrinsic determinants of vulnerability, and the
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mechanistic bases of how the belowground subsystem responds to global change. We
then demonstrate, through worked examples, the degree of vulnerability of those
ecosystem goods and services driven by soil biota to selected agents of global change.

The Overarching Role of Spatial and Temporal Scale
The study of the vulnerability of ecosystems to global change requires explicit consid-
eration of spatial and temporal scale. Agents of global change simultaneously operate
over a range of scales; some operate mainly in the short term at local scales while oth-
ers are more pervasive (Table 5.1). Further, ecosystem services are delivered at different
scales of time and space from the immediate release of nutrients in the vicinity of a root
tip to infiltration of water and storage in capillary porosity for periods of months to
years. Table 5.1

Ecological processes that sustain provision of these services also operate at a variety
of scales. The diversity of scales and the match between scaling of processes and their
outputs may significantly influence their vulnerability.

Soil ecosystem services depend either on the direct and immediate outputs of organ-
ism activities (e.g., nutrient release from digestive processes) or their longer-term effects
on soil physical properties (e.g., water retention in soil pores built by bioturbators). They
may also depend on the direct effect of abiotic processes that operate at large scales (e.g.,
porosity created by alternations of drying and rewetting cycles). Biological processes that
sustain ecosystem services may operate at four different scales of time and space
depending on their nature and location (Lavelle 1997):

1. Short-term digestion-associated processes. Digestion occurs in the immediate vicinity
of microorganisms where exoenzymes are active, in the guts of invertebrates or in
the rhizosphere soil close to active root tips. Such microsites are a few cubic
microns to millimeters in volume and processes develop during periods of hours to
a few days.

2. Intermediate phase in fresh biogenic structures. Microbial activation triggered during
gut transit or mechanical mixing of organic materials with soil culminates in fresh
biogenic structures, such as fresh earthworm casts or termite fecal pellets. Activity
then progressively decreases during the few days or weeks following deposition.

3. Longer-term scale of stabilized biogenic structures. Some structures created by inver-
tebrates or roots are highly compact. These structures are the components of stable
macroaggregate structures that determine soil hydraulic properties and resistance to
erosion (Blanchart et al. 1999; Chauvel et al. 1999). Their life span may extend over
periods of months to years depending on their composition and the dynamics of
soil structural features (Decaëns 2000).

4. Soil profiles. Biogenic structures combine with other structures and elements of soil
to form soil horizons. In some cases, creeping of soil along slopes may be triggered
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by an accumulation of surface deposits by soil invertebrates (Nye 1955). As long-
term plant successional processes and pedogenesis operate, changes occur in soil
organism communities and their effects on soil structure over whole watersheds and
timescales of years to centuries (Bernier & Ponge 1994).

Vulnerability of ecosystem services to perturbations may be dependent on the scales
at which processes and the services operate, and their comparative sizes. In theory, four
different situations may occur depending on the various combination of short or large
scale of either component:

1. Short scale for processes and short scale for services. In this case, the output of the pro-
cess directly affects the service. This is the case for mineralization of nutrients by
microbial digestion. In such a situation, any direct damage to the decomposer
community or impairment of its activity has immediate consequences for the ser-
vice. Vulnerability is high, although rapid reversibility may be expected as soon as
processes are reinitiated.

2. Short scale for processes and large scale for services. Here, a disturbance is temporary
in nature and does not impair the provision of service. This is the case for water
infiltration and retention in soils. Temporary interruption of activities of those
invertebrates and roots that create or rejuvenate aggregates of different sizes does not
have important consequences for soil hydraulic properties (Alegre et al. 1996).
Soil aggregates of biological origin, once stabilized, can be very resistant structures
that last for long periods in the absence of drastic direct physical impacts. In this
situation, vulnerability is minimal (Blanchart et al. 1999).

Table 5.1. Vulnerability matrix, showing how different global change drivers
have effects on the belowground subsystem that may be manifested at different
spatial scales. 

Note that some drivers operate mainly at local spatial scales while others are more pervasive.

Global Change Driver

Agricultural Climate Invasive 
Scale Land Use Intensification Change Pollution Organisms Urbanization

Global X X
Regional X X X X
Landscape X X X X X
Field X X X X X X
Patch X X X X X X
Single Unit X X X X X X
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3. Large scale for processes and short scale for services. Disturbance of a large-scale process
will impair the services for a long period. This is the case of salinization, in which
soil translocation processes result in the migration of salts toward the soil surface
(Luna Guido et al. 2000). In saline soils, biological processes are severely limited.
These long-term processes, when achieved, may impair the service for long periods
and even be irreversible in the order of decades. Vulnerability is high, and restora-
tion of the service will depend on changes in biological communities by such
processes as colonization or local adaptation and genetic selection, which can be
very slow.

4 Large scale for processes and large scale for services. Vulnerability can now be consid-
erable and restoration of ecosystem services is very slow. This is the case for erosion
processes that may affect large portions of soils that can be restored only after a long
period of soil formation through pedogenetic processes (Lal 1984). All services
linked to the presence of a thick soil with well-differentiated horizons will be
severely affected by such an event.

Extrinsic and Intrinsic Determinants of Vulnerability
Soil organisms vary considerably in their susceptibility to global change, and even the
same taxonomic and/or functional group may vary in its response according to the
nature, extent, and frequency and intensity of perturbation (Wall et al. 2001). Thus,
the vulnerability of individual components of the soil fauna is context dependent.

Determinants of vulnerability are wide ranging, encompassing both intrinsic and
extrinsic factors. Many of these are intuitive, and empirical assessments of vulnerabil-
ity to a particular driver of global change are surprisingly rare (but see Ruess et al.
1999). One conspicuous gap in knowledge lies in the significance of species interac-
tions in determining the vulnerability of specific organisms or the assemblages they
constitute.

Among the intrinsic determinants of vulnerability is a suite of life-history traits
including body size, life-cycle longevity, and host plant and habitat specificity. Soil
organisms are more vulnerable to perturbations if they are large bodied (Wardle 1995;
Eggleton et al. 1998). Within this domain, surface-dwelling and relatively sedentary
taxa are particularly prone to changes in soil moisture and texture (e.g., Brown et al.
2001). The life-history traits of high dispersal and migratory ability tend to counter-
act local extinctions, though the efficacy of these traits in stemming population
decline is dependent on local source pools and inherent landscape diversity (Warren
et al. 2001).

Longer-lived taxa are particularly vulnerable to perturbation, since they have less
chance to recover than multivoltine (producing several generations in one year) species.
Within the invertebrates, soil-dwelling species are characterized by having longer gen-
eration times than their aboveground counterparts (Andersen 1987; Brown & Gange
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1990), a trait that undoubtedly increases their susceptibility to change. The implications
of the reduced mobility and dispersal and longer life spans of soil organisms are very
apparent when trying to restore the lost diversity of a system. In the restoration of ex-
arable land, it has been shown that the colonization and establishment of soil biodi-
versity lags behind that of aboveground organisms (Korthals et al. 2001). Organisms
that are either food or habitat specialists are more susceptible to even minor changes in
their resources. Strict host plant or vegetation structure specialist species may respond
negatively to changes in the occurrence (Cherrill & Brown 1990) or quality of their
resource (Masters et al. 1993), whereas generalist species may switch hosts or move to
adjacent habitats with global change (Bale et al. 2002). Both spatial and temporal syn-
chrony with their required resource is a pivotal requirement of specialist species, with
even slight asynchrony potentially causing extinction. Specialism is therefore a key
indicator of the extent and spatial scale of vulnerability to global change.

An organism’s vulnerability is also related to its ability to withstand change, in terms
of “flexibility” (resilience) or “rigidity” (resistance). These attributes will vary intrinsi-
cally, but also in response to local conditions. Species may be unchanged, susceptible
and become locally extinct (depending on recruitment), opportunistic and increase their
performance in the new environment, or elastic and change in the short term but then
recover to their former level (Brown et al. 2001).

Extrinsic determinants of vulnerability reflect habitat characteristics, such as the
diversity of habitat and landscape. It is a common assumption that mosaic landscapes
(roughly defined as more than one land use or land cover per hectare) and the species
they support are less vulnerable to perturbation and more likely to recover quickly from
disturbance or depletion, but this is unproven. Small fragments of pristine ecosystems
(for example patches of primary tropical forest as small as 0.25 ha) may retain high bio-
diversity, at least over the medium term, after isolation (de Souza & Brown 1994;
Eggleton et al. 2002), but there are few measurements of associated processes and ser-
vices, and long-term effects are largely unknown.

Mechanisms Underlying Vulnerability
Soil organisms and processes can be highly responsive to global change phenomena, and
a variety of mechanisms are responsible. Below, we outline three main categories of
global change drivers, which we consider briefly.

Belowground Responses to Different Global Change Drivers

There are those drivers that result from changes in atmospheric properties (e.g., CO2
enrichment, N deposition, climate change), those that arise from direct manipulation
of land (e.g., land use change, intensification), and those that involve shifts in organ-
ism presence or abundance (e.g., extinctions, invasions, outbreaks).
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Of the human-induced changes in atmospheric composition, the enhancement of
CO2 concentration is arguably the most pervasive. Given the high levels of CO2 in the
soil, atmospheric CO2 enrichment is unlikely to affect the soil biota directly, and effects
of enrichment on the decomposer community are likely in the first instance to be
plant driven. This can occur at the level of both the individual plant and the plant com-
munity. At the whole-plant level, CO2 enrichment can promote soil organisms through
increasing resource quantity, for example, by promoting NPP (Körner & Arnone 1992)
and rhizodeposition (Paterson et al. 1996). Further, CO2 enrichment can alter litter
quality, frequently enhancing litter C:N ratios, although both positive and negative
effects of CO2 enrichment on decomposability of litters have been reported (Franck et
al. 1997; Coûteaux et al. 1999). Elevation of CO2 concentrations can also alter the role
that soil fauna play in decomposition, since these organisms are more important in cat-
alyzing breakdown of litter of poorer quality (Coûteaux et al. 1991). At larger spatial
scales, CO2 enrichment is also likely to alter plant community composition, frequently
favoring plant species or functional types with faster growth and higher litter quality
over slower growing plants (Collatz et al. 1998; Herbert et al. 1999). This is, in general,
likely to favor decomposer activity.

Effects of CO2 enrichment on the composition of the plant community directly
alters the community of root pathogens and root herbivores, due to changed plant-soil
feedback (Bever 1994). Trade-offs between plant growth rate and plant defense against
herbivores and pathogens (van der Meijden et al. 1988) result in more specialist root
herbivores and root pathogens following CO2 enrichment. However, effects of root
herbivores and pathogens are also influenced by factors other than resource availabil-
ity and resource quality—such as the recognition of plant roots by pathogens, herbi-
vores, and their natural antagonists—and by the ability of plants to culture and enu-
merate the antagonists of their enemies (van der Putten 2003). Litter with a high C:N
ratio may not favor microbial decomposition, but it could still enhance specific micro-
bial antagonists (Hoitink & Boehm 1999). Therefore, exposure of plant communities
to CO2 enrichment may lead to changed root pathogen and herbivore communities,
reduced or more specialized activity of these root organisms, and to changed host
recognition or altered exposure to the natural enemies of the herbivores and pathogens
belowground.

Atmospheric N deposition also has positive effects on those soil biota that depend
on plant derived resource quality through promoting NPP, and unlike CO2 enrichment
it often causes plants to produce litter with lower C:N ratios. Further, N deposition can
have important belowground effects by altering the composition of the plant commu-
nity, usually by favoring plant species that are adapted to fertile situations and that pro-
duce high-quality litter (Aerts & Berendse 1988). However, direct effects of N deposi-
tion on soil microbes can either promote or inhibit soil processes; chronic N deposition
can either promote litter decay through enhancing microbial cellulolytic activity, or sup-
press it by inhibiting ligninolytic enzyme activity (Carreiro et al. 2000). Effects of N
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deposition on the root herbivore and pathogen community will be mediated primarily
through the plant community, but changes in the physico-chemical soil properties may
also exert direct effects on these soil organisms.

Global warming and associated climate change events resulting from atmospheric
CO2 enrichment can influence soil organisms directly, although the main effects of
climate change on soil biota are again likely to be indirect and driven by plant
responses. At the whole-plant level, increased temperature promotes the kinetics of
nutrient mineralization, plant nutrient uptake, and NPP (Nadelhoffer 1992) that
should in turn promote decomposer organisms. At the level of the plant community,
elevated temperature has the capacity to promote plant functional types with either
superior (Pastor & Post 1988; Starfield & Chapin 1996) or poorer litter quality
(Hattersley 1983; Harte & Shaw 1995). In this light, the implications of climate-
driven vegetation change for the decomposer subsystem are likely to be context spe-
cific. Global warming may also disrupt natural communities because of different dis-
persal and migration capacities of individual species (Warren et al. 2001). Migration
of plant species without their natural root pathogens and herbivores may lead to
enhanced abundance in the new territories, due to the escape from specific natural
enemies and the presence of relatively aspecific mutualistic symbionts, for example,
mycorrhizal fungi (Klironomos 2002).

Direct use of land by humans for production of food and fiber arguably has the great-
est impact on terrestrial ecosystems of all global change phenomena. At the broad scale,
forest, grassland, and arable systems differ tremendously in their functional composi-
tion of vegetation as well as disturbance regimes. This in turn has important implica-
tions for the composition, abundances, and activities of the soil organisms present; gen-
erally cropping systems contain lower levels of many components of soil fauna,
microbial biomass, and organic matter than do comparable areas under forest or grass-
land (Lavelle 1994; Wardle 2002). Conversion of land to agriculture often has adverse
effects on the performance of the decomposer subsystem, and artificial inputs are there-
fore required to substitute for services provided by soil biota. Agricultural intensifica-
tion also influences the decomposer subsystem (De Ruiter et al. 1993; Giller et al.
1997). For example, agricultural tillage favored bacterial-based energy channels over
fungal-based channels (Hendrix et al. 1986), promoted small-bodied soil animals rela-
tive to large-bodied ones (Wardle 1995), and altered the relative contribution of dif-
ferent subsets of the soil biota to litter decomposition (Beare et al. 1992). Comparable
effects appear to result from intensification of forest management (Blair & Crossley
1988; Sohlenius 1996).

Another major land use change is extensification, or even the complete abandon-
ment of production on arable land and grassland to conserve, or restore, former bio-
diversity (van der Putten et al. 2000). However, there has been little work on the
restoration of diversity belowground. Soil communities respond more slowly to
changes imposed by land abandonment than communities above ground (Korthals et

Scope 64.qxd  10/6/04  11:35 AM  Page 107



108 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

al. 2001), and responses are often idiosyncratic (Hedlund et al. 2003). Therefore,
besides dispersal limitations of many organisms to restoration areas (Bakker &
Berendse 1999), slow development rates of the belowground community may be an
important controlling factor of ecosystem services and goods provided by these newly
developing restored ecosystems.

Alien species are most likely to alter community and ecosystem properties when they
show large functional differences to the native species of the community being
invaded. The functional attributes of most alien species do not differ greatly from those
of native biota (Thompson 1995), but differences, when they do exist, can cause pro-
found implications for both the aboveground and belowground components of the
ecosystem. For example, invasion of the N-fixing shrub Myrica faya into Hawaiian
montane forests lacking nitrogen fixing plants has important effects on ecosystem N
inputs (Vitousek & Walker 1989). Introduction of deer and goats into New Zealand
rainforests, which lack native browsing mammals, has caused large shifts in the soil food
web composition and diversity, and in ecosystem C sequestration (Wardle et al. 2001).
Invasion of European earthworms into those North American forests that lack a native
earthworm fauna has been shown to alter soil microbes, fauna, and supply of plant-
available nutrients from the soil (Hendrix & Bohlen 2002). Human-induced extinc-
tions of organisms may also be of functional importance, but only in instances in which
the lost species plays an important functional role. Historical examples include prob-
able large-scale alteration of soil processes following vegetation change caused by
extinctions of dominant megaherbivore species, for example in Siberia (Zimov et al.
1995) and Australia (Flannery 1994).

Soil organisms and processes are capable of showing a variety of responses to driv-
ers of global change, and the nature of these responses is likely to be context specific.
Different global change drivers do not operate independently of one another; a given
ecosystem is likely to be affected by several drivers operating simultaneously. Interactions
between different global change drivers (e.g., between CO2 enrichment and N deposi-
tion [Lloyd 1999]or between invasive plants and CO2 enrichment [Smith et al. 2000])
may have important, though largely unrealized, implications for the decomposer sub-
system and for the interactions between plants, root pathogens, and symbiotic mutu-
alists (Richardson et al. 2000). This will in turn affect those ecosystem services driven
by soil organisms. Importantly, soil biota do not function in isolation, and ecosystems
are driven by feedbacks between the aboveground and belowground biota (van der Put-
ten et al. 2001; Wardle 2002; Bardgett & Wardle 2003).

Relative Vulnerability of Different Biotic Components of Communities

Subsets of the soil biota may differ considerably in terms of how they are affected by
global change phenomena. Of these phenomena, the best understood for the soil biota
is land use change, including intensification of land management practices. The degree
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of impact of global change phenomena, such as land use change, is dependent on the
organism’s ability to withstand change, the organism’s and ecosystem’s resilience and
resistance to the imposed changes, and the extent of the changes/disturbance imposed
(difference from original environment). These can generally follow the different
response strategies shown in Figure 5.1. Some organisms are susceptible to certain land
management practices and become locally extinct, while others are opportunistic and
take advantage of the modified conditions to increase their abundance, biomass, and
activity. For example, the conversion of Amazonian rainforest to pastures north of
Manaus led to the elimination of many (morpho-) species and groups of macrofauna,
while one species of earthworm (Pontoscolex corethrurus) became the dominant soil
macroorganism, reaching biomass values of up to 450 kg ha–1 (Barros 1999). This led
to the progressive accumulation of macro-aggregates (worm castings) on the soil surface,
dramatically decreasing soil macroporosity down to a level equivalent to that produced
by heavy machinery, rendering it anaerobic and increasing methane emission and de-
nitrification (Chauvel et al. 1999). Figure 5.1

Some organisms may increase or decrease in numbers and biomass for only a short

Figure 5.1. Different response dynamics of soil biota to disturbance (from Brown et al.
2001). The effect of a disturbance can result in changes to soil biomass, density, or diver-
sity with very different results over time. This will affect the ecosystem services provided
by the biota.
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period (temporary or elastic) but then return to predisturbance proportions, while oth-
ers remain unchanged or only slightly unchanged (persistent or resistant). For instance,
if new land-use practices imposed maintain enough similarities to the previous ecosys-
tem (e.g., conversion of native grass savanna to pastures), many soil organisms may resist
the change, while some of those negatively affected in the land-preparation and con-
version phase (tillage and seeding or transplanting) may eventually recover in the new
system once proper soil cover and plant organic matter inputs are re-established
(Jiménez & Thomas 2001).

Conversion from forest to agriculture usually results in an overall reduction in
microarthropod populations (Crossley et al. 1992), but the response dynamics of
component taxa varies. Continuous cultivation, rotations, monoculture, and appli-
cation of pesticides soon eliminate species susceptible to damage, desiccation, and
destruction of their microhabitats, especially those with a life cycle longer than one
year, such as many oribatid mites. In contrast, practices such as drainage, irrigation,
manuring, and fertilizer use encourage seasonal multiplication of species of prostig-
matid mites and Collembola, and their predators, mesostigmatid mites (Crossley et
al. 1992).

Several studies reveal that increases in the intensity of agriculture lead to reductions
in the diversity of soil biota (Siepel 1996; Yeates et al. 1997). This diversity loss is not
a random process. For instance, Siepel (1996) showed that declines in the diversity of
soil microarthropods with increasing agricultural intervention were accompanied by
dramatic shifts in the life-history characteristics and feeding guilds of the community.
Loss of diversity in low-input agricultural systems was explained by the disappearance
of drought-intolerant species because low-input grasslands are cut in summer, thereby
increasing the chance of drought in the litter layer. However, the loss of species in
high-input grassland was explained by the elimination of fungal-feeding grazers that
were replaced by opportunistic bacterial-feeders. Moreover, abandoned high-input
sites still lacked fungal-feeding mites, even after 20 years of management for nature
conservation, due to the low population growth and dispersal rate of these species (Sie-
pel 1996).

Effects of land-use practices on soil biota in turn exert profound effects on key
ecosystem processes that they perform, and ultimately on the delivery of ecosystem ser-
vices. Enhanced disturbance regimes tend to favor the bacterial-based energy channel
of the soil food web over the fungal-based channel, and management practices which are
known to favor the bacterial channel include conventional (vs. non) tillage (Hendrix et
al. 1986), nitrogen fertilization (Ettema et al. 1999) and forest clear-cutting (Sohlenius
1996). Domination of soil food webs by bacterial energy channels leads to greater
short-term mineralization rates of carbon and nutrients, leading to greater net losses of
soil organic matter and reduced retention of nutrients in the soil in the longer term. The
tendency of agricultural intensification practices to favor soil animals of smaller body
sizes probably also has similar effects on ecosystem nutrient losses (Wardle 1995).
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Therefore, effects of land-use practices on the composition of soil biota may have
important flow-through effects on key ecosystem services provided by soil organisms,
in particular those relating to the maintenance of soil fertility and plant-available nutri-
ent supply.

Unfortunately, given the overwhelming diversity of soil organisms and their func-
tions and interactions in soils, information on the response dynamics of various
groups/taxa and species of soil organisms to land-use change and its possible effects on
soil function is not available for many sites/land uses. Furthermore, there can also be
important differences in the effects on the same organism/function to forces of
change, depending on local climate or soil conditions. Processes occurring locally or
influenced by organisms at a small scale are less likely to be influenced by change at a
large scale, unless it undermines their populations or ability to maintain activity. How-
ever, cascading effects of loss of a particular organism or function within the ecosys-
tem could have consequences far beyond the small scales at which they were initially
operating.

Assessment of Vulnerability
Arable, grassland, and forest ecosystems are managed primarily for the purpose of pro-
viding material goods such as forage, food, and fiber. However, terrestrial ecosystems
also provide a range of other goods and services, notably through the improvement
of environmental quality (e.g., water purification, flood and erosion control, atmo-
spheric regulation), recreational and amenity values, provision of habitats for species
and conservation of biodiversity, and mitigation of anthropogenic CO2 enrichment
through sequestering carbon. The soil biota play an important role in the delivery of
all of these services. This is in part because the above- and belowground components
of terrestrial ecosystems are inextricably linked. Therefore, any global change agent
that affects the soil community will affect not only the ability of the soil to provide
services that are directly driven by the soil biota (e.g., soil carbon sequestration,
prevention of leaching of nutrients), but also those that are driven by the plant
community.

To illustrate the nature and mechanistic basis of vulnerability of ecosystem goods and
services driven by soil biota to global change, we now present some examples. In Chap-
ter 2, an assessment was made of the importance of contributions of soil biotic and abi-
otic factors to the delivery of ecosystem services in representative temperate arable
tilled, grassland, and forest ecosystems. These were quantified on a scale of * (unim-
portant) to *** (highly important). In the present assessment, we considered, for each
of these ecosystems, the vulnerability of each of those ecosystem services identified in
Chapter 2 to three scenarios of global change: global change agents that (1) operate over
large scales via the atmosphere (drought, resulting from climate change), (2) operate at
the landscape scale (change of the ecosystem to a new land use), and (3) operate directly
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through individual species effects (invasions by alien species with radically different
functional attributes to that of the resident species). For each of these scenarios, we con-
sidered how each ecosystem service is modified by the global change agents, how abi-
otic and biotic drivers of that service are modified, and how the role of soil biota in pro-
viding that service is altered. We used our understanding of current knowledge in the
published literature, and assigned semi-quantitative scores. Specifically, we assessed the
extent to which the ability of the soil biota to provide each good or service was vulner-
able to each global change agent for each ecosystem type, assigning a score to each abil-
ity by using a scale of 0 to 3 (with increasing values indicating greater vulnerability). We
also assessed the net impact of the global change factor (positive, neutral, or negative)
on the delivery of the good or service.

The Quantification Exercise
Arable tilled ecosystems represent the most biologically simple of the three ecosystem
types that we evaluated. The three perturbations that we considered were (1) invasive
species: root parasites; (2) climate change: drought; and (3) land-use change: to forest.
The quantification exercise (Table 5.A1 in the appendix on page 121) revealed high vul-
nerability of the primary ecosystem services provided by arable systems (food and fiber
production) to both the invasive species and climate change scenarios, and also high vul-
nerability of fiber production to land-use change. However, there were also several
instances in which secondary services (e.g., water quality, flood and erosion control,
habitat provision, recreational values, carbon sequestration) were vulnerable to specific
global change phenomena. For the majority of cases, negative impacts of both the
invasive root pathogen and drought on the ecosystem good or service under consider-
ation was predicted. This is because most of these goods and services are maximized by
plant productivity, and both scenarios operate to reduce productivity, as well as reduce
the ability of the soil biota to maximize productivity. In contrast, the land-use change
scenario—that is, afforestation—had positive effects on many ecosystem services
(Table 5.A1 in the appendix on page 121). This relates to forests representing a more
complex, integrated ecosystem than arable tilled systems, and one in which the soil
biota, rather than artificial inputs, plays a much greater role in the delivery of ecosys-
tem services. Afforestation is therefore likely to enhance the role that soil biota plays in
the delivery of such varied services as ecosystem carbon sequestration, nutrient reten-
tion, atmospheric regulation, habitat provision, and flood and erosion control.Table 5.2a near here

Temperate grasslands are usually dominated by perennial plant species, and therefore
typically represent a more complex, lower input ecosystem type than do arable ecosys-
tems. The three perturbations that we considered were (1) invasive species: a generic inva-
sive plant (weed) species; (2) climate change: drought; and (3) land-use change: to arable
land. The quantification exercise (Table 5.A2 in the appendix on page 126) again pre-
dicted strong effects of global change phenomena on material goods provided by the
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ecosystem, such as food and fiber, and these effects were frequently negative. Global
change effects on these goods arise through their influences on plant community com-
position and productivity, the ability of soil food web organisms to maximize this pro-
ductivity, and linkages between the plant and soil community. This can involve impor-
tant shifts from dominance by fungal based food webs and soil animals with large body
sizes to bacterial based food webs and small bodied soil animals, especially in the case of
the land-use change scenario. Global change phenomena also have wide ranging (and in
the majority of cases, negative) effects on environmental services provided by the soil
biota, including maintenance of water quality, habitat provision, bioremediation, recre-
ation, carbon sequestration, and atmospheric regulation of gases (Table 5.A2 in the
appendix on page 126). The effects of invasive plant and climate change on these types
of services may arise through their adverse effects on plant productivity and soil biotic
activity. Meanwhile, land-use change may affect these services through the grassland
changing to a more biologically simplistic system in which the importance of the soil
biota relative to that of artificial inputs in providing services diminishes. Table 5.2b near here

Forest ecosystems represent the most complex and biologically organized of the three
ecosystem types that we considered. The three perturbations evaluated in this case were
(1) invasive species: exotic earthworms; (2) climate change: drought; and (3) land-use
change: deforestation. The quantification exercise (Table 5.A3 in the appendix on page
132) revealed likely effects of all three agents on material goods provided by the forest,
notably timber and wood-based products. Although deforestation directly and obviously
impairs the ability of the forest to produce wood, there are also mechanisms through
which drought and earthworm invasion may influence performance of both the above-
ground and belowground subsystems that ultimately affect timber production (Table
5.A3 in the appendix on page 132). Forests, through virtue of being less disturbed by
humans than grassland or arable systems, frequently have far greater recreation and bio-
diversity conservation values; the ability of the plant-soil system to provide these values
are potentially indirectly responsive to both deforestation and drought (Table 5.A3 in the
appendix on page 132). Environmental services provided by forests to which the soil biota
contributes (e.g., water retention, erosion control, carbon sequestration, and regulation
of atmospheric gases) are all maximized by forest stands with high biomass, which are in
turn maintained by both decomposer food web activity and mycorrhizal associations.
Ultimately, the type of global change agent operating will determine the direction of
responses of ecosystem services; of the examples presented here, invasion of earthworms
may increase plant productivity and the role of soil biota in providing these services, while
drought and forest clearance may be expected to have generally detrimental effects. Table 5.2c near here

Conclusions
There are many determinants of vulnerability of soil biota and the services that they pro-
vide to global change. The overarching determinant is spatial and temporal scale; global
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change phenomena are simultaneously manifested at a range of scales, and can affect soil
biota at each of these scales. Soil organisms and the processes that they regulate also
function at several scales, and this in turn results in the effects of global change on ser-
vices provided by the soil biota being inherently scale dependent. Further, a range of
extrinsic and intrinsic factors influences the vulnerability of services delivered by the soil
biota to global change. Among these are life-history traits that determine the resilience
and resistance of organism populations to perturbations, including those created
through global change, and therefore the processes driven by these organisms. There are
numerous mechanisms through which global change phenomena can affect soil biota,
and these have varied and complex effects on both the organisms themselves and the ser-
vices that they regulate. The direction of these effects depends upon the global change
phenomenon considered, spatial and temporal scale, and the community composition
of both the aboveground and belowground biota (Wardle et al. 2004). A recurrent
theme is the overarching role of linkages between the aboveground and belowground
subsystems: these subsystems do not operate in isolation but are instead mutually
dependent upon one another. Global change factors that directly affect organisms on
one side of the aboveground-belowground interface will therefore promote feedbacks
through their indirect effects on organisms on the other side of the interface.

The quantification exercise (Tables 5.A1–5.A3) serves to reinforce the important role
that soil organisms have in driving ecosystem services, as well as the extent to which they
are affected by global change. Although specific entries and scores can be debated, and
it is recognized that this exercise has the usual limitations of any survey based on expert
opinion, the tables nevertheless provide clear evidence that the soil biota play an impor-
tant role in the delivery of a range of ecosystem services in very different ecosystem types,
and that this role can be affected (either positively or negatively) by a spectrum of global
change phenomena. Due to the many linkages of aboveground and belowground sub-
systems, soil biota probably play at least some role (however indirectly) in every terres-
trial ecosystem service that has a biological component. Ultimately, if we are to under-
stand better how ecosystems deliver goods and services upon which we depend and how
these can be managed under scenarios of global change, then it is imperative that we rec-
ognize the considerable contribution that soil biota make to these services and their
response to global change phenomena.

Literature Cited
Aerts, R., and F. Berendse. 1988. The effect of increased nutrient availability on

vegetation dynamics in wet heathland. Vegetatio 76:63–69.
Alegre, J.C., B. Pashanasi, and P. Lavelle. 1996. Dynamics of soil physical properties in a

low input agricultural system inoculated with the earthworm Pontoscolex corethrurus in
the Amazon region of Peru. Soil Science Society of America Journal 60:1522–1529.

Andersen, D.C. 1987. Below-ground herbivory in natural communities: A review empha-
sizing fossorial animals. Quarterly Review of Biology 62:261–286.

114 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

Scope 64.qxd  10/6/04  11:35 AM  Page 114



Bakker, J.P., and F. Berendse. 1999. Constraints in the restoration of ecological diversity
in grassland and heathland communities. Trends in Ecology and Evolution 14:63–68.

Bale, J.S., G.J. Masters, I.D. Hodkinson, C. Awmack, T.M. Bezemer, V.K. Brown, J. But-
terfield, A. Buse, J.C. Coulsen, J. Farrar, J.E.G. Good, R. Harrington, S. Hartley, T.H.
Jones, R.L. Lindroth, M.C. Press, I. Symrndioudis, A.D. Watt, and J.B. Whittaker.
2002. Herbivory in global climate change research: Direct effects of rising temperature
on insect herbivores. Global Change Biology 8:1–16.

Bardgett, R.D., J.M. Anderson, V. Behan-Pelletier, L. Brussaard, D.C. Coleman,
C. Ettema, A. Moldenke, J.P. Schimel, and D.H. Wall. 2002. The role of soil bio-
diversity on hydrological pathways and the transfer of materials between terrestrial
and aquatic ecosystems. Ecosystems 4:421–429.

Bardgett, R.D., and D.A. Wardle. 2003. Herbivore mediated linkages between
aboveground and belowground communities. Ecology 84:2258–2268.

Barros, M.E. 1999. Effet de la macrofaune sur la structure et les processus phisiques du
sol de pâturages dégradés d’amazonie. PhD Thesis, Université Paris VI.

Beare, M.H., R.W. Parmelee, P.F. Hendrix, W.X. Cheng, D.C. Coleman, and D.A. Cross-
ley. 1992. Microbial and faunal interactions and effects on litter nitrogen and
decomposition in agroecosystems. Ecological Monographs 62:569–591.

Bernier, N., and J.F. Ponge. 1994. Humus form dynamics during the sylvogenic cycle in a
mountain spruce forest. Soil Biology and Biochemistry 26:183–220.

Bever, J.D. 1994. Feedback between plants and their soil communities in an old field
community. Ecology 75:1965–1977.

Bingham, I.J. 2001. Soil-root-canopy interactions. Annals of Applied Biology 138:243–251.
Blair, J.M., and D.A. Crossley. 1988. Litter decomposition, nitrogen dynamics and litter

microarthropods in a southern Appalachian hardwood forest 8 years following clearcut-
ting. Journal of Applied Ecology 25:683–698.

Blanchart, E., A. Albrecht, J. Alegre, A. Duboisset, B. Pashanasi, P. Lavelle, and L. Brus-
saard. 1999. Effects of earthworms on soil structure and physical properties. In: Earth-
worm Management in Tropical Agroecosystems, edited by P. Lavelle, L. Brussaard, and
P. Hendrix, pp. 139–162. Wallingford, UK, CAB International.

Branson, F.A., G.F. Gifford, K.G. Renard, and R.F. Hadley. 1981. Rangeland Hydrology.
Dubuque, Iowa, Kendall/Hunt Publishing Company.

Brown, G.G., D.E. Bennack, A. Montanez, A. Braun, and S. Bunning. 2001. Soil biodi-
versity portal. In: Conservation and Management of Soil Biodiversity and Its Role in Sus-
tainable Agriculture. Rome, Italy, Food and Agriculture Organization of the United
Nations, http://www.fao.org/ag/AGL/agll/soilbiod/default.htm.

Brown, V.K., and A.C. Gange. 1990. Insect herbivory below ground. Advances in Ecologi-
cal Research 20:1–58.

Buljovic, Z., and C. Engels. 2001. Nitrate uptake ability by maize roots during and after
drought stress. Plant and Soil 229:125–135.

Burke, I.C, C.M. Yonker, W.J. Parton, C.V. Cole, K. Flach, and D.S. Schimel. 1989. Tex-
ture, climate, and cultivation effects on soil organic matter content in U.S. grassland
soils. Soil Science Society of America Journal 53:800–805.

Carreiro, M.M., R.L. Sinsabaugh, D.A. Repert, and D.F. Parkhurst. 2000. Microbial
enzyme shifts explain litter decay responses to simulated nitrogen deposition. Ecology
81:2359–2365.

5. Vulnerability to Global Change of Ecosystem Goods Driven by Soil Biota | 115

Scope 64.qxd  10/6/04  11:35 AM  Page 115



Chauvel, A., M. Grimaldi, E. Barros, E. Blanchart, M. Sarrazin, and P. Lavelle. 1999. Pas-
ture degradation by an Amazonian earthworm. Nature 389:32–33.

Cherrill, A.J., and V.K. Brown. 1990. The habitat requirements of adults of the Wart-
biter Decticus verrucivorus (L.) (Orthoptera: Tettigoniidae) in southern England. Biolog-
ical Conservation 53:145–157.

Collatz, G.J., J.A. Berry, and J.S. Clark. 1998. Effects of climate and atmospheric CO2
partial pressure on the global distribution of C4 grasses: Present, past and future.
Oecologia 114:441–454.

Coûteaux, M.M., C. Kurz, P. Bottner, and A. Raschi. 1999. Influence of increased atmo-
spheric CO2 concentration on quality of plant material and litter decomposition. Tree
Physiology 19:301–311.

Coûteaux, M.M., M. Mousseau, M.L. Celerier, and P. Bottner. 1991. Increased
atmospheric CO2 and litter quality: Decomposition of sweet chestnut leaf litter with
animal foodwebs of different complexities. Oikos 61:53–64.

Crossley, D.A., Jr., B.R. Mueller, and J.C. Perdue. 1992. Biodiversity of microarthropods
in agricultural soils: Relations to processes. Agriculture, Ecosystems and Environment
40:37–46.

Decaëns, T. 2000. Degradation dynamics of surface earthworm casts in grasslands of the
eastern plains of Colombia. Biology and Fertility of Soils 32:149–156.

Del Grosso, S.J., W.J. Parton, A.R. Mosier, D.S. Ojima, C.S. Potter, W. Borken, R.
Brumme, K. Butterbach-Bahl, P.M. Crill, K. Dobbie, and K.A. Smith. 2000. General
CH4 oxidation model and comparisons of CH4 oxidation in natural and managed sys-
tems. Global Biogeochemical Cycles 14:999–1019.

De Ruiter, P.C., J.C. Moore, K.B. Zwart, L.A. Bouwman, J. Hassink, J. Bloem, J.A.
Devos, J.C.Y. Marinissen, W.A.M. Didden, G. Lebbink, and L. Brussaard. 1993. Simu-
lation of nitrogen mineralization in the below-ground food webs of two winter wheat
fields. Journal of Applied Ecology 30:95–106.

de Souza, O.F.F., and V.K. Brown. 1994. Effects of habitat fragmentation on Amazonian
termite communities. Journal of Tropical Ecology 10:197–206.

Eggleton, P., D.E Bignell, S. Hauser, L. Dibod, L. Norgrove, and B. Madong. 2002.
Termite diversity across an anthropogenic disturbance gradient in the humid forest
zone of West Africa. Agriculture, Ecosystems and Environment 90:189–202.

Eggleton, P., R.G. Davies, and D.E. Bignell. 1998. Body size and energy use in termites
(Isoptera): The responses of soil feeders and wood feeders differ in a tropical forest
assemblage. Oikos 81:525–530.

Elliott, P.W., D. Knight, and J.M. Anderson. 1991. Variables controlling denitrification
from earthworm casts and soil in permanent pastures. Biology and Fertility of Soils
11:24–29.

Ettema, C., R. Lowrance, and D.C. Coleman. 1999. Riparian soil response to surface
nitrogen input: The indicator potential of free-living soil nematode populations. Soil
Biology and Biochemistry 31:1625–1638.

Ferrier, R.C., A.C. Edwards, J. Dutch, R. Wolstenholme, and D.S. Mitchell. 1996.
Sewage sludge as a fertilizer of pole stage forests: Short-term hydrochemical fluxes and
foliar response. Soil Use and Management 12:1–7.

Flannery, T.F. 1994. The Future Eaters. Melbourne, Australia, Reed Books.
Franck, V.M., B.A. Hungate, F.S. Chapin III, and C.B. Field. 1997. Decomposition of

116 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

Scope 64.qxd  10/6/04  11:35 AM  Page 116



litter produced under elevated CO2: Dependence on plant species and nutrient supply.
Biogeochemistry 36:223–237.

Garbaye, J. 2000. The role of ectomycorrhizal symbiosis in the resistance of forests to
water stress. Outlook on Agriculture 29:63–69.

Giller, K.E., M.H. Beare, P. Lavelle, A.M.N. Izac, and M.J. Swift. 1997. Agricultural
intensification, soil biodiversity and ecosystem function. Applied Soil Ecology 6:3–16.

Haimi, J., and M. Einbork. 1992. Effects of endogenic earthworms on soil processes and
plant-growth in coniferous forest soil. Biology and Fertility of Soils 13:6–10.

Harte, J., and R. Shaw. 1995. Shifting dominance within a montane vegetation commu-
nity: Results of a climate-warming experiment. Science 267:876–880.

Hattersley, P.W. 1983. The distribution of C3 and C4 grasses in Australia in relation to cli-
mate. Oecologia 57:113–128.

Hedlund, K., I. Santa Regina, W.H. van der Putten, G.W. Korthals, T. Díaz, J. Leps, S.
Lavorel, J. Roy, D. Gormsen, S.R. Mortimer, P. Smilauer, M. Smilauerová, C. Van
Dijk, V.K. Brown, and C. Rodríguez Barrueco. 2003. Plant species diversity, plant bio-
mass and responses of the soil community on abandoned land across Europe: Idiosyn-
crasy or above-belowground time lags. Oikos 103:45–58.

Hendrix, P.F., and P.J. Bohlen. 2002. Exotic earthworm invasions in North America: Eco-
logical and policy implications. BioScience 52:801–811.

Hendrix, P.F., R.W. Parmelee, D.A. Crossley, D.C. Coleman, E.P. Odum, and P.M. Groff-
man. 1986. Detritus food webs in conventional and no-tillage agroecosystems.
BioScience 36:374–380.

Herbert, D.A., E.B. Rastetter, G.R. Shaver, and G.I. Ågren. 1999. Effects of plant growth
characteristics on biogeochemistry and community composition in a changing climate.
Ecosystems 2:367–382.

Hirsch, S.A., and J.A. Leisch. 1998. Impact of leafy spurge on post-conservation reserve
program land. Journal of Range Management 51:614–620.

Hoitink, H.A.J., and M.J. Boehm. 1999. Biocontrol within the context of soil microbial
communities: A substrate-dependent phenomenon. Annual Review of Phytopathology
37:427–446.

Hunt, H.W., E.T. Elliott, and D.E. Walter. 1989. Inferring trophic transfers from pulse-
dynamics in detrital food webs. Plant and Soil 115:247–259.

Ineson, P., J. Dutch, and K.S. Killham. 1991. Denitrification in a Sitka spruce plantation
and the effect of clear-felling. Forest Ecology and Management 44:77–92.

Jacobs, J.S., and R.L. Sheley. 1998. Observation: Life history of spotted knapweed. Jour-
nal of Range Management 51:665–673.

Jiménez, J.J., and R.J. Thomas. 2001. Nature’s Plow: Soil Macroinvertebrate Communities
in the Neotropical Savannas of Colombia. Cali, Colombia, Centro Internacional de Agri-
cultura Tropical (CIAT).

Klironomos, J.N. 2002. Feedback with soil biota contributes to plant rarity and invasive-
ness in communities. Nature 417:67–70.

Körner, C., and J.A. Arnone III. 1992. Response to elevated carbon dioxide in artificial
tropical ecosystems. Science 257:1672–1675.

Korthals, G.W., P. Smilauer, C. Van Dijk, and W.H. van der Putten. 2001. Linking above
and below-ground biodiversity: Abundance and trophic complexity in soil as a response
to experimental plant communities on abandoned arable land. Functional Ecology
15:506–514.

5. Vulnerability to Global Change of Ecosystem Goods Driven by Soil Biota | 117

Scope 64.qxd  10/6/04  11:35 AM  Page 117



Kourtev, P.S., J.G. Ehrenfeld, and M. Haggblom. 2002. Exotic plant species alter the
microbial community structure and function in the soil. Ecology 83:3152–3166.

Kourtev, P.S., W.Z. Huang, and J.G. Ehrenfeld. 1999. Differences in earthworm densities
and nitrogen dynamics in soils under exotic and native plant species. Biological Invasions
1:237–245.

Lal, R. 1984. Soil erosion from tropical arable land and its control. Advances in Agronomy
37:187–248.

Lavelle, P. 1994. Faunal activities and soil processes: Adaptive strategies that determine
ecosystem function. In: XV ISSS Congress Proceedings, Acapulco, Mexico, Volume 1: Intro-
ductory Conferences, pp. 189–220.

Lavelle, P. 1997. Faunal activities and soil processes: Adaptive strategies that determine
ecosystem function. Advances in Ecological Research 27:93–132.

Lavelle, P., D. Bignell, M. Lepage, V. Wolters, P. Roger, P. Ineson, O.W. Heal, and S.
Dhillion. 1997. Soil function in a changing world: The role of invertebrates as ecosys-
tem engineers. European Journal of Soil Biology 33:159–193.

Lawrence, B., M.C. Fisk, T.J. Fahey, and E.R. Suarez. 2003. Influence of non-native
earthworms on mycorrhizal colonization of sugar maple (Acer saccharum). New Phytolo-
gist 157:145–153.

Lloyd, J. 1999. The CO2 dependence of photosynthesis, plant growth responses
to elevated CO2 concentrations and their interaction with soil nutrient status, II.
Temperate and boreal forest productivity and the combined effects of increasing CO2
concentrations and increased nitrogen deposition at a global scale. Functional Ecology
13:439–459.

Luna Guido, M.L., R.I. Beltran Hernandez, N.A. Solis Ceballos, N. Hernandez Chavez,
F. Mercado Garcia, J.A. Catt, V. Olalde Portugal, and L. Dendooven. 2000. Chemical
and biological characteristics of alkaline saline soils from the former Lake Texcoco as
affected by artificial drainage. Biology and Fertility of Soils 32:102–108.

Masters, G.J., V.K. Brown, and A.C. Gange. 1993. Plant mediated interactions between
above- and below-ground insect herbivores. Oikos 66:148–151.

Myers, N. 2002. Environmental refugees: A growing phenomenon of the 21st
century. Philosophical Transactions of the Royal Society of London: Biological Sciences.
357:609–613.

Nadelhoffer, K. 1992. Microbial processes and plant nutrient availability in arctic soil. In:
Arctic Ecosystems in a Changing Climate. An Ecophysiological Perspective, edited by F.S.
Chapin III, R.L. Jefferies, J.F. Reynolds, G.R. Shaver, and J. Svoboda, pp. 281–300.
San Diego, California, Academic Press.

Nye, P.H. 1955. Some soil-forming processes in the humid tropics. IV. The action of the
soil fauna. Journal of Soil Science 6:73–83.

Pastor, J., and W.M. Post. 1988. Response of northern forests to CO2-induced climate
change. Nature 334:55–58.

Paterson, E., E.A.S. Rattray, and K. Killham. 1996. Effect of elevated atmospheric CO2
concentration on C-partitioning and rhizosphere C-flow for three plant species. Soil
Biology and Biochemistry 28:195–201.

Resilience Alliance. 2002. Vulnerability. http://resalliance.org/ev_en.php?ID=1119_21&
IDZ=DO_TOPIC

Richardson, D.M., N. Allsopp, C.M. D’Antonio, S.J. Milton, and M. Rejmanek. 2000.
Plant invasions: The role of mutualisms. Biological Reviews 75:65–93.

118 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

Scope 64.qxd  10/6/04  11:35 AM  Page 118



Robinson, C.H., P. Ineson, T.G. Piearce, and A.P. Rowland. 1992. Nitrogen mobilization
by earthworms in limed peat soils under Picea sitchensis. Journal of Applied Ecology
29:226–237.

Ruess L., A. Michelsen, I.K. Schmidt, and S. Jonasson. 1999. Simulated climate change
affecting microorganisms, nematode density and biodiversity in subarctic soils. Plant
and Soil 212:63–73.

Rusek, J. 1985. Soil microstructures: Contributions on specific soil organisms.
Quaestiones Entomologicae 21:497–514.

Saxena, D., and G. Stotzky. 2000. Insecticidal toxin from Bacillus thuringiensis is released
from roots of transgenic Bt corn in vitro and in situ. FEMS Microbiology Ecology
33:35–39.

Siepel, H. 1996. Biodiversity of soil microarthropods: The filtering of species. Biodiversity
and Conservation 5:251–260.

Smith, S.D., T.E. Huxman, S.F. Zitzer, T.N. Charlet, D.C. Housman, and J.S. Coleman.
2000. Elevated CO2 increases productivity and invasive species success in an arid
ecosystem. Nature 408:79–82.

Sohlenius, B. 1996. Structure and composition of the nematode fauna in pine forests
under the influence of clear-cutting: Effects of slash removal and field layer vegetation.
European Journal of Soil Biology 32:1–14.

Starfield, A.M., and F.S. Chapin III. 1996. Model of transient changes in Arctic and
boreal vegetation in response to climate and land use change. Ecological Applications
6:842–864.

Thies, W.G. 2001. Root diseases in eastern Oregon and Washington. Northwest Science
75:38–45.

Thompson, K. 1995. Native and alien species: More of the same? Ecography 18:390–402.
Tiunov, A.V., and T.G. Dobrovolskaya. 2002. Fungal and bacterial communities in Lum-

bricus terrestris burrow walls: A laboratory experiment. Pedobiologia 46:595–605.
van der Meijden, E., M. Wijn, and H.J. Verkaar. 1988. Defense and regrowth: Alternative

plant strategies in the struggle against herbivores. Oikos 51:355–363.
van der Putten, W.H. 2003. Plants defense below ground and spatio-temporal processes

in natural vegetation. Ecology 84:2269–2280.
van der Putten, W.H., S.R. Mortimer, K. Hedlund, C. Van Dijk, V.K. Brown, J. Lep, C.

Rodríguez-Barrueco, J. Roy, T.A. Díaz, D. Gormsen, G.W. Korthals, S. Lavorel, I.
Santa-Regina, and P. Milauer. 2000. Biodiversity experiments at abandoned arable land
along climate transects. Oecologia 124:91–99.

van der Putten, W.H., L.E.M. Vet, J.A. Harvey, and F.L. Wackers. 2001. Linking above-
and belowground multitrophic interactions of plants, herbivores, pathogens and their
antagonists. Trends in Ecology and Evolution 16:547–554.

Vitousek, P.M., and L.R. Walker. 1989. Biological invasion by Myrica faya in Hawaii:
Plant demography, nitrogen fixation, ecosystem effects. Ecological Monographs
59:247–265.

Wall, D.H., P.V.R. Snelgrove, and A.P. Covich. 2001. Conservation priorities for soil and
sediment invertebrates. In: Conservation Biology, edited by M.E. Soulé and G.H. Ori-
ans, pp. 99–123. Washington, DC, Island Press.

Wardle, D.A. 1995. Impact of disturbance on detritus food-webs in agro-ecosystems of
contrasting tillage and weed management practices. Advances in Ecological Research
26:105–185.

5. Vulnerability to Global Change of Ecosystem Goods Driven by Soil Biota | 119

Scope 64.qxd  10/6/04  11:35 AM  Page 119



Wardle, D.A. 2002. Communities and Ecosystems. Linking the Aboveground and
Belowground Components. Princeton, New Jersey, Princeton University Press.

Wardle, D.A., R.D. Bardgett, J.N. Klironomos, H. Setälä, W.H. van der Putten, and
D.H. Wall. 2004. Ecological linkages between aboveground and belowground biota.
Science 304:1629–1633.

Wardle, D.A., G.M. Barker, G.W. Yeates, K.I. Bonner, and A. Ghani. 2001. Introduced
browsing mammals in natural New Zealand forests: Aboveground and belowground
consequences. Ecological Monographs 71:587–614.

Wardle, D.A., K.I. Bonner, G.M. Barker, G.W. Yeates, K.S. Nicholson, R.D. Bardgett,
R.N. Watson, and A. Ghani. 1999. Plant removals in perennial grassland: Vegetation
dynamics, decomposers, soil biodiversity, and ecosystem properties. Ecological
Monographs 69:535–568.

Warren, M.S., J.K. Hill, J.A. Thomas, J. Asher, R. Fox, B. Huntley, D.B. Roy, M.G.
Telfer, S. Jeffcoate, P. Harding, G. Jeffcoate, S.G. Willis, J.N. Greatorex-Davies, D.
Moss, and C.D. Thomas. 2001. Rapid responses of British butterflies to opposing
forces of climate and habitat change. Nature 414:65–69.

Westover, K.M., A.C. Kennedy, and S.E. Kelly. 1997. Patterns of rhizosphere microbial
community structure associated with co-occurring plant species. Journal of Ecology
85:863–873.

Wiklund, K., L.O. Nilsson, and S. Jacobsson. 1995. Effect of irrigation, fertilization, and
artificial drought on basidioma production in a Norway spruce stand. Canadian Journal
of Botany 73:200–208.

Wolters, V., W.L. Silver, D.E. Bignall, D.C. Coleman, P. Lavelle, W.H. van der Putten, P.
de Ruiter, J. Rusek, D.H. Wall, D.A. Wardle, J.M. Dangerfield, V.K. Brown, K.E.
Giller, D.U. Hooper, O. Sala, J. Tiedje, and J.A. van Veen. 2000. Global change effects
on above- and belowground biodiversity in terrestrial ecosystems: Interactions and
implications for ecosystem functioning. BioScience 50:1089–1098.

Yeates, G.W., R.D. Bardgett, R. Cook, P.J. Hobbs, P.J. Bowling, and J. Potter. 1997. Fau-
nal and microbial diversity in three Welsh grassland soils under conventional and
organic management regimes. Journal of Applied Ecology 34:453–470.

Zimov S.A., V.I. Chuprynin, A.P. Oreshko, F.S. Chapin, III, J.F. Reynolds, and M.C.
Chapin. 1995. Steppe-tundra transition: A herbivore-driven biome shift at the end of
the Pleistocene. American Naturalist 146:765–794.

120 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

Scope 64.qxd  10/6/04  11:35 AM  Page 120



(c
on

tin
ue

d)

A
pp

en
di

x 
T

ab
le

 5
.A

1.
V

ul
ne

ra
bi

lit
y 

of
 e

co
sy

st
em

 g
oo

ds
 a

nd
 s

er
vi

ce
s 

in
 a

ra
bl

e 
ti

lle
d 

ec
os

ys
te

m
s 

pr
ov

id
ed

 b
y 

th
e 

so
il 

bi
ot

a
to

 th
re

e 
ag

en
ts

 o
f g

lo
ba

l c
ha

ng
e:

 in
va

si
ve

 s
pe

ci
es

, c
lim

at
e 

ch
an

ge
, a

nd
 la

nd
-u

se
 c

ha
ng

e.
 

T
he

 “
se

rv
ic

e 
ra

nk
” 

(r
an

ge
 –

3 
to

 +
3)

 in
di

ca
te

s 
th

e 
im

po
rt

an
ce

 o
f t

he
 e

co
sy

st
em

 u
nd

er
 c

on
si

de
ra

ti
on

 (
ar

ab
le

, t
ill

ed
) 

in
 p

ro
vi

di
ng

 e
ac

h 
ec

os
ys

te
m

 g
oo

d 
an

d
se

rv
ic

e;
 p

os
it

iv
e 

an
d 

ne
ga

ti
ve

 v
al

ue
s 

in
di

ca
te

 p
os

it
iv

e 
an

d 
ne

ga
ti

ve
 e

ff
ec

ts
, r

es
pe

ct
iv

el
y,

 o
f t

he
 e

co
sy

st
em

 in
 p

ro
vi

di
ng

 th
at

 g
oo

d 
or

se
rv

ic
e.

 T
he

 im
po

rt
an

ce
of

“b
io

ti
c”

 a
nd

 “
ab

io
ti

c”
 fa

ct
or

s 
in

 p
ro

vi
di

ng
 e

ac
h 

go
od

 o
r 

se
rv

ic
e 

ra
ng

es
 fr

om
 u

ni
m

po
rt

an
t (

de
si

gn
at

ed
 b

y 
*)

 to
 h

ig
hl

y 
im

po
rt

an
t (

**
*)

. “
V

ul
ne

ra
bi

lit
y”

sc
or

es
(r

an
ge

 0
 to

 3
) 

re
la

te
 to

 th
e 

vu
ln

er
ab

ili
ty

 o
f e

ac
h 

go
od

 o
r 

se
rv

ic
e 

pr
ov

id
ed

 b
y 

th
e 

ec
os

ys
te

m
 to

ea
ch

 p
er

tu
rb

at
io

n,
 g

re
at

er
 v

al
ue

s 
in

di
ca

te
 g

re
at

er
vu

ln
er

ab
ili

ty
; t

ex
t i

n 
br

ac
ke

ts
 e

xp
la

in
s 

vu
ln

er
ab

ili
ty

 s
co

re
. “

N
et

 im
pa

ct
” 

re
fe

rs
 to

 th
e 

di
re

ct
io

n 
of

 c
ha

ng
e 

in
 th

e 
ab

ili
ty

 o
f t

he
 e

co
sy

st
em

 to
 p

ro
vi

de
 e

ac
h

go
od

or
 s

er
vi

ce
 a

ft
er

 p
er

tu
rb

at
io

n,
 a

nd
 is

 s
co

re
d 

as
–

(r
ed

uc
ti

on
),

 0
 (

no
 c

ha
ng

e)
, o

r 
+ 

(i
nc

re
as

e)
.

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

A
ra

bl
e T

ill
ed

)1
Ro

ot
 P

ar
as

ite
s2

D
ro

ug
ht

3
To

 F
or

es
t

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

Fo
od

 p
ro

du
ct

io
n

3
**

 p
la

nt
 

**
* 

cl
im

at
e,

 
3 

[c
an

 le
ad

 
–

3 
[a

bi
ot

ic
 c

on
tr

ol
s,

 
–

4
0 

[l
it

te
r 

sy
st

em
0

br
ee

di
ng

,
ti

lla
ge

, s
oi

l  
to

 d
es

tr
uc

ti
on

 
es

pe
ci

al
ly

 s
oi

l 
de

ve
lo

pe
d;

 a
nn

ua
l 

ro
ot

s 
an

d 
ty

pe
, f

er
ti

liz
er

of
 c

ro
p]

pr
op

er
ti

es
 a

nd
 

ro
ot

s 
re

pl
ac

ed
 b

y 
re

si
du

es
fa

llo
w

 p
ra

ct
ic

es
, 

pe
re

nn
ia

l; 
in

cr
ea

se
d 

m
os

t i
m

po
rt

an
t; 

ro
le

 fo
r 

so
il 

fo
od

 
re

du
ce

d 
N

PP
; 

w
eb

; c
ha

ng
e 

fr
om

 
dr

ou
gh

t-
re

si
st

an
t 

ba
ct

er
ia

l t
o 

fu
ng

al
-

pl
an

t b
re

ed
s 

ba
se

d 
fo

od
 w

eb
6 ]

im
po

rt
an

t5 ]

W
at

er
 q

ua
lit

y
–

2
* 

ni
tr

ifi
ca

ti
on

; 
**

* 
to

po
gr

ap
hy

;
2 

[i
nc

re
as

ed
 

–
0 

[s
er

vi
ce

 
–

0 
[i

m
pr

ov
em

en
t i

n
+

pe
st

ic
id

e 
le

ac
hi

ng
; N

H
4

ap
pl

ic
at

io
n

is
 e

ff
ec

ti
ve

ly
 

qu
al

it
y 

th
ro

ug
h 

re
s-

de
gr

ad
at

io
n

vo
la

ti
liz

at
io

n 
of

 p
es

ti
ci

de
s 

ca
nc

el
le

d.
]

to
ra

ti
on

 o
f e

co
sy

st
em

ne
ga

ti
ve

ly
 im

pa
ct

s 
en

gi
ne

er
in

g 
co

m
m

u-
w

at
er

 q
ua

lit
y.

]
ni

ti
es

 a
nd

 c
re

at
io

n 
of

 
bi

og
en

ic
 s

tr
uc

tu
re

s]
 

Scope 64.qxd  10/6/04  11:35 AM  Page 121



A
pp

en
di

x 
T

ab
le

 5
.A

1.
(c

on
tin

ue
d)

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

A
ra

bl
e T

ill
ed

)1
Ro

ot
 P

ar
as

ite
s2

D
ro

ug
ht

3
To

 F
or

es
t

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

Fl
oo

d 
an

d 
–

3
**

* 
pl

an
t 

**
* 

to
po

gr
ap

hy
, 

0
0

3 
[a

bi
ot

ic
 c

on
tr

ol
s,

 
+7

0 
[r

es
to

ra
ti

on
 o

f 
+

er
os

io
n

co
nt

ro
l8

co
ve

r, 
cr

op
 

so
il 

pr
op

er
ti

es
es

pe
ci

al
ly

 fa
llo

w
 

st
ro

ng
 b

io
ti

c 
co

nt
ro

l 
ty

pe
 (

ro
ot

s)
pr

ac
ti

ce
s,

 m
os

t 
th

ro
ug

h 
ch

an
ge

 in
 

im
po

rt
an

t9 ;
 

ro
ot

 a
rc

hi
te

ct
ur

e,
 

dr
ou

gh
t-

re
si

st
an

t 
m

yc
or

rh
iz

al
 a

ss
oc

ia
- 

pl
an

t b
re

ed
s 

ti
on

s 
an

d 
cr

ea
ti

on
  

im
po

rt
an

t10
]

of
 b

io
ge

ni
c 

st
ru

ct
ur

es
]

Fi
be

r
1

**
 p

la
nt

 
**

* 
cl

im
at

e,
 

3 
[c

an
 le

ad
 

–
3 

[a
bi

ot
ic

 c
on

tr
ol

s,
 

–
3 

[l
it

te
r 

sy
st

em
 

+
br

ee
di

ng
, 

ti
lla

ge
, s

oi
l 

to
 d

es
tr

uc
ti

on
 

es
pe

ci
al

ly
 s

oi
l 

de
ve

lo
pe

d;
 a

nn
ua

l 
ro

ot
s 

an
d 

ty
pe

, f
er

ti
liz

er
of

 c
ro

p]
pr

op
er

ti
es

 a
nd

 
ro

ot
s 

re
pl

ac
ed

 b
y 

re
si

du
es

fa
llo

w
 p

ra
ct

ic
es

, 
pe

re
nn

ia
l; 

in
cr

ea
se

d 
m

os
t i

m
po

rt
an

t; 
ro

le
 fo

r 
so

il 
fo

od
 

re
du

ce
d 

N
PP

]
w

eb
; c

ha
ng

e 
fr

om
 

ba
ct

er
ia

l t
o 

fu
ng

al
-

ba
se

d 
fo

od
 w

eb
6 ]

W
as

te
 d

is
po

sa
l/

3
**

 d
ec

om
po

-
**

 v
ol

at
ili

za
ti

on
,

1 
[d

ep
en

de
nt

  
–

/ 
+

3 
[d

ep
en

de
nt

 o
n 

–
0 

[n
o 

fu
nd

am
en

ta
l  

+
bi

o-
re

m
ed

ia
ti

on
si

ti
on

, c
o-

w
at

er
 r

eg
im

e,
 

on
 r

at
es

 o
f 

so
il 

ty
pe

 a
nd

 p
re

-
ch

an
ge

 in
 s

er
vi

ce
, 

m
et

ab
ol

is
m

, 
so

il 
pr

op
er

ti
es

, 
de

co
m

po
si

ti
on

]
dr

ou
gh

t c
on

di
ti

on
s]

 
bu

t c
ha

ng
e 

in
 r

at
e 

bu
ild

 u
p 

of
 

se
qu

es
tr

at
io

n,
 

an
d 

pe
rf

or
m

ed
 b

y 
in

te
rm

ed
ia

te
 

in
co

rp
or

at
io

n 
di

ff
er

en
t f

oo
d 

w
eb

 
to

xi
c 

pr
od

uc
ts

by
 m

ac
hi

ne
ry

co
m

m
un

it
ie

s6 ]

B
io

lo
gi

ca
l 

–
1

**
 r

ot
at

io
n,

 
**

 p
es

ti
ci

de
s,

 
1

–
1 

[c
an

 c
au

se
 s

hi
ft

 
0

0 
[r

es
to

ra
ti

on
 o

f 
+

co
nt

ro
l11

G
M

O
s12

, 
ti

lla
ge

fr
om

 s
pe

ci
fic

 to
 

st
ro

ng
 b

io
ti

c 
co

nt
ro

l]
m

ic
ro

-f
oo

d 
w

eb
s

ge
ne

ra
lis

t p
es

ts
13

]

Scope 64.qxd  10/6/04  11:35 AM  Page 122



R
ec

re
at

io
n 

–
1

**
 o

do
r, 

**
* 

er
os

io
n,

1 
[i

nc
re

as
ed

 
–

2 
[p

ot
en

ti
al

 lo
ss

 
–

0 
[d

ep
en

de
nt

 
+

an
d 

ot
he

r 
us

es
m

on
oc

ul
tu

re
/

to
po

gr
ap

hy
 

pe
st

ic
id

e 
us

e]
 

of
 la

nd
sc

ap
e 

fe
at

ur
es

 
on

 fo
re

st
 ty

pe
 

lo
w

 la
nd

sc
ap

e
se

as
on

al
ly

 
th

ro
ug

h 
er

os
io

n,
an

d 
m

an
ag

em
en

t14
]

he
te

ro
ge

ne
it

y
ba

re
 la

nd
; 

in
cr

ea
se

 in
 b

ar
e 

no
is

e,
 a

ir
 

la
nd

 a
nd

 
po

llu
ti

on
, 

sa
lin

iz
at

io
n]

pe
st

ic
id

es

C
ar

bo
n 

–
1

* 
de

co
m

po
-

**
 to

po
gr

ap
hy

 
0

–
1 

[d
ep

en
de

nt
 

–
0

–
1 

[d
ep

en
de

nt
 

–
/ 

+15
0 

[d
ep

en
de

nt
 o

n 
+

se
qu

es
tr

at
io

n
si

ti
on

te
xt

ur
e;

 n
at

ur
e 

 
on

 c
ha

ng
es

 in
 r

at
e 

on
 a

bi
ot

ic
 fa

ct
or

s,
fo

re
st

 ty
pe

16
,l

it
te

r
of

 c
la

y 
m

in
er

al
s;

of
 d

ec
om

po
si

ti
on

]
ir

ri
ga

ti
on

, 
qu

al
it

y 
an

d 
qu

an
ti

ty
, 

cl
im

at
e;

 s
oi

l 
vu

ln
er

ab
ili

ty
hu

m
ifi

ca
ti

on
 a

nd
 

st
ru

ct
ur

e
to

 fi
re

]
se

qu
es

tr
at

io
n 

in
 

bi
og

en
ic

 s
tr

uc
tu

re
s]

Tr
ac

e 
ga

se
s 

an
d

–
3

**
 a

m
m

on
i-

**
 m

oi
st

ur
e 

0 
[d

ep
en

de
nt

 
–

/ 
+

0 
[b

io
ti

c 
ac

ti
vi

ty
 

–
/ 

+
0 

[d
ep

en
de

nt
 o

n 
+

at
m

os
ph

er
ic

 
fic

at
io

n,
 

re
gi

m
e,

 s
oi

l 
on

 w
he

th
er

 
sl

ow
ed

, t
hu

s 
lit

te
r 

qu
al

it
y 

an
d 

re
gu

la
ti

on
ni

tr
ifi

ca
ti

on
st

ru
ct

ur
e

ot
he

r 
bi

ot
ic

 
de

cr
ea

se
 in

 
qu

an
ti

ty
 a

nd
 n

it
ri

fi-
 

fa
ct

or
s 

af
fe

ct
ed

]
pr

od
uc

ti
on

 o
f 

er
s,

 d
en

it
ri

fy
er

s,
 

tr
ac

e 
ga

se
s]

m
et

ha
ne

 o
xi

di
ze

rs
]

Fu
el

0
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A

H
ab

it
at

 
–

2
**

* 
cr

op
s 

at
 

**
* 

to
po

gr
ap

hy
, 

0
0

1 
[n

eg
at

iv
e 

im
pa

ct
 

–
1

–
2 

[i
nc

re
as

ed
 

+
pr

ov
is

io
n17

la
nd

sc
ap

e 
le

ve
l; 

so
il 

pr
op

er
ti

es
on

 fi
el

d 
m

ar
gi

ns
 

ha
bi

ta
t h

et
er

og
en

ei
ty

; 
m

an
ag

em
en

t 
an

d 
ri

pa
ri

an
 a

re
as

]
ex

te
nt

 o
f c

ha
ng

e 
of

 fi
el

d 
m

ar
gi

ns
 

de
pe

nd
en

t o
n 

fo
re

st
 

an
d 

ri
pa

ri
an

 
ty

pe
 a

nd
 fo

re
st

 
ar

ea
s

m
an

ag
em

en
t18

]

So
il 

fo
rm

at
io

n 
1

* 
or

ga
ni

c 
**

 c
lim

at
e,

 
0

–
3 

[d
ep

en
de

nt
 

–
/ 

+
0

–
3 

[d
ep

en
de

nt
–

/ 
+19

0 
[d

ep
en

de
nt

 o
n

+
an

d 
st

ru
ct

ur
e

m
at

te
r, 

ba
ct

er
ia

, 
pa

re
nt

 m
at

er
ia

l, 
on

 s
oi

l t
yp

e 
an

d
on

 s
oi

l t
yp

e
lit

te
r 

qu
al

it
y20

an
d 

fu
ng

i, 
ro

ot
s

er
os

io
n

pr
e-

pa
ra

si
te

an
d 

pr
e-

dr
ou

gh
t 

qu
an

ti
ty

, h
um

ifi
ca

ti
on

 
co

nd
it

io
ns

] 
co

nd
it

io
ns

]
an

d 
se

qu
es

tr
at

io
n 

in
 

bi
og

en
ic

 s
tr

uc
tu

re
s] (c
on

tin
ue

d)

Scope 64.qxd  10/6/04  11:35 AM  Page 123



A
pp

en
di

x 
T

ab
le

 5
.A

1.
(c

on
tin

ue
d)

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

A
ra

bl
e T

ill
ed

)1
Ro

ot
 P

ar
as

ite
s2

D
ro

ug
ht

3
To

 F
or

es
t

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

N
ut

ri
en

t c
yc

lin
g

3
**

 m
ic

ro
bi

al
 

* 
cl

im
at

e,
 s

oi
l 

0
–

1 
[d

ep
en

de
nt

 
–

/ 
+

2 
[b

io
lo

gi
ca

l  
–

0 
[c

ha
ng

e 
to

 
0

ac
ti

vi
ti

es
 

pr
op

er
ti

es
 

on
 w

he
th

er
 b

io
ti

c
ac

ti
vi

ty
 d

ec
re

as
ed

21
;

nu
tr

ie
nt

 c
on

se
rv

in
g 

in
cl

ud
in

g 
P-

cy
cl

in
g

fa
ct

or
s,

 e
.g

., 
po

ss
ib

le
 fu

rt
he

r 
m

ec
ha

ni
sm

s]
m

yc
or

rh
iz

ae
 

m
ic

ro
bi

al
re

du
ct

io
n 

in
 

m
ic

ro
-f

oo
d 

ac
ti

vi
ti

es
, m

ic
ro

- 
N

PP
 th

ro
ug

h
w

eb
 c

on
tr

ol
fo

od
 w

eb
 s

lo
w

ed
]

sa
lin

iz
at

io
n]

B
io

di
ve

rs
it

y
–

3
* 

ro
ot

s,
 

**
 c

lim
at

e,
 s

oi
l 

0
–

1 
[d

ep
en

de
nt

 
–

/ 
+

0 
[d

ep
en

de
nt

 o
n 

–
22

0 
[d

ep
en

de
nt

 o
n 

+
bi

og
en

ic
 

re
so

ur
ce

 q
ua

lit
y 

on
 im

pa
ct

 o
n 

ab
io

ti
c 

dr
iv

er
s,

 
fo

re
st

 ty
pe

, l
it

te
r 

st
ru

ct
ur

es
m

ic
ro

ha
bi

ta
ts

rh
iz

os
ph

er
e 

bi
ot

a]
re

so
ur

ce
 q

ua
lit

y,
 

qu
al

it
y 

an
d 

qu
an

ti
ty

. 
m

ic
ro

ha
bi

ta
ts

, r
oo

ts
]

in
cr

ea
se

d 
bi

ot
ic

 
pr

oc
es

se
s 

an
d 

in
ve

rt
eb

ra
te

 e
ng

in
ee

rs
]

1
O

th
er

 a
ra

bl
e 

sy
st

em
s—

fo
r 

ex
am

pl
e,

 n
o-

ti
ll,

 r
id

ge
-t

ill
—

ar
e 

no
t c

on
si

de
re

d,
 b

ut
 s

ub
je

ct
 to

 s
im

ila
r 

vu
ln

er
ab

ili
ty

; m
ag

ni
tu

de
 m

ay
 v

ar
y.

2
C

on
si

de
rs

 g
en

er
al

 c
as

e 
of

 r
oo

t p
ar

as
it

e 
in

va
si

on
, f

or
 e

xa
m

pl
e,

 r
oo

t k
no

t n
em

at
od

e 
(M

el
oi

do
gy

ne
sp

p.
).

3
D

ro
ug

ht
is

 d
ef

in
ed

 a
s 

20
 p

er
ce

nt
 d

ec
re

as
e 

in
 s

um
m

er
 p

re
ci

pi
ta

ti
on

, b
as

ed
 o

n 
an

 a
ve

ra
ge

 fo
r 

a 
10

-y
ea

r 
pe

ri
od

. T
hi

s 
is

 in
 c

on
tr

as
t t

o 
ep

is
od

ic
 d

ro
ug

ht
, f

or
 e

xa
m

pl
e,

 in
se

m
i-

dr
y 

A
fr

ic
an

 s
av

an
na

.
4

D
ro

ug
ht

 c
an

 h
av

e 
a 

si
gn

ifi
ca

nt
 e

co
no

m
ic

 im
pa

ct
 o

n 
ag

ri
cu

ltu
re

. F
or

 e
xa

m
pl

e,
 th

e 
cu

m
ul

at
iv

e 
da

m
ag

e 
fr

om
 th

e 
fo

ur
 d

ro
ug

ht
 y

ea
rs

 (
19

96
, 1

99
8,

 1
99

9,
 a

nd
 2

00
0)

 to
th

e 
ag

ri
cu

ltu
ra

l i
nd

us
tr

y 
in

 T
ex

as
 is

 U
S$

5.
51

5 
bi

lli
on

 s
in

ce
 1

99
6.

 (
M

ye
rs

 2
00

2;
 s

ee
 a

ls
o 

ht
tp

:/
/w

w
w

.tx
w

in
.n

et
/d

pc
/d

pc
%

20
bi

en
ni

al
%

20
re

po
rt

.p
df

)
5

Pl
an

t v
ar

ie
ti

es
 a

re
 b

re
d 

fo
r 

re
si

st
an

ce
 to

 d
ro

ug
ht

, b
ut

 s
uc

ce
ss

 is
 v

ar
ia

bl
e.

 S
ee

 (
ht

tp
:/

/w
w

w
.h

or
t.p

ur
du

e.
ed

u/
ne

w
cr

op
/p

ro
ce

ed
in

gs
19

99
/v

4-
06

0.
ht

m
l)

.
6

H
un

t e
t a

l. 
19

89
.

Scope 64.qxd  10/6/04  11:35 AM  Page 124



7 
B

in
gh

am
 2

00
1.

8
R

ef
er

s 
to

 r
un

of
f t

o 
st

re
am

s.
9

T
he

re
 a

re
 m

an
y 

le
ve

ls
 o

f d
ro

ug
ht

 a
nd

 ty
pe

s 
of

 m
an

ag
ed

 a
ra

bl
e 

so
ils

, t
hu

s 
vu

ln
er

ab
ili

ty
 a

nd
 n

et
 im

pa
ct

 is
 h

ig
hl

y 
co

nt
ex

t d
ep

en
de

nt
. F

or
 e

xa
m

pl
e,

 in
 th

e 
pr

ai
ri

es
 u

nd
er

dr
ou

gh
t c

on
di

ti
on

s,
 fa

rm
er

s 
al

lo
w

 fi
el

ds
 to

 g
o 

fa
llo

w
 to

 s
to

re
 w

at
er

. H
ow

ev
er

, s
oi

l i
s 

le
ft

 b
ar

e,
 a

nd
 if

 d
ro

ug
ht

 c
on

ti
nu

es
, s

oi
l e

ro
si

on
 b

y 
w

in
d 

an
d 

th
e 

lo
os

e 
st

ab
ili

ty
 o

f
th

e 
so

il 
su

rf
ac

e 
ar

e 
ne

ga
ti

ve
 c

on
se

qu
en

ce
s.

10
R

es
po

ns
e 

by
 fa

rm
er

s 
to

 d
ro

ug
ht

 c
an

 in
cl

ud
e 

sw
it

ch
in

g 
th

e 
cr

op
 p

la
nt

ed
.

11
R

ef
er

s 
to

 b
io

lo
gi

ca
l c

on
tr

ol
 o

f d
is

ea
se

s 
an

d 
pe

st
s 

of
 c

ro
p 

pl
an

ts
.

12
R

ef
er

s 
to

 g
en

et
ic

al
ly

 m
od

ifi
ed

 c
ro

ps
.

13
C

an
 h

av
e 

ch
an

ge
 in

 ty
pe

s 
of

 p
es

ts
 u

nd
er

 e
xt

en
si

ve
 d

ro
ug

ht
. F

or
 e

xa
m

pl
e,

 g
ra

ss
ho

pp
er

 a
nd

 lo
cu

st
 p

op
ul

at
io

ns
 c

an
 b

e 
ex

te
ns

iv
e,

 s
om

e 
ne

m
at

od
es

 c
an

 th
ri

ve
, b

ut
 g

en
-

er
al

ly
 c

at
er

pi
lla

r 
po

pu
la

ti
on

s 
ar

e 
re

du
ce

d.
 F

ur
th

er
m

or
e,

 th
er

e 
m

ay
 b

e 
a 

po
ss

ib
le

 e
xa

ce
rb

at
io

n 
of

 p
la

nt
-p

es
t i

nt
er

ac
ti

on
 w

it
h 

dr
ou

gh
t: 

fo
r 

ex
am

pl
e,

 p
la

nt
s 

pr
ev

io
us

ly
w

ea
ke

ne
d 

by
 d

ro
ug

ht
 m

ay
 b

e 
m

or
e 

su
sc

ep
ti

bl
e 

to
 p

es
ts

.
14

Se
rv

ic
e 

of
 r

ec
re

at
io

na
l l

an
d 

us
e 

is
 v

er
y 

cu
ltu

ra
lly

 d
ep

en
de

nt
 a

nd
 d

ep
en

de
nt

 o
n 

ty
pe

 o
f f

or
es

t p
la

nt
ed

: f
or

 e
xa

m
pl

e,
 la

nd
sc

ap
e 

w
it

h 
a 

m
on

oc
ul

tu
re

 o
f t

re
e 

sp
ec

ie
s 

m
ay

no
t b

e 
an

 im
pr

ov
em

en
t o

n 
a 

la
nd

sc
ap

e 
of

 c
ro

p 
m

on
oc

ul
tu

re
s.

15
T

he
re

 is
 a

 g
ra

di
en

t i
n 

m
ic

ro
bi

al
 a

ct
iv

it
y,

 d
ec

om
po

si
ti

on
, a

nd
 o

rg
an

ic
 m

at
te

r 
bu

ild
up

 a
lo

ng
 a

 d
ro

ug
ht

 g
ra

di
en

t. 
W

he
th

er
 a

 d
ro

ug
ht

 s
ta

rt
s 

in
 a

 m
oi

st
 s

it
ua

ti
on

 o
r 

in
 a

dr
y 

si
tu

at
io

n 
w

ill
 in

flu
en

ce
 s

er
vi

ce
s 

su
ch

 a
s 

ca
rb

on
 s

eq
ue

st
ra

ti
on

 (
w

w
w

.o
rn

l.g
ov

/c
ar

bo
n_

se
qu

es
tr

at
io

n/
).

16
Se

rv
ic

e 
of

 c
ar

bo
n 

se
qu

es
tr

at
io

n 
is

 v
er

y 
de

pe
nd

en
t o

n 
fo

re
st

 ty
pe

; f
or

 e
xa

m
pl

e,
 a

lth
ou

gh
 p

in
e 

fo
re

st
s 

ha
ve

 th
e 

sa
m

e 
ab

ov
eg

ro
un

d 
pr

od
uc

ti
vi

ty
 a

s 
de

ci
du

ou
s 

fo
re

st
s,

th
ey

 h
av

e 
lo

w
er

 c
ar

bo
n 

se
qu

es
tr

at
io

n.
17

H
ab

it
at

 p
ro

vi
si

on
 fo

r 
hi

gh
 v

is
ib

ili
ty

 a
nd

/o
r 

th
re

at
en

ed
 s

pe
ci

es
.

18
H

ab
it

at
 p

ro
vi

si
on

in
g 

m
ay

 n
ot

 in
cr

ea
se

 s
ig

ni
fic

an
tly

 if
 la

nd
-u

se
 c

ha
ng

e 
is

 fr
om

 a
nn

ua
l m

on
oc

ul
tu

re
 to

 p
er

en
ni

al
 m

on
oc

ul
tu

re
.

19
E

ff
ec

ts
 o

f d
ro

ug
ht

 o
n 

so
il 

fo
rm

at
io

n 
an

d 
st

ru
ct

ur
e 

ar
e 

ve
ry

 s
oi

l t
ex

tu
re

 d
ep

en
de

nt
. F

or
 e

xa
m

pl
e,

 d
ro

ug
ht

 h
as

 a
 m

aj
or

 e
ff

ec
t i

n 
sa

nd
y 

so
ils

, b
ut

 e
ff

ec
ts

 a
re

 le
ss

dr
am

at
ic

 in
 c

la
y 

so
ils

.
20

Se
rv

ic
e 

of
 s

oi
l f

or
m

at
io

n 
is

 v
er

y 
de

pe
nd

en
t o

n 
fo

re
st

 ty
pe

: f
or

 e
xa

m
pl

e,
 s

oi
l f

or
m

at
io

n 
un

de
r 

pi
ne

 c
an

 le
ad

 to
 d

ev
el

op
m

en
t o

f p
od

so
l.

21
 B

ul
jo

vi
c 

&
 E

ng
el

s 
20

01
.

22
W

it
h 

se
ve

re
 d

ro
ug

ht
, e

ar
th

w
or

m
s 

w
ill

 b
e 

lo
st

 fr
om

 s
oi

l, 
bu

t n
um

be
rs

 o
f t

er
m

it
es

 a
nd

 a
nt

s 
m

ay
 in

cr
ea

se
. I

n 
ge

ne
ra

l, 
bi

od
iv

er
si

ty
 in

 c
ul

ti
va

te
d 

so
il 

is
 o

nl
y 

m
ar

gi
na

lly
af

fe
ct

ed
 b

y 
dr

ou
gh

t, 
as

 m
os

t s
pe

ci
es

 u
nd

er
 a

ra
bl

e 
co

nd
it

io
ns

 a
re

 r
es

is
ta

nt
 a

nd
 r

es
ili

en
t.

Scope 64.qxd  10/6/04  11:35 AM  Page 125



A
pp

en
di

x 
Ta

bl
e 

5.
A

2.
V

ul
ne

ra
bi

lit
y 

of
 e

co
sy

st
em

 g
oo

ds
 a

nd
 s

er
vi

ce
s 

in
 u

nm
an

ag
ed

 g
ra

ss
la

nd
 e

co
sy

st
em

s 
pr

ov
id

ed
 b

y 
th

e
so

il 
bi

ot
a 

to
 th

re
e 

ag
en

ts
 o

f g
lo

ba
l c

ha
ng

e:
 in

va
si

ve
 s

pe
ci

es
, c

lim
at

e 
ch

an
ge

, a
nd

 la
nd

-u
se

 c
ha

ng
e.

 S
co

ri
ng

 s
ys

te
m

 u
se

d 
is

 a
s

fo
r T

ab
le

 5
.A

1.

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

G
ra

ssl
an

d)
1

Pl
an

t S
pe

ci
es

2
D

ro
ug

ht
3

To
 A

ra
bl

e 
La

nd

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

Fo
od

 p
ro

du
ct

io
n4

2
**

* 
de

co
m

- 
**

 s
oi

l t
yp

e,
 

1–
3 

[u
np

al
at

ab
le

–
5

2
–

3 
[r

ed
uc

ed
 

–
3 

[c
ha

ng
e 

fr
om

  
–

/ 
0 

/ 
po

si
ti

on
, n

ut
ri

-
to

po
gr

ap
hy

, 
sp

ec
ie

s,
 in

di
re

ct
 

N
PP

6 ]
fu

ng
al

 to
 b

ac
te

ri
al

-
+

en
t c

yc
lin

g,
 

fir
e,

 p
re

ci
pi

ta
-

an
d 

su
bt

le
 e

ff
ec

ts
 

ba
se

d 
fo

od
 w

eb
6 ,

 
bi

ot
ur

ba
ti

on
, 

ti
on

on
 s

oi
l f

oo
d 

w
eb

] 
re

du
ce

d 
ea

rt
hw

or
m

 
re

si
st

an
ce

 to
 

ab
un

da
nc

e 
an

d 
pe

st
s 

an
d 

m
yc

or
rh

iz
al

 in
fe

ct
io

n,
 

di
se

as
es

bu
ild

 u
p 

of
 p

es
ts

 
an

d 
di

se
as

es
]

W
at

er
 q

ua
lit

y
2

**
* 

re
te

nt
io

n 
**

 s
oi

l t
yp

e,
 

1 
[t

ra
ns

pi
ra

ti
on

al
 

–
5

3 
[i

nc
re

as
ed

  
–

3 
[n

it
ri

fic
at

io
n,

 
–

an
d 

qu
an

ti
ty

 
of

 N
 in

 b
io

-
to

po
gr

ap
hy

,  
lo

ss
es

 fr
om

 d
ee

p-
pa

rt
ic

ul
at

e 
m

at
te

r 
D

O
N

, p
ho

sp
ha

te
, 

Fl
oo

d,
 e

ro
si

on
 

m
as

s,
 p

hy
si

ca
l 

fir
e,

 p
re

ci
pi

ta
-

ro
ot

ed
 s

hr
ub

s 
an

d 
nu

tr
ie

nt
 lo

ad
 

D
O

P,
 in

cr
ea

se
d 

 
co

nt
ro

l7
st

ab
ili

za
ti

on
,

ti
on

an
d 

tr
ee

s13
]

in
 s

ur
fa

ce
 r

un
of

f 
su

rf
ac

e 
ru

no
ff

 a
nd

so
il 

ag
gr

eg
at

e 
an

d 
er

os
io

n8 ,
 fl

us
h 

er
os

io
n8 

re
su

lti
ng

  
fo

rm
at

io
n 

of
 b

io
lo

gi
ca

l a
ct

iv
it

y 
fr

om
 d

ec
re

as
ed

 p
la

nt
in

cr
ea

si
ng

fo
llo

w
in

g 
re

-w
et

ti
ng

 
co

ve
r 

an
d 

de
st

ab
ili

ze
d 

in
fil

tr
at

io
n 

ra
te

s,
 

ev
en

ts
, i

nc
re

as
ed

 p
la

nt
 

so
il 

su
rf

ac
e]

in
te

rc
ep

ti
on

 o
f  

up
ta

ke
 a

nd
 d

ec
re

as
ed

 
ru

no
ff

, m
oi

st
ur

e
re

te
nt

io
n]

re
te

nt
io

n 
by

 
or

ga
ni

c 
m

at
te

r 

Scope 64.qxd  10/6/04  11:35 AM  Page 126



A
ni

m
al

 fi
be

r 
2

**
* 

de
co

m
-

**
* 

so
il 

ty
pe

, 
1

–
3 

[u
np

al
at

ab
le

–
2

–
39

[R
ed

uc
ed

 
–

2–
310

[d
ec

lin
e 

–
/ 

0 
/ 

W
oo

l, 
le

at
he

r
po

si
ti

on
, n

u-
to

po
gr

ap
hy

, f
ir

e,
 

sp
ec

ie
s,

 in
di

re
ct

 
N

PP
]

in
 g

ra
zi

ng
 a

ni
m

al
s]

+ 
11

tr
ie

nt
 c

yc
lin

g,
 

pr
ec

ip
it

at
io

n
an

d 
su

bt
le

 e
ff

ec
ts

bi
ot

ur
ba

ti
on

, 
on

 s
oi

l f
oo

d 
w

eb
]

re
si

st
an

ce
 to

 
pe

st
s 

an
d 

di
se

as
es

Pl
an

t f
ib

er
1

**
 p

la
nt

  
**

* 
cl

im
at

e,
 

3 
[c

an
 le

ad
 to

 
–

3 
[a

bi
ot

ic
 c

on
tr

ol
s,

 
–

3 
[l

it
te

r 
sy

st
em

  
+ 

/ 
0 

/ 
br

ee
di

ng
, r

oo
ts

 
ti

lla
ge

, s
oi

l t
yp

e,
 

de
st

ru
ct

io
n 

es
pe

ci
al

ly
 s

oi
l 

de
ve

lo
pe

d;
 a

nn
ua

l 
–

an
d 

re
si

du
es

fe
rt

ili
ze

r
of

 c
ro

p]
pr

op
er

ti
es

 a
nd

 
ro

ot
s 

re
pl

ac
ed

 b
y 

fa
llo

w
 p

ra
ct

ic
es

, 
pe

re
nn

ia
l; 

in
cr

ea
se

d 
m

os
t i

m
po

rt
an

t; 
ro

le
 fo

r 
so

il 
fo

od
 

re
du

ce
d 

N
PP

]
w

eb
; c

ha
ng

e 
fr

om
 

fu
ng

al
- 

to
 b

ac
te

ri
al

-
ba

se
d 

fo
od

 w
eb

6 ]

R
ec

re
at

io
n

an
d 

2
**

* 
de

co
m

po
-

**
 s

oi
l t

yp
e,

 
1 

[a
lte

ri
ng

  
–

1 
[p

ot
en

ti
al

   
–

1 
[a

lte
ri

ng
  

–
/ 

+13

ot
he

r 
us

es
si

ti
on

, n
ut

ri
en

t
to

po
gr

ap
hy

, f
ir

e,
 

sy
st

em
 s

tr
uc

tu
re

,
lo

ss
 o

f l
an

ds
ca

pe
  

sy
st

em
 s

tr
uc

tu
re

,  
cy

cl
in

g12
pr

ec
ip

it
at

io
n

de
cr

ea
se

d 
na

ti
ve

 
fe

at
ur

es
 a

nd
 lo

ss
   

de
cr

ea
se

d 
na

ti
ve

  
an

im
al

 g
ra

zi
ng

]
of

 s
om

e 
fa

un
a 

as
   

 
an

im
al

 g
ra

zi
ng

14
]

a 
re

su
lt 

of
 c

ha
ng

es
  

in
 v

eg
et

at
io

n]

C
ar

bo
n 

2
**

* 
or

ga
ni

c 
 

**
 c

om
pl

ex
in

g 
1 

[a
cc

um
ul

at
io

n 
+

2
–

39
[r

ed
uc

ed
 

–
15

3 
[e

nh
an

ce
d 

–
15

se
qu

es
tr

at
io

n
m

at
te

r 
or

ga
ni

c 
m

at
te

r, 
of

 w
oo

dy
 

N
PP

]
de

co
m

po
si

ti
on

 
ac

cu
m

ul
at

io
n,

 
te

xt
ur

e,
 fi

re
, 

m
at

er
ia

l a
nd

 
an

d 
m

ic
ro

bi
al

 
C

aC
O

3
C

aC
O

3
re

ca
lc

it
ra

nt
 li

tt
er

, 
ac

ce
ss

 to
 C

 w
it

hi
n 

de
po

si
ti

on
de

po
si

ti
on

de
cr

ea
se

d 
an

im
al

 
so

il 
ag

gr
eg

at
es

]
gr

az
in

g]

Tr
ac

e 
ga

se
s

2
**

* 
m

ai
n-

**
 te

xt
ur

e,
 

0
N

A
1 

[m
od

ifi
ed

 c
ha

ng
es

 
–

3 
[i

nc
re

as
e 

in
 

–
an

d 
at

m
os

ph
er

ic
 

te
na

nc
e 

pr
ec

ip
it

at
io

n,
 

in
 v

eg
et

at
io

n]
N

O
 d

ue
 to

 
re

gu
la

ti
on

of
 C

 a
nd

 N
 

pH
in

cr
ea

se
d 

ba
la

nc
es

ni
tr

ifi
ca

ti
on

 a
nd

 
de

ni
tr

ifi
ca

ti
on

 r
at

es
]

(c
on

tin
ue

d)

Scope 64.qxd  10/6/04  11:35 AM  Page 127



A
pp

en
di

x 
Ta

bl
e 

5.
A

2.
(c

on
tin

ue
d)

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

G
ra

ssl
an

d)
1

Pl
an

t S
pe

ci
es

2
D

ro
ug

ht
3

To
 A

ra
bl

e 
La

nd

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

H
ab

it
at

 
3

**
* 

de
co

m
-

* 
so

il 
ty

pe
, 

1
–

3 
[u

np
al

at
- 

–
/ 

0 
/

118
[c

ha
ng

e 
+ 

/ 
–

19
3 

[s
hi

ft
 to

 a
 

–
pr

ov
is

io
n16

po
si

ti
on

, 
to

po
gr

ap
hy

, 
ab

le
 s

pe
ci

es
, 

+17
in

 v
eg

et
at

io
n 

re
la

ti
ve

ly
 

nu
tr

ie
nt

 c
yc

lin
g,

 
fir

e,
 

in
di

re
ct

 a
nd

 
st

ru
ct

ur
e,

 s
hi

ft
 

ho
m

og
en

eo
us

 
bi

ot
ur

ba
ti

on
, 

pr
ec

ip
it

at
io

n
su

bt
le

 e
ff

ec
ts

 o
n 

in
 ta

xa
 d

ue
 to

ha
bi

ta
t, 

ch
an

ge
 

re
si

st
an

ce
 

so
il 

fo
od

 w
eb

,
dr

ou
gh

t l
ea

di
ng

  
fr

om
 fu

ng
al

 to
 

to
 p

es
ts

 a
nd

 
al

te
ri

ng
 h

ab
it

at
 

to
 in

cr
ea

se
d 

sm
al

l
ba

ct
er

ia
l-

ba
se

d 
fo

od
 

di
se

as
es

, b
io

ta
 

st
ru

ct
ur

e]
m

am
m

al
s 

an
d 

w
eb

, r
em

ov
al

 o
f 

pr
ov

id
in

g 
pr

ed
at

or
y 

bi
rd

na
ti

ve
 p

la
nt

s]
fo

od
 r

es
ou

rc
es

po
pu

la
ti

on
s]

an
d 

ha
bi

ta
t

W
as

te
 d

is
po

sa
l/

1
**

* 
de

co
m

-
* 

co
m

po
un

ds
 

1 
[u

np
al

at
ab

le
 

–
/ 

0 
/

2 
[i

nc
re

as
ed

 
–

3 
[i

nc
re

as
ed

 
–

bi
or

em
ed

ia
ti

on
po

si
ti

on
 

bi
nd

in
g 

to
 

sp
ec

ie
s,

 in
-

+
he

av
y 

m
et

al
 

ac
cu

m
ul

at
io

n 
of

 b
re

w
er

y 
hu

m
ic

 m
at

er
ia

l 
di

re
ct

 a
nd

 
co

nc
en

tr
at

io
n,

 
of

 h
ea

vy
 m

et
al

s 
w

as
te

 a
nd

 
an

d 
cl

ay
s

su
bt

le
 e

ff
ec

ts
 

de
cr

ea
se

d 
fr

om
 s

ew
ag

e 
sl

ud
ge

 
se

w
ag

e 
sl

ud
ge

on
 s

oi
l f

oo
d 

de
co

m
po

si
ti

on
 

ap
pl

ic
at

io
ns

]
w

eb
 a

lte
ri

ng
 

ra
te

s]
ab

ili
ty

 o
f 

m
ic

ro
flo

ra
 to

 
de

gr
ad

e 
or

ga
ni

c 
co

m
po

un
ds

]

Scope 64.qxd  10/6/04  11:35 AM  Page 128



B
io

lo
gi

ca
l 

1
**

* 
na

ti
ve

 
* 

so
il 

ty
pe

1 
[i

nd
iv

id
ua

l  
–

1 
[c

ha
ng

es
 in

 
–

/ 
+

1 
[p

os
si

bl
e 

de
cr

ea
se

 
–

co
nt

ro
l20

so
il 

pa
th

og
en

s 
pl

an
t s

pe
ci

es
  

cl
im

at
e 

m
ay

 
in

 s
oi

l p
at

ho
ge

n 
an

d 
pr

ed
at

or
s 

m
ay

 in
flu

en
ce

  
po

si
ti

ve
ly

 o
r 

ri
ch

ne
ss

]
m

ay
 in

hi
bi

t t
he

 
so

il 
co

m
m

un
it

ie
s,

 
ne

ga
ti

ve
ly

 im
pa

ct
 

ra
pi

d 
sp

re
ad

 o
f 

ac
ti

vi
ty

, a
nd

/o
r 

na
ti

ve
 s

oi
l 

ex
ot

ic
 a

nd
 r

ud
- 

fu
nc

ti
on

21
]

co
m

m
un

it
y]

er
al

 p
la

nt
 s

pe
ci

es

So
il 

st
ru

ct
ur

e
3

**
 o

rg
an

ic
 

**
 c

lim
at

e,
 

0
–

1 
[m

ay
 

–
/+

24
0

–
125

–
3 

[a
lte

re
d 

so
il 

–
m

at
te

r, 
ba

ct
er

ia
, 

pa
re

nt
 m

at
er

ia
l, 

ex
er

t s
tr

on
g 

st
ru

ct
ur

e 
du

e 
to

 
fu

ng
i, 

ro
ot

s,
 

to
po

gr
ap

hy
, 

im
pa

ct
s 

on
 

pl
ow

in
g,

 c
om

pa
ct

io
n,

 
in

ve
rt

eb
ra

te
 

er
os

io
n

so
il 

bi
ot

a]
in

cr
ea

se
d 

sa
lin

it
y,

 
fe

ca
l p

el
le

ts
, 

de
cr

ea
se

d 
fu

ng
al

 
in

ve
rt

eb
ra

te
22

bi
om

as
s,

 s
im

pl
ifi

ed
 

en
gi

ne
er

in
g23

so
il 

fo
od

 w
eb

]
N

ut
ri

en
t c

yc
lin

g
3

or
ga

ni
c 

m
at

te
r, 

**
* 

cl
im

at
e,

 
0

–
2 

[m
ay

 
–

/+
26

2 
[d

ec
re

as
ed

 p
la

nt
 

–
3 

[s
hi

ft
 fr

om
 a

  
–

/+
27

m
ic

ro
bi

al
 

so
il 

te
xt

ur
e,

 
in

flu
en

ce
 s

oi
l 

an
d 

so
il 

bi
ot

a 
fu

ng
al

 to
 b

ac
te

ri
al

-
ac

ti
vi

ty
, 

to
po

gr
ap

hy
,  

bi
ot

a 
or

 b
e 

a 
ac

ti
vi

ty
]

ba
se

d 
fo

od
 w

eb
, 

m
ic

ro
bi

al
 r

oo
t

pH
, d

ry
 a

nd
  

no
ve

l n
it

ro
ge

n 
si

m
pl

ifi
ed

 s
oi

l f
oo

d 
sy

m
bi

on
ts

, 
w

et
 d

ep
os

it
io

n 
 

fix
er

]
w

eb
, a

dd
it

io
ns

 o
f 

in
ve

rt
eb

ra
te

 
of

 n
it

ro
ge

n 
 

in
or

ga
ni

c 
fe

rt
ili

ze
rs

]
m

ic
ro

bi
al

 
an

d 
su

lfu
r

gr
az

er
s

B
io

di
ve

rs
it

y
3

**
 th

e 
**

 c
lim

at
e,

 
0

–
2 

[a
lte

ri
ng

 
–

131
[d

ec
re

as
ed

 
–

3 
[s

im
pl

ifi
ed

 fo
od

 
–

pr
es

en
ce

 o
f 

ph
ys

ic
al

 a
nd

 
so

il 
ph

ys
ic

al
 a

nd
/

pl
an

t i
np

ut
s 

in
to

 
w

eb
, d

ec
re

as
ed

 
pl

an
ts

 c
an

 
ch

em
ic

al
 s

oi
l 

or
 c

he
m

ic
al

 
so

il,
 lo

w
 s

oi
l 

so
il 

st
ru

ct
ur

e,
 

in
flu

en
ce

 th
e 

he
te

ro
ge

ne
it

y
pr

op
er

ti
es

, 
m

oi
st

ur
e]

in
cr

ea
se

d 
so

il 
sa

lin
it

y,
 

co
m

m
un

it
y 

fa
ci

lit
at

e 
lim

it
ed

 p
la

nt
 in

pu
t  

co
m

po
si

ti
on

 
pe

rs
is

te
nc

e 
of

 
in

to
 s

oi
l d

ue
 to

 
of

 s
oi

l b
io

ta
28

; 
ex

ot
ic

 
ha

rv
es

ti
ng

, r
el

at
iv

el
y 

pl
an

t s
pe

ci
es

 c
an

 
in

ve
rt

eb
ra

te
s30

]
ho

m
og

en
eo

us
 

in
flu

en
ce

 s
oi

l 
pl

an
t c

om
m

un
it

y,
 

m
ic

ro
bi

al
 

bi
oc

id
es

 a
nd

 G
M

O
s 

ph
ys

io
lo

gi
ca

l 
in

flu
en

ci
ng

 n
on

-
at

tr
ib

ut
es

29
ta

rg
et

 s
oi

l t
ax

a32
] (c

on
tin

ue
d)

Scope 64.qxd  10/6/04  11:35 AM  Page 129



A
pp

en
di

x 
Ta

bl
e 

5.
A

2.
(c

on
tin

ue
d)

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

G
ra

ssl
an

d)
1

Pl
an

t S
pe

ci
es

2
D

ro
ug

ht
3

To
 A

ra
bl

e 
La

nd

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

Fu
el

0
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A

B
io

ch
em

ic
al

s/
 

1
**

 p
la

nt
 

**
 N

A
1 

[p
os

si
bl

e 
lo

ss
 

–
/ 

+33
1 

[c
ha

ng
es

 in
 

–
/ 

+34
3 

[c
ha

ng
e 

fr
om

 
–

m
ed

ic
in

es
co

m
po

un
ds

 
of

 n
at

iv
e 

pl
an

t 
m

ic
ro

bi
al

 
fu

ng
al

- 
to

 b
ac

te
ri

al
-

an
d 

m
ic

ro
bi

al
 

sp
ec

ie
s]

co
m

m
un

it
y]

ba
se

d 
fo

od
 w

eb
,  

en
zy

m
es

re
m

ov
al

 o
f n

at
iv

e 
pl

an
ts

]
1 

Li
gh

tly
 m

an
ag

ed
 fr

ee
-r

an
ge

 g
ra

ss
la

nd
s 

(i
.e

., 
in

cl
ud

in
g 

su
pp

le
m

en
ta

l w
in

te
r 

liv
es

to
ck

 fe
ed

, b
ut

 e
xc

lu
di

ng
 fe

rt
ili

ze
r 

or
 p

es
ti

ci
de

 in
pu

ts
).

2 
C

on
si

de
rs

 g
en

er
al

 c
as

e 
of

 a
 p

la
nt

 s
pe

ci
es

 in
va

si
on

.
3 

D
ro

ug
ht

 is
 d

ef
in

ed
 h

er
e 

as
 a

 2
0 

pe
rc

en
t d

ec
re

as
e 

in
 a

nn
ua

l p
re

ci
pi

ta
ti

on
, b

as
ed

 o
n 

an
 a

ve
ra

ge
 fo

r 
a 

10
-y

ea
r 

pe
ri

od
.

4 
A

ni
m

al
 p

ro
du

ct
s 

ar
e 

co
ns

id
er

ed
 h

er
e.

5 
H

ir
sc

h 
&

 L
ei

sc
h 

19
98

; J
ac

ob
s 

&
 S

he
le

y 
19

98
.

6 
H

un
t e

t a
l. 

19
89

.
7 

R
ef

er
s 

to
 r

un
of

f t
o 

st
re

am
s.

 I
n 

dr
yl

an
d 

sy
st

em
s,

 p
ot

en
ti

al
 e

va
po

tr
an

sp
ir

at
io

n 
ge

ne
ra

lly
 e

xc
ee

ds
 p

re
ci

pi
ta

ti
on

, s
o 

th
es

e 
se

rv
ic

es
 m

ay
 b

e 
le

ss
 s

ig
ni

fic
an

t.
8 

B
ra

ns
on

 e
t a

l. 
19

81
.

9 
R

an
ge

 d
ep

en
ds

 u
po

n 
or

ga
ni

c 
m

at
te

r 
an

d 
m

oi
st

ur
e 

re
te

nt
io

n.
 T

he
re

fo
re

 th
is

 g
oo

d 
an

d/
or

 s
er

vi
ce

 w
ill

 b
e 

m
or

e 
su

sc
ep

ti
bl

e 
in

 m
or

e 
xe

ri
c,

 lo
w

–
or

ga
ni

c 
m

at
te

r
gr

as
sl

an
ds

.
10

 R
an

ge
 d

ep
en

ds
 u

po
n 

w
he

th
er

 th
e 

ar
ab

le
 la

nd
 s

up
po

rt
s 

w
in

te
r 

gr
az

in
g 

by
 c

at
tle

 (
e.

g.
, o

n 
w

in
te

r 
w

he
at

 fi
el

ds
) 

an
d 

if 
fib

er
 c

ro
ps

 a
re

 p
la

nt
ed

 (
e.

g.
, c

ot
to

n)
.

11
 D

ir
ec

ti
on

 o
f n

et
 im

pa
ct

 w
ill

 p
ro

ba
bl

y 
be

 n
eg

at
iv

e,
 b

ut
 c

ou
ld

 b
e 

po
si

ti
ve

 if
 fi

be
r 

pr
od

uc
ti

on
 in

 a
ra

bl
e 

la
nd

 is
 h

ig
he

r 
(e

.g
., 

fr
om

 th
e 

pr
od

uc
ti

on
 o

f c
ot

to
n)

 th
an

 w
oo

l
or

 le
at

he
r 

pr
od

uc
ti

on
 o

f t
he

 o
ri

gi
na

l g
ra

ss
la

nd
.

12
 H

ik
er

s,
 b

ic
yc

lis
ts

, b
ir

de
rs

, h
un

te
rs

, e
tc

. a
re

 o
ft

en
 a

tt
ra

ct
ed

 to
 a

 s
it

e 
be

ca
us

e 
th

ey
 fi

nd
 it

 v
is

ua
lly

 p
le

as
in

g 
an

d/
or

 b
ec

au
se

 th
e 

si
te

 s
er

ve
s 

as
 h

ab
it

at
 fo

r 
ch

ar
is

m
at

ic
an

d/
or

 e
di

bl
e 

an
im

al
 ta

xa
 (

e.
g.

, b
ir

ds
 a

nd
 d

ee
r)

. I
n 

pa
rt

, i
t i

s 
th

e 
fe

ed
ba

ck
s 

be
tw

ee
n 

th
e 

so
il 

an
d 

pl
an

t s
ys

te
m

s 
th

at
 r

es
ul

t i
n 

th
e 

vi
su

al
ly

 a
pp

ea
lin

g 
st

ru
ct

ur
e 

(f
ro

m
 a

hu
m

an
 p

er
sp

ec
ti

ve
) 

an
d 

pr
od

uc
es

 h
ab

it
at

 a
nd

 fo
od

 fo
r 

an
im

al
s 

of
 in

te
re

st
 to

 th
e 

pu
bl

ic
.

Scope 64.qxd  10/6/04  11:35 AM  Page 130



13
 S

om
e 

ch
ar

is
m

at
ic

 a
ni

m
al

s 
m

ay
 in

cr
ea

se
 in

 a
ra

bl
e 

la
nd

s 
(e

.g
., 

so
m

e 
ga

m
e 

bi
rd

 s
pe

ci
es

).
14

 C
re

at
in

g 
a 

m
or

e 
st

ru
ct

ur
al

ly
 h

om
og

en
eo

us
 la

nd
sc

ap
e 

w
ill

 li
m

it
 th

e 
nu

m
be

r 
of

 c
ha

ri
sm

at
ic

 a
ni

m
al

s 
fo

un
d 

at
 th

e 
si

te
 a

nd
 th

us
 w

ill
 d

ec
re

as
e 

pu
bl

ic
 in

te
re

st
 in

 u
si

ng
th

e 
si

te
 fo

r 
re

cr
ea

ti
on

al
 p

ur
po

se
s.

15
 B

ur
ke

 e
t a

l. 
19

89
.

16
 H

ab
it

at
 p

ro
vi

si
on

 fo
r 

hi
gh

 v
is

ib
ili

ty
 a

nd
 e

nd
an

ge
re

d/
th

re
at

en
ed

 s
pe

ci
es

.
17

 D
ir

ec
ti

on
 o

f n
et

 im
pa

ct
 w

ill
 d

ep
en

d 
up

on
 w

he
th

er
 o

r 
no

t n
at

iv
e 

ta
xa

 c
an

 u
ti

liz
e 

th
e 

in
va

si
ve

 p
la

nt
 s

pe
ci

es
 fo

r 
fo

od
 o

r 
ha

bi
ta

t.
18

A
ss

um
es

 th
at

 th
e 

ta
xa

 im
po

rt
an

t i
n 

ha
bi

ta
t p

ro
vi

si
on

 a
re

 a
da

pt
ed

 to
 th

e 
ec

os
ys

te
m

 a
nd

 th
e 

ec
os

ys
te

m
 is

 n
or

m
al

ly
 s

ub
je

ct
 to

 d
ro

ug
ht

.
19

 Im
pa

ct
 c

ou
ld

 b
e 

po
si

ti
ve

 o
r 

ne
ga

ti
ve

 d
ep

en
di

ng
 u

po
n 

th
e 

re
sp

on
se

 o
f i

m
po

rt
an

t t
ax

a 
to

 d
ro

ug
ht

. S
om

e 
ta

xa
 m

ay
 b

e 
fa

vo
re

d 
in

 d
ro

ug
ht

 c
on

di
ti

on
s.

20
 R

ef
er

s 
to

 b
io

lo
gi

ca
l c

on
tr

ol
 o

f p
ar

as
it

es
 a

nd
 d

is
ea

se
s 

of
 n

at
iv

e 
sp

ec
ie

s.
21

 W
ar

dl
e 

et
 a

l. 
19

99
; K

ou
rt

ev
 e

t a
l. 

20
02

.
22

 R
us

ek
 1

98
5.

23
 R

ef
er

s 
to

 te
rm

it
es

 a
nd

 e
ar

th
w

or
m

s 
La

ve
lle

 e
t a

l. 
19

97
.

24
 Im

pa
ct

 c
ou

ld
 b

e 
ne

ga
ti

ve
 o

r 
po

si
ti

ve
 d

ep
en

di
ng

 o
n 

if 
th

e 
in

va
si

ve
 p

la
nt

 s
pe

ci
es

 in
hi

bi
ts

 o
r 

st
im

ul
at

es
 s

oi
l b

io
ta

 v
ia

 r
oo

t e
xu

da
te

s,
 a

bo
ve

- 
an

d/
or

 b
el

ow
gr

ou
nd

 li
tt

er
in

pu
ts

, o
r 

al
te

ri
ng

 s
oi

l m
ic

ro
cl

im
at

e.
25

A
ss

um
es

 b
io

ta
 a

re
 a

da
pt

ed
 to

 p
er

io
di

c 
dr

ou
gh

t c
on

di
ti

on
s.

26
A

 n
eg

at
iv

e 
im

pa
ct

 s
ug

ge
st

s 
th

at
 th

e 
ra

te
 o

f c
yc

lin
g 

of
 a

 g
iv

en
 n

ut
ri

en
t i

s 
sl

ow
ed

 w
it

h 
th

e 
ad

di
ti

on
 o

f a
n 

in
va

si
ve

 p
la

nt
 s

pe
ci

es
 w

hi
le

 a
 p

os
it

iv
e 

im
pa

ct
 s

ug
ge

st
s 

an
in

cr
ea

se
 in

 th
e 

ra
te

 o
f c

yc
lin

g.
 W

he
th

er
 o

r 
no

t h
um

an
s 

de
si

re
 a

n 
in

cr
ea

se
 o

r 
de

cr
ea

se
 in

 n
ut

ri
en

t c
yc

lin
g 

ra
te

s 
is

 p
ro

ba
bl

y 
co

nt
ex

t d
ep

en
de

nt
.

27
 T

he
 n

et
 p

os
it

iv
e 

im
pa

ct
 s

ug
ge

st
s 

an
 in

cr
ea

se
 in

 th
e 

ra
te

 o
f n

ut
ri

en
t c

yc
lin

g 
th

at
 m

ay
 b

en
ef

it
 c

ro
p 

pl
an

ts
. H

ow
ev

er
, t

hi
s 

in
cr

ea
se

 c
an

 a
ls

o 
le

ad
 to

 in
cr

ea
se

d 
ni

tr
og

en
an

d 
ca

rb
on

 lo
ss

es
 th

at
 m

ay
 c

on
tr

ib
ut

e 
to

 g
re

en
ho

us
e 

ga
s 

em
is

si
on

s.
28

 W
ar

dl
e 

et
 a

l. 
19

99
.

29
 W

es
to

ve
r 

et
 a

l. 
19

97
. C

ha
ng

es
 in

 m
ic

ro
bi

al
 p

hy
si

ol
og

ic
al

 tr
ai

ts
 m

ay
 b

e 
su

gg
es

ti
ve

 o
f a

 c
ha

ng
e 

in
 m

ic
ro

bi
al

 c
om

m
un

it
y 

st
ru

ct
ur

e.
30

 K
ou

rt
ev

 e
t a

l. 
19

99
. F

ac
ili

ta
ti

ng
 th

e 
pe

rs
is

te
nc

e 
of

 n
on

na
ti

ve
 in

ve
rt

eb
ra

te
s 

m
ay

 d
ec

re
as

e 
th

e 
bi

od
iv

er
si

ty
 o

f n
at

iv
e 

in
ve

rt
eb

ra
te

s.
31

A
ss

um
es

 b
io

ta
 a

re
 a

da
pt

ed
 to

 p
er

io
di

c 
dr

ou
gh

t c
on

di
ti

on
s 

an
d 

w
ill

 p
ro

ba
bl

y 
re

ac
h 

pr
e-

dr
ou

gh
t b

io
di

ve
rs

it
y 

re
la

ti
ve

ly
 q

ui
ck

ly
 fo

llo
w

in
g 

th
e 

en
d 

of
 th

e 
dr

ou
gh

t.
32

 G
M

O
s 

ar
e 

ge
ne

ti
ca

lly
 m

od
ifi

ed
 o

rg
an

is
m

s.
 T

he
re

 is
 e

vi
de

nc
e 

th
at

 th
e 

in
se

ct
ic

id
al

 to
xi

n 
fr

om
 th

e 
ba

ct
er

iu
m

 B
ac

ill
us

 th
ur

in
gi

en
sis

,e
nc

od
ed

 in
to

 s
om

e 
cr

op
 p

la
nt

s,
 is

re
le

as
ed

 fr
om

 th
e 

en
gi

ne
er

ed
 p

la
nt

s 
in

to
 th

e 
so

il 
en

vi
ro

nm
en

t (
Sa

xe
na

 &
 S

to
tz

ky
 2

00
0)

.
33

 D
ir

ec
ti

on
 o

f n
et

 im
pa

ct
 w

ill
 b

e 
af

fe
ct

ed
 b

y 
an

y 
bi

oc
he

m
ic

al
/m

ed
ic

in
al

 p
ro

du
ct

s 
th

at
 c

ou
ld

 b
e 

ob
ta

in
ed

 fr
om

 th
e 

in
va

si
ve

 p
la

nt
 s

pe
ci

es
.

34
 D

ir
ec

ti
on

 o
f n

et
 im

pa
ct

 w
ill

 d
ep

en
d 

up
on

 w
ha

t c
om

po
ne

nt
s 

of
 th

e 
m

ic
ro

bi
al

 c
om

m
un

it
y 

ar
e 

in
hi

bi
te

d 
or

 fa
vo

re
d 

du
ri

ng
 d

ro
ug

ht
 c

on
di

ti
on

s 
an

d 
w

he
th

er
 th

os
e

m
ic

ro
be

s 
ca

n 
yi

el
d 

an
y 

bi
oc

he
m

ic
al

/m
ed

ic
in

al
 p

ro
du

ct
s.

Scope 64.qxd  10/6/04  11:35 AM  Page 131



A
pp

en
di

x 
T

ab
le

 5
.A

3.
V

ul
ne

ra
bi

lit
y 

of
 e

co
sy

st
em

 g
oo

ds
 a

nd
 s

er
vi

ce
s 

in
 u

nm
an

ag
ed

 fo
re

st
 e

co
sy

st
em

s 
pr

ov
id

ed
 b

y 
th

e 
so

il
bi

ot
a 

to
 th

re
e 

ag
en

ts
 o

f g
lo

ba
l c

ha
ng

e:
 in

va
si

ve
 s

pe
ci

es
, c

lim
at

e 
ch

an
ge

, a
nd

 la
nd

-u
se

 c
ha

ng
e.

 S
co

ri
ng

 s
ys

te
m

 u
se

d 
is

 a
s 

fo
r

Ta
bl

e 
5.

A
1.

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

Fo
re

st)
1

Ex
ot

ic
 E

ar
th

w
or

m
s

D
ro

ug
ht

2
D

ef
or

es
ta

tio
n

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

Fo
od

 p
ro

du
ct

io
n

1
**

* 
fu

ng
i, 

* 
pH

1 
[a

lte
re

d 
 

–
1 

[r
ed

uc
ed

 
–

1 
[l

os
s 

of
 

–
fr

ui
ts

 fo
r 

fu
ng

al
 d

iv
er

si
ty

, 
fr

ui
ti

ng
 b

od
y 

m
us

hr
oo

m
s,

 
an

im
al

s
in

cr
ea

se
d 

fu
ng

al
 

ab
un

da
nc

e5 ,
 

fr
ui

ts
, h

un
ti

ng
, 

do
m

in
an

ce
4 ]

ch
an

ge
s 

in
 

et
c.

6 ]
ph

en
ol

og
y/

 
sy

nc
hr

on
y]

W
at

er
 q

ua
lit

y 
3

**
 p

la
nt

  
**

* 
to

po
g-

1 
[i

nc
re

as
ed

 s
oi

l 
–

3 
[r

ed
uc

ed
 w

at
er

 
–

3 
[i

nc
re

as
ed

 
–

an
d 

qu
an

ti
ty

 
sp

ec
ie

s 
ra

ph
y,

 s
oi

l 
er

os
io

n,
 n

it
ra

te
 

yi
el

d,
 s

ol
ut

e 
de

co
m

po
si

ti
on

, 
Fl

oo
d,

 e
ro

si
on

 
co

m
po

si
ti

on
, 

te
xt

ur
e,

 
le

ac
hi

ng
7 ]

co
nc

en
tr

at
io

ns
 

in
cr

ea
se

d 
co

nt
ro

l
so

il 
or

ga
ni

sm
s,

 
po

ro
si

ty
in

cr
ea

se
d]

ni
tr

ifi
ca

ti
on

,
bi

ot
ur

ba
to

rs
ac

id
ifi

ca
ti

on
, 

in
cr

ea
se

d
w

at
er

 y
ie

ld
8 ]

Fi
be

r 
(w

oo
d)

 
3

* 
pa

th
og

en
s,

 
**

* 
so

il 
0 

[i
nc

re
as

ed
+

3 
[r

ed
uc

ed
 

–
3 

[a
bs

en
ce

 o
f t

re
es

]
–

pr
od

uc
ti

on
pa

ra
si

te
s,

 
fa

ct
or

s 
N

PP
9 ]

N
PP

10
]

de
co

m
po

se
rs

, 
af

fe
ct

in
g 

N
PP

N
2

fix
er

s

Fu
el

11
3

* 
pa

th
og

en
s,

 
**

* 
so

il 
fa

ct
or

s 
0 

[i
nc

re
as

ed
 N

PP
]

+
3 

[r
ed

uc
ed

 N
PP

]
–

3 
[a

bs
en

ce
 o

f t
re

es
]

–
pa

ra
si

te
s,

 
af

fe
ct

in
g 

N
PP

de
co

m
po

se
rs

, 
N

2
fix

er
s

B
io

ch
em

ic
al

s/
 

1
**

 m
ic

ro
bi

al
 

*
0

+
0

–
0

–
m

ed
ic

in
es

12
di

ve
rs

it
y

Scope 64.qxd  10/6/04  11:35 AM  Page 132



H
ab

it
at

 p
ro

vi
si

on
13

3
**

* 
de

co
m

- 
**

* 
hu

m
us

 
0 

0
1 

[c
ha

ng
es

 in
 

–
2 

[c
ha

ng
es

 in
 

–
po

se
rs

, e
co

-
ty

pe
, p

H
, 

un
de

rs
to

ry
 

ha
bi

ta
t t

yp
es

15
]

sy
st

em
 

so
il 

fe
rt

ili
ty

, 
ve

ge
ta

ti
on

14
]

en
gi

ne
er

s
pa

re
nt

 m
at

er
ia

l, 
to

po
gr

ap
hy

W
as

te
 d

is
po

sa
l/

116
* 

de
co

m
po

se
rs

, 
* 

fo
re

st
 ty

pe
, 

017
0

2 
[r

ed
uc

ed
 

+
1 

[h
ig

he
r 

–
bi

or
em

ed
ia

ti
on

ec
os

ys
te

m
 

pH
, s

oi
l f

er
ti

lit
y,

 
de

co
m

po
si

ti
on

 
th

ro
ug

hp
ut

 
en

gi
ne

er
s

pa
re

nt
 m

at
er

ia
l,

ra
te

s,
 in

cr
ea

se
d 

of
 w

at
er

19
]

to
po

gr
ap

hy
 

so
lu

te
 c

on
ce

nt
ra

ti
on

s18
]

B
io

lo
gi

ca
l 

1
* 

in
se

ct
 ta

xa
, 

**
 w

at
er

-
0 

[m
od

ifi
ca

ti
on

 
+

1 
[u

np
re

di
ct

ab
le

 
+

1 
[s

tu
m

ps
 m

ay
 b

e 
–

co
nt

ro
l20

m
yc

or
ry

hi
za

l 
lo

gg
in

g,
 p

H
,  

of
 p

la
nt

 g
ro

w
th

]
di

se
as

e 
im

po
rt

an
t d

is
ea

se
 

an
d 

fu
ng

al
 

so
il 

te
xt

ur
e

in
te

ra
ct

io
ns

21
]

si
te

s21
]

pa
th

og
en

s
an

d 
st

ru
ct

ur
e

R
ec

re
at

io
n 

3
**

 a
nt

s 
an

d 
**

* 
st

ru
ct

ur
e 

0 
[i

nc
re

as
ed

 
–

3 
[i

nc
re

as
ed

 fi
re

 
–

2 
[t

re
e 

lo
ss

, r
ed

uc
ed

 
–

an
d 

ot
he

r 
us

es
in

se
ct

s 
fo

r 
of

 th
e 

re
so

ur
ce

s 
fo

r 
bi

rd
s 

ri
sk

, d
ri

er
 s

oi
ls

 
hi

ki
ng

, n
eg

at
iv

e 
w

ild
fo

w
l, 

ga
m

e
ve

ge
ta

ti
on

22
an

d 
ot

he
r 

an
im

al
s,

 
m

ay
 e

as
e 

ac
ce

ss
]

vi
su

al
 im

pa
ct

]
fis

hi
ng

]

C
ar

bo
n 

3
* 

lit
te

r 
qu

al
it

y,
 

**
* 

so
il 

te
xt

ur
e

1 
[r

ap
id

 
–

2 
[r

ed
uc

ed
 N

PP
]

–
3 

[i
nc

re
as

ed
 

–
Se

qu
es

tr
at

io
n 

w
or

m
s,

 r
oo

ts
lit

te
r 

lo
ss

]
de

co
m

po
si

ti
on

, 
de

ci
du

ou
s 

fo
re

st
m

aj
or

 C
 lo

ss
]

Tr
ac

e 
ga

se
s 

3
**

* 
ni

tr
ifi

er
s,

 
**

* 
tr

ee
  

1 
[i

nc
re

as
ed

 
–

1 
[d

ec
re

as
ed

 N
2O

 
+

2 
[i

nc
re

as
ed

 
–

an
d 

at
m

os
ph

er
ic

 
m

et
ha

ne
 

sp
ec

ie
s,

 p
H

, 
N

2O
 

pr
od

uc
ti

on
, 

N
2O

 p
ro

du
ct

io
n,

re
gu

la
ti

on
ox

id
iz

er
s,

 
so

il 
te

xt
ur

e,
pr

od
uc

ti
on

24
]

in
cr

ea
se

d 
C

H
4

de
cr

ea
se

d 
C

H
4

de
ni

tr
ifi

er
s

ae
ra

ti
on

23
ox

id
at

io
n25

]
ox

id
at

io
n25

]

So
il 

St
ru

ct
ur

e
3

**
* 

ea
rt

h-
**

 c
lim

at
e,

 
0

–
3 

[d
ep

en
de

nt
 

+/
–

1 
[s

om
e 

re
du

ce
d 

–
3 

[c
om

pa
ct

io
n,

 
–

w
or

m
s,

 
pa

re
nt

 m
at

er
ia

l, 
on

 a
sp

ec
ts

 o
f 

ac
ti

vi
ty

 a
nd

 
er

os
io

n,
 s

oi
l 

ro
ot

s,
 

er
os

io
n

so
il 

st
ru

ct
ur

e 
le

ac
hi

ng
]

co
m

m
un

it
y 

sh
ift

s]
ar

th
ro

po
ds

, 
co

ns
id

er
ed

26
]

ba
ct

er
ia

, f
un

gi

(c
on

tin
ue

d)

Scope 64.qxd  10/6/04  11:35 AM  Page 133



A
pp

en
di

x 
Ta

bl
e 

5.
A

3.
(c

on
tin

ue
d)

Pe
rt

ur
ba

tio
ns

In
va

siv
e 

Sp
ec

ie
s: 

C
lim

at
e 

C
ha

ng
e:

La
nd

-U
se

 C
ha

ng
e:

U
nm

an
ag

ed
 (

Fo
re

st)
1

Ex
ot

ic
 E

ar
th

w
or

m
s

D
ro

ug
ht

2
D

ef
or

es
ta

tio
n

G
oo

ds
Se

rv
ic

e
N

et
 

N
et

 
N

et
 

an
d 

Se
rv

ic
es

R
an

k
B

io
tic

Ab
io

tic
Vu

ln
er

ab
ili

ty
Im

pa
ct

Vu
ln

er
ab

ili
ty

Im
pa

ct
Vu

ln
er

ab
ili

ty
Im

pa
ct

N
ut

ri
en

t c
yc

lin
g

3
**

* 
m

ic
ro

be
-

* 
cl

im
at

e,
 

3 
[a

cc
el

er
at

ed
 

+/
–

2 
[b

io
lo

gi
ca

l 
–

3 
[h

ig
he

r 
ra

te
s 

–
fa

un
al

 
so

il 
pr

op
er

ti
es

, 
cy

cl
in

g 
of

 
ac

ti
vi

ty
 d

ec
re

as
ed

]
of

 d
ec

om
po

si
ti

on
 

in
te

ra
ct

io
ns

to
po

gr
ap

hy
, 

nu
tr

ie
nt

s]
an

d 
le

ac
hi

ng
 fr

om
 

P 
cy

cl
in

g
sy

st
em

]

B
io

di
ve

rs
it

y
2

**
* 

ro
ot

s,
  

* 
cl

im
at

e,
 

3 
[d

is
pl

ac
em

en
t/

 
+/

–
0 

[d
ep

en
de

nt
 o

n 
–

3 
[c

om
m

un
it

y 
sh

ift
s 

–
su

bs
tr

at
e 

fo
r 

so
il 

re
so

ur
ce

 
ex

ti
rp

at
io

n 
of

 
ab

io
ti

c 
dr

iv
er

s,
 

to
 o

pp
or

tu
ni

st
ic

 
so

il 
or

ga
ni

sm
s

qu
al

it
y,

 
na

ti
ve

 s
oi

l  
re

so
ur

ce
 q

ua
lit

y,
 

sp
ec

ie
s,

 in
cr

ea
se

d 
m

ic
ro

ha
bi

ta
ts

or
ga

ni
sm

s]
m

ic
ro

ha
bi

ta
ts

, r
oo

ts
]

do
m

in
an

ce
]

1 
E

nt
ri

es
 a

re
 fo

r 
a 

ty
pi

ca
l t

em
pe

ra
te

 d
ec

id
uo

us
 fo

re
st

, p
ri

nc
ip

al
ly

 m
an

ag
ed

 fo
r 

ti
m

be
r 

yi
el

d.
2 

D
ro

ug
ht

 is
 d

ef
in

ed
 a

s 
20

 p
er

ce
nt

 r
ed

uc
ti

on
 in

 s
um

m
er

 p
re

ci
pi

ta
ti

on
, b

as
ed

 o
n 

an
 a

ve
ra

ge
 fo

r 
10

-y
ea

r 
pe

ri
od

. T
he

 im
po

rt
an

t i
m

pa
ct

s 
of

 fi
re

 h
av

e 
no

t b
ee

n 
co

ns
id

er
ed

,
bu

t r
is

k 
of

 fi
re

 w
ou

ld
 in

cr
ea

se
 d

ra
m

at
ic

al
ly

 u
nd

er
 d

ro
ug

ht
 c

on
di

ti
on

s.
3 

D
ef

or
es

ta
ti

on
 is

 a
ss

um
ed

 to
 b

e 
co

nv
en

ti
on

al
 fe

lli
ng

, i
nv

ol
vi

ng
 ti

m
be

r 
re

m
ov

al
 b

ut
 n

on
-r

em
ov

al
 o

f f
el

lin
g 

de
br

is
.

4 
In

tr
od

uc
ti

on
 o

f e
ar

th
w

or
m

s 
in

to
 fo

re
st

 s
oi

ls
 h

as
 b

ee
n 

sh
ow

n 
to

 in
cr

ea
se

 th
e 

di
ve

rs
it

y 
of

 fu
ng

i i
n 

bu
rr

ow
 w

al
ls

 (
T

iu
no

v 
&

 D
ob

ro
vo

ls
ka

ya
 2

00
2)

, b
ut

 c
an

 a
ls

o 
ha

ve
 a

n
ef

fe
ct

 o
n 

m
yc

or
rh

iz
al

 c
ol

on
iz

at
io

n 
an

d,
 h

en
ce

, p
ot

en
ti

al
ly

 fr
ui

ti
ng

 b
od

ie
s 

(L
aw

re
nc

e 
et

 a
l. 

20
03

).
5 

D
ry

 y
ea

rs
 a

re
 ty

pi
ca

lly
 a

ss
oc

ia
te

d 
w

it
h 

st
ro

ng
ly

 n
eg

at
iv

e 
ef

fe
ct

s 
on

 fu
ng

al
 fr

ui
ti

ng
 b

od
ie

s 
(e

.g
., 

se
e 

W
ik

lu
nd

 e
t a

l. 
19

95
).

 T
hi

s 
im

po
rt

an
ce

 o
f f

or
es

ts
 a

s 
so

ur
ce

s 
of

 e
di

-
bl

e 
fu

ng
i d

iff
er

s 
gr

ea
tly

 b
et

w
ee

n 
re

gi
on

s.
6 

Fo
re

st
s 

ac
t a

s 
ha

bi
ta

ts
 fo

r 
a 

nu
m

be
r 

of
 fo

od
 s

pe
ci

es
, i

nc
lu

di
ng

 d
ee

r 
an

d 
bo

ar
. T

he
 o

ve
ra

ll 
im

pa
ct

 o
f d

ef
or

es
ta

ti
on

 o
n 

th
es

e 
fo

od
s 

de
pe

nd
s 

on
 th

e 
su

bs
eq

ue
nt

 u
se

 o
f t

he
la

nd
 a

ft
er

 d
ef

or
es

ta
ti

on
, b

ut
 a

 fe
lle

d 
fo

re
st

 w
ill

 g
en

er
al

ly
 a

ct
 a

s 
a 

po
or

er
 s

er
vi

ce
 p

ro
vi

de
r 

in
 th

is
 r

es
pe

ct
.

7 
E

xp
er

im
en

ta
l e

vi
de

nc
e 

su
gg

es
ts

 in
cr

ea
se

d 
N

 m
in

er
al

iz
at

io
n 

an
d 

ni
tr

ifi
ca

ti
on

 a
ft

er
 e

ar
th

w
or

m
 in

tr
od

uc
ti

on
 (

R
ob

in
so

n 
et

 a
l. 

19
92

).
 T

hi
s 

m
ay

 h
av

e 
lo

ca
l i

m
pa

ct
s 

on
so

il 
so

lu
ti

on
 c

he
m

is
tr

y 
bu

t i
s 

un
lik

el
y 

to
 h

av
e 

a 
m

aj
or

 im
pa

ct
 o

n 
st

re
am

 c
he

m
is

tr
y.

Scope 64.qxd  10/6/04  11:35 AM  Page 134



8 
C

la
ss

ic
 s

tu
di

es
 (

e.
g.

, H
ub

ba
rd

 B
ro

ok
) 

ha
ve

 c
le

ar
ly

 d
em

on
st

ra
te

d 
th

e 
im

pa
ct

s 
of

 d
ef

or
es

ta
ti

on
 o

n 
fo

re
st

 s
tr

ea
m

w
at

er
 c

he
m

is
tr

y.
 T

he
 e

ff
ec

ts
 a

re
 la

rg
el

y 
du

e 
to

 c
ha

ng
es

in
 d

ep
os

it
io

n 
an

d 
hy

dr
ol

og
y,

 d
ue

 in
 tu

rn
 to

 c
an

op
y 

re
m

ov
al

 a
nd

 to
 th

e 
dr

am
at

ic
 s

w
it

ch
es

 in
 p

hy
si

ca
l s

ta
tu

s 
of

 s
oi

l t
ha

t i
m

pa
ct

s 
de

co
m

po
si

ti
on

 r
at

es
.

9 
In

 th
e 

la
bo

ra
to

ry
, i

nc
re

as
ed

 g
ro

w
th

 o
f t

re
e 

se
ed

lin
gs

 h
as

 b
ee

n 
de

m
on

st
ra

te
d 

as
 a

 r
es

ul
t o

f e
ar

th
w

or
m

 a
dd

it
io

n 
(H

ai
m

i &
 E

in
bo

rk
 1

99
2)

.
10

 D
ec

re
as

ed
 N

PP
 w

it
h 

dr
ou

gh
t, 

w
it

h 
sl

ow
er

 g
ro

w
th

. T
im

be
r 

qu
al

it
y 

m
ay

 a
ct

ua
lly

 im
pr

ov
e,

 h
ow

ev
er

. M
yc

or
rh

iz
al

 fu
ng

i m
ay

 p
la

y 
a 

si
gn

ifi
ca

nt
 r

ol
e 

in
 fo

re
st

 d
ro

ug
ht

re
si

st
an

ce
 (

G
ar

ba
ye

 2
00

0)
.

11
 O

nl
y 

th
e 

pr
ov

is
io

n 
of

 w
oo

d 
is

 c
on

si
de

re
d.

12
 C

ur
re

nt
 r

ol
e 

of
 te

m
pe

ra
te

 fo
re

st
s 

as
 s

ou
rc

es
 o

f b
io

ch
em

ic
al

s 
an

d 
m

ed
ic

in
es

 is
 li

m
it

ed
 in

 te
m

pe
ra

te
 r

eg
io

ns
. H

ow
ev

er
, f

ut
ur

e 
po

te
nt

ia
l a

nd
 n

on
te

m
pe

ra
te

 fo
re

st
 u

se
ca

nn
ot

 b
e 

to
ta

lly
 ig

no
re

d 
an

d 
th

e 
lo

ss
 o

f e
ve

n 
on

e 
pl

an
t s

pe
ci

es
 m

ay
 b

e 
of

 im
po

rt
an

ce
.

13
 H

ab
it

at
 p

ro
vi

si
on

 fo
r 

hi
gh

-v
is

ib
ili

ty
/t

hr
ea

te
ne

d 
sp

ec
ie

s.
14

 C
ha

ng
es

 in
 u

nd
er

st
or

y 
ve

ge
ta

ti
on

 m
ay

 o
cc

ur
 a

s 
a 

co
ns

eq
ue

nc
e 

of
 d

ro
ug

ht
. R

ed
uc

ti
on

s 
in

 u
nd

er
st

or
y 

de
ns

it
y 

m
ay

 r
ed

uc
e 

va
lu

e 
as

 a
 h

ab
it

at
.

15
 D

ef
or

es
ta

ti
on

 m
ay

 h
av

e 
a 

ra
ng

e 
of

 im
pa

ct
s 

on
 s

m
al

l a
nd

 la
rg

e 
m

am
m

al
, b

ir
d,

 a
nd

 in
ve

rt
eb

ra
te

 p
op

ul
at

io
ns

.
16

 P
ro

du
ct

io
n 

fo
re

st
 h

as
 b

ee
n 

ev
al

ua
te

d 
as

 d
is

po
sa

l s
it

es
 fo

r 
se

w
ag

e 
sl

ud
ge

 (
Fe

rr
ie

r 
et

 a
l. 

19
96

);
 th

e 
di

sp
os

al
 p

ro
ce

ss
 d

ep
en

ds
 h

ea
vi

ly
 o

n 
th

e 
ac

ti
vi

ti
es

 o
f s

oi
l b

io
ta

. P
ro

-
du

ct
io

n 
fo

re
st

 is
 a

ls
o 

a 
su

it
ab

le
 la

nd
 u

se
 fo

r 
re

ve
ge

ta
te

d 
m

in
e 

w
as

te
s.

17
 In

te
ra

ct
io

n 
no

t i
nv

es
ti

ga
te

d,
 b

ut
 e

vi
de

nc
e 

su
gg

es
ts

 th
at

 e
ar

th
w

or
m

s 
m

ay
 h

el
p 

br
ea

k 
do

w
n 

w
as

te
. R

ec
la

m
at

io
n 

en
gi

ne
er

s 
us

e 
th

e 
vi

ab
ili

ty
 o

f e
ar

th
w

or
m

s 
as

 a
n 

in
de

x
of

 s
oi

l c
on

di
ti

on
.

18
 S

ho
rt

ag
e 

of
 w

at
er

 w
ou

ld
 h

av
e 

th
e 

di
re

ct
 p

hy
si

ca
l e

ff
ec

t o
f d

ec
re

as
ed

 d
ilu

ti
on

 o
f w

as
te

s,
 w

hi
le

 li
m

it
at

io
n 

to
 m

ic
ro

bi
al

 a
ct

iv
it

y 
co

ul
d 

le
ad

 to
 d

ec
re

as
ed

 d
eg

ra
da

ti
on

.
19

 In
cr

ea
se

d 
ch

an
ne

l b
yp

as
s 

flo
w

 a
nd

 d
ec

re
as

ed
 in

te
ra

ct
io

n 
ti

m
e 

be
tw

ee
n 

w
at

er
 a

nd
 s

oi
l w

ou
ld

 r
ed

uc
e 

ab
ili

ty
 to

 d
ea

l w
it

h 
ce

rt
ai

n 
po

llu
ta

nt
s 

(B
ar

dg
et

t e
t a

l. 
20

02
).

20
 R

ef
er

s 
to

 b
io

lo
gi

ca
l c

on
tr

ol
 o

f p
ar

as
it

es
 a

nd
 d

is
ea

se
s 

of
 n

at
ur

al
 s

pe
ci

es
.

21
 S

tr
on

g 
in

te
ra

ct
io

ns
 b

et
w

ee
n 

si
te

 m
an

ag
em

en
t a

nd
 r

oo
t p

at
ho

ge
ns

 w
it

h 
dr

ou
gh

t h
av

e 
po

te
nt

ia
lly

 b
en

ef
ic

ia
l e

ff
ec

ts
, w

he
re

as
 u

nt
re

at
ed

 s
tu

m
ps

 a
ft

er
 fe

lli
ng

 m
ay

 a
ct

 a
s

so
ur

ce
s 

of
 r

oo
t p

at
ho

ge
n 

in
oc

ul
um

 (
T

hi
es

 2
00

1)
.

22
 T

re
e 

sp
ec

ie
s 

an
d 

pl
an

ti
ng

 d
en

si
ty

 h
av

e 
a 

m
aj

or
 a

ff
ec

t o
n 

re
cr

ea
ti

on
al

 u
se

 o
f f

or
es

ts
, f

or
 b

ot
h 

hi
ke

rs
 a

nd
 h

un
te

rs
.

23
 T

ra
ce

 g
as

 c
on

su
m

pt
io

n 
by

 fo
re

st
s 

de
pe

nd
s 

on
 w

at
er

 s
ta

tu
s,

 s
pe

ci
es

, m
an

ag
em

en
t a

nd
, i

n 
pa

rt
ic

ul
ar

, e
xt

en
t o

f f
er

ti
liz

er
 a

dd
it

io
n 

(I
ne

so
n 

et
 a

l. 
19

91
).

24
 A

ss
oc

ia
te

d 
w

it
h 

in
cr

ea
se

d 
N

 m
in

er
al

iz
at

io
n 

an
d 

ea
rt

hw
or

m
 c

as
ts

 (
E

lli
ot

t e
t a

l. 
19

91
).

25
 S

oi
l w

at
er

 c
on

te
nt

 h
as

 a
 m

aj
or

 e
ff

ec
t o

n 
m

et
ha

ne
 tr

an
sf

er
s 

in
 s

oi
ls

, w
it

h 
op

ti
m

um
 c

on
te

nt
s 

fo
r 

m
et

ha
ne

 o
xi

da
ti

on
 a

nd
 n

it
ro

us
 o

xi
de

 p
ro

du
ct

io
n 

(D
el

 G
ro

ss
o 

et
 a

l.
20

00
).

 B
ot

h 
dr

ou
gh

t a
nd

 d
ef

or
es

ta
ti

on
 h

av
e 

m
ar

ke
d 

ef
fe

ct
s 

on
 th

es
e 

flu
xe

s.
26

 E
ar

th
w

or
m

s 
co

nt
ri

bu
te

 to
 s

oi
l s

tr
uc

tu
re

 th
ro

ug
h 

bi
ot

ur
ba

ti
on

 a
nd

 r
ed

is
tr

ib
ut

e 
or

ga
ni

c 
m

at
er

ia
ls

 o
ve

r 
a 

la
rg

e 
ve

rt
ic

al
 r

an
ge

 in
 th

e 
so

il 
pr

of
ile

; h
ow

ev
er

, a
s 

in
va

si
ve

s
th

ey
 d

is
pl

ac
e 

en
ch

yt
ra

ei
ds

 a
nd

 m
ic

ro
ar

th
ro

po
ds

 th
at

 a
re

 a
ls

o 
cr

it
ic

al
 fo

r 
so

il 
st

ru
ct

ur
e 

an
d 

de
ve

lo
pm

en
t.

Scope 64.qxd  10/6/04  11:35 AM  Page 135



Scope 64.qxd  10/6/04  11:35 AM  Page 136



137

6
Vulnerability and Management 
of Ecological Services 
in Freshwater Systems
Paul S. Giller, Alan P. Covich, Katherine C. Ewel,
Robert O. Hall, Jr., and David M. Merritt

Society obtains great benefits from properly functioning ecosystems in the form of pro-
visioning (e.g., food), supporting (e.g., waste processing, sustained supplies of clean
water), and enriching (e.g., recreation) services, all of which are provided at multiple
scales and at no charge to society. Freshwater benthic ecosystems often play important
and unique roles in providing many of these services (see Chapter 3, Table 3.1), but the
number and magnitude of anthropogenic stressors that threaten these services is grow-
ing rapidly. Sustainable development, which “meets the needs of the present generation
without compromising the ability of future generations to meet their own needs”
(World Commission on Environment and Development 1987), depends on our abil-
ity to manage and maintain these ecosystems and the services they provide. In order to
achieve this end, we need a better understanding of how benthic ecosystems function
and are structured, as well as stronger integration of management with ecological stud-
ies. Having insulated ourselves from many natural ecosystems through technology, we
often fail to appreciate the beneficial “workers” that sustain “nature’s economy” upon
which ecosystem services depend.

We now appreciate that degradation of freshwater sediments, which harbor the biota
essential to benthic ecosystem processes, will in turn degrade water quality and a range
of other services. We also understand that because of the strong linkage between fresh-
water ecosystems and the landscapes they drain (Giller & Malmqvist 1998), changes in
land use and other activities in the catchment can contribute to such degradation. Many

We are very grateful to three anonymous referees for their constructive insights and comments. We are also
grateful to Willem Goedkoop for his contributions to the discussions and ideas that initiated this chapter.
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current water management practices, such as flood control, water diversion and deten-
tion, channelization, and irrigation, affect the hydrological cycle at local to catchment
scales. Over the past several hundred years, humans have built thousands of kilometers
of diversion canals, channels, and levees to divert water for society’s use. Humans have
drained wetlands for urban development and agriculture, and have dammed rivers for
water abstraction and the generation of hydroelectric power. Although these activities are
intended to provide certain important services to the human population, they also sig-
nificantly degrade many other services, the values of which become evident only when
they are lost or destroyed. The examples of the demise of the Aral Sea in Central Asia
(Micklin 1992) due to the diversion of inflowing freshwater streams, and the ongoing
threats from paper mill effluent to the species-rich and globally unique freshwater biota
of Lake Baikal in southeast Siberia, are clear cases in point. On a larger scale, climate
change, an unintended consequence of human activities, also alters the hydrological cycle,
threatening freshwater habitats and organisms (and hence a range of services) through-
out the world (Palmer et. al. 1997; Lake et al. 2000; Wall et al. 2001). The threats of such
activities on sustainable development are clear.

The various types and importance of ecosystem services in fresh waters, and the role
of benthic biodiversity in the delivery of these services, are presented in Chapter 3, along
with a discussion of the balance between ecological and economic values. In this chap-
ter, we will briefly review the various threats to freshwater benthic ecosystems and the
important benthic species that help sustain ecosystem services. We also consider the vul-
nerability of these services, using a number of case studies to illustrate the cascading
effects of overexploitation and the subsequent loss or degradation of other services.
These case studies also illustrate how benthic organisms and the ecosystem services they
perform can be used to enhance management and maintain the overall health and sus-
tainability of freshwater systems.

Threats to Freshwater Systems
Threats to freshwater systems arise from a myriad of human activities, including chan-
nelization, groundwater pumping, diversion, dam building, pollution, human-induced
climate change, and overexploitation of natural resources (e.g., Postel & Carpenter
1997; Malmqvist & Rundle 2002). Nearly all major rivers and lakes worldwide have
large human population densities associated with them or within their drainage basins,
usually sited there with relatively little thought to the availability of potable water. The
growth of the human population and the mismatch between population growth and
provision of, and accessibility to, water resources is an imminent concern (Cohen
1995). An estimated 1.8 billion people now live under a high degree of water stress in
areas with limited supplies of potable water (Vörösmarty et al. 2000). This stress may
continue to rise, with a projected population living in these areas estimated to be between
2.8 billion and 3.3 billion by 2025 (Engelman & LeRoy 1993, 1995; Cohen 1995).
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Stressors and impacts that force changes in freshwater ecosystems can be classified
into four major types of threat (Malmqvist & Rundle 2002): (1) complete ecosystem
loss or destruction, (2) physical habitat alteration, (3) water chemistry alterations, and
(4) modifications of species composition. Ecosystem loss or destruction is often associ-
ated with water withdrawal from the system (e.g., in the Alps, Ward et al. 1999) result-
ing from rapid urbanization and/or intensification of agriculture, and the associated
water demand and lowering of water tables by extraction elsewhere. There is a strong
correlation between population size and water withdrawal (Gleick 2001), and irrigation
dominates water demand at the global level. Habitat alteration of the freshwater system
can occur from both instream activities (including channelization, damming, and
draining of wetlands) and catchment-related activities (such as deforestation, poor land
use, and alteration of the riparian corridor). Changes in water chemistry result from pol-
lution due to wastewater discharge, diffuse nutrient loading from agriculture runoff,
acidification from atmospheric inputs, and the introduction of endocrine disruptors
(Malmqvist & Rundle 2002). Introductions of exotic species may be direct or indirect
(as discussed below). Extinctions are common, often due to overexploitation of the
organisms themselves, habitat destruction (or loss of habitat to invasive species replace-
ment), the loss of functions necessary for some life stage of a particular species, or the
loss of a symbiont.

We have identified 14 major threats to the six major services provided by freshwa-
ter benthic systems (Figure 6.1). Each threat can impact more than one of the services,
and many of these impacts are mediated through the benthos. In reality, each threat can
be subdivided into a finer series of threats. For example, hydrologic modification can
have effects through a decrease in peak flow, increase in low flows, change in timing of
peak flows, changes in the rate of drawdown, and/or a decrease in flow variability, and
so on. Each ecosystem service can be affected by several different threats, and different
stressors may act synergistically. Eutrophication can increase biotic activity and thereby
enhance the effect of metal contamination (for example, the mobility of mercury). Like-
wise, changes in water chemistry, mechanical disturbances to a system, or changes to the
characteristics of the habitat can enhance the probability of successful species invasion
(Jenkins & Pimm 2003), which in turn may decrease economic success based on a
highly profitable food source for humans. Changes in the competitive balance between
species can also ensue. One example of this phenomenon is the replacement of the saw-
grass (Cladium jamaicense) communities in the wetlands of the Everglades in Florida,
United States, by cattail species (Typha latifolia and T. domingensis) as a result of phos-
phorous and nitrogen loading from agricultural runoff (Newman et al. 1998). In areas
of the 600,000–ha Everglades that have the highest phosphorous enrichment, cattails
dominate, but in portions of the Everglades where phosphorous remains low, sawgrass
still dominates. This shift in community structure directly resulting from human-
caused changes in water chemistry is due to the fact that cattails are better able to assim-
ilate nitrogen and phosphorous and to produce biomass. Figure 6.1 
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The stressors described above in Figure 6.1 occur in all types of freshwater ecosys-
tems; however, the magnitude and direction of their effects vary across ecosystems. Lakes
and wetlands are susceptible to various stressors due to their slow turnover of water, their
potential for accumulation of toxins and metals in their sediments, and their depen-
dence on the quality and quantity of water inputs from inflow streams. The suscepti-
bility of rivers and associated wetlands, on the other hand, is exacerbated by the down-
stream flow of water (and hence pollutants and sediments) and their longitudinal
connectivity (upstream and downstream dispersal migration of many species). Almost
any significant activity within a river catchment and throughout its drainage network
may have the potential to exert effects for large distances upstream and downstream.

Freshwater ecosystems face different threats in different regions, depending largely
on the economic activity and state of development. Water is abundant at high latitudes
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Figure 6.1. The interaction between six major ecosystem services, provided by freshwater
systems, and fourteen potential threats in the freshwater domain. An explanation of the
nature of the services is given in Chapter 3, Tables 3.1a–3.1e. Solid lines indicate the
direct links between the major services and the various threats, and the dotted lines indi-
cate links that may be mediated through the benthos.
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and in the wet tropics; however, in much of North and East Africa, Australia, and parts
of North America, the availability of potable water is relatively scarce. Even in the more
temperate countries with relatively high overall annual precipitation, major concentra-
tions of population are often located in areas of lowest rainfall (such as Dublin and Lon-
don), creating local water deficits that require large-scale engineering projects for water
storage and/or transfer, as well as water regulation activities to overcome. Roughly 40
percent of the world’s population that live in 80 dry, or partially dry, countries face seri-
ous periodic droughts (Cohen 1995); these pressures on water resources will be more
pronounced in Africa and South America by 2025 (Vörösmarty et al. 2000). Plans to
redirect water from uninhabited areas to population centers will create additional prob-
lems. Lakes in the developed world are threatened by eutrophication and lowered water
tables due to groundwater abstraction, while in the undeveloped world, overexploita-
tion of fish and invasion from exotic plants (e.g., the water hyacinth Eichhornia crassipes)
are more problematic. Destruction of running water habitats is extensive in much of the
developed world (because of flood control, drainage, clearing channels for transporta-
tion and transport of timber, and dredging), as well as in the developing world (largely
due to dam construction and mining; see Covich et al., Chapter 3).

Waste disposal poses significant threats to many systems, as treated and untreated
domestic and industrial waste leads to significant levels of eutrophication and to metal
and other chemical contamination. Sedimentation and nonpoint source pollution
result from changing land use such as deforestation, overgrazing, and intensification of
agriculture. The degradation of riparian zones that often accompanies such intensifica-
tion (as in the Netherlands, for example) also changes benthic ecosystem functions dra-
matically (Gregory et al. 1991). Even atmospheric pollution impacts aquatic ecosystems,
as evidenced by acidification of freshwater systems throughout northern Europe, the
northeastern United States, and Canada (Stoddard et al. 1999).

Anthropogenic threats and influences alter the balance of natural regulatory factors
in freshwater systems such as energy supply and flow, organic and inorganic matter
transport, hydrologic regimes, hydrologic and biogeochemical cycles, and water chem-
istry (Malmqvist & Rundle 2002). These anthropogenic factors change the structure of
freshwater sediment, alter temperature regimes, and cause other environmental condi-
tions to change beyond the normal levels of variation and extremes. Such changes will
clearly impact species unless they possess certain traits that confer resistance or
resilience to the environmental change.

Interaction of Threats and Ecosystem Disservices
There is frequently a trade-off between ecological and economic values associated with
ecosystem services (see Covich et al., Chapter 3). In this context, the interconnections
between services and threats provide an introduction to the concept of disservices.
Exploiting one service can negatively affect, or in extreme cases completely eliminate,
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another service. The potential for disservice is exacerbated when society introduces a man-
agement process to enhance one particular ecosystem function, and hence one particu-
lar service, that unintentionally leads to a reduction or change in another ecosystem func-
tion. The net effect is to degrade a second, non-target, ecosystem service (Figure 6.2).Figure 6.2

For example, regulating a river to obtain hydroelectric power has negative conse-
quences on ecosystem services that depend on natural hydrologic regimes and free-
flowing water. Natural rivers and streams are heterogeneous systems with flow patterns
that vary over time, often in predictable patterns (Poff & Ward 1989). However, in reg-
ulated rivers, the purpose of management is to adjust this variation; the reduced seasonal
and increased daily dynamics of flow in regulated rivers instead reflect the periods of
electricity demand. Reduced spring floods and elevated winter discharge, and even
high daytime/weekday flow and low nighttime/weekend flow often result (Malmqvist
& Englund 1996). In addition to changing flow regimes, habitat loss, fragmentation,

Figure 6.2. Conceptual diagram illustrating a disservice for humans, through the poten-
tial negative effect of implementation of management on an ecosystem function (EF1) to
enhance an ecosystem service (Service A). In this example, the physical alteration of the
structure of the ecosystem through the management regime also leads to a reduction or
change in function of EF3. This in turn can act as a disservice to EF2, hence causing a
negative impact on Service B.

Scope 64.qxd  10/6/04  11:35 AM  Page 142



and (in heavily regulated systems) a general change from lotic (running water) to lentic
(standing water), or even to dewatered conditions, can occur along some stretches of
river. These flow alterations change river habitats and their biota, including sedimen-
tary biota, fundamentally. For example, species richness and abundance of benthic
macroinvertebrates are impacted (Ward & Garcia de Jalon 1991) which, given the
clear role of such invertebrates in delivery of ecosystem services (see Covich et al.,
Chapter 3), will lead to degradation of such services (e.g., breakdown of wastes, support
of fisheries, and maintenance of high water quality). Effects on migrations and stocks
of anadromous salmonids, in turn, alter various services such as recreation. This is of sig-
nificant concern, for instance, in Sweden (Malmqvist & Englund 1996; Jansson et al.
2000), where over 70 percent of the rivers are regulated, and also in the northern third
of the Earth, where a majority of rivers are heavily influenced by river regulation
(Dynesius & Nilsson 1994). Worldwide, the number of “large” dams (greater than 15
m) has increased approximately eightfold over the last 50 years and the total number
of dams has risen to nearly 800,000 (Postel & Carpenter 1997; Rosenberg et al. 2000).

The introduction of exotic species further illustrates the concept of the interaction
of threats and ecosystem disservices. Exotic species introductions create less visible but
ecologically and sometimes economically important problems. Introductions of non-
native fish to improve fisheries for sport or to provide protein for human consumption
have led to the wholesale collapse of local biological communities and aquatic food
webs. The negative impacts on ecosystem functions that rely on intact food webs, such
as decomposition, biogeochemical cycling, and overall productivity, will likely affect
water quality, other fisheries, and hence a number of other services. The introduction
of a predatory cichlid into Gatun Lake in the Panama Canal (Paine & Zaret 1973) and
the introduction of Nile Perch into the African rift valley lakes (Kitchell et al. 1997) are
two cautionary cases. The zebra mussel (Dreissena polymorpha) is perhaps the most
famous and pervasive invading freshwater exotic. Originally native to the Black and
Caspian Seas, it spread throughout European waters during the 19th century, but it has
only recently reached Ireland (Minchin et al. 2003). Discovered in 1988 in Lake St.
Clair in the Great Lakes of the United States, it rapidly spread throughout the Great
Lakes and Mississippi river basin (Ludyanskiy et al. 1993). There is a range of abiotic,
biotic, direct, and indirect impacts of a zebra mussel introduction (MacIsaac 1996), but
one of the greatest is the impact of biofouling (undesirable accumulation on artificial
surfaces) associated with the settlement of the mussels. Water intake structures for
municipal, industrial, and hydroelectric plants are extremely vulnerable to fouling if they
draw intake water from an infested water body. Reaching densities of up to 334,000
mussels per square meter, the exotic mussels have significant ecological effects such as
competitive exclusion of native unionid mussel species (Ludyanskiy et al.1993; Fitzsi-
mons et al. 1995) and removal of phytoplankton, which results in the disruption of food
webs (Karatayev et al. 1997). Theoretical estimates suggest that the native mussel pop-
ulation in Lake Erie can filter up to 14 times the entire lake and remove phytoplank-
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ton equivalent to 25 percent of primary production each day (Bronmark & Hansson
1998). On the other hand, this trait can be utilized in management of eutrophication
problems as seen in the Netherlands. By efficiently filtering phytoplankton, these mus-
sels are able to alter nutrient cycling patterns, transfer carbon and nutrients from the
pelagic to the benthic zone through the build up of mussel biomass, reduce the con-
centration of suspended solids, and hence improve water clarity and increase macro-
phyte growth.

Given the various threats to ecosystem functioning in freshwater systems, one might
ask why the problem is not worse. After all, large population centers are still supported
by surface waters that continue to provide a number of ecosystem services. The answer
lies in part with the level of technology and infrastructure we are able to bring to bear,
such as wastewater processing, but also in the ability of the freshwater ecosystems and
biological communities either to cope with a certain level of disturbance or to recover
rapidly and restore function—that is, an innate resistance and/or resilience of the
ecosystem. The question remains: What role do benthic biota play in reducing the
impact of a threat? Specifically, how does benthic biodiversity influence ecosystem
processes in freshwater systems and are there key taxa involved, the loss of which will
have devastating consequences on ecosystem services? Overall, key taxa do influence
ecosystem functioning; the presence of certain species can substantially influence the sys-
tem (e.g., on decomposition) (Giller et al. 2004). Benthic studies, however, have gen-
erally focused on relatively low levels of species richness, and experimental studies have
been at local scales (Covich et al. 1999; Covich et al. 2004). More research is needed
to provide a comprehensive understanding of the various roles played by different ben-
thic species and functional groups of species.

Management and Ecosystem Services
In this final section we present five specific case studies that illustrate, in detail, the inter-
actions between threats and the impact on ecosystem services. We also provide exam-
ples of how some benthic ecosystem services themselves have been used to enhance man-
agement and contribute to the maintenance of the health of the freshwater ecosystems.
The case studies differ in geographical location, type of freshwater system, and nature
of the services and threats. The first case study highlights the Rhine and Meuse, major
European rivers that have been subject to centuries of human interference leading to
hydrological modifications and pollution and clear conflicts between the various
ecosystem services they offer. Efforts at restoration management are reversing some of
the more dramatic ecological changes. The second case study describes the Pantanal
region, a huge natural wetland complex in South America that undergoes massive sea-
sonal changes. Unlike the Rhine and Meuse rivers example, it is in a relatively unde-
veloped area. It offers a wide range of services to the native population and is a habitat
to considerable biodiversity, yet the Pantanal is increasingly threatened from growing
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agriculture and mining. Lake Mendota, the third case study, provides a recreational ser-
vice that was threatened by eutrophication. Here, management based on the ecological
concept of the trophic cascade has been applied with some success. Like the Pantanal,
the Everglades (the fourth case study) is a large wetland that provides a range of ecosys-
tem services. Agricultural pollutants, including heavy metals, have compromised these
services, illustrating the disservice phenomenon across terrestrial-aquatic boundaries.
The final case study of the Catskill Mountains watershed shows the scale of watershed
management that is needed to sustain water quality and provide potable water for New
York City. This example illustrates how landscape management can obviate the need to
replace natural ecosystem services with artificial technological processes, thus providing
significant economic and ecological value.

Repairing Years of Abuse: The Impact of Management for Transport
and Waste Disposal in the Lower Rhine and Meuse Rivers (Europe)

The Rivers Rhine and Meuse have served as vital European transport arteries for cen-
turies, as well as sites for urban and industrial development and water resources. Thus,
the two rivers are of considerable economic importance but have been subject to sub-
stantial anthropogenically derived changes over time. The River Rhine, a combined
glacier-rainfall river, originates in Switzerland (2,200 m above sea level) and flows over
1,250 km through France, Germany, and the Netherlands with a drainage area of
185,000 km2. In the Netherlands, it divides into three branches: Waal (65 percent of
discharge), Lek (21 percent discharge), and Ijssel (14 percent discharge). The River
Meuse is fed by rainwater, originates in France (410 m above sea level), and flows over
890 km through Belgium and the Netherlands, with a drainage area of 33,000 km2.
Both rivers flow into a lowland area where they form a river delta before entering the
North Sea (van den Brink 1994). The earliest documented human influence on these
rivers occurred in the Roman era and involved the construction of canals to regulate dis-
charge into the Dutch Rhine tributaries (van Urk & Smit 1989) and embankments
started in the Middle Ages. In the 18th century, the Rhine River floodplain was still tens
of kilometers wide, and the river meandered and supported an extensive riparian for-
est. Large-scale river regulation began in the 19th century, with construction of dams and
sluices for sea flood protection, dams for river regulation, and groins (breakwater boul-
der piles extending laterally into the river), weirs, and dykes to facilitate shipping.
These changes impeded natural meandering and formation of side channels, cutoff
channels, and oxbow lakes; consequently, the floodplain shrank dramatically (van den
Brink 1994). Since then, nearly all the floodplain forests have been cut, the riparian
forests have been largely removed, and the existing riparian areas have been degraded.
The significant loss to the aesthetic and recreational services is self-evident.

The water quality of the main channels of both rivers has changed considerably since
measurements began in the early 1900s, with increased levels of nutrients (nitrate and
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phosphate), salts (chloride, sodium, and sulphate), and heavy metals (cadmium, mer-
cury, lead, and zinc) (van de Weijden & Middleburg 1989). In addition, increasing
levels of organic micropollutants such as polychlorinated biphenyls (PCBs), para-
aminohippuric acid (PAHs), insecticides, and herbicides have contaminated the sedi-
ments. The lower sections of the two rivers accumulate inputs from several countries
upstream and are the most polluted. In the 1960s–1970s, oxygen levels were extremely
low, which affected the abstraction and provision of quality drinking water. More
recently, construction of sewage treatment plants has improved the Rhine, although the
Meuse still suffers from low oxygen, particularly in summer (van den Brink 1994). As
a result of thermal pollution from power plants and industries, water temperature in the
lower Rhine and Meuse has risen by 2 to 4˚ C since 1900.

Not surprisingly, there have been dramatic changes in the biotic communities of the
rivers. Plankton biomass in the river channels has increased, and is now dominated by
a few ubiquitous centric diatoms and green algae (Admiraal et al. 1993). These add a
considerable economic cost on filtration of the abstracted water. At present, the waters
of the lower Rhine are dominated by sodium chloride instead of calcium bicarbonate
(chloride levels increasing from < 20 mg/l in 1874 to > 200 mg/l in 1985; van den Brink
et al 1990), which, together with the increased temperature, has created an environment
that permitted the invasion of several exotic brackish-water and eurythermic macro-
invertebrate species. These include exotic species introduced from North America and
Eastern Asia and others that have immigrated from the Mediterranean and Ponte
Caspian areas. One species is the benthic filter-feeding amphipod crustacean Corophium
curvispinum, an invader originally from the southern Ponte Caspian area, which has
expanded its range since 1900 from the rivers entering the Caspian and Black Seas via
canals and rivers to western Europe, probably aided by shipping. It was first documented
in the middle then lower Rhine in 1987, and within a couple of years increased explo-
sively to become the most abundant species in the Rhine system. This species also
reached the Belgian part of the River Meuse in 1981 and the Dutch part by the end of
the 1980s. This invader has had a significant impact on the Rhine ecosystem (Neumann
2002). Its high fecundity, short generation time, and small size have led to massive den-
sities (rising from 2/m2 in 1987 to 200,000/m2 in 1991 on stones of groins in the lower
Rhine, van den Brink et al. 1993a), increased filter-feeding activity, and competition for
food and space with other species, including other exotic invaders such as the amphi-
pod crustacean, Gammarus tigrinus, and the zebra mussel, Dreissena polymorpha. Gam-
marus tigrinus invaded the lower Rhine in 1983, reducing abundance of the native
amphipod G. pulex. Dreissena spp. invaded Europe from the Black Sea and Caspian Sea
over two centuries ago, before the Industrial Revolution, but disappeared from the lower
Rhine in 1960s due to the poor water quality and high levels of cadmium. Reductions
in cadmium levels lead to Dreissena polymorrpha’s re-establishment in 1975 and its
subsequent rapid population increase. However, the species has now dramatically
declined since 1987 due to competition for space with the nonnative Corophium (van
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der Velde et al. 1994). Meanwhile, a number of native brackish-water crustaceans such
as the benthic amphipod Gammarus zaddachi range more than 100 km upstream of
their original distribution boundary, as a result of increased river salinity (van den
Brink et al. 1990, 1993b).

The rivers’ benthic community is now largely a pollution-tolerant one, with typical
pollution-sensitive aquatic insects (ephemeropteran, trichopteran, and plecopteran
species) having disappeared prior to 1940. Because the latter two families are involved
in detrital breakdown, the decomposition process was likely affected. Species richness
of macroinvertebrates declined from 83 around 1900 to 40 in 1987. The fish commu-
nity was completely dominated by cyprinids (particularly roach) in the 1970s, and
anadromous and rheophilous species declined or disappeared altogether (van der Velde
et al. 1990). For example, the salmon (Salmo salar), was overexploited and became
extinct despite large-scale restocking attempts, thus negatively impacting recreational
services provided by the rivers. In addition, changes in the macroinvertebrate commu-
nities and the invasion of exotic species led to changes in the river food web structure
and the diet of the major predatory fish (Kelleher et al. 1998).

Over the past two decades, various restoration management measures were imple-
mented that began to reverse some of these impacts (Jungwirth et al. 2002). The Rhine
Action Plan established by the Dutch government involved all the countries bordering
the river and implemented various measures to restore water quality and habitat struc-
ture. Discharge of raw sewage and industrial wastes has decreased. The much-publicized
Sandoz incident in 1986 (Lelek & Kohler 1990; Mason 1996), which involved huge
inputs of insecticides following a major fire in a chemical plant in Switzerland, led to
the closure of water diversion plants along the river and other controls and restrictions.
Despite such setbacks, some evidence of success has been seen in the rediscovery of sev-
eral benthic riverine species in the lower Rhine, including the net-spinning caddis fly
Hydropsyche conturbernalis, the water bug Aphelocheirus aestivalis, the damselfly
Calopteryx slendens, and the freshwater mussels Anadonta anatina and Unio pictorum
(van den Brink et al. 1990). The number of fish species has increased, rising from a low
of 12 in 1971 to 25 in 1987 (van der Velde et al. 1990). Further reduction of the pol-
lution loads in the entire drainage basin has focused on nutrients, heavy metals, and
organic micropollutants (such as PCBs and PAHs). Restoration of wetland vegetation,
floodplain lake water quality, and, in particular, connections between the main chan-
nel, floodplain lakes, and side channels were suggested as being particularly important
from a biodiversity perspective (van den Brink 1994). Indeed, the creation of perma-
nently flowing secondary channels on the Rhine floodplain in 1994 showed that within
five years these artificial secondary channels function well as an appropriate habitat for
riverine species, including the more demanding rheophilic species (those that prefer to
live in running water), and have thus contributed to the ecological value of the river
(Simons et al. 2001). Jungwirth et al. (2002) give a number of other examples of sim-
ilar river and floodplain restoration projects.
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Wetland Protection to Preserve Biodiversity and to Enhance Food
Production and Recreation: The Pantanal of South America

This enormous tropical wetland, the Pantanal of South America, is approximately the
size of the state of Florida and is the fourth largest complex of wetland ecosystems in
the world (Keddy 2000). Its basin covers approximately 138,000 km2 in Brazil and
100,000 km2 in Bolivia and Paraguay. It consists of numerous streams, lakes, and sea-
sonally flooded swamps. The basin receives inflows from several large rivers (e.g., Rio
Paraguay, Rio Petras, Rio Cuiaba) that flow southward to join the Rio Parana and then
to become the Rio Plate in Argentina (see Por 1995 for further details). The river water
that supplies it is primarily “clearwater” (sensu Sioli 1984), with little suspended mate-
rial under pristine conditions. A unique feature of the Pantanal is that it experiences sub-
stantial changes in the area that is under water between wet and dry seasons each year,
with as little as 10 percent of the area inundated during the dry season and as much as
70 percent during the four-to-six-month wet season. During the dry season, shallow,
isolated water bodies develop aquatic communities that are characterized by high tur-
bidity because of the density of bacteria and algae as well as black coloration in the water
from humic materials released during decomposition. Nevertheless, these temporary
aquatic ecosystems have no endemic or even rare species. This is because of the likeli-
hood of extinction during occasional very dry periods followed by the certainty of the
extensive mixing among aquatic and wetland ecosystems that follows flooding in the wet
season.

The seasonal wet-dry cycle provides a wide range of ecosystem services of great eco-
logical and economic value. There were a large number of indigenous people who cul-
tivated wild water rice, hunted deer, and constructed artificial islands within the
swamps on which to live (Moss 1998). Water supply, food production, and waste pro-
cessing all still contribute important economic values to the region, and benthic com-
munities play an important role. The Pantanal is characterized by a density of large ver-
tebrates and unique food webs (Heckman 1998). In addition to providing habitat to
endangered terrestrial and semi-aquatic species such as the spotted jaguar (Panthera
onca), giant anteater (Myrmecophaga tridactyla), and giant river otter (Pteronura
braziliensis), this vast region supports more than 40 species of wading birds and more
than 400 species of fish. These species have high “existence values” for many people, and
they maintain the complex pelagic and benthic food webs that are the basis of many
ecosystem services. Recreational uses are also of major economic importance. Hunters,
fishermen, and conservationists travel from all over the world to view and to exploit this
exceptional biodiversity.

During the dry season, much of the unflooded matrix within the Pantanal wetland
becomes a savanna used for grazing large herds of cattle that are supported by nutrient
cycling in the sediments. The savanna is divided into a series of cattle ranches (based on
several million zebu cattle and local breeds) that have been burned regularly by ranch-
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ers for the last 150 years. Deforestation by burning to create more grazing land has led
to soil erosion and high rates of sedimentation (see Covich et al., Chapter 3 and Ine-
son et al., Chapter 9). In more recent years, nonnative grasses have been introduced to
improve forage, and pesticides and fertilizer use has increased in an effort to support the
growth of rice and soybeans. These increased chemical inputs have negative effects—
such as bioaccumulation and eutrophication—as occur elsewhere in the world (Moss
1998). Gold mining predates ranching by about 100 years, and open-pit gold mines are
still being established. Purification of gold ore utilizes mercury, which is then evapo-
rated, and there is some evidence of mercury pollution affecting birds (as in the Ever-
glades). Subregions within the basin (such as Nhecolandia, Brazil, the second largest of
11 subregions) are being studied with remote sensing to increase available data on
land-use values. Meanwhile, threats from the watershed have also increased, and the
rivers feeding the Pantanal now introduce chemical contaminants, nutrients, and sed-
iment from increasing urban developments, agricultural operations, and mines. Seidl
and Moraes (2000) estimate the annual total value of ecosystem goods and services to
the Nhecolandia subregion is more than US$15.5 billion.

The conflict is clear in the Pantanal between the maintenance of natural provision-
ing, supporting, and enriching services and the increase of the delivery of artificial ser-
vices through agriculture and exploitation of natural resources. It is quite remarkable that
such a diverse and unusual animal assemblage exists, given that it is dependent on a food
chain with a very important benthic base that itself is by no means unique in its diver-
sity or nature. How long the Pantanal ecosystems can continue to provide the wealth of
ecosystem services under the increasing effects of the various stressors is unknown.

Nutrient Cycling and Productivity of Lakes: 
Lake Mendota, Wisconsin, United States

Lakes are used for a variety of ecosystem services, but because of their enclosed nature
and the slow turnover of their water, they are often susceptible to a variety of threats,
among them the loss of ecosystem services and resulting disservices. Eutrophication, for
instance, results in rapid growth of blue-green algae, which affect tastes and odors of
drinking water. Algal blooms disrupt filtration processes during water abstraction and
can be toxic, which may affect drinking water for municipalities. These issues stimulated
intensive experimental and modeling studies to determine whether such changes were
irreversible (Baerenklau et al. 1999; Wilson & Carpenter 1999).

Lake Mendota in Madison, Wisconsin, is one of the most thoroughly studied
medium-sized (approximately 4,000 ha) lakes in North America (Kitchell 1992). In the
early 1980s, the combined decline of walleye populations and lost recreational fishing,
together with concerns over unpredictable eruptions of noxious and sometimes toxic
blue-green algae (cyanobacteria), led to a research effort demonstrating that water qual-
ity and food web management could be integrated. The management processes devel-

6. Vulnerability and Management of Ecological Services in Freshwater Systems | 149

Scope 64.qxd  10/6/04  11:35 AM  Page 149



oped here and elsewhere were based on the trophic cascade concept (Carpenter &
Kitchell 1993), in which enhanced populations of top piscivorous predators that feed
on planktivorous fish led indirectly to the reduction of algal densities through the
release of zooplankton populations that feed on algae. This approach of using one
ecosystem function (predation) to enhance another (herbivory) and hence increase an
ecosystem service (provision of high-quality water) has been utilized in a number of
countries. In the case of Lake Mendota, management issues to solve conflicting service
provision included: (1) trade-offs between increased stocking for walleye and northern
pike fishing or managing for bass or perch (distinct “goods” for different people); (2)
effects of increased water clarity (following removal of algae by grazing zooplankton) on
deep light penetration, which can result in increased growth of submerged aquatic
plants (that provide critical habitat for juvenile fishes, but can become weedy and
reduce dissolved oxygen in the littoral zone during late summer and winter when the
dead plants decay); and (3) disadvantages of improved water quality (clear water with
lower concentrations of dissolved nutrients), which made it difficult to fulfill the
demand for recreational fishing.

These integrative studies led to new questions about how management can enhance
ecosystem services in freshwater bodies: How are “distinct” ecosystems, with apparently
clearly defined surface boundaries (e.g., small ponds, large lakes, and rivers), intercon-
nected hydrologically over time and space? How might these linked ecosystems func-
tion and affect each other in predictable ways? Why must fisheries biologists add fer-
tilizers to increase fish production in some locations (hatcheries, aquaculture ponds)
when water-quality engineers are designing treatment plants to remove nutrients in
other “downstream” locations (groundwaters, rivers, and lakes)? Is production of fish for
food versus recreation a necessary trade-off? Or can aquatic ecosystems be managed to
optimize complex production functions? Can natural processes of nutrient cycling and
organic-matter breakdown provide supplemental services that could save construction
of new treatment plants? Answers to such questions have emphasized that sedimentary
deposits and the species that live in these substrates are key regulators of nutrient
cycling and productivity of different forms of plants. These basic elements of nutrient
cycling (bottom-up control) interact with the effects of open-water predators such as
fishes (top-down control) to jointly influence entire food webs (Kitchell 1992; Car-
penter & Kitchell 1993).

The Everglades: 
Coping with Heavy Metals and Ecosystem Disservice

The Everglades is a vast freshwater wetland that originally covered an area of more than
10,000 km2 in south Florida, United States. It is part of a 100-km-long basin in which
water flows along a gradual gradient of 3 cm/km from shallow Lake Okechobee to the
mangroves lining Florida Bay. Exploitation of rich organic soils for agriculture, drainage

150 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

Scope 64.qxd  10/6/04  11:35 AM  Page 150



for urban development, the construction of canals, and the impoundment of surface
water for flood control and water storage have led to dramatic changes in flooding and
fire regimes and nutrient inputs to the wetland. Because of draining and modifications
in hydrologic regime, the area of the Everglades is now, in 2004, 35 percent of its orig-
inal size.

The Everglades provides numerous ecosystem services for human well-being. Even
in its much altered state, the Everglades filter polluted runoff from agricultural fields,
yielding fresh, clean water for a variety of uses, including support of the estuarine
ecosystems at its terminus. It harbors and produces a great quantity and diversity of
wildlife, most notably alligators, crocodiles, the Florida panther, manatees, and a rich
variety of aquatic birds. The fresh water it supplies to Florida Bay comes in a quality,
quantity, and pattern of delivery that enables coastal ecosystems to provide their own
suite of services. Finally, the Everglades provide aesthetic values, including recreation,
to an audience that extends well beyond the boundaries of the United States.

Among the many changes to the Everglades that alerted scientists and resource man-
agers to potential “ecosystem disservices,” one that was particularly difficult to diagnose
was the increase in concentrations of mercury in several species of vertebrates. Mercury
contamination has been particularly pronounced for Everglades sport fishes; high lev-
els have been detected in other vertebrates, including alligators, wading birds, and the
Florida panther (Fink et al. 1999). Fear arose that agricultural pollutants introduced
primarily into the north and eastern ends of the wetland were finding their way into and
up the food chain, instigating a closer look at the mercury cycle in the Everglades. In
fact, the emerging pattern of cause-and-effect is complex and, in some ways, very dif-
ficult to counteract.

Most of the mercury introduced to the Everglades comes from atmospheric sources,
not from agriculture (Fink et al. 1999). Although some is from natural sources, such as
volcanoes and outgassing from oceans, approximately 95 percent of the atmospheric mer-
cury is released with coal combustion, waste incineration, and industrial processing
(Krabbenhoft et al. 2003). Mercury in the atmosphere is primarily elemental mercury,
which is relatively inert. Once deposited, it is subject to conversion to the more toxic
methylmercury, a process performed primarily in an anoxic environment by sulfur-
reducing bacteria, which are responsible for much of the organic carbon decomposition
in the Everglades’ sediments. An unusual feature in the Everglades’ food chains is the
dominance of periphyton over phytoplankton as the base of food chains (Browder et al.
1994). Periphyton is an assemblage of algae, bacteria, and associated microfauna that
form a mat that overlies the surface sediments and often includes filamentous blue-green
algae. Both mercury and methylmercury accumulate in periphyton, but it is still unclear
how mercury becomes so concentrated in fishes near the top of the food chain. Com-
plex interactions that change seasonally with fish diets (which include benthic inverte-
brates) and are affected by wetting cycles, fire, sunlight, total mercury concentrations, sul-
fate concentration, and levels of anoxia remain to be clarified (Gilmour et al. 1998;
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Krabbenhoft et al. 2003). It is clear that in areas of nutrient enrichment, accumulation
of biomass (often attributed to increased abundance and rates of growth of Typha lati-
filia and T. domingensis) increases, rates of microbial activity and decomposition increase,
and there is an increased tendency for mercury methylation (Gilmour et al. 1998).

Through our use of the atmosphere to perform the service of waste mercury disposal,
humans are compromising animal and human food chains in the Everglades. Atmo-
spheric deposition of mercury to the Everglades is approximately double the rate in rural
Wisconsin for example, but it is difficult to determine the source of this input.
Although it may be possible to manipulate Everglades water levels and mercury release
patterns to minimize formation of methylmercury, the parts of this wetland that are
most affected are the parts with the most natural fire and water regimes. Maintaining
an environment that can continue to produce sustainable populations of sport fish and
wildlife may not be compatible with atmospheric release of waste mercury. This exam-
ple of the Everglades’ ecosystem demonstrates the extent to which freshwater systems
are often compromised by the use of ecosystem services in other realms.

Clean Drinking Water: Managing the Catskill Mountains of 
New York City’s Watershed to Provide High-Quality Water Supplies

One of the major success stories in the use of natural ecosystems to deliver vital ecosys-
tem services is the use of a series of river-reservoir ecosystems located in the Catskill
Mountains to provide water for New York City’s nearly nine million people (Ashendorff
et al. 1997). Three large reservoir systems (Croton, Catskill, and Delaware) containing
19 reservoirs, 3 controlled lakes, and numerous tributaries cover an area of 5,000 km2

with a reservoir capacity of 2.2 ×109 m3. The US Environmental Protection Agency
issued a “filtration avoidance status” in 1997 for five years in response to the city’s
request to upgrade their watershed management and enhance the capacity of natural
ecosystems to maintain clean water. To avoid the potential expense of US$2–8 billion
over 10 years to build new, larger filtration plants to meet drinking water standards, the
city invested US$1–1.5 billion to restore natural ecosystem processes in the watershed
(Ashendorff et al. 1997; Foran et al. 2000). The city agreed to construct a filtration plant
if natural processes failed to meet EPA standards. Filtration is viewed as essential
because chlorination is not completely effective in killing pathogens, particularly when
there are high levels of suspended materials (Schoenen 2002).

New York City increased the capacity for natural nutrient retention and lower ero-
sion by protecting riparian buffer zones along rivers and around reservoirs. Road con-
struction within 30 m of a perennial stream and 15 m for an intermittent stream was
prohibited. Non-point sources of nutrients and pesticides from stormwater runoff,
septic tanks, and agricultural sources were also regulated. Water managers continued to
monitor for protozoans, such as Crytosporidium parvum and Giardia lamblia, that cause
cryptosporidiosis and giardiasis.
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The city is now expected to save some US$300 million annually that would be nec-
essary to run new filtration plants. The investment in natural capital reduced risks of
contaminants, and the city can now focus on minimizing disinfectants at the final treat-
ment stages. Although chlorination of drinking water is widely used, it can produce car-
cinogenic byproducts (e.g., chloroform, trihalomethane, and 260 other known chem-
icals) in drinking water, especially in ecosystems with high levels of organic matter
(Zhang & Minear 2002).

Increasing effectiveness of natural ecosystem processes by watershed protection,
restoration, and riparian management provides an example of how planners can cope
with highly variable inputs that characterize this catchment (e.g., Frei et al. 2002).
Boston, Seattle, San Francisco, and Greenville, South Carolina, are other examples
where natural ecosystem services are used in conjunction with water treatment plants
to ensure high-quality drinking water (O’Melia et al. 2000). This final case study illus-
trates the potential value of maintaining and enhancing natural ecosystem functioning
in order to provide our vital ecosystem services.

Discussion and Conclusions
These case studies provide a spectrum of examples that demonstrate not only the ways
in which ecosystem services are provided by freshwater benthic species, but also how
they are vulnerable to human activities. The studies also provide some lessons that can
be carried over into creating improved management of complex, interconnected ecosys-
tems. A central feature of vulnerability of these benthic species is that, although fresh-
water is widely available, it is often extremely and unevenly distributed. Consequently,
there are significant geographical disparities in the frequency and intensity of threats to
the benthic biota and their associated ecosystem services. The trade-offs between eco-
logical and economic values that are facing managers will be drastically different in the
arid zones of Africa or India than in the arid western United States.

Trade-offs can be complex in wet or dry regions when exploitation of an ecosystem
for one service eventually becomes a disservice relative to other needs. When managing
for optimizing one service entails obstructing or even destroying the capacity to enjoy
another service, either from the same ecosystem or from another ecosystem, planners
must rationalize benefits from each service as well as the possibility of mitigation of
effects in advance.

Managers often focus on a single problem and then seek to enhance a single ecosys-
tem service to resolve the problem. For instance, designating the Catskill Mountains as
a protected watershed for supplying New York City with fresh water provides a com-
plex case study for other cities to consider. Will this approach establish a sustainable sys-
tem for obtaining potable water without other unintended consequences? It is not
clear what the effects of deflecting inflows for New York City’s use will have on the Hud-
son River. Will the complexity of habitats that would have supported a greater number
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and diversity of fish and benthic infauna be affected by this alteration of flow? Will
saline waters move farther upstream on the tidally altered portions of the Hudson
River during droughts and thus affect other water supplies or certain benthic species’
roles in providing other needed ecosystem services? Another poignant example of our
inability to manage “single-service contracts” with freshwater aquatic ecosystems is the
increased mercury contamination in the Everglades, now the scene of dramatic and
expensive efforts to restore the suite of ecosystem services that it once provided. Restor-
ing and preserving watersheds, redirecting wastewater to specially constructed wet-
land ecosystems, and guarding against the introduction of alien species are important
goals—but complete analysis also requires comprehensive studies of inputs from the air-
shed. Mercury contamination from rainfall containing metals derived from burning fos-
sil fuels persists as a major issue even if water pollution and hydrology can be managed
to sustain the benthic biota. The Pantanal provides a positive example of a vast and
complex landscape that continues to sustain high productivity in a mixture of wetland
ecosystems that change shape and chemistry as wet and dry seasons alternate. Although
the Pantanal is probably a fragile collection of interdependent ecosystems, and impor-
tant parts may yet be lost to the threats that impinge on it, its example impresses on us
the reality that assaults to a benthic community may ultimately be repairable. This is
the hope for many of the severely stressed freshwater systems in Asia and Africa that have
lost most of their most important natural provisioning and support ecosystem services
(especially provision of potable clean water) through excessive inputs of pollutants. Gen-
erally, freshwater ecosystems are resilient to many kinds of short-term threats, once the
perturbation stops and recovery becomes possible (Resh et al. 1988; Jansson et al.
1999). Much of this resilience and resistance can be attributable to the benthic com-
munity, which seems to provide a stabilizing interface between the physical environment
and the nonbenthic community, and hence many of the services the freshwater ecosys-
tems provide.

Risk analyses, to help balance our demands on valuable ecosystems more effectively,
depend on the knowledge of what human activities are damaging, how such damage can
be avoided, and the extent to which ecosystem services that are currently impaired can
be restored. In order to offer such advice, we also need information on what governs the
production of ecosystem services, the role of biodiversity in the sustainability and level
of the services, and how production of services changes under altered conditions. Can
we rank the threats in order to provide some guidance as to what actions are the most
important to avoid and what are the most useful for beneficial restoration? We might
speculate that geomorphic alteration is the most serious, as freshwater systems are not
resilient to this sort of change. Chemical pollution and local extinctions can be more
easily mitigated against and recovery is usually rapid. Large-scale watershed/catchment
perturbations (such as changing land use) and resultant hydrochemical changes are far
more significant again than local point source pollution. Invasive species may or may
not be significant, depending on how they interact with the native communities and the
scale of activity and population growth. Pulse disturbances (which occur over a rea-
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sonably limited spatial and temporal scale), be they hydrological (such as natural
drought or flood) or chemical (such as pollution events), have limited long-term impact
due to the high resilience of most freshwater systems. On the other hand, longer-term
directed press disturbances (such as acidification, eutrophication, human-induced cli-
mate change, and hydrologic regulation) will have a greater impact on the ecological
communities and hence on the provision of ecosystem services. The extent to which bio-
diversity provides some “insurance” against such changes is not clear at present, but the
evidence from evolution suggests that some species may adapt to change while others
may become extinct, thus, the provision of some ecosystem services may remain. For
freshwater systems, however, this insurance is also at risk, as available information sug-
gests that freshwater biodiversity has declined much faster over the past 30 years than
either terrestrial or marine biodiversity. The greatest effects appear to be in the densely
populated regions of the tropics (particularly South and Southeast Asia) and in dryland
areas (Jenkins 2003). This complex linkage within and among ecosystems, like the
example of the River Rhine, whose water quality has been improved enough to see the
reappearance of many species of aquatic insects and fishes, will benefit from continued
long-term monitoring and analysis of complex trade-offs inherent in management
decisions.
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7
Vulnerability of Marine 
Sedimentary Ecosystem Services 
to Human Activities
Paul V.R. Snelgrove, Melanie C. Austen, Stephen
J. Hawkins,Thomas M. Iliffe, Ronald T. Kneib, Lisa A.
Levin, Jan Marcin Weslawski, Robert B. Whitlatch,
and James R. Garey

Marine sedimentary ecosystems encompass more of the Earth’s surface than any other
habitat, but many people consider the sea floor to be a vast, monotonous environment
that is remote from human disturbance. Biodiversity is often thought to be of little con-
sequence to the resources we extract from the ocean, to the health of the marine envi-
ronment, and to quality of human life. Nonetheless, marine sediments provide impor-
tant extractable goods such as fisheries. They also play regulatory roles in global transfer
and cycling of materials and energy (see Weslawski et al., Chapter 4). Many of the
ecosystem processes (sensu Chapin et al. 2002) that occur in marine sediments also have
important consequences for the sustainability of ecosystem services valued by human
society (e.g., shoreline stabilization, waste recycling, etc.). Marine sediments from the
highly visible coastline (Figure 7.1) to the remote and lesser known deep sea vary in
exposure to threats and the probability of being harmed by threats if exposed; both issues
contribute to vulnerability, defined here as the propensity of ecological systems to suf-
fer harm from exposure to external stresses and shocks (Wall et al. 2001; Folke et al.
2002). The goal of this chapter is to examine potential threats to biodiversity in marine
sedimentary ecosystems. We ask whether changes in biodiversity will increase the vul-
nerability of systems to loss of processes and services, and we examine their potential to
recover from impacts. In most examples, loss of services provided by marine sediments
has not yet been addressed by scientists; the discussion, therefore, focuses on processes
with the underlying implication that these affect services (see Weslawski et al., Chapter
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Figure 7.1. Schematic summary of the major threats to ecosystem goods and services in
estuarine and coastal ecosystems.

Table 7.1. Summary of major threats to marine sedimentary systems and the
scales at which they are manifested.

Scale Issue Ecosystems Most Affected

Small Scale invasive species estuaries, wetlands 
(individual embayments) disease estuaries, wetlands 

coastal development/ wetlands, estuaries
habitat alteration 

Mid Scale (regional scale) hydrologic alteration wetlands, estuaries, intertidal 
overfishing/habitat shelf, slope, estuaries, wetlands
destruction 
eutrophication/pollution estuaries, shelf

Large Scale (basin scale) climate change, including: 
sea-level change wetlands, intertidal, 

estuaries
rainfall patterns wetlands, intertidal
temperature shelf, intertidal
wind & circulation all
salinity estuaries, wetlands, 

intertidal
ultraviolet radiation all
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4). As in Chapter 4 of this volume, marine systems here are grouped into estuarine, con-
tinental shelf, and deep-sea sediments. Estuaries encompass sedimentary habitat at the
land-sea interface where seawater is measurably diluted by freshwater input, the conti-
nental shelf refers to the sea floor between continents and the top of the continental slope
(~130 m deep), and deep-sea habitat encompasses the comparatively steep (~4˚) conti-
nental slope that extends from the edge of the continental shelf to the continental rise
(~ 4,000 m) that grades into the vast abyssal plains (4,000–6,000 m) that cover much
of the deep ocean floor. Seamounts are submerged mountains on abyssal plains that
extend thousands of meters above the sea floor.Figure 7.1 near here

Threats and Scales of Vulnerability
Sedimentary ecosystems are exposed to multiple threats stemming from human activ-
ity (Table 7.1) with the potential to exert significant impacts on species composition
and ecosystem processes across local (a bay or semi-enclosed coastal area), regional
(hundreds of kilometers) and basin-wide scales (Hixon et al. 2001). Like other ecosys-
tems, marine environments have a capacity to withstand and recover from human-
induced disturbances. For example, sustainable fisheries are possible because popula-

01 01

01 8

01 6

01 4

01 2

01 0

01 801 601 401 201 0

H
ab

ita
t a

lte
ra

tio
n

H
yd

ro
lo

gy
 c

ha
ng

e

In
va

si
ve

 s
pe

ci
es

D
is

ea
se

E
ut

ro
ph

ic
at

io
n

P
ol

lu
tio

n

T
em

pe
ra

tu
re

 c
ha

ng
e

R
ai

nf
al

l c
ha

ng
e

S
al

in
ity

 c
ha

ng
e

F
is

hi
ng

D
is

tu
rb

an
ce

C
irc

ul
at

io
n 

ch
an

ge

laudividnI
seirautse

enirautsE
smetsys

flehS
snoiger

epolS
snoiger

lassybA
snoiger

mk( eziS tatibaH 2)

S
ca

le
 o

f T
hr

ea
t (

km
2 )

Figure 7.2. Scales of threats to marine sedimentary habitats. Circles denote ranges of
affected area and habitats. Arrows for invasive species/disease and fishing disturbance
indicate potentially larger scales of threat with increased human disturbance.
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tions of organisms have an innate capacity to increase their numbers, and individuals
removed by fishing are replaced by the offspring of those that escaped the fishery. Like-
wise, many marine systems can accommodate some sewage input without loss of bio-
diversity or generation of anoxia. The problem is that disturbances often exceed the
capacity of the system to recover, resulting in loss of species and, in some instances, loss
of the capacity to produce goods and services. The size of a system and its proximity
to human populations may influence vulnerability at different scales, and we therefore
examine vulnerability to threats by scale of impact (Figure 7.2) from the land-sea
interface to the deep sea.Table 7.1, Figure 7.2 

Local-Scale Threats (kilometers to tens of kilometers)
Estuaries are more likely than continental shelf (gently sloping regions from 0–130 m
depth between the shoreline and the upper edge of the continental slope) and deep sea
(regions beyond the continental shelf, including the continental slope [~130–
3,000 m], continental rise [~3,000–4,000 m], and the abyssal plains [~4,000–6,000
m]) systems to experience severe local-scale effects because they are smaller in spatial
extent, less open to adjacent systems, and physically closer to human populations
(Levin et al. 2001). However, we also recognize that intense local effects (e.g., many
individual trawls) can spread and become regional (e.g., broad-scale fishing impacts).
Below we outline local-scale threats.

Alien Taxa

Alien species are often introduced from point sources (e.g., ship ballast water and hull
fouling, mariculture [marine aquaculture] activities; see Carlton & Geller 1993),
though in instances where species are highly invasive, they can quickly create problems
at a regional scale through rapid dispersal of propagules (Wehrmann et al. 2000). Inva-
sive species may also exhibit population lags over many generations before becoming a
problem (Crooks & Soulé 1999). Within estuarine habitats, biotic invasions rank sec-
ond only to habitat alteration among potential threats to biodiversity (Vitousek et al.
1997; Carlton 2001), and invasion rates to coastal marine systems have accelerated over
the past 200 years (Ruiz et al. 2000; Carlton 2001). Most benthic faunal invaders have
been crustaceans and mollusks (Ruiz et al. 2000), but polychaetes (Roehner et al.
1996), plants, and disease organisms also have altered benthic diversity (Carlton 2001).
Introduced plants can alter communities and ecosystem processes because of their
trophic importance in estuarine food webs and effects on physical habitat structure (e.g.,
architecture, sedimentation). For example, Phragmites australis reduces plant species
diversity where it invades (Lenssen et al. 2000), lowering soil salinity and water levels,
reducing microtopographic features, and changing sediment oxidation (Windham &
Lathrop 1999), but it is not known to reduce benthic faunal diversity in freshwater wet-

164 | II. ASSESSMENT OF THE VULNERABILITY OF CRITICAL HABITATS

Scope 64.qxd  10/6/04  11:35 AM  Page 164



lands (Ailstock et al. 2001). Invasions can reduce density, elevate species richness, and
change infaunal composition in tidal wetlands (Talley & Levin 2001) with unknown
functional consequences. Hybridization with local species can also alter or reduce
genetic diversity (Ayres et al. 1999).

Disease

Diseases represent a natural threat to all living organisms. Humans can exacerbate that
threat by increasing susceptibility to disease through physiological stress, by accelerat-
ing the spread of disease, or by introducing contaminants into the marine environment
in an attempt to control disease. Effects may include loss of goods and services or alter-
ation of processes. For example, chemical contamination can cause chronic lesions in
(Moore et al. 1997) and increased effects of parasitism (Khan 1987) on benthic fishes,
reducing the commercial value and potentially compromising the sustainability of fish-
eries. Transport of toxic dinoflagellate cysts in ballast water can contaminate new areas
(Hallegraeff & Bolch 1992), resulting in losses to mariculture and wild shellfish yields.
Antibiotic use in mariculture appears to be a localized threat, but drugs used to control
parasites may have toxic effects on benthic invertebrates that extend well beyond mar-
iculture locales (Goldburg et al. 2001). Many mariculture programs also use non-
endemic species or stocks, and introductions or escapes of pathogens have contributed
to invasive species problems in estuaries (Carlton 2001). However, there is little evidence
linking this emerging industry to large-scale disease impacts on benthic communities
(Rothschild et al. 1994; Naylor et al. 2000).

Coastal Development and Habitat Alteration

Human activities alter the physical structure of coastal habitats across a range of spatial
and temporal scales. Lerberg et al. (2000) related the amount and type of shoreline
development to changes in species richness and populations of key functional groups.
Perhaps the most direct negative impacts on infaunal (organisms living in sediments)
communities are associated with sediment disturbance during dredging of waterways for
navigation (Newell et al. 1998), and the more chronic effects of heavy gear (e.g., fish
trawls, scallop dredges) frequently used to harvest estuarine and coastal species (Hall-
Spencer & Moore 2000; Thrush & Dayton 2002). Even relatively localized sediment
disturbances (e.g., pipeline installation, increased land erosion runoff of sediments) can
affect macrofaunal biodiversity (Lewis et al. 2002). These disturbances often damage or
eliminate larger, sessile, and long-lived benthic filter-feeding invertebrates (e.g., corals,
sponges, bivalves), as well as seagrass, mangrove, and marsh vegetation. This reduces
structural complexity and habitat diversity as well as the system’s capacity to trap sedi-
ments (Morris et al. 2002), improve water quality (Coen et al. 1999), and mitigate
effects of stressors such as hypoxia (depleted oxygen concentrations) (Lenihan & Peter-
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son 1998). In finfish pen mariculture, hypoxia beneath pens reduces benthic diversity
(Weston 1990). Disturbances in natural habitats including estuaries often create con-
ditions that favor different species than those that occur in undisturbed areas, with
potential consequences for ecosystem processes and their associated benefits to humans.

Channel alteration—construction of impoundments, docks, roads, and shoreline
armoring (to protect nearshore property from erosion)—may affect the functioning of
coastal habitats (Kneib 2000). Shoreline armoring, where protective physical structures
such as concrete breakwaters are built to protect coastal property, prevents natural
inland migration of wetlands with sea-level rise (Pethick 2001), posing a serious long-
term threat to both diversity and ecosystem processes (Morris et al. 2002). Armored
shorelines support hard substrate faunas (i.e., organisms that are found on exposed
bedrock and other nonsedimentary habitat) in environments that previously supported
sedimentary ecosystems (Davis et al. 2002). Key trophic links and ecosystem processes
(e.g., energy flows) also depend on maintaining physical corridors between estuaries
and habitats for movement of materials and organisms (Micheli & Peterson 1999;
Kneib 2000).

Estuaries function as nurseries for mobile species that are harvested elsewhere (e.g.,
nearshore shelf waters) and are sometimes spared the direct impacts of commercial
(though not recreational) fisheries. Yet there are many examples of overexploitation
of resources in estuaries and bays including reductions or extinctions of benthic filter-
feeders, a key functional group that strongly influences bentho-pelagic coupling (link-
ages between the bottom [benthic] and water column [pelagic] environment) and water
quality (Jackson et al. 2001; Dayton et al. 2002).

Regional-Scale Threats 
(hundreds to thousands of kilometers)

Hydrological Alteration

Hydrological alteration occurs when rivers are diverted or outflow is substantially reduced
for other purposes (e.g., hydroelectric projects, irrigation). Effects often are local (such as
single estuaries) but significant diversions can affect an entire coastal region. Increased
extraction and consumption of water lowers the water table and reduces freshwater input,
increasing marine influences on estuaries with potentially serious consequences for ben-
thic biodiversity and ecosystem processes. Changes in the amount or timing of freshwa-
ter flow disrupt the balance between the influence of land and sea on the estuarine envi-
ronments (Sklar & Browder 1998), and affect the life cycles of species dependent upon
seasonal cycles of freshwater inputs to estuaries. Regional rainfall correlates with the areal
extent of intertidal marshes and mangrove forests within temperate and tropical estuaries
and coastal embayments (Deegan et al. 1986), and species diversity in estuaries is related
to changes in salinity (Kalke & Montagna 1991; Jassby et al. 1995). Pulsed flooding events
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can change sediment and nutrient inputs to favor deposit-feeders (high sediment loads)
and suspension-feeders (low sediment loads) in different seasons (Salen-Picard & Arlhac
2002). Likewise, reduced ocean exchange can create hyper- or hyposalinity and hypoxia
(Teske & Wooldridge 2001).

Mariculture

Studies of broad-scale impacts of aquaculture on biodiversity of benthic communities
are rare, but environmental impacts of mariculture operation are linked to all of the
threats to biodiversity listed above, but especially to habitat destruction. In many devel-
oping countries, intertidal mangrove forest and other wetlands have been replaced by
shrimp mariculture ponds. In Thailand, 54 percent of the estuarine mangrove forests
present in 1961 were converted to other uses by 1993, primarily for the construction
of shrimp ponds (Macintosh et al. 2002). The high biodiversity of benthic communi-
ties and high production of wild shrimp and other fisheries’ species in natural mangrove
forest systems may be permanently lost (Naylor et al. 2000) because attempts to restore
these damaged habitats rarely produce the biodiversity of crustacean and molluscan
species found in undisturbed mature mangrove habitats (Macintosh et al. 2002).

Overfishing and Habitat Alteration

Shallow coastal and shelf systems are often fished heavily for target species with consid-
erable collateral damage through bycatch. Excessive fishing mortality of target species
and/or bycatch can alter food webs substantially (Pauly et al. 1998). Bottom trawl fish-
eries can also be destructive by homogenizing large areas of sea floor that provide habi-
tats for benthic and near-bottom species (Dayton et al. 1995). Although overfishing is
concentrated in estuarine and shelf areas (Auster et al. 1996), it has spread to seamounts
and continental slopes.

Fishing impacts are the threat of greatest concern on shelf systems (National Research
Council 1995). In estuarine coastal and shelf systems, overfishing reduces stock levels
and alters trophic support processes and food web dynamics between the pelagic and
benthic zones and also within the benthos (Pauly & MacLean 2003). Commercially har-
vested fishes are often top predators, and their overexploitation has cascading effects
through to lower parts of the food chain (Myers & Worm 2003; Worm & Myers
2004). Similarly, harvesting of large filter-feeder bivalves eliminates populations that
perform key processes in benthic systems (Pauly et al. 1998; Jackson et al. 2001). Food
web disruption through overfishing, eutrophication, and invasive species act in concert
to further reduce availability of fish and shellfish as food (Lancelot et al. 2002).

Although recreational fisheries can cause substantial mortality in top-level preda-
tors (Dayton et al. 2002), the effect on benthic biodiversity is less studied and find-
ings are mixed. There is evidence from manipulative mesocosm experiments (Kneib
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1991; Duffy & Hay 2000) that indicates trophic interactions involving top predators
can have cascading effects on the composition (hence biodiversity) of benthic assem-
blages, but it is uncertain whether mesocosm results can be scaled up to any large, open
system. It is nearly impossible to investigate this issue in many regions because of pub-
lic and political resistance to establishing fully protected marine reserves that prohibit
fisheries exploitation. For example, less than 1 percent of marine environments in the
United States are more than nominally protected; most of these are coral habitats
(Palumbi 2002).

At larger scales offshore and inshore, habitat alteration is caused by dragging fishing
gear through sediments, which disrupts established chemical and biotic gradients.
Globally, trawling impacts many thousands of square kilometers of continental shelf
seabed, although effects depend on sediment type, fishing gear, and trawling frequency
(Collie et al. 2000). The larger macrofauna and epifauna living within and on the sed-
iment are most vulnerable to trawling mortality (Kaiser et al. 2000), injury from fish-
ing gear (Ramsay et al. 1998), and exposure to predators. Mollusks such as whelks are
physically rolled over and exposed by fishing gears and are, therefore, more vulnerable
to predation (Ramsay & Kaiser 1998). Scavengers increase food intake in fished areas
(Kaiser & Spencer 1994), and sharks and rays associate trawlers with food (Stevens et
al. 2000). Larger infauna and epifauna create local, small-scale habitat patchiness
through altering water flow or creating biogenic structures such as burrows and tubes,
or by moving sediment and feeding. By reducing these populations, trawling homoge-
nizes the sediment and landscape interconnection via habitat patches and refugia
(Auster et al. 1995; Thrush et al. 2002). Organisms that create small-scale heterogene-
ity and habitat structure also stabilize sediment through accretion and alteration of water
flow at the sediment-water interface.

The great depth of the abyssal plains, their remoteness, and the low abundance of
harvestable species concentrates most deep-sea fisheries activities in upper to mid con-
tinental slope depths. Deep-sea organisms often grow slowly, mature at a later age than
shallow water species, and produce comparatively few offspring (Merritt & Haedrich
1997). Declines in catch rate and stock size have been observed for commercially
exploited fish species (Clark 1995), deep-sea crab, and shrimp (Orensanz et al. 1998).
Bycatch has also caused drastic reductions in abundances of deep-sea fishes that are not
targeted by fisherman in the North Atlantic (Baker & Haedrich 2003). As in other sys-
tems, fishing removes top predators that are hypothesized to play a regulatory cropping
role in deep-sea diversity maintenance (Dayton & Hessler 1972; Myers & Worm 2003)
and patch creation (Grassle & Sanders 1973). Fishing gear can have significant impacts
on deep-sea bottom habitat akin to that seen in shelf environments (Koslow et al.
2000). Seamounts and deep-sea coral (Lophelia) reefs are an extreme example of this
problem, where destructive trawl gear damages epifauna that are unique to specific
seamount or reef regions and that may provide key habitat for fishes and other organ-
isms (Koslow et al. 2001; Hall-Spencer et al. 2002).
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In more homogeneous deep-sea settings, the impacts of habitat destruction and pred-
ator removal are mitigated by the vast extent of the environment. Effects of fisheries on
deep-sea diversity (aside from seamounts with high levels of endemism) are difficult to
know, given that estimates of the total species present varies by an order of magnitude
(Grassle & Maciolek 1992; Lambshead & Boucher 2003) and distribution maps do not
exist for most deep-sea species.

Removal of pelagic top consumers (e.g., whales, tuna) and the fishing down of food
webs may also have cascading effects on deep-water food chains (Butman et al. 1995).
Inputs of large organic matter falling to the deep-sea floor may decrease, affecting food
supply for many scavenger species that contribute to diets of other deep-water fishes.

The deep sea holds extensive mineral and hydrocarbon deposits. Manganese nodules
(rock-like, golf ball–sized structures that are rich in manganese and other minerals and
are found in dense concentrations in some areas of the abyssal plains) and crusts, poly-
metalic sulfides (chimney-like deposits that form at deep-sea hydrothermal vents), and
phosphorites all contain valuable cobalt, nickel, copper, and manganese but their
extraction is not yet economically viable (Glover & Smith 2003). Potential effects on
benthos depend in part on whether mining waste (mostly sediments) is discharged at
the seabed. Any scenario includes damage and crushing from mining gear, but seabed
discharge could also smother organisms. Some effects included initial reduction followed
by increases in megafaunal abundance driven primarily by scavenging species (Bluhm
et al. 1995) and no change or decreases in macrofaunal abundance and diversity
(Borowski 2001). Although benthic populations can recover from simulated disturbance
within three years, diversity effects may remain after seven years. Experiments show rel-
atively localized, noncatastrophic effects, though the small scale of these experiments
suggests caution in extrapolating to commercial impacts (Ozturgut et al. 1981). There
is, nonetheless, a specialized manganese nodule fauna that could be reduced or lost in
intense mining scenarios (Thiel et al. 1993).

Oil and gas drilling beyond the shelf break has gone from only a possibility, a half
century ago, to a reality in recent decades. For example, the Brazilian company
PetroBos has some production activity at depths greater than 1,800 m off western
Africa (Glover & Smith 2003), and exploration by other companies is occurring at
depths greater than 3,000 m in the Gulf of Mexico (Minerals Management Service
2004). If drilling is done carefully, effects on diversity and biomass may be very local-
ized (kilometer scale), with the exception of greater effects in connection with major
spills (Thiel 2003) or drilling over long temporal scales. In contrast, the mining of
methane hydrates, though not yet technically possible, could destabilize slope areas and
cause mass slumping events with broad-scale mortality (Thiel 2003). Methane hydrate
is a gas that freezes at depths greater than 300 m, and may someday be the most impor-
tant deep-sea resource because it is thought that oceans hold over twice as much car-
bon in methane hydrate as all other sources of fossil fuel (USGS Survey Fact sheet:
http://marine.usgs.gov/fact-sheets/gas-hydrates/title.html).
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Eutrophication and Pollutants

Estuaries and semi-enclosed bays often support dense human populations and indus-
try, with associated high inputs of pollutants (e.g., heavy metals, hydrocarbons) and
nutrients, which can cause phytoplankton blooms that subsequently decay and create
bottom hypoxia. Estuaries and bays with limited exchange with the open ocean are par-
ticularly vulnerable; however, larger-scale hypoxic events are becoming increasingly fre-
quent over shelf areas adjacent to inputs from nutrient-enriched estuaries or large river
systems (Diaz & Rosenberg 1995). Although many estuarine and shelf ecosystems have
a significant capacity to recycle organic matter and nutrients without inducing hypoxia,
a balanced community of microbes and bioturbators is needed to provide this ecosys-
tem service.

Pollutant inputs to estuaries and coasts from point and non-point sources are an
increasing global problem (Boesch et al. 2001). Many estuaries are exposed to a broad
spectrum of contaminants, including oil spills that induce complex changes in benthic
invertebrate assemblages (Long 2000; Peterson 2000; Peterson et al. 2003). Excessive
nutrient inputs to estuaries have cascading effects that reduce benthic biodiversity
(Howarth et al. 2000), and increase frequency of harmful algal blooms and hypoxia or
anoxia (Boesch et al. 2001). Reductions in rooted vegetation (Howarth et al. 2000) and
simplification of community structure result from increased frequency and persistence
of hypoxic events (Diaz & Rosenberg 1995).

Effluents from mariculture may contribute to eutrophication and local changes in
sedimentation, all of which affect benthic biodiversity and the functional role of benthos
in semi-enclosed ecosystems such as estuaries, bays, and fjords (Naylor et al. 2000). Few
and limited effects of mariculture effluents have been measured in the water column
(McKinnon et al. 2002), and most impacts have been seen in sediments (Ervik et al.
1997). Sedimentation of excess food particles and fecal material in the vicinity of mari-
culture facilities has contributed to local hypoxia/anoxia and reductions in benthic bio-
diversity. As long as an impacted area is not already over-enriched from other sources, the
additional nutrient loading is not expected to have substantial large-scale impacts on ben-
thic biodiversity. Rearing filter-feeding organisms in mariculture may even improve
water quality and offset negative effects of eutrophication on benthic biodiversity.
Modestly sized mariculture operations designed to minimize habitat destruction and,
with a focus on production of native species low in the food web (bivalves and herbivo-
rous fishes), may pose little threat to benthic biodiversity (Naylor et al. 2000).

On the continental shelves and through the interface between estuarine and shelf
waters, threats include direct and indirect inputs of pollutants (Clark 1997). Some pol-
lutants are discharged directly onto the shelf via pipelines or dumping from ships.
Indirect inputs occur through discharge into rivers and estuaries, and through airborne
contamination of rainwater. Hypoxia can stress and increase mortality in meio- and
macrofauna (Gray et al. 2002), and in larger organisms such as fishes (Diaz & Rosen-
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berg 1995). The resulting disruption of microbial communities and production affects
oxygenation processes and detoxification of contaminants within the sediments.
Dumping of waste in deeper waters of the shelf and spillage from oil installations and
ships also result in pollution farther from the coastal margins. Shipwrecks and collisions
cause large-scale pollution (Peterson 2000; Peterson et al. 2003) with effects that can
persist for many years (e.g., more than 10 years in Dauvin 1998), though the spatial
scales of spills in the open ocean tend to be small relative to the habitat area, and
cumulative effects are unknown.

Dumping dredged material causes habitat alteration through smothering and toxic-
ity (Somerfield et al. 1995). Alteration of water flow into rivers and dredging of river
channels changes shelf hydrology, salinity, and sediment deposition (de Jonge & de
Jonge 2002). Effects may be even more severe than in estuaries because shelf organisms
seem less physiologically tolerant to these types of disturbance.

Materials dumped in the deep sea have included conventional munitions and chem-
ical weapons (Schriever et al. 1997), low- and intermediate-level radioactive wastes
(Thiel 2003), sewage sludge (Bothner et al. 1994), dredge spoil containing contami-
nants (Tyler 2003), and various vessels and structures associated with the military,
shipping, and oil and gas exploitation (Schriever et al. 1997). Modern deep-sea research
has revealed that this ecosystem is more dynamic and reactive than previously believed
(Tyler 2003) and for the most part, western countries have ceased deep-ocean dump-
ing. The deep sea is now being considered as a repository for excess carbon dioxide (Her-
zog et al. 2000), which is liquid at high pressures and low temperatures (Glover & Smith
2003). Deep-sea carbon dioxide disposal could mitigate atmospheric CO2 increases and
decrease surface ocean pH, but concurrently reduce deep-ocean pH (Caldeira & Duffy
2000) to lethal levels in the CO2 plumes (Glover & Smith 2003).

Continental slopes exhibit the highest carbon deposition, the greatest animal pro-
ductivity, and perhaps the highest biodiversity in the deep sea (Rex 1983). Because they
are also the most accessible deep-sea setting, human activities can have greater impacts
on biodiversity and key slope sediment processes such as carbon burial or production.
There are few studies that address these issues for the deep sea.

Enrichment experiments in the deep sea (Snelgrove et al. 1992) suggest that organic
input selects for shorter-lived, surface-dwelling, opportunistic species, and similar
effects may occur with disposal of sewage sludge and dredged materials in the deep sea.
Enrichment can also alter diets and locally enhance epibenthic species (Grassle 1991;
Van Dover et al. 1992). Physical disturbance from bottom trawling also generates
opportunistic, low-diversity assemblages. Replacement of larger, deeper-dwelling spe-
cies by small opportunists reduces bioturbation, limits oxygenation of the sediment, and
slows carbon degradation and burial rates. Slope macrofauna typically consume and
bury (to 10 cm or more) fresh organic matter within days of its arrival on the seabed
(Graf 1989; Levin et al. 1997), so that most labile carbon is respired or buried rapidly.
At abyssal depths, human-induced suppression of bioturbation and carbon burial may
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occur from CO2 sequestration or nodule mining activities, with effects akin to natural
mass slumping (Masson et al. 1994).

Broad-Scale Threats (Basin Scale): Climate Change
Climate change will alter salinity, temperature, and wind patterns, which will affect
local, regional, and broad-scale hydrography (Manabe et al. 1994), but this may
occur slowly. Sea-level rise, for example, will have few direct effects on shelf or deep-
sea systems, but it will have substantial effects on coastal environments (Smith et al.
2000). Similarly, rising sea levels cause a loss of open tidal flats and landward migra-
tion of marshes (Donnelly & Bertness 2001), but shoreline armoring constrains this
movement, resulting in intertidal estuarine habitat loss (Pethick 2001). Because
rooted vegetation is a key part of habitat structure and primary production in estu-
arine wetlands, broad-scale losses associated with sea-level rise (Barras et al. 2003) pose
serious threats to biodiversity and ecosystem processes and services (Morris et al.
2002).

At larger spatial scales, impacts will probably result from changes in the frequency
of basin-wide meteorological phenomena such as ENSO (El Niño-Southern Ocean)
and NAO (North Atlantic Oscillation) events and in the strength of boundary currents.

Climate changes that alter seasonal patterns of rainfall or temperature have little effect
on deep-sea systems. However, in coastal regions, climate change may cause local extinc-
tions of endemic benthic invertebrates adapted to historical patterns of environmental
variation, and at the same time promote expansion of the range of some invasive species.
Although many invasive species in estuaries are euryhaline (able to tolerate a wide range
of salinities), more invasions occur in high than low salinities (Ruiz et al. 2000). Reduced
freshwater flow allows marine waters to penetrate farther into estuaries, and successful
introductions, including those of disease organisms (e.g., the parasitic dinoflagellate,
Hematodinium spp.), are more frequent during droughts or reduced freshwater flows into
the system (Carlton et al. 1990; Messick et al. 1999). There is apparently wide variation
in the resistance of estuarine benthic communities to invasion (Ruiz et al. 2000), and
evidence from hard substrate communities suggests that diversity helps resist invasion
(Stachowicz et al. 2002). With climatic change, it is therefore reasonable to expect shifts
in invasion resistance and the abundance of invaders.

Climate change is increasing the frequency and scale of extreme weather, and strong
winds increase wave action, which results in physical disturbance to the sea bed along
coastlines and in shallower shelf waters (Hall 1994). The effects are similar to those of
widespread fishing disturbance. In shallow regions, wind-induced wave action may
actually increase nutrient cycling due to physical disturbance of the sediment, enhanc-
ing pollutant detoxification through increased oxygenation of sediments. Under normal
conditions, shelf benthic organisms in the Peru-Chile upwelling zone are often oxygen
stressed, with low biodiversity, low biomass, and little bioturbation activity. El Niño
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upwelling replaces normally hypoxic shelf waters with well-oxygenated water masses,
promoting greater benthic biodiversity, productivity, nutrient cycling, and food pro-
duction. This type of climate event may enhance most marine goods and services (Tara-
zona et al. 1988; Gutierrez et al. 2000).

Additional rainfall during winter and reduced rainfall during summer in temperate
zones will change coastal hydrologic characteristics and could affect sediment loading
and the effectiveness of flood and erosion control by reef-forming and sediment-
stabilizing organisms. Accelerated glacial meltdown, wide-scale reductions in salinity
(some of which will be offset by increased damming of rivers), and increased tempera-
tures will change benthic community structure and diversity (Smith et al. 2000; Austen
et al. 2002). Increases in temperature may enhance productivity where nutrients are not
limiting, resulting in positive effects on some of the goods and services provided by
marine benthos.

Little is known about potential effects of increased ultraviolet radiation in marine
sedimentary benthos, but work on pelagic eggs of near-bottom fishes (Kouwenberg et
al. 1999) suggest that effects on planktonic larval stages are possible.

Comparison Among Systems
We have summarized the vulnerability to different threats for each of the three ecosys-
tem groupings (Tables 7.A1–7.A3 in the appendix on page 184), as they relate to pro-
visioning of goods (e.g., food, fiber) and services (e.g., water filtration, flood control,
waste recycling), as well as their supporting ecosystem processes (e.g., carbon seques-
tration, nutrient cycling, decomposition), habitat maintenance services, and aesthetic
services (spiritual enrichment, recreation, scientific inquiry). Because many of the avail-
able data on vulnerability are either anecdotal or collected and interpreted in very dif-
ferent frameworks for different threats, an objective, quantitative comparison across sys-
tems is not possible. We have used our collective experiences and available studies on
ecosystem processes and services to develop a qualitative ranking scheme to address the
relative vulnerability of different systems to loss of services or processes (Tables 7.A1–
7.A3 in the appendix on page 184). In some instances a given threat may actually
enhance some service or process, and thus a negative score is possible. For example, an
introduced species may create ecological havoc but, if it is edible and abundant, it may
increase provisioning of food. Tables 7.2a, b, c

We interpret from this exercise that estuarine systems are currently the most vul-
nerable of our three broadly categorized marine systems, in part because of the wide
range of services that are carried out in the environments and in part because of the
intensity and number of threats. Remote deep-sea systems are the least vulnerable
marine systems under current patterns of exploitation because of their large area of inter-
connected habitat and their relatively low exposure to human activity. Because of its size,
large- to mid-scale effects (e.g., climate change) are of greatest concern. Nonetheless,
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seamounts represent an area of extreme concern, and continental slopes are vulnerable
to human exploitation where localized effects are increasing.

Recovery, Restoration, 
and Rehabilitation of Marine Ecosystems
Marine restoration has lagged behind that of terrestrial and freshwater ecosystems, in part
because oceans are massive in scale and common in ownership, which hinders interven-
tion. In recent years, however, a framework for recovery, restoration, and rehabilitation
(see Frid & Clark 1999 and Hawkins et al. 1999 for definitions) of marine ecosystems
has developed, particularly on coastal systems dominated by habitat-providing biota such
as seagrass beds, mangroves, and salt marshes (Ewel et al. 2001).

In open marine ecosystems, barriers to larval dispersal are few and there is good
potential for natural recovery by recolonization from unimpacted populations.
Whereas natural recovery can be rapid, active restoration in open ocean systems is dif-
ficult except where biological structure creates and maintains habitat. For example, bio-
logically generated structure such as seagrasses, saltmarsh halophytes, and mangroves
may not disperse well (Orth et al. 1994), but active planting can accelerate habitat
restoration and associated ecosystem processes and services.

Enclosed waters such as estuaries, bays, and lagoons can be amenable to restoration
by the manipulation of water quality and ocean flushing. For example, macrophytes can
sequester nutrients in semi-enclosed areas that might otherwise become eutrophic. Phy-
toplankton standing crop may also be influenced by filter feeders (Officer et al. 1982;
Davies et al. 1989; Hily 1991). The openness of most marine systems means that water
quality can be improved by regional reductions of harmful inputs and activities. Where
flushing by ocean tides is restricted, for example, by road construction or episodic inlet
closure through sedimentation, habitat may be restored by active dredging, manipulat-
ing flow, and constructing permanently open inlets.

Many nearshore and shelf areas are heavily impacted by disturbances where effects
can be mitigated only by leaving large areas undisturbed. Marine protected areas are pro-
posed worldwide as pragmatic precautionary fisheries management tools with broader
marine conservation benefits (US Commission on Ocean Policy 2004). These can have
various levels of protection (see Jennings & Kaiser 1998 and Hall 1999 for excellent
overviews) from absolute exclusion (“no take zones”) to less strict regions where gear
types are limited or fishing is excluded in some seasons.

Most coastal restoration work has focused on particular habitats, biotopes, assem-
blages, or species, but coastal ecosystems are strongly interconnected and coordinated
efforts are sometimes needed. Thus, seagrass restoration may aid saltmarsh recovery or
restoration. Active restoration has the strongest cascading effects where “ecosystem en-
gineers ” (Lawton 1994) are involved. Oyster reefs, mussel beds, seagrass beds, salt-
marsh, and mangroves are all examples where a strong structural element is conferred
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by the dominant biota. Rooted macrophytes (e.g., seagrasses) can be planted to form
the nuclei of new beds (Fonseca et al. 2002). Conversely, oyster reef restoration is less
successful near salt marsh and seagrass beds, which provide corridors for large mobile
predators (Micheli & Peterson 1999).

Conclusion
Our discussion focused on many processes and services in marine sediments that in
some instances are only now being recognized. The importance of critical habitats, such
as those utilized by juvenile fishes, has become a major focus for fisheries organizations
only in the last decade or so. Are there future services and processes that are deteriorat-
ing but are receiving no attention because they are not yet recognized? It is the unknown
future value of marine sedimentary systems that places a particular urgency on pre-
serving the remaining systems that are still relatively pristine; the potential losses in ser-
vice and process that we have summarized here may represent only part of the story.
Ultimately, biodiversity has value in and of itself that goes beyond goods and services
provided to humans and the processes that biodiversity may help to support. But even
for those who fail to recognize a beauty in the diversity of living things and our ethical
obligation to preserve this diversity, the potential for loss of desirable goods and services
supported by marine sedimentary fauna should at least provide pause (and provide food)
for thought, and an impetus to protect these living resources.
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191

PA R T  I I I
Connections Between Soils 
and Sediments: Implications 
for Sustaining Ecosystems
Richard D. Bardgett

The next two chapters discuss the different types of goods and services that are provided
by diverse soil and sediment biota, and highlight the vulnerability of these biota and the
services they perform to global environmental change. To understand fully the roles and
vulnerabilities of soil and sediment biota in a changing world requires explicit consid-
eration of the issue of scale in terms of the spatial and temporal scale at which organ-
ism activities operate, and also consideration of the possibility that activities in one
domain may affect those occurring in another. In the following chapters, both these
important issues are addressed.

The first chapter addresses the issue of spatial scale of biodiversity, analyzing the
scales at which biota and the services they perform are delivered, and comparing this
with the scales at which the ecosystem processes operate. Different groups of the biota
of soils and sediment live and operate at different spatial scales, from assemblages of
microbes at the microhabitat scale to plants and macroinvertebrates that operate at
much larger spatial scales. A key conclusion from this chapter is that biodiversity in soils
and sediments allows the creation of self-organizing systems (SOSs) that are recogniz-
able by a clearly defined set of interacting organisms within a specifically defined habi-
tat, which they create and/or inhabit. Furthermore, all species within each SOS partic-
ipate in providing the service to the extent that they contribute certain functional traits
that can resist disturbances. In exploring this issue, the relationship between vulnera-
bility and biodiversity is considered by detailing the functional groups and biological
traits that are essential to the performance of the services and/or that allow species to
resist disturbances. In view of this, it is argued that successful protection and restora-
tion of habitats requires identification of the scales at which processes that sustain a ser-
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vice operate, and of the functional groups and species of biota that are essential to that
service. By making these identifications, it might be possible either to limit disturbances
of habitats to acceptable levels (protection) or to reintroduce, into newly recreated
ecosystems, species with acceptable traits.

As noted at the start of Chapter 9 (Ineson et al.), assessment of the impacts of
ecosystem management and disturbances on the provision of ecosystem services would
be a comparatively simple process if ecosystems were totally self-contained and inde-
pendent. This is clearly not the case: effects of disturbance or management within one
spatially distinct habitat will have certain multiple effects on the biota and services of
adjacent habitats. Therefore, it is essential that managers consider these secondary
effects to other systems, which are an almost inevitable consequence of any adopted
management policy or disturbance. Chapter 9 addresses this issue, using the example
of deforestation in the terrestrial domain and demonstrating how this activity has cas-
cading effects on the biota and services performed in adjacent, inter-connected ecosys-
tems. The primary objective here is to strengthen our understanding of the importance
of the links between the domains rather than simply emphasize the within-domain
impacts. Evidence presented from the evaluation of cascading effects of deforestation
suggest that changes resulting from the perturbation of a single domain will frequently
be seen as impacts in other domains, and that different domains may respond in sur-
prisingly different ways to the same environmental change—as noted in the conclusion
of Chapter 9, “one domain’s meat may be another domain’s poison.”

192 | III. CONNECTIONS BETWEEN SOILS AND SEDIMENTS
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8
Connecting Soil and Sediment
Biodiversity: The Role of Scale 
and Implications for Management
Patrick Lavelle, David E. Bignell, Melanie C. Austen,
Valerie K. Brown,Valerie Behan-Pelletier, James
R. Garey, Paul S. Giller, Stephen J. Hawkins, George
G. Brown, Mark St. John, H. William Hunt, and
Eldor A. Paul

Identification of the pertinent scales at which to measure various ecosystem processes,
along with the recognition of possible emergent properties, are challenges that ecolo-
gists have faced over the last 20 years, often using the conceptual bases provided by hier-
archy theory (Allen & Starr 1982; Meentemeyer & Box 1987; May 1989; Lavelle et al.
1993) and, more recently, landscape ecology (Urban et al. 1987; Bissonette 1997).
Ecosystem services are provided across a wide range of scales and each, in turn, may stem
from biota and processes that range widely in time (months, decades, centuries) or space
(local, landscape, global).

The relevance of spatial scale becomes clear when we contemplate the management
of ecosystems and their inherent natural biodiversity to ensure the sustainability of ser-
vices under future stressors or perturbations (e.g., disease outbreaks, droughts, invasive
species). Perturbations affect a range of scales; the vulnerability of each of the ecosys-
tem services driven by biodiversity is also likely to vary, depending on the spatial scale
of the perturbation and the scale on which the process or service is regulated. The degree
to which biodiversity influences the resistance and resilience of ecosystem functions or
processes and hence the delivery of ecological services is important in this context. We
ask if this is also scale dependent.

This chapter has enormously benefited from comments and inputs by Armand Chauvel, John Mensey, Flo-
rence Dubs, Sèbastien Barot, and an anonymous referee.
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As an example, in terrestrial agroecosystems, the major ecosystem service of food pro-
duction occurs in crop units ranging from small plots through hectares to hundreds of
kilometers. However, the heterogeneity of landscape mosaics formed by different crops,
with their attendant rotation in time, is arguably the essential determinant of overall sys-
tem performance. Ecological processes that underpin this production operate at a great
variety of scales: from micrometers or millimeters for many basic microbial processes to
meters or hundreds of meters in relation to physical soil and sediment parameters
(aggregation, water infiltration), and at much larger scales if soil types or topography
are concerned (see van der Putten et al., Chapter 2). Assemblages of species involved in
key processes are variously distributed over these scales and their ranges of movement
and dispersal vary, individually, over several orders of magnitude. Consequently, per-
turbations, such as local disease or pest outbreaks, overgrazing, larger-scale weather
anomalies such as drought or severe winters, and longer-term climate change can have
impacts across the agroecosystem, but these impacts will vary in effect depending on the
magnitude, spatial extent, duration, and return rate of the perturbation. Resistance and
resilience of services to press or pulse disturbances, and thus their overall vulnerability,
may very much depend on the scales at which they are regulated and the scales at which
the perturbations act. In many instances, management interventions will be more effi-
cient if they operate at the scale of underlying processes rather than the scale of the ser-
vice delivery.

Soils and sediments provide a range of unique ecosystem services such as nutrient
cycling, carbon sequestration, and detoxification (see Wall et al., Chapter 1). These ser-
vices directly or indirectly support many aboveground (or above-sediment) provision-
ing and cultural services (Millennium Ecosystem Assessment 2003; see also Part I, this
volume). Soils and sediments are highly constraining environments where diffuse or
selective mutualisms among organisms create self-organizing systems (sensu Perry
1995). Self-organization is inherent in soils and sediments at scales from microaggre-
gates, created by microorganisms, to macroaggregates and the functional domains of the
ecosystem engineers (Lavelle 1997); from vertical stratification profiles to soil and sed-
iment catenas along slopes and to larger features observed at the landscape/seascape level.

A unique feature of soil and sediment systems is the range of biological activities (e.g.,
burrowing, tube construction, substratum translocation, and feeding processes), that
sculpt and mold the substratum, generating its fine structure and heterogeneity. The
diversity of ecosystem engineers is key, producing a greater variety of biogenic structures
(e.g., termite mounds and galleries, earthworm casts, and burrows in soils; tubes, sur-
face deposits, and stable aggregates; cf. ray and whale pits made by bioturbators in
aquatic environments). Specific interactions among their populations are thus essential
to the shaping of the aggregate and pore structure of the soil and sediment substrata.
Structure, in turn, determines the ability of the substratum to accommodate and sus-
tain microorganisms that perform specific chemical transformations, and to support
other functions and processes. In soils, for example, the combined activities of “com-
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pacting” and “decompacting” invertebrates maintain macroaggregate structures, which
then optimize water infiltration and retention, and limit erosion risks while sequester-
ing carbon for both short- and long-term pools (Blanchart et al. 1999; Chauvel et al.
1999). Biogenic structures may last much longer than the ecosystem engineers that cre-
ated them, especially in soils and immobile sediments. The effects of this “biological
legacy” are therefore an important component of the dynamics of the engineer popu-
lations in time and space (Perry 1995).

Most management practices ignore this complexity, and by reducing biodiversity,
they reduce the overall intensity of the processes mediated by biota. Managers may not
recognize this cause for deterioration in the genesis of ecosystem services, since the vul-
nerability of ecosystems is mostly considered at the larger scale of the service delivery.
For example, in the case of carbon sequestration: what happens at the scale of a culti-
vated field or the pelagic zone may be expressed at the scale of a watershed or a bay. To
maximize our utilization of services as well as their management, assessment, and pos-
sible restoration, it is therefore essential to identify the spatial and temporal scales at
which assemblages of species interact, the scales of the processes that they drive, and the
resulting scales at which the various ecosystem services are delivered. It is equally
important to assess the vulnerability of biodiversity and services to perturbations at all
the relevant scales and the role of species/functional group richness in mediating this
vulnerability.

In this chapter, we analyze the scales at which services are delivered and compare
them with the scales at which the ecosystem processes operate. We suggest that the
greater the difference in scale between the two, the less vulnerable the service. We then
consider the relationship between vulnerability and biodiversity by detailing the func-
tional groups and biological traits that are essential to the performance of the services
(effect traits) and/or that allow species to resist disturbances (response traits). The major
effect and response traits responsible for the maintenance of diversity are considered. We
also propose an approach to the management of biodiversity to prevent vulnerability of
ecosystem services.

Scales in Different Domains
The way we look at the habitat and the ecosystem, from the size of our sampling unit
to the frequency of our observations, will influence how we identify biological re-
sponses to the environment, how we perceive the various patterns in biotic and abiotic
factors, and the processes we decide are critically important in the functioning of
ecosystems (Giller & Malmqvist 1998). Organizational levels in ecosystems may often
be defined by a biological component, that is, the species assemblages and their com-
plexity, and by a physical entity, that is, the structures that organisms construct and/or
inhabit. Eight generalized levels can be distinguished across soil and aquatic sediment
environments (see Figures 8.1a, b, and c), spanning approximately 16 orders of mag-
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nitude. At the smallest scale are assemblages of microorganisms, for example, in a
microaggregate of mineral and organic material, in a micropore, or as a biofilm on a par-
ticle of substratum. Such assemblages may mediate a single fundamental process, such
as carbon mineralization or nitrogen transformation. At the next level of the hierarchy
are micropredators such as nematodes, which move between the consortia of microbes
regulating their numbers and growth with varying degrees of feeding specialization
(micro–food webs or microbial loops). At the third scale, a group of larger organisms—
mainly plants (through their roots) and larger invertebrate animals—are responsible
either for maintaining the physical heterogeneity of the substratum, especially mediat-
ing the mixing and re-mixing of organic and mineral material in the role of ecosystem
engineers, or for fragmenting and transforming organic detritus in the role of litter trans-
formers. These organisms, together with microorganisms, are seen as functional units
in the sense that no ecosystem processes can occur unless these units are intact.

In soil systems, the individual functional units are sometimes dominated by one type
of ecosystem engineer, each engineer therefore dominating its own functional domain
(Lavelle 2002). Adjacent or intersecting domains make a characteristic patch or sum of
patches, and these assemble to constitute a habitat. In aquatic systems, the patches tend
to be more controlled by physical structures (e.g., substratum types or flow conditions)
or by biotic components (e.g., macrophyte/algal stands or aggregations of sedentary or
burrowing animals, litter, or organic matter accumulations). At higher levels, mosaics
of functional domains and/or patches constitute habitats where the communities
reside. Communities and their abiotic environment constitute an ecosystem. Mosaics
(or continua) of ecosystems form the large-scale elements of ecological organization,
such as catchments, landscapes, and river basins. Regions and continents, and, in the
marine realm, oceans, constitute the largest spatial scales.

Clearly, total biodiversity will increase with spatial scale, as will the range of ecosys-
tem functions and ecological services that operate, as the lower scales are nested within
the larger ones. Some processes and functions are evident only at certain spatial and tem-
poral scales, thus one cannot predict these functions and services at larger scales simply
by summing those at smaller scales. There is evidence that biodiversity has a significant
influence on the level and rates of ecosystem functioning and hence ecological services.
Biodiversity within a single habitat patch or habitat is limited by a range of factors such
as space, history of perturbations, biogeography, resource levels, and so on. Also it is evi-
dent that larger-scale species pools can influence local-scale diversity (see below). A new
challenge for ecologists and managers is to understand how, as we increase spatial
extent, the biodiversity of one habitat patch or habitat may influence the biodiversity
and ecological functioning of adjacent patches or habitats (Giller et al. 2004).

Temporal scales reflect the rate of processes that occur across the different spatial
scales (ranging from the physical and biological to the geological and evolutionary) as
well as the generation time of the organisms that drive the processes. The duration and
return rate of perturbations that act across the spatial gradient are also relevant. In fresh-
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water systems, for example, small-scale surges of water flow occur at the patch level, with
spates at the reach (ecosystem) level, and floods and droughts at the catchment (land-
scape) level and river basin scale (varying in magnitude as larger perturbations become
more likely across longer time scales). Large-scale climatic events operate at the regional
level. Because of the particular characteristics of the different domains, the precise spa-
tial and temporal scales involved will differ (see Figures 8.1a, b, and c). This general
scheme allows us to examine the links between scale, biodiversity, and the vulnerabil-
ity of ecosystem services in all domains.

Soils

The smallest habitat in soils is represented by assemblages of mineral and organic par-
ticles approximately 20 micrometers in size, called aggregates (Figure 8.1a, level 1).
Microorganisms may live inside (e.g., in micropores filled with water) or outside these
constructions, which in turn determines their access to resources and exposure to pred-
ators (Hattori & Hattori 1993) and inclusion in micro–food webs (level 2; Lavelle &
Spain 2001). Figure 8.1a

At the scale of centimeters to decimeters, ecosystem engineers (functional group
including plant roots) and abiotic factors determine the architecture of soils through the
accumulation of aggregates and pores of different sizes. These spheres of influence, or
functional domains (level 3), extend horizontally over areas ranging from decimeters
(e.g., the rhizosphere of a grass tussock) to 20–30 m (drilosphere of a given earthworm
species) or more, and from a few centimeters up to a few meters in depth, depending
on the organism. Functional domains are distributed in patches that may have discrete
or nested distributions and form a mosaic of patches (level 4).

At the landscape level, different ecosystems coexist in a mosaic with clearly defined
patterns (level 5). The pattern observed in the mosaic may result from natural variations
in the environment and/or human land management. Soil formation processes, for
example, are very sensitive to topography, which generates formation of catenas of soils
from upper to lower lying areas (level 6). Significant differences in soil type at this scale
often determine different vegetation types and the formation of a mosaic of ecosystems.
In savanna regions of Africa, plateaus that have a thick soil and a gravel horizon are often
covered with open woodland. Slopes that have more shallow soils have fewer trees; low-
lying areas have fine-textured soils resulting from the transport and accumulation of fine
elements from the upper-lying areas. There are also moister environments where vege-
tation is comprised of grasses and other herbaceous components. In riparian zones of
river catchments, gallery forests may utilize constant water availability from a water
table located close to the surface (Brabant 1991).

Soil formation at regional scales (level 7) is a slow process that extends over long peri-
ods of time and is largely determined by climatic conditions and the nature of the par-
ent material. In temperate areas, for example, it takes 20,000 years to transform alu-
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mino-silicate parent material into a 1 m thick soil, but it takes half that time to develop
carbonate-rich material (Chesworth 1992). Most soils in northern Europe and Amer-
ica that formed after the retreat of glaciers 20,000 years ago still have properties of rel-
atively young soils, as compared with soils from Australia or some parts of Africa that
began forming millions of years ago (level 8; Fyfe et al. 1983).

This hierarchical organization of soils is clearly illustrated by the determinant factors
of the decomposition process (Lavelle et al. 1993). Decomposition depends on inter-
actions between O, the organisms that operate the chemical transformations, P, the
physical environment (climate and substratum), and Q, the quality of the organic mat-
ter being decomposed (Swift et al. 1979). These determinants are organized hierarchi-
cally. Decomposition is mainly mediated by microorganisms that effect over 90 percent
of the chemical transformations of fresh organic residues into either mineral nutrients
or recalcitrant humic acids, and operates at scales of micrometers over hours or days. At
this scale, micropredators regulate and stimulate microbial activities by a well-described
top-down food web effect (De Ruiter et al. 1993). In spite of this first-order regulation,
microorganisms are inactive most of the time, as their movement toward fresh substra-
tums when their local food source is depleted or limited. By contrast, macroorganisms
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Figure 8.1a. Comparative spatial and temporal scales of biological and physical environ-
ments in soils. Levels 1–8 indicate increasing changes in the influence of biota and habitat.
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(roots and soil invertebrates), through their bioturbation activities, stimulate microbial
activities in their functional domains by a “sleeping beauty” effect (Lavelle et al. 1995)
at scales of time and space of centimeters to meters over weeks to months. Interactions
among micro- and macroorganisms largely depend on the quality of the organic mat-
ter produced. Low-quality organic residues, with a high content of phenolics and tan-
nins and a low content of sugars and nutrients that can be assimilated, require more spe-
cific and efficient interactions among the biota. Thus, when litter quality is poor,
macroinvertebrate activities may be greatly depressed. Coniferous or eucalyptus litters
are examples of low-quality litter that result in this effect. Their decomposition is slow
because only a few microbial functional groups digest the tannin-protein complexes that
represent 85 percent of the nitrogen in the decomposing litter. Additionally, efficient
stimulators such as earthworms or termites are mostly absent.

At higher scales of time and space, the qualities of soil and climate are the ultimate
regulators of all biological activities and hence decomposition. The natural content of
bedrock (nutrients and clay forming elements) determines the nutrient base and the
nutrient-holding quality of clay minerals. Clay minerals provide microorganisms with
numerous microhabitats, which afford suitable moisture conditions and protection
from predators; however, they form barriers between microbes and organic substrates
and the specific rate of microbial activity (CO2 evolved per unit of microbial biomass)
is decreased in clay compared with sandy soils (Lavelle & Spain 2001). Climate ulti-
mately regulates biological activities through temperature and moisture conditions, at
a wide range of temporal and spatial scales up to centuries and thousands to millions
of kilometers, respectively.

Freshwater Sediments

Spatial scales, generally comparable to those observed in soils, are recognized in fresh-
water sediments (Figure 8.1b), although there is finer division at the lower scales and
less spatial extensiveness at the larger scales in the soil realm than in the aquatic ones.
As in the soil domain, the larger the spatial scale, the slower the processes and the rates
of change. In the freshwater environment, individual sand grains and biofilms comprise
the particle system (Figure 8.1b, level 1); leaf litter, rocks, other substratum patches, and
macrophyte stands form the patch on a scale of centimeters (level 2), persisting for weeks
to years. The habitat scale represented by level 3 includes slow-flowing pools and faster
riffles and the below-surface hyporheic zone in streams and rivers. The spatial scale at
these lower levels extends both horizontally and vertically within the stream substratum.
River reaches (level 4) comprise linked riffles and pools forming the river habitat cov-
ering meters to tens or even hundreds of meters, persisting in their ambient locations
for tens to hundreds of years. Small ponds effectively comprise the habitat scale, but
larger lakes can be divided into benthic, pelagic, and littoral zones at this scale. Tribu-
taries (level 5) merge longitudinally along catchments to form rivers that interact with
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the surrounding landscape in their catchments (level 6), and whole lakes and marshes
lie within the same kind of spatial and temporal scales. Lake and river chains form entire
river basins (levels 7 and 8) that operate over the landscape scale and have a long geo-
logical history stretching over hundreds of thousands to millions of years. Thus, as Ward
(1989) has suggested, the hierarchy of scales involved in the ecology of streams and rivers
operates over four dimensions (vertical, lateral, and longitudinal spatial dimensions, and
across time). Figure 8.1b

One of the most important features of this hierarchy of scales in freshwater systems
is that as the spatial scale increases, the hierarchy rapidly transcends to the surrounding
landscape and into groundwaters such that, in effect, at these larger spatial scales, the
freshwater domain merges with the terrestrial and becomes a composite landscape ecol-
ogy (Hildrew & Giller 1994). The links between freshwater systems and the surround-
ing landscape ensure a continuous exchange of materials, energy, and organisms (the
imports and exports) between the land and the aquatic systems. Lateral exchanges and
upstream-downstream linkages are thus a major feature of freshwater sediment systems
(i.e., they are extremely open systems in comparison with those of terrestrial soils).

The large range of food resources available to freshwater benthic systems, from in situ
primary production (algae and macrophytes) to organic matter produced upstream, and
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Figure 8.1b. Comparative spatial and temporal scales of biological and physical environ-
ments in freshwater sediments.
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from the surrounding riparian zones (providing energy subsidies to the system) to other
animals, has led to the evolution of a range of characteristic functional feeding groups
in freshwater systems (see Giller & Malmqvist 1998 for an overview). Groups such as
ecosystem engineers are common and range in scale from microengineers, such as
microbes creating biofilms, to macroengineers, such as beavers influencing the structure
and water flow of large river reaches. Together these assemblages of functional groups
form communities that change from one habitat and ecosystem to another. Because of
the openness of freshwater systems, food webs extend over a large range of spatial
scales.

Freshwater systems are interesting in that, just as in soil systems, they seem to be hier-
archically organized, such that the higher-scale systems impose constraints on many fea-
tures of the lower scales (Frissell et al. 1986; Hildrew & Giller 1994). An example from
Giller and Malmqvist (1998) illustrates this point. On a single stone, algal distribution
is generally controlled by local flow and hydraulic forces, whereas in a given patch, algal
biomass and species composition might be nutrient limited. Over larger stream reaches,
zones of high nutrient supply can encourage algal production, allowing control to shift
to grazing invertebrates or even fish, but where water chemistry controls grazers, then
stream flow and substratum area are dominant. Extending the time frame, the biomass
of algae in stream reaches may become determined by flood disturbance regimes and
shading from riparian vegetation. Deforestation in the catchment (influencing shading,
stream morphology, nutrient dynamics, and flow regimes) will influence algal dynam-
ics, but on a very different (ecosystem) scale from the effect of grazing invertebrates. Yet
such large-scale impacts in the catchment will also have implications at the small-scale
level of grazer-plant interactions too, underlining the hierarchical relationships.

Hierarchical organization may extend to the regulation of the diversity of benthic
organisms. Landscape factors, including size of drainage area, surrounding vegetation,
geology, soils, and gradient, together with local factors such as habitat heterogeneity, sys-
tem morphology, substratum and flow, water chemistry, and biotic interactions, all
influence species richness in freshwater systems. In a review of benthic insect diversity
in streams, Vinson and Hawkins (1998) found that richness at one scale appeared to be
directly proportional to richness at higher scales, governed largely by habitat hetero-
geneity. For three of the major benthic insect families (Ephemeroptera [mayflies], Ple-
coptera [stoneflies], and Trichoptera [caddisflies]), richness at the local reach scale was
50 percent of the catchment richness, and catchment richness was 34 percent of
regional richness. The regional species pool thus provides an upper theoretical limit on
how many species could possibly colonize a single stream. In turn, this will limit the
diversity within a reach or habitat patch (which is itself governed by local conditions).

Marine Sediments

The provision of goods and services within marine systems is dependent on biodiver-
sity at all spatial scales, as in soils and freshwater environments (Figure 8.1c). Microbial
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activities underpin all ecological processes, and these in turn are affected by organismal
activity at higher trophic levels and at higher levels of ecosystem organization. Functions
occurring at very small scales are therefore dependent on functions at larger scales and
vice-versa. Top-down regulators, however, tend to be predominant drivers expressed at
larger scales, and naturally constraining processes at smaller scales. This is a reflection
of the comparative openness of marine systems and also of the heterogeneity imposed
on marine sediments by biota at different spatial scales. Figure 8.1c 

At the smallest spatial scales of micrometers to millimeters (Figure 8.1c, level 1),
microoganisms carry out the functions of decomposition, nutrient cycling, and pri-
mary production. At a slightly larger spatial scale of millimeters to centimeters,
microorganisms are selectively preyed upon by meiofauna or indiscriminately con-
sumed by selective and nonselective deposit meiofauna feeding on detritus (level 2).
Microorganismal and meiofaunal biodiversity are affected by substratum proper-
ties, but these are in turn affected by physical regime. For example, coarser, well-
oxygenated sediments are found in exposed high-energy environments such as wave-
swept beaches and shallow coastal waters. At a scale of centimeters to hundreds of
meters, larger organisms affect substratum properties (level 3). Substrata are affected
at centimeter-to-meter patch sizes by individual bioturbating invertebrates (which are
also usually deposit- and filter-feeding organisms), and at larger scales by groups of eco-
logical engineers such as seagrass and mussel beds that create their own habitat. Meio-
faunal diversity and community structure are also intimately connected with substra-
tum properties and the alteration of substratum by macrofauna (Austen et al. 1998).
Macrofaunal invertebrates alter substratum properties through the creation of pits, bur-
rows, and tubes, which alter water flow at the sediment water interface, as well as
through their physical movement within the sediment, and through pumping activi-
ties within tubes and burrows (level 4) (Snelgrove et al. 2000). Larger, mobile epiben-
thic invertebrates (e.g., decapod crustaceans) and vertebrates (e.g., pit-forming rays and
whales) also similarly affect substratum properties, but pits may extend across large spa-
tial scales of hundreds of meters and the pits themselves can be large (Feder et al 1994;
Hall 1994). These activities alter water flow and diffusion of oxygen and chemicals
within the sediment, which affect microbial and meiofaunal biodiversity and their
functioning, and hence indirectly affect ecosystem services. These larger organisms also
affect nutrient fluxes and decomposition directly through deposit and filter feeding,
and through bioturbation. Nutrient cycling underpins the pelagic food web, and
therefore macrofaunal invertebrates as well as microorganisms and meiofauna are
important in trophic support services at larger spatial scales within the overlying water
column.

Substratum-altering macrofauna often occur in localized aggregations with higher
population densities (due to physical entrainment by currents during planktonic larval
dispersal). For example, in soft sediment habitats there may be aggregations of bur-
rowing shrimps, bivalve mollusks, echinoderms, or crabs creating a heterogeneous
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mosaic of overlapping patches within what would otherwise be a uniform habitat (level
5; Parry et al. 2002).

At scales of tens to hundreds of kilometers in coastal and offshore waters, different
sedimentary habitats (level 6) have developed due to hydrography (the physical features
of bodies of water and their littoral land areas). Fauna within these habitats are, in turn,
affected by depth and distance from the coast, and the habitats can then be considered
as representing inshore and offshore ecosystems. Such ecosystems occur at smaller scales
within estuaries and coastal bays. Within these systems, there is input and output of
organic matter to and from adjacent systems, including overlying waters. These
exchanges also influence smaller substratum-dwelling organisms; thus changes in sub-
stratum inputs and outputs over large scales influence ecosystem functioning even at the
smallest scales. In reality, the openness of marine systems results in a continuum of
ecosystems rather than discrete systems.

At large spatial scales of meters to hundreds of kilometers, predation on macrofauna
by epibenthic predators, such as crustaceans, fish, and whales, is an important com-
ponent of the food web. At these scales, food provision is therefore also an important

srotaderP
seroviretcaB

serovitirteD
smsinagroorciM

Substrate propertie
s

sbewdoofoiem/orciM

segalbmessA
spuorg fo

a ni hctaP
tatibah

metsysocE

muunitnoC
smetsysocefo

naecO

dnastnalP
etarbetrevnI

sreenignE
 rotaderP cihtnebipE

01 6- 01- 4- 01 0 01- 1

ecapS

emiT

stnerruC/lasrepsidlavraL

01 2- 01- 1- m

stropmI

stropxE
lanoitcnuF

spuorg

01 1 01- 2

tatibaH

01 3 01- 4

epacsaeS
)yrautse,yaB(

01 4 01- 5 01 5 01- 6 01> 6

erehpsoiB

semoiB

labolG

 3           2            1 5            4         8            76          

fociasoM
sehctap

Figure 8.1c. Comparative spatial and temporal scales of biological and physical environ-
ments in marine sediments.
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marine ecosystem service. Fishing for sediment-dwelling fauna such as shellfish and
demersal fish occurs across habitats and biotopes and over spatial scales of tens to hun-
dreds of kilometers (level 7; Jennings & Kaiser 1998; Thrush & Dayton 2002). At the
largest spatial scales (level 8), benthic fauna underpin trophic support processes
because of the planktonic stage in their life cycles. Vast numbers of planktonic larvae
are dispersed over huge spatial scales, and these are an important component of the
pelagic food web that ultimately also provides fish for human consumption. The
broad-scale dispersal of macrofauna through coastal and oceanic currents also con-
tributes to the openness of, and strong connectivity among, marine sedimentary
ecosystems and habitats.

Operational Scales and Degree of Openness 
of the Ecosystem Process Delivering Goods and Services
Comparison of soil and aquatic domains shows that self-organizing systems regulate
processes at different scales. These biological systems, however, operate at different
scale ranges that increase from soils to freshwater and then from freshwater to marine
ecosystems, with increasing attendant openness (connectivity). Although enclosed
localized processes overlap in all three domains, marine ecosystems are much more spa-
tially expansive than freshwater systems. By contrast, soil ecosystems are far more
closed, with processes mainly operating at local scales (Figure 8.2). Figure 8.2

The spatial scale over which ecosystem processes operate has major implications for
management. In marine systems, localized management can work well for semi-
enclosed ecosystems, such as lagoons or estuaries, but even these can depend on strong
external linkages. Improvement of the sediment to enhance nursery ground stature for
exploited fish species will work only if active spawning at a remote breeding site sup-
plies juveniles. In contrast, soils can be manipulated at the field level or even, in tradi-
tional agrarian systems or under modern agri-environment scheme subsidies, at the level
of strips within a field (e.g., establishment of species-rich headlands). For most fresh-
waters, the close link with the surrounding catchment means that management often
has to operate at the catchment or river basin scale (see Covich et al., Chapter 3; Giller
et al., Chapter 6).

The spatial scale of the process and degree of openness also determine the corre-
sponding time scales relevant for process completion, and in turn, the effectiveness of
steps to enable recovery or initiate active restoration. In marine ecosystems, the high
degree of cross-connection in open systems enables recovery via propagules and larval
supply from remote, unimpacted sites. The exception is when large biogenic structures
are produced by ecosystem engineers (coral reefs, oyster beds, worm tubes, rooted veg-
etation). Thus, even in open systems active restoration has to be applied, especially as
most biogenic structures proliferate via vegetative/clonal reproduction (seagrasses,
coral) or where larval settlement is highly gregarious (oyster beds). Semi-enclosed sys-
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tems rarely recover through recruitment from unimpacted sites alone. The few exam-
ples of successful restoration or remediation in marine ecosystems come from enclosed
systems in lagoons and estuaries, and usually involve a key habitat-creating feature. Sim-
ilar considerations apply to freshwater systems. Although not as open as offshore water,
impacted riverine systems can and do recover via recruitment from elsewhere (due to
the unidirectional water flow). The short-lived flying stages of many of the aquatic insect
taxa and upstream migration of aquatic stages can play a role similar to that of plank-
tonic stages in marine life histories. Openness can, however, impede restoration
attempts, as localized actions will be futile if source water is of poor quality or if dis-
turbances in the surrounding catchment superimpose additional stresses. However,
enclosed or semi-enclosed ecosystems, such as lakes, ponds, or canals, are very amenable
to restoration, as a huge literature testifies (Bronmark & Hansson 1998; Giller et al.,
chapter 6).

By contrast, recovery of degraded soils is a slow process. Although the vegetation and
some associated higher trophic levels can be actively restored by basic horticultural or
agricultural practice, the soil biota and the processes they control respond much more
slowly. Even if source populations are available in the surrounding landscape, the dis-
persal capability of most components of the soil biota is low and the timescale for pop-
ulation increases is correspondingly long (Brown & Gange 1990). Thus, successful
restoration attempts require some form of active management of the soil in addition to

Figure 8.2. Operational scales (abscissa) and degree of openness and connectivity (ordi-
nates) of ecosystem processes delivering goods and services in soil and aquatic sediment
environments.
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management of the vegetation. Recent work (Leps et al. 2001) has shown the potential
of the inoculation of soil or turf from a donor plant community to facilitate the restora-
tion of soil biodiversity and function in ex-arable land. Even so, the time-lag in restor-
ing soil function remains a severe constraint. Implicit in soil restoration are the prob-
lems associated with residual soil nutrient levels from previous land use. Nutrient titers
are notoriously slow to change, and can therefore act as a major inhibitor of improved
soil quality and function.

As the spatial scale of habitats increases, boundaries with other domains will ulti-
mately be crossed. Examples include the transition from rivers through the riparian zone
to the terrestrial landscape, and also downstream into the sea via estuaries. Thus, large-
scale management must occur by manipulation of the landscape and the whole catch-
ment (see Ineson et al., Chapter 9). A classic example is the use of afforestation as a fil-
ter along with the enhancement of other natural ecosystem services in managing the
New York City watershed supply via upstream process delivering ecosystem goods (e.g.,
clean water; see Chapter 6).

The Vulnerability of Ecosystem Services 
to Biodiversity Depletion and the Impact of Scale
Soils and sediments are affected by three major kinds of stresses or perturbations that
affect their biodiversity and function:

1. Chemical pollutions are common disturbances resulting primarily from the use of
pesticides in agriculture and heavy metal contaminations. These occur in all ter-
restrial ecosystems, and indirectly in aquatic systems via overland transport.
Eutrophication is caused by excessive transfers of nutrients from terrestrial to
aquatic ecosystems. These disturbances have direct impacts on organisms and their
diversity, although they do not directly affect the physical structure of the system.

2. Physical disturbances are caused by tillage and erosion in terrestrial systems, and by
deposition or removal of sediments in aquatic ecosystems. They result in the direct
destruction of the niches of organisms at scales from microhabitats to habitats or
ecosystems (levels 1 to 4, Figures 8.1a, b, and c).

3. Changes in landscapes or seascapes, due to usage intensification or changes in uses,
affect soils and sediments at level 5 to 6 whereas global climate change affects the
largest scales (7 and 8, Figures 8.1a, b, and c). The effects of physical disturbances
and intensifications on biodiversity are both direct (removal of species and habitats)
and indirect (changes in fitness leading to modifications of the area of distribution).

Since disturbances may affect biodiversity at different scales, it is important to deter-
mine whether the scale at which they occur makes any difference to the resulting dam-
age to ecosystem services, and then to identify the most appropriate scale for restora-
tion efforts.

Scope 64.qxd  10/6/04  11:36 AM  Page 206



8. Connecting Soil and Sediment Biodiversity | 207

Are Some Ecosystem Services More Sensitive
Than Others to Disturbances?

Most ecosystem services (Figures 8.3a, b, and c) may be considered as emergent proper-
ties of ecosystems that occur at the larger scales of ecosystems to landscapes/seascapes or
regions. This is clearly the case, for example, for infiltration and storage of water by soils
observed at the landscape level, for detoxification and decomposition in soils and sedi-
ments, and for floods and erosional events that occur at scales from the ecosystems to
regional or global. On the other hand, mechanisms and processes operated by organisms
and their diversity mostly occur at smaller scales, from microhabitat to habitat.

We postulate that the vulnerability of ecosystem services is dependent on the range
of scales at which a disturbance impacts soil and sediment biodiversity, and similarly, is
dependent on the scales at which the key biological processes operate. Our rationale is
that the greater the number of scales covered by each ecosystem service and the
processes that deliver them (Figures 8.3a, b, and c), the greater the sum of buffering sys-
tems represented by the different self-organizing systems operating at each level. This
principle may be expressed in a number of hypotheses that were identified from a
detailed analysis of these relationships. Figures 8.3a, b, c

Ecosystem services become more vulnerable as:

1. They are delivered at smaller scales—although resilience may also be higher in that case.
This hypothesis assumes that services delivered over large scales are less likely to be
severely impaired, as disturbances on a similar scale are necessary to weaken their
provision. Most ecosystem services in freshwater systems (Figure 8.1b) actually
operate at scales starting from 3 or 4, extending until 6 or 7, with the notable excep-
tion of nutrient cycling that operates across all levels, starting from level 1.

2. Ecosystem services are delivered at a limited range of scales and/or supported by ecolog-
ical processes operating across a small number of scales. This hypothesis assumes that
service delivery extended over a wide range of scales would provide increased
buffers and enhance resistance and resilience of the provision.

3. Biological processes that support services operate at larger scales on average. This
hypothesis assumes that if biological processes operate at small scales and the ser-
vice is delivered at larger scales, disturbances in the biological components have a
less immediate effect on services. This is due to the effects of biological activities,
accumulated over long periods of time, which persist even after their production is
interrupted with the disappearance of the organisms responsible.

Comparison of the scale ranges of services and the biological process that sustain them
allows a theoretical evaluation of the vulnerability of services. Figure 8.3b illustrates fresh-
water ecosystems. Here, most services are operated by biological processes at smaller
scales, with the exception of the habitat structure/refugia and aesthetic/recreation services.
Carbon sequestration and climate regulation, on the other hand, are examples of services
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delivered at much larger scales than the biological processes that operate them. These ser-
vices are therefore likely to be less vulnerable than most other services, especially the habi-
tat structure and aesthetic/recreation services that show an opposite trend.

In soils, patterns observed (Figure 8.3a) are generally similar, although the scales
involved for the provision of services and processes involved tend to be smaller, as pre-
dicted by considerations of the restricted openness of the domain (Figure 8.2). Once the
relevant scales for services and the corresponding processes involved are identified,
optimal interventions to sustain or enhance provision of the service and/or its depen-
dent ecological processes can be devised, at appropriate levels.

Soils

A number of soil characteristics seem to be rather resistant to disturbances. Organic mat-
ter content does not change rapidly in most manipulation experiments, and physical

Figures 8.3a (soil, opposite top), 8.3b (freshwater sediments, opposite bottom), and 8.3c
(marine sediments, above). Scales at which ecosystem services are provided (black) and
scales of biological processes involved (gray). Vulnerability is all the more important as the
scale at which ecosystem services are delivered is restricted to a small number of levels,
and biological actors operate at similar or larger scales than the ones at which ecosystem
services are delivered.
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aggregation and porosity may be maintained in soils for some time after the organisms
that have generated these features have been eliminated, for example, by mismanage-
ment (Blanchart et al. 1999; Martius et al. 2001; Sarmiento & Bottner 2002). This
resistance supports the hypothesis that lowest vulnerabilities are expected in cases where
ecosystem services are supported by small-scale processes and delivered at large scales.
Opposite situations would, on the other hand, lead to maximum vulnerability.

One example is soil aggregation, which is important for carbon sequestration and
water infiltration, and results from accumulated activities, over long periods of time, of
aggregate-forming invertebrates and roots, and the physical interactions among soil par-
ticles. The organisms operate at small spatial and temporal scales (Figure 8.1a, levels 1–
3), whereas aggregates, once formed and stabilized, persist for long periods of time,
depending on conditions (Blanchart et al. 1999). As a result, practices that eliminate soil
ecosystem engineers may not result in an immediate impairment of soil conditions and
resulting ecosystem services. Similarly, organic matter accumulated in soils is mainly the
product of microbial digestions operating at the scale of individual colonies; synthesized

Figure 8.4. The “buffering” capacity of soils for disturbance: ecosystem services in soils
are all the less vulnerable as they rely on processes operated at large scales (upper part of
figure) by organisms acting at small scales (lower part of figure). This figure exemplifies
the case of conservation of soil’s physical structure created by the accumulation of pores
and aggregates by organisms at smaller scales (smaller cogs on the lower left end), which
give soils general properties (water infiltration and retention capacity) expressed at larger
scales (larger cogs on the upper right end).
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humic compounds, on the other hand, may persist for several centuries. About half the
organic matter in most soils is more than a thousand years old (Jenkinson & Rayner
1977). This particular resistance of major physical and chemical parameters give soils
their capability to resist disturbances. If, however, a massive erosion affects soil at the
scale of a habitat or ecosystem, services are immediately affected and natural restoration
of processes at lower scales, from levels 1 to 5, will take a very long time, perhaps sev-
eral to hundreds of years.

Figure 8.4 illustrates the buffering capacity of soil as a hierarchy of interlocking cogs
that represent processes operating at different scales, with the physical structures created
(upper part), and the elements of biodiversity that operate them (lower part). Figure 8.4

Microbial food webs have a stability based on the diversity of the organisms they con-
tain (De Ruiter et al. 1993). These food webs are found in soil micro- and meso-
aggregates, which provide their habitats and organic resources. At the next scale up, the
functional domains of ecosystem engineers support the microbial food webs by gener-
ating their own set of stable biogenic structures, which can endure beyond the life-span
of the organism that created them. The ecosystem, therefore, has a diversity of organ-
isms with the capacity to provide good soil structure. The system as a whole should have
the ability to survive the temporary depletion or suppression of any one of its com-
ponent organisms, but the destruction of structure—for example, by compaction or
erosion—can be ameliorated only in the medium to long term by replacing the entire
hierarchy of organisms and therefore the particular processes mediated by each. This
may explain the time lag in many restoration activities.

Freshwater Systems

Resistance and resilience of ecological systems to environmental changes in the fresh-
water domain are largely related to scale. Systems and processes that operate over small
scales are less resistant to disturbances (such as floods or pollution events), but may be
more resilient (i.e., recover faster). Illustrating this, the vertical axis in Figure 8.1b
could be considered to represent a persistence scale, with the particle and patch per-
sisting for weeks to perhaps years, while the catchment and river basin persist for hun-
dreds of thousands to millions of years. The magnitude and extent of the disturbance
necessary to impact a system component is also related to spatial scale of the compo-
nent: the larger the spatial scale, the greater the magnitude necessary to impact it (see
Hildrew & Giller 1994 for further discussion). Once disturbed, however, recovery (i.e.,
resilience) is likely to be faster at the smaller scale (e.g., patch) than at the larger (catch-
ment and beyond).

The most dramatic disturbance effects in freshwater systems result from continuous
or directed changes in water chemistry, caused by eutrophication and acidification, par-
ticularly in lake systems. This degradation process has two origins: (1) direct influx of
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pollutants from sewage plants and atmospheric deposition, and (2) transfers from ter-
restrial ecosystems as buffer structures (riparian forests and other nutrient conservation
mechanisms) are impaired and nutrient leaking occurs. Long-term changes in stream
morphology and habitats through water regulation, channelization, lowering of water
tables, and introduction of exotic species are other processes that contribute (Giller &
Malmqvist 1998; Malmqvist & Rundle 2002). The impacts operate largely at the lev-
els of the tributary, catchment, and entire river basin scale. Point source pollution
events, on the other hand, generally occur at the reach scale and act as short-term dis-
turbances. Because of the flowing nature of rivers, they tend to be less susceptible than
lakes to suffering long-term effects from such pollution events through the dilution and
self-cleaning powers of the system (this is especially the case in response to organic pol-
lution). The self-cleaning ability of rivers is driven to a large extent by the presence of
benthic species and functional groups (such as microbes and macroinvertebrate detri-
tivores) that break down organic matter. There is some evidence of a positive link
between diversity and decomposition rates in rivers (Jonsson & Malmqvist 2000), and
certainly for the presence of specific (key) species mediating the resilience (Jonsson et
al 2002; see also Chapters 3 and 6, this volume). The use of wetlands as natural water
treatment systems also testifies to this self-cleaning ability (Reed et al 1995; Ewel 1997).
However, very extensive, concentrated, and/or continuous inputs of pollutants over-
come even this innate resistance. Pollutants tend to accumulate in lakes, particularly in
the sediments, and they show lower self-cleaning powers than other freshwater systems.
The effects of various disturbances on ecosystem services in freshwater systems are con-
sidered in detail in Chapter 6.

Recovery following disturbances varies with the nature, magnitude, and extent of
the disturbance, but on the whole freshwater systems are quite resilient, and most
studies indicate fairly rapid recovery, at least in river systems (Niemi et al. 1990).
However, bioaccumulation and biomagnification of the more highly persistent pol-
lutants (such as heavy metals) are well documented in freshwater systems (particularly
in lakes and large rivers), and thus pose a longer-term and more serious threat to
ecosystem services.

Marine Systems

The vulnerability of marine systems at different spatial scales is dealt with, in detail,
by Snelgrove et al. (Chapter 7). Scale-dependent vulnerability varies with habitat
(estuarine, offshore, deep-sea, cave and sub-sedimentary) and proximity to anthro-
pogenic threat. Coastal and estuarine systems are more vulnerable than the deep seas.
As with freshwater systems, resistance and resilience in the marine domain are largely
related to scale. Smaller, contained systems such as estuaries and sub-sedimentary
habitats are more vulnerable to disturbance but they are also more resilient; functions
can be partially restored through active restoration projects and passive recruitment
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processes (Hawkins et al. 1999, 2002). The progressively increasing openness and con-
nectivity of estuarine, offshore, and deep-sea systems allows for a degree of resilience
at all scales, as most species can potentially recruit widely dispersed propagules or lar-
vae from remote sources, and succession is usually rapid. Equally, the openness of most
marine systems increases resistance to changes in water quality at medium to large
scales due to dilution effects, but decreases resilience at larger scales where there is
extensive and continuous input leading to eutrophication and the accumulation of
toxic material, particularly in sediments. Vulnerability of marine systems varies with
the scale of threat.

Habitat loss occurs at small, localized scales often within coastal and estuarine areas
through land reclamation for coastal development. This can scale up to become whole
coastline effects (e.g., the coast of Europe from Belgium to Denmark). Larger-scale dis-
ruption of sediments can be caused by fishing (trawling) activities over large areas of the
continental shelf. All habitats at all scales are affected by climate change, but there is a
degree of resistance to larger-scale temperature changes as these are buffered by the
water, particularly in offshore and deep-sea systems. Changes in temperature, wind, and
weather patterns, as well as sea-level rise, have more impact in coastal and estuarine
waters, particularly in intertidal and shallow water coastal margins, where there is less
buffering capacity in the overlying water.

Functional Groups Responsible 
for Ecosystem Services and Their Vulnerability
Previously cited examples have shown the contribution of the associations of soil and
sediment organisms and plants to the creation of structures and other buffering mech-
anisms at different scales, providing resistance and resilience for processes delivering
ecosystem services. These self-organizing systems depend on a number of species that
make different contributions in the provision of the service, and also have different
responses to disturbances. Thus, it is essential to predict the effect of disturbances on
the patterns of disassembly of such communities and the consequences for the delivery
of services. A similar approach is also required to devise an efficient restoration of these
communities and their associated buffering systems.

To manage ecological services effectively and to understand the relationship between
vulnerability of the service and biodiversity, we need a tool to evaluate the role of dif-
ferent species in providing resilience and resistance to perturbations. It is clear that not
all species have the same impacts, nor do they present equivalent resistance or resil-
ience capabilities when disturbances occur. We distinguish functional groups that have
biological traits necessary to the performance of a given function (effect traits) from
response groups of species that may resist stress or disturbance by a number of response
traits (Lavorel et al. 1997; Diaz & Cabido 2001). The concept of functional groupings
offers a means of classifying organisms according to their contribution to these processes.
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Table 8.1. Major functional groups of organisms found in soil and
sediment environments.

Domain— Responsible Functional Groups

Functional 
Group General
Number Function Soil Marine Fresh Water

1 Decomposers Microbes Microbes, Biofilm producers,
meiofauna microbial respirers 

2 Mutualists/
symbionts Microbes Microbes

3 N2-Fixers Microbes Microbes Microbes
4 S-transformers Microbes Microbes Microbes
5 Microengineers Microbes & Microbes & Biofilm producers, 

invertebrates invertebrates filterers
6 Trace gas producers/ Microbes Microbes Microbes

removers
7 Primary producers Algae, Micro- and Algae macrophytes

microbes, macroalgae, 
plants vascular plants

8 Herbivores Invertebrate Invertebrate Invertebrate 
grazers grazers grazers

9 Detritivores— Invertebrates N/A Invertebrates
litter transformer/
shredder

10 Detritivores— N/A Invertebrates Invertebrates
deposit feeder

11 Detritivores— N/A Filter feeders Filterers
filter feeders

12 Predators Invertebrates Epibenthic, Invertebrates and 
and vertebrates infauna vertebrates

13 Pathogens Microbes, Microbes, Microbes, 
viruses, prions viruses, prions viruses, prions

14 Bioturbators Invertebrates Invertebrate Invertebrates
and vertebrate

15 Macroengineers Invertebrates Invertebrates Invertebrates
and vertebrates and vertebrates
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Furthermore, although terminologies vary between domains, there is a degree of con-
sistency in function of the groupings.

A set of 15 common functional groups may occur in soil, freshwater, and/or sedi-
ment environments, representing a wide variety of major taxonomic groups (Table
8.1). Each functional group includes a variable number of species, from one species to
relatively species-rich phylogenetic clades (Brussaard et al. 1997). Response traits of the
species that comprise these functional groups determine the overall vulnerability of a
functional group to perturbation, and also affect the scale of this vulnerability. For exam-
ple, species with short generation times, high fecundity, and high growth rates are
often ecologically tolerant and widely distributed, and they are, characteristically, suc-
cessful colonists (Sakai et al. 2001). Table 8.1

As an example of an operational spatial scale that is midway between that of soil and
marine sediments, the spatial scale of occurrence of these functional groups may be
mapped from the microscopic level to landscape to region in freshwater (Figure 8.5).
Figure 8.5 shows the scales of operation for our hypothesized set of generic functions.
The range is related to the physical system components (levels 1 to 8) given in Figure
8.1b. The macroengineers, for example, can influence the system up to the landscape
scale, as clearly illustrated by the beaver’s activity in damming streams and changing
downstream and lateral flow patterns and movement of materials. Bioturbators can
have a small patch/habitat scale effect, as in the case of salmonid reproductive behav-
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Figure 8.5. Spatial scales of functional groups in freshwater systems.
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ior, which produce redds to lay their eggs in the substratum. In addition, larger-scale
effects can occur, such as those of muskrats or hippos in wetlands. The openness of the
freshwater systems allows predators and pathogens to operate over larger scales than
might be expected from their size, whereas detritivores tend to operate at the patch to
habitat level, associated with the detritus patches. Although primary producers in
streams are at fairly small scales, phytoplankton in large lakes function at the full
ecosystem scale. Microengineering is illustrated in freshwater systems by algal mats in
desert streams, microbes/biofilm stabilizing fine sediment, and even by blackfly larvae
that filter fine particles and produce larger-sized fecal particles, which leads to changes
in particle size distribution and influences the movement of fine particulate matter
downstream (Giller & Malmqvist 1998). Microbial decomposer activity is generally on
small scales, although nitrogen fixation by blue-green algal mats can occur at the habi-
tat scale. Figure 8.5

Biological response traits of soil, freshwater, and marine species can be classified in
eight types: size, potential life span, voltinism, dispersal capability, reproductive mode
(e.g., sexual, asexual, facultatively asexual), fecundity, phenotypic plasticity (such as fac-
ultative dormancy and occurrence of spatially separated life stages), and ecological flex-
ibility (or tolerance/amplitude of response). These response traits can be scaled against

Table 8.2. Life history traits: Definition and scope of categories.

Trait States Possible

Size Small (1–3)*, medium (4–6)*, large (7–8)*.
Life span/
Generation interval** Hours, days, months, years.
Dispersal capacity Poor, moderate, good. Assessed in terms of the typical 

distance propagules can travel. Poor = meters, good = 
kilometers.

Reproductive mode Fission, budding, asexual propagules, sexual gametes.
Fecundity Low, medium, high, very high. Fecundity includes 

offspring/unit time or offspring/individual. Low = single 
figures yr–1, high = thousands yr–1.

Facultative dormancy Present, absent.
Separate life stages Yes, no. Examples are insect larvae living in different 

habitats from the adults, and planktonic larvae produced 
by sedentary adults.

Ecological flexibility Low, moderate, high. This is a summary character, reflecting
the ability of an organism to switch substrates or habitats in 
response to disturbances or stresses.

*Numbers refer to spatial scale categories in Figures 8.1a–8.1c.

**These would not be the same if there were dormancy.
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the corresponding functional groups (Table 8.2). One handicap is that life-history
traits are poorly known for most species, other than some vertebrates, higher plants, and
some invertebrates, (e.g., Brown 1986 for insects; Grime et al. 1988 for plants; Lavelle
& Spain 2001 for soil invertebrates). Furthermore, phenotypic plasticity in many pop-
ulations (such as facultative dormancy and occurrence of spatially separated life stages)
and the range of triggers for this plasticity seem to be more extensive than previously
expected (Lavelle 1983; Negovetic & Jokela 2001; Jennions & Telford 2002; Mitchell
& Carvalho 2002; Peckarsky et al. 2002). This is particularly relevant to the delivery of
ecosystem services. For example, phenotypic plasticity is a biological characteristic of
successful invaders, just as invasive ant species may be characterized by the formation
of supercolonies that lack distinct behavioral boundaries and are, therefore, able to dom-
inate entire habitats (Holway et al. 2002).Table 8.2 

Current risk assessment protocols for weeds, invasive plants, and alien fish species in
North America are predicated on knowing species characteristics (e.g., Kolar & Lodge
2002), as are conservation efforts (Côte & Reynolds 2002), though similar approaches
to soil and sediment organisms are limited to very few cases (Blackshaw 1997; McLean
& Parkinson 2000). Recently, Wilby and Thomas (2002) suggested that basic biologi-
cal insights can “allow more accurate predictions of the effect of species loss on the deliv-
ery of ecosystem services,” but these are available only for a limited number of soil or
aquatic organisms (Lavelle & Spain 2001). Several taxa have a wide range of biological
traits, such that the functional group of “litter transformers” can include species with
high metabolism, high fecundity, and short life spans (e.g., most microarthropods
including Astigmata), and those with low fecundity and long life spans, most taking
more than a year to complete their life cycle (e.g., most Oribatida; Walter & Proctor
1999). Insect root herbivores are, likewise, variable in life-history traits and may display
variation according to abiotic and biotic conditions (Brown & Gange 1990). For
microorganisms, there has been little attention to life-history traits, other than repro-
ductive attributes. More information is available on soil ecosystem engineers and their
functional impact on soil processes. Recently, attention has been paid to the structure
and composition of the biogenic structures that they produce, and their evolution in
time and impact on soil properties at large scales (Le Bayon & Binet 1999; Decaëns et
al. 2001). Specific microbial communities generate characteristic organic signatures
(based on near infrared spectrometry), which have been characterized to indicate the
likely diversity of functional impacts in soil (Hedde, Decaëns, Jimenez, and Lavelle,
unpub. data).

Table 8.3 presents our assessment of the most critical set of ecosystem services,
listed, respectively, as provisioning, supporting, and cultural services, and the functional
groups that are responsible for delivery of each. For the listed services, traits contribut-
ing to vulnerability of the service and the desired trait level can be identified. An exam-
ple is given in Table 8.4 for nutrient cycling in freshwater systems. Table 8.3, Table 8.4 

Scope 64.qxd  10/6/04  11:36 AM  Page 217



Table 8.3. Functional groups involved in the provision of ecosystem services.

Functional Group Involved

Service Freshwater Marine Soil

Provisioning

Animal food production 8,12,11 8,10,11,12,14,15 none

Plant food production 7,8 7,8 1,7

Other biological production none 8,10,11,12,14,15 none

Biochemicals/medicines/models 7 1,2,6,7,8,10,11 1,7,15

Fresh water production 1,9,10,4 1,15

Clean sea water N/A 1,4,5,6,7,8,10, N/A
11,13,14,15

Fuels/energy 7 1,3,5,7,8,10, N/A
11,12,14,15

Nonliving material 1,3,4,7,8,15 1,3,7

Transport 7,15 N/A N/A

Supporting

C sequestration 1,7 1,7 1,5,7,15

Trace gasses/Atmospheric composition 6 6,15

Soil and sediment 
formation + structure 5,14,15 1,5,7,8,10, 1,5,7,14,15

11,12,14,15

Nutrient cycling 1,3,6,9,10,11 1,5,7,8,10, 1,2,3,4,6,7,9,
11,12,14,15 12,14,15

Biocontrol

Detoxification/waste treatment 1,6,9,10,11 1,3,4,5,6,7,8,10, 1,6,7
11,13,14,15

Flood/erosion control 7,15 1,5,7,8,10,11,14,15 5,7,14,15

Climate regulation/
Atmospheric composition 3,4,6 1,3,4,5,6,7,8,10, 1,2,3,4,6,14,15

11,12,13,14,15

Redox 1,6 1,2,3,4,6,7,8,10, N/A
11,13,14,15

Trophic support 1,2,7,8,10,11,
12,13,14,15

Habitat provision/refugia/landscape 
interconnections + structure 5,7,14,15 1,2,5,7,8,10, 5,7,14,15

11,12,13,14,15

Cultural

Aesthetic/recreation 7,8,12 1,3,4,5,6,7,8,10, 1,14,15
11,12,13,14,15
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Implications for Management of Ecosystem Services
Based on the eight general levels for spatial and biotic patterns we identified earlier (Fig-
ures 8.1a, b, and c), we have been able to consider the scales over which the various
ecosystem services are most vulnerable, at what scale we can intervene for management,
and which functional groups are the most important for the various services. We can
then evaluate which of the response traits (Table 8.2) of species are contributing most
to their vulnerability, and what the desired trait level would be to overcome/resist this
vulnerability. While this is currently a conceptual exercise, it does offer the possibility
for the development of a management tool once we have more objective data on spe-
cific vulnerability levels and critical traits. As an example of the approach of identify-
ing biological/ecological traits that contribute to the vulnerability of a particular service
for the freshwater domain, we have used the ecosystem service of nutrient cycling. The
desired trait levels are “best guesses” at present, until research has rigorously tested the
links between traits, the functioning of the ecosystem, and the provision and stability
of the services. The approach offers a good basis for the development of better man-
agement practices and a method for linking considerations of biodiversity more directly
to the management of ecological services.

We conclude with a number of clear patterns that emerge from this analysis. We sug-
gest that these patterns provide a useful basis for considering the appropriate scales of
management intervention in soils and sediments, with a focus on the key biodiversity
elements involved:

Table 8.4. Nutrient cycling in freshwater systems: Functional groups and
associated biological traits responsible for the service, scales at which the
service is delivered, and optimum intervention levels for management
along biotic and spatial scales as defined in Figures 8.1a–8.1c.

Spatial Biotic Traits Desired
Intervention Intervention Functional Contributing Trait

Scale Level Scale Level Group to Vulnerability Level

1–6 5–6 1–4 4 1,3,6 DC 7
EF Generalist

9,10,11 LS 5–6
DC 6–7
PP No
EF Generalist
F 4–6

Spatial Biotic 
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1. The biodiversity in soils and sediments allows the creation of self-organizing systems
(SOSs), recognizable by a clearly defined set of interacting organisms and a specif-
ically defined habitat that they create and/or inhabit. SOSs are nested within each
other as scale increases.

2. SOSs participate in the regulation and/or delivery of ecosystem services at eight dif-
ferent levels extending over approximately 16 orders of magnitude, from micro-
habitats to the whole biosphere. Each of these SOSs has a definable buffering
capacity against disturbances.

3. All species in SOSs participate in provision of the service to the extent that they con-
tribute certain functional traits and can resist disturbances with adequate response
traits.

4. Ecosystem services provided by soils and sediments are more vulnerable as they are
provided at a limited number of scales (with a low number of buffers), and because
a limited number of scales separate the processes from their delivery.

5. Successful protection and restoration therefore requires a number of specific steps:
• Identify the scales at which processes that sustain a service operate;
• Identify the functional groups that are essential to the service and the species that

comprise the functional group;
• List the response traits that allow these species to adapt to disturbance;
• Limit disturbances to acceptable levels (protection) or reintroduce species with

acceptable trait levels in a newly recreated ecosystem.
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The full assessment of the impacts of ecosystem management and disturbances on the
provision of ecosystem services would be a comparatively simple process if ecosystems
were totally self-contained and independent. Simple monitoring, observation, and
assessment within a system would inform us of the implications of our management
activities, with the benefits and costs being simply quantified and traded. In that sim-
ple case, increases in yield could be weighed against biodiversity loss, the ability of an
ecosystem to buffer against flooding could be traded for loss of its amenity value, and
so on. However, this simplistic approach is clearly unrealistic, because “secondary”
effects to other systems are an almost inevitable consequence of any adopted manage-
ment policy or disturbance.

One simple and seemingly objective means of assessing the full economic and cul-
tural value of ecosystems to humans is to consider the provision of ecosystem services
(Daily et al. 2000). The ecosystem services of terrestrial, freshwater, and marine soils and
sediments have been developed thematically in previous chapters of this volume. With
our increasing appreciation of all the previously unquantified benefits that ecosystems
have for humans, there is also an increasing requirement for techniques to formalize the
impacts of human activities on these services. As outlined in previous SCOPE reports
(Wall Freckman et al. 1997; Wall et al. 2001a; Wall et al. 2001b) there is a need to be
able to extend this approach to interconnections between ecosystems, to quantify how
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altering the management of, or inflicting a major disturbance on, one system can have
“downstream” effects on the provision of ecosystem services in other interconnected, but
spatially separated, ecosystems and domains.

We have chosen to focus here on deforestation as an example of one such potentially
interconnected series of cross domain impacts, because this issue has already been inves-
tigated from the perspective of each of the three domains (terrestrial, freshwater,
marine) but these have never been formally linked together. Figure 4.1 in Chapter 4
shows the overall nature of these cascading links as a result of deforestation, while Fig-
ure 9.1 summarizes the approach used in the current evaluation; the objective is to
strengthen our understanding of the importance of the links between the domains
rather than simply emphasize the within-domain impacts. Figure 9.1

However, such an analysis could be almost infinite if one considered all types of
forests and all implications for terrestrial and aquatic species, their interactions, biodi-
versity, trophic food chains, and so on. Therefore, we have limited the scope of the dis-
cussion to deforestation of temperate systems and to those aspects directly linked to pro-
vision of ecosystem goods and services (Figure 9.1). As ecologists specifically interested

Figure 9.1. Overview of the potential impacts of deforestation on ecosystem services pro-
vided by cascading domains, showing the linkages between domains
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in the biodiversity of soils and sediments, we have also focused on the role of biodiver-
sity in ecosystem function, considering how changes in these biological parameters
directly affect humans through the provision of ecosystem services. In providing this spe-
cific example, we utilize a structured and logical template for assessing the cascading
effects of management on one ecosystem through other, spatially separated, domains.

Forests and Forest Soils: Deforestation Impacts
Despite the very diverse nature of forest soils, some gross generalizations about the struc-
ture and biological activity can be traced back to the original distinction between mull
and mor made by Muller in 1887. The careful examination of soil humus forms, ini-
tially advocated by Muller (1887) and further developed by such researchers as Kubi-
ena (1953) and Topoliantz et al. (2000), has reconfirmed the crucial interaction
between soil parent material, faunal activity, and plant litter quality in determining the
development of soil organic matter and in the value of the concepts of mull and mor
humus.

Soils with mull humus typically form on calcium-rich, moderately or well-drained
clayey parent material, generally beneath grassland and deciduous forest. The mull
humus form is often mildly acidic, due to leaching of base cations (e.g., calcium) down
the soil profile, and is characterized by intimate mixing of the surface organic and upper
mineral A horizon. This mixing results from a high abundance and activity of soil biota,
especially earthworms, and also leads to enhanced rates of decomposition, nutrient avail-
ability, and plant growth.

In contrast, in coniferous forests and other systems that produce poorer litter qual-
ity, there is an obvious build-up of organic matter at the soil surface: the so-called mor
humus. These mor humus forms are typically acidic in nature and are characterized by
low rates of decomposition and plant nutrient availability, differing both biologically
and chemically from the mull form. Biologically, it is typical for the microbial biomass
of these mor soils to be strongly dominated by fungi (rather than bacteria), and the
fauna are characterized by high numbers of microarthropods (mites and Collembola),
but with an absence of earthworms. Chemically, these humus forms are quite different:
mull has a lower fulvic acid fraction, with a higher concentration of calcium and higher
base exchange capacity in the humic fraction. Mor soils, by contrast, are characterized
by less completely degraded organic matter, with an abundance of lignin and hemi-
cellulose, resulting in a more fibrous texture. Both base cation content and exchange
capacities tend to be much lower in mor than in mull soils.

Although providing a generalized starting point for describing humus forms in for-
est soils, it must be appreciated that many inter-grades and variations from these basic
forms exist. For example, Kubiena (1953) extended these divisions by describing a
series of important common transition forms, particularly that of “moder” humus,
which superficially resembles a mor in having a sharp distinction between organic and
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mineral horizons, but contains large numbers of insect larvae and some restricted
species of acid-tolerant earthworms. Thus, the differing humus forms in forest soils are
a reflection of biological activity. Some of these differences are summarized in Figure 9.2,
which has been modified from Wallwork (1970). Figure 9.2 near here

Forests have a number of key and unique features that determine the development
of soils and associated biota. First, forests are among the most productive terrestrial
ecosystems in the world, with both high rates of annual net primary productivity and
the greatest standing biomasses; global terrestrial net primary production is estimated
at around 60 PgC a–1, of which 30 percent is accounted for by forests (see IPCC 2001;
Saugier et al. 2001; Gower 2002). The input of organic matter into the soil occurs both
as root input and aboveground litter fall, and the fate of these different litter materials
is influenced both by their physical placement into the soil and by their intrinsic dif-
ferences in quality. In particular, the input of woody remains to the forest floor is
important both as a substrate and habitat for decomposers, and it has been argued that
the input of plant material from “k strategy” plants may be reflected in the “r or k strat-
egy” of the soil population (Heal & Ineson 1984). It has been also argued that an

Figure 9.2. The relationship between humus types and fauna in forest ecosystems
(adapted from Wallwork 1970).

Scope 64.qxd  10/6/04  11:36 AM  Page 228
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increase in the abundance of litters rich in lignin and more recalcitrant molecules
requires a more complex decomposer community.

Forest soils provide an important habitat for a wide range of soil fauna, but forest car-
bon turnover is actually dominated by microbial activity, with carbon accumulation on
the forest floor being the resultant between net primary productivity (above- and below-
ground) and decomposition. The microbial community of the upper soil layers in forests
is dominated by fungal-based rather than by bacterial-based food webs, which are highly
capable of degrading the more recalcitrant components of the incoming litter and are less
sensitive to the acidic conditions that frequently develop in the organic rich upper soil
horizons (see Chapters 2 and 5, this volume). Fungi tend to be more resistant to drought,
and they are well adapted to the changing microclimate in the litter layer through the pro-
duction of both asexual and sexual sporing structures. However, the sensitivity of my-
corrhizal fungi colonization to summer drought in grassland soils has recently been con-
vincingly demonstrated by Staddon et al. (2003). Basidiocarps (reproductive bodies)
produced by both saprotrophic and mycorrhizal fungi are an important direct ecosystem
product, being a prized food resource across a wide range of human cultures.

Abiotically, one of the most important effects that deforestation and land-use
change have on water draining from catchments is in sediment losses. Particulate load-
ing into streams can be conveniently split into two divisions: suspended load and bed-
load. Suspended load is the sediment in transport, which is buoyed up by the movement
and flow of the water and includes particles from clay through to fine sand. Typically,
this is the material that can be collected in a “bucket” or “gulp” sampler, which can have
a marked effect on the turbidity of the water. In contrast, the bedload is the particulate
matter that rolls down the stream while remaining in contact with the channel bed, and
which is actually quite difficult to quantify.

Bonin et al. (2003) collected fine benthic organic matter from a number of catch-
ments in the United States and concluded that previous timber harvesting had a major
impact on the sediment load and sediment biological activity at the base of the catch-
ments. Indeed, these researchers found that the resulting fine organic material had
higher mineralizable and extractable nitrogen when derived from the less-disturbed
sites, and microbial activity (as represented by a wide assortment of assay techniques)
in the harvested catchments tended to be greater. More dramatically, the historic
felling of forests in New Zealand has been linked to major landslides that, in turn, have
contributed significantly to the development of sediment in depositional basins both
within the freshwater and nearshore and offshore zones of coastal systems (see Glade
2003, and below). A less obvious but more insidious problem resulting from deforesta-
tion is associated with the construction and materials associated with road building.
When considered in terms of changes to the management of a forest, road-building
practices have the potential to result in major changes to soils and to the freshwater
ecosystem (Motha et al. 2003) at many temporal and spatial scales (see also Chapter
8, Lavelle et al.).
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The provision by forests of ecosystem goods and services has been discussed
throughout this volume, and a brief summary of the impacts of deforestation within the
terrestrial domain is provided below. It should be noted, however, that these impacts are
necessarily generalized, since specific site factors such as the scale, location, residue, and
post-disturbance vegetation regime may be critical in controlling impacts. One extreme
illustration of this is provided in Figure 9.3, which emphasizes the point that the spa-
tial distribution of tributaries, even with an equivalent catchment area, can impact a
receiving marine domain in very different and idiosyncratic ways, depending on details
such as branching structure and number of lakes within the river system. Figure 9.3

1. Food provision. Although at one time terrestrial forests were a major source of human
nutrition, the development of agriculture has meant that forests no longer occupy
such a central role. However, as a habitat for birds and mammals, forests currently rep-
resent an important source of meat for those human cultures still dependent on
hunting, while even societies that rely heavily on agriculture still value the edible fungi
and fruits growing wild in forests. Forest felling can have major effects on forests as
sources of foods, increasing access for hunters of larger mammals and increasing the
provision of forest margins and glades suitable for wild boar (Brownlow 1994). With
respect to game birds, the traditional view is that the creation of forest edges increases
the number of game birds, but this has been challenged by Temple and Flaspohler
(1998). Thus, many of the effects of deforestation on human nutrition are positive,
since the provision of appropriate forest clearings, edges, and rides can encourage, for
example, species of mammals and fungi not found in intact forests, and may actually
improve the habitat for specific mammals. Indeed, Termorshuizen and Schaffers
(1991) suggested that clear-cutting was a significant factor in increasing fungal abun-
dance due to the provision of disturbed, less polluted, soil layers.

2. Carbon sequestration. Soil biota are a crucial determinant of carbon sequestration and
mixing in forest soils, with greater carbon accumulation in mor than mull systems.
However, carbon stored in mor humus may be more vulnerable to deforestation
than carbon held in mull humus, since the stabilization of organic matter onto min-
erals is more pronounced in mull soils. Earthworm activity is specifically associated
with the intimate mixing of soil organic matter and minerals, which has major con-
sequences for the sequestration of carbon. A large component of carbon storage in for-
est floors is maintained in trunks and woody debris, and the impacts of deforestation
on carbon storage depend on how much of this material is left after felling. However,
the net effect of deforestation sometimes results in soil carbon loss, largely because
canopy removal results in a greater water and heat flux to the soil with increased
decomposition together with a reduction of litter inputs after the initial felling.

3. Water quantity. Reduced rooting, together with an associated drop in mycorrhizal
fungal biomass and less canopy interception, leads to an increase in soil moisture
content and greater runoff. Water yields can be significantly greater in streams
draining felled catchments (see below).
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4. Water quality. Deforestation exerts a major influence on decomposition processes,
largely through the changes in leaf fall litter, heat, and water flux to the soil. The
removal of tree root activity, together with the large underground litter input from
roots, reduces water lost through evapotranspiration and also provides considerable
nutrient and detrital input. In a review of the impacts of forest management prac-
tices on forest carbon stores, Johnson (1992) concluded that there were no consis-
tent general trends of carbon change after harvesting, although lower soil carbon
stocks occurred if the harvesting was followed by intense burning or cultivation.
Although a few studies have shown large net losses, most studies show no signifi-
cant change. Yanai et al. (2003) has highlighted the technical difficulties associated
with detecting forest carbon store changes. Increases in dissolved organic carbon
(DOC) and sediment load, together with increased concentrations of nitrate (see
Binkley 2001), and cations have been frequently observed and experimentally ver-
ified. There is generally a transient increase in soil ammonium concentrations after

Figure 9.3. Diagrammatic representation showing how the physical location and scale of
deforestation is important in controlling impacts on freshwater and marine sediments.
The top panel represents a forest system with selective cutting, and the bottom panel rep-
resents a forest with clear-cutting. The level of intensity of the disturbance can impact
freshwater and marine sediments, and the cascading effects of sedimentation, quite differ-
ently. For in-depth discussion of spatial and temporal scale, see Chapter 8.
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felling, but this often fails to manifest as a change in stream waters. A central fea-
ture here is the process of nitrification, which not only serves to produce the highly
mobile anion NO3

– but may also result in acidification under inappropriate man-
agement (Neal et al. 1998). The organisms associated with nitrification in acid soils
are poorly understood, yet modern molecular techniques are demonstrating that the
characteristic populations of these autotrophic bacteria differ between domains
and habitats within domains. Increased stream water concentrations of Al3+ are also
a consequence of felling on acidic soils, potentially having a deleterious impact on
both soil and aquatic biota.

5. Trace gas production. Standing forests are often major sites of CH4 oxidation within
a landscape, and forest removal is often linked to a reduction in the capacity of soils
to remove this important greenhouse gas. The mechanisms behind these changes
are poorly understood, but are associated with the soil bacteria specifically known
to carry out the process. In contrast, soil waterlogging associated with felling may
result in increased methanogenesis, associated with the anaerobic decomposition of
organic matter. Wetter soils, with a greater NO3 concentration and more available
carbon from the felling residue, all interact to increase denitrification rates, with
N2O being a common product under the acidic conditions found in forest soils. A
significant quantity of dissolved N2O may end up in the streams, being subse-
quently de-gassed farther downstream.

6. Recreation. Felled forest is both visually and recreationally less valuable than stand-
ing forest, with hikers, horse riders, and day-trippers preferring intact forest stands
with good road and ride access. Other users, such as hunters, have slightly differ-
ent preferences and prefer some open space within the forest. However, overall,
recreation is reduced in recently felled forest. A summary of changes in ecosystem
services and consequences for the outputs moving into linked freshwater systems is
provided in Table 9.1, section A. Table 9.1

Freshwater Ecosystems: Deforestation Impacts
Impacts of deforestation on stream assemblages and ecosystem processes are well
known, but they have not been considered explicitly within the context of the ecosys-
tem services provided by stream benthos. There is a wealth of observations and exper-
imental data on the impacts of deforestation on the physical, chemical, and biological
characteristics of streams, potentially leading to changes in provision of ecosystem
goods and services by the freshwater system. However, it must be recognized that not
all deforestation is the same, and the impacts are closely linked to the actual manage-
ment practices used in the felling process. The extent of the area and actual location of
deforestation, whether principally in the upper or lower reaches of the catchment, also
have a major influence on potential freshwater impacts (see Figure 9.3).

Streams receive increased sediment loads following tree removal (often from road

232 | III. CONNECTIONS BETWEEN SOILS AND SEDIMENTS
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building), which alters geomorphology because depositional areas contain a higher
proportion of fine sediments (Platts et al. 1989; Waters 1995). The chemical composi-
tion of groundwater flowing from soils to streams can change radically with increased
solutes such as nitrate, base cations, and lower pH (Likens et al. 1970). Water temper-
atures may increase because of the loss of overhanging vegetation (Johnson & Jones
2000) and the considerable reduction of leaf litter (Webster et al. 1990) during the short
period before regrowth. Wood inputs will decrease (Bragg 2000), which alter stream
geomorphology, since wood may play an essential role in determining riffle-pool struc-
ture and sediment storage in streams (e.g., Montgomery et al. 1996).

Stream biota can play a strong role in providing such ecosystem services as juvenile
fish production, nutrient transformation, and recreation (see Covich et al., Chapter 3;
Wall et al. 2001). Altering these biota via forest removal may affect some of the ecosys-
tem services that streams provide, with reduced litter and wood inputs combined
with increased sediment and solute loads, resulting in changes in stream biota. Inver-
tebrate assemblage structure shifts from large shredder-dominated assemblages to
increased scrapers (Gurtz & Wallace 1984), though there can be higher secondary pro-
duction of macroinvertebrates well after the disturbance (Stone & Wallace 1998).
Responses to logging are habitat specific; depositional areas may have lower abundance
of invertebrates following logging, presumably from increased sediment, while
bedrock reaches may experience higher invertebrate density due to increased light
(Gurtz & Wallace 1984).

Responses of fish populations and production to deforestation are complex.
Increased algal production from higher light input may increase fish production, largely
as a result of higher invertebrate production (Bilby & Bisson 1992). However, long-term
loss of wood inputs will reduce habitat diversity and fish biomass in streams, despite the
short-term increases in light and algal productivity. For example, streams in British
Columbia had four to ten times higher salmonid biomass when woody debris was
abundant (Fausch & Northcote 1992). Sediment can fill spawning gravel, lowering
salmonid recruitment success (Waters 1995).

Deforestation can alter ecosystem services provided by the stream benthos. If the
stream has migratory salmonids, there may be strong negative effects on recruitment of
smolts (Table 9.1, section B) and much of the decrease of salmon populations in coastal
streams has been attributed to sediment impacts from deforestation (review in Waters
1995). Thus, removal of forest production may dramatically affect the stream’s ability
to recruit salmon, which will lower overall productivity, and, in turn, harm recreational
fisheries.

Deforestation may also decrease the stream’s capacity to remove nutrients from the
water column, resulting from both abiotic and biotic changes. Increased nutrient con-
centrations may saturate biotic uptake (Dodds et al. 2002), which may proportionally
increase loads of dissolved inorganic nutrients. Loss of coarse woody debris may also
lower nutrient uptake and storage (Bilby & Likens 1980; Valett et al. 2002), and
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increased fine sediment may fill interstices within stream substratum, decreasing
hyporheic exchange (Morrice et al. 1997); this may reduce key biotic processes such as
denitrification. However, increased fine inorganic sediment may increase uptake and
storage of ions such as phosphate, which will bind to increased fine sediment (Meyer
1979). Increased sediment may reduce numbers of filter-feeding insects, which may
lower downstream transport of particle carbon. In some cases, however, the reduction
of filter feeders would not have as serious effects on transport of particle carbon as would
the reduction of estuarine bivalves (Wallace & Merritt 1980; Caraco et al. 1997; Jassby
et al. 2002; but see also Crowl et al. 2001).

The net effect of rivers and associated riparian zones is to lower the dissolved nutri-
ent concentrations that are exported to estuaries (Alexander et al. 2000), with defor-
estation having to occur over a large portion of the watershed in order to substantially
reverse this process. Given that nutrient concentrations decrease following regrowth of
vegetation, and that large watersheds are cut sequentially, it is unlikely that increases in
nutrients would rival agricultural or atmospheric inputs. Similarly, much of the sedi-
ment transported to streams may be stored in stream channels, thereby attenuating the
delivery of sediment to downstream ecosystems. It is possible that temporary losses of
organic matter from allochthonous (non-local) inputs could lower productivity in
downstream ecosystems if there is substantial transport of this material (e.g., Vannote
et al. 1980). It is more likely that loss of instream retention structures (e.g., woody
debris) will decrease the ability of the stream to retain organic matter, with streams from
logged catchments potentially having higher rates of organic matter turnover and
higher export than non-logged catchments, at the expense of benthic storage (Webster
et al. 1990). Despite small-scale catchment studies of organic matter export, there are
few tests of large-scale impacts of land use on organic imports in downstream ecosys-
tems. The provision of ecosystem goods and services within the freshwater domain have
been discussed throughout this volume, and a brief summary of the impacts of defor-
estation within the terrestrial domain is provided below.

1. Food provision. The quantity and quality of fresh waters have particularly marked
effects on salmon production, with decreased salmon spawning due primarily to
increased sediment input to streams associated with felling. Whirling disease may
exacerbate problems. Other biological changes are exerted via the shredders, which
decline with the increased algal blooms resulting from water-quality changes.
Water-quality changes will increase the numbers of deposit feeders, and abiotic fac-
tors, such as increasing temperatures, may also be affected.

2. Carbon sequestration. Streams are not considered to be primary sites for C seques-
tration because of their relatively small area and low speed of flow. However, after
felling it is anticipated that the net balance between increased runoff and increased
sediment load will lead to a net increase in river sediment.

3. Water quantity. For the reasons presented in the terrestrial domain section (above),
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the quantity of stream water will increase post-felling. This increased yield may be
significant, and it is an important consideration when forested catchments are
being managed largely for water provision.

4. Water quality. Most countries have recommended guidelines or legislation for
forest-felling operations in areas where water from a catchment is important for
human consumption. Specific limitations on stream-edge felling, road construction,
pesticide usage, and so on are designed to protect water quality, with concentrations
of NO3, Al, dissolved organic matter, and sediment being critical indexes of water
quality. The impairment of this important ecosystem service can impact different
sectors depending on the chemical changes that occur. For example, high concen-
trations of nitrate are considered a risk to human health, while aluminum may be
toxic to fish and other stream biota; high DOC and associated dark water color may
give rise to additional processing or mixing costs.

5. Trace gas production. During transfer in the stream, some nitrogen will be removed
from the water course by algae and also by the process of denitrification, resulting
in the production of N2O. Trace gases, including N2O and CO2 previously pro-
duced in the soil and dissolved in steam water, will be de-gassed from the stream
into the atmosphere.

6. Recreation and transport. Deforestation is frequently associated with new roads,
which may increase recreational access for fishing, canoeing, and so on. Major
rivers are actually used to transport timber from logging sites. However, increased
sediment loads and Al3+ may cause reductions in specific fish stock.

An overview of changes of ecosystem services and consequences for outputs toward
freshwater systems is provided in Table 9.1 section B.

Marine Ecosystems: Deforestation Impacts
Key inputs into the coastal zone (estuaries and shelf ) from upstream will include sed-
iments, nutrients, pollutants, and, to a lesser extent, fresh water. They will have both
positive and negative effects on the services provided by sediment habitats (salt marsh,
mangrove, seagrass beds, and tidal flats) and by sediment-dwelling marine benthos.
These services are discussed in more detail in Chapters 4 and 7, and are also reviewed
by Snelgrove et al. (1997, 2000) and Levin et al. (2001). Briefly, they include ecolog-
ical functions such as decomposition and nutrient regeneration; regulation of water
fluxes, particles, and organisms; and habitat and nursery provision. They also provide
more direct services: shoreline stabilization; water purification; the production of har-
vestable fish, shellfish, and plants; and trophic support for these fisheries. Key func-
tional groups involved in providing these services include bacteria and fungi, shredders,
suspension feeders, and bioturbators (see Wall et al. 2001b). Below we review a range
of scenarios regarding altered sediment function in the coastal zone that might result
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from increased inputs of nutrients in sediments of freshwater associated with upland
deforestation.

The life histories and health of many estuarine organisms are finely tuned to the
quantity and timing of freshwater input to estuaries, and to the resulting salinity vari-
ations. Attrill (2002) has demonstrated that estuarine diversity in the Thames River
Estuary is lowest where the variation is greatest (often in the zone where salinity aver-
ages 5–15 ppt). Drought usually increases estuarine salinity and may reduce habitabil-
ity for upper estuary oligohaline organisms. Invasions by marine species and increased
incidence of disease have been attributed to reduced freshwater inputs associated with
drought, as the timing of reproduction or growth is finely tuned to winter or spring
flooding. However, increases in freshwater input associated with inland deforestation are
likely to be minor and these effects will be minimal in comparison with those of sedi-
ment and nutrient input.

Increased nutrient inputs to the estuary from freshwater sources (rivers, streams, and
groundwater) may impair or enhance key ecosystem services, depending on the level of
nutrient loading. Because nitrogen availability often limits primary production by phy-
toplankton, algae, and rooted vegetation, low-level increases in nitrate concentration
could increase primary production. The sediment biota may respond with increased
abundance of all functional groups, leading to greater trophic support for, and pro-
duction of, fish and shellfish. Increased nutrient availability may yield enhanced growth
and peat deposition by vascular plants (salt marsh plants, mangroves, and sea grasses).
This would increase C sequestration, stabilize sediments, and improve water quality
through slowed flows and particle removal. The spread of wetlands may also lead to ele-
vated organic matter accumulation, greater microbial activity, and greater production
of methane, a potent greenhouse gas. However, concurrent increase in turbidity may
negate the positive effects of nutrients on primary production. High nutrient loading,
in contrast, will lead to levels of phytoplankton production that quickly overload the
system. Decay of unconsumed primary production will increase biological oxygen
demand and generate hypoxic waters, a process termed eutrophication. A sequence of
changes in the sediment biota may be expected, with large epibiota (e.g., crabs, shrimp,
bottom fish) and subsurface dwelling forms (bivalves, echiurans, annelids) declining
first, with loss of bioturbation and nutrient regeneration capacity. Small, opportunistic
taxa that tolerate hypoxia construct tubes or shallow burrows in dense assemblages near
the sediment-water interface (Pearson & Rosenberg 1978), and they have limited influ-
ence on the cycling or burial of organic matter (Rhoads & Boyer 1982). Diversity of
species and functional groups will decline with increasing hypoxia. With severe
eutrophication, the sea floor may be carpeted with dead plankton, fish, and other
organisms. These will become covered by sulfur bacteria, and underlying sediments will
be anoxic and azoic. Such conditions have been noted in the Baltic and North Sea in
the past, and occur in summer in the coastal Gulf of Mexico (Rabalais et al. 2001). It
is unlikely, however, that the release of nutrients and organic debris by deforestation
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alone would be of a magnitude sufficient to induce such severe eutrophication in
coastal estuaries. Typically, nitrogen fertilizer and phosphate runoff from domestic and
industrial use are contributing factors.

Steep rivers that cut through mountainous regions may deposit large amounts of ter-
restrial debris and fine organic matter on narrow continental shelves and slopes during
flood events (Leithold & Hope 1999; Wheatcroft 2000). On the Eel River margin of
northern California, deposits of woody debris coincide with the occurrence of methane
seepage. On the slope at 500 m, distinctive infaunal assemblages are formed (Levin et
al. 2003) that have carbon isotopic signatures consistent with a carbon source derived
from terrestrial organic matter (Levin & Michener 2002). It is possible that deforesta-
tion effects on organic inputs could be felt on the shelf and slope where steep moun-
tainous terrain abuts the coastal zone.

Suspended Sediment
Total suspended particulate matter (TSM) contains both organic particulate organic
matter (POM) and inorganic particles transported with riverine systems to estuaries and
the sea. Its content varies seasonally and geographically, ranging from 10 to 1000 mg
TSM per cubic decimeter. As they reach the marine zone, suspended sediments undergo
rapid transformation and are largely removed from the water column in the process of
physicochemical flocculation, aggregation, and finally sedimentation. In open river
mouths discharging the freshwaters directly to the full saline sea, as much as 95 percent
of POM is sedimented in the immediate vicinity of river mouths, and only a small frac-
tion of the original suspended load is transported to the shelf (Lisitzin 1999). Sedi-
mentation rates in river mouths are extremely variable, but may range over 1500
g/m2/day; similar values have been reported from vegetated salt wetlands and tidal
flats. TSM loads may enter the estuaries both as bedload transported and surface-layer
transported particles, depending on the hydrology, season, speed of the flow, and so on.
In the first instance, the surface estuarine waters are relatively transparent (euphotic) and
local primary production may be high. In other cases, the water transparency drops
and local primary production is completely inhibited. The increase of suspended load
and consequent increase of sedimentation have profound effects on the estuarine sedi-
mentary biota.

The overall reaction of benthic assemblages follows the pattern described by Pearson
and Rosenberg (1978) in disturbed or enriched marine sediments. Large, sessile,
structure-forming species disappear and are replaced by small, mobile, surface-dwelling
taxa. The increase of TSM load influences the services provided by estuarine-shelf
biota. Effects include a drop in biomass of harvestable species or enhanced carbon
sequestration by bacterial development on mass aggregates of organic matter. Other ser-
vices, such as recreation and aesthetic values, are likely to be affected negatively due to
the turbid water, decrease of fish production, and organic matter deposits.
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The effects of terrestrial sediment deposition on New Zealand estuaries, as mentioned
earlier, have been particularly well studied and are considered here in more detail. Exten-
sive deforestation and other development-related activities have led to sediment inputs
via upland landslides, sediment runoff, and river-carried material in New Zealand. His-
torical sediment deposition records indicate that New Zealand experienced massively
increased sediment input to the rivers and estuaries with the arrival of humans on the is-
land, and again with the arrival of Europeans, who were responsible for much of the
deforestation (Hume & McGlone 1986). The most deadly sediment inputs occur in the
form of clay-dominated subsoils, and flooding and landslides may result in layers of this
material millimeters to centimeters thick being deposited into estuaries; single deposition
events of up to 10 cm have been recorded (Thrush 2004). The clays are associated with
low pH and often with refractory organic matter. Few animals are able to burrow
through clay layers, and sediments beneath these layers become highly anoxic. Experi-
mental deposition of clay-dominated sediments reveal significant negative impacts and
slow rates of macrobenthic recovery (Norkko et al. 2002; Cummings et al. 2003; Hewitt
et al. 2003; Thrush et al. in press). Even more chronic deposition events (1, 3, 5, 7 mm
thick) can produce changes in the density of macrofaunal density of up to 50 percent
(Thrush 2004). These effects include bivalve and polychaete mortality, as well as changes
in feeding behavior, declines in growth density, and slowed recruitment, with effects last-
ing up to 18 months or more (Norkko et al. 2002). Only large burrowing crustaceans
(crabs and shrimp) are able to cope with the high sediment loads. Microphytobenthos
(benthic microalgae) that can migrate up through the layers of clay will survive, but those
that cannot will die, diminishing the food supply for many grazers in sediments. Exper-
iments reveal that species-level identification is necessary to evaluate consequences of sed-
iment input for estuarine sediment communities. Within a single functional group (Spi-
onidae, a family of surface-feeding polychaetes), sensitivity to clay deposition may differ
greatly among species (Thrush et al. 2003, in press).

In New Zealand, sediment fecal bacteria often accompany sediment runoff from
agricultural land. Together the sediments and bacteria have negative impacts on harvests
of filter-feeding oysters (Crassostrea gigas) and mussels (Perna canaliculus; Hawkins et al.
1999) from marine farms as well as affecting recreational and traditional shellfish har-
vesting by the Maori population. Increased sedimentation and associated nutrient
input may also account for expansion of mangroves in many of the harbors and estu-
aries in northern New Zealand (Dingwall 1984).

Below, in summary, we list some of the key impacts of deforestation across a range
of marine and coastal ecosystems services:

1. Food provision. Water quality, including inorganic and organic solutes and, partic-
ularly in this case, sediment load from rivers, can have major effects on food pro-
vision by coastal and estuarine systems. These effects may be both positive and neg-
ative, ranging from potentially increasing the build-up of fish nursery grounds
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through to declines in the number of filter-feeding bivalves. As outlined above, the
sediment input via fresh water entering marine systems has particularly marked
effects on salmon production.

2. Carbon sequestration. The continental margins play a major, but poorly quantified,
role as burial sites of organic carbon derived from both oceanic and terrestrial
sources. Perturbations in freshwater discharge alter the intensity and depth of pen-
etration of thermohaline circulation, with consequences for the fate of carbon, the
transfer of dissolved organic carbon and sediment, and the export of dissolved
organic carbon and particulate organic matter.

3. Water quantity. For the reasons presented above, the quantity of stream water will
increase post-felling.

An overview of changes of ecosystem services and consequences for outputs toward
marine systems is provided in Table 9.1 section C.

Discussion and Conclusions
In this analysis we have necessarily restricted our considerations to the cross-domain
impacts of one specific disturbance in one ecosystem type; however, some generic con-
clusions have emerged (Table 9.2). First, it is very clear that significant impacts can be
readily passed on through a chain of domains, with important consequences for the
downstream systems. For example, the logging of large forest areas can affect remote
coastal marine domains, as seen in the clear example from New Zealand discussed
above. The impacts on the sediment biota are central to the sensitivity of the system,
with attendant consequences for ecosystem services of importance to humans. Again,
we have restricted discussion to the felling of temperate forests but similar, and equally
dramatic, effects have also been reported for nontemperate systems. For example,
impacts of increased sediment loads on sensitive systems such as coral reefs (e.g.,
Dubinsky & Stambler 1996) are particularly noteworthy because of their large conser-
vational, and increasingly recreational, value. Table 9.2

Second, it is also clear that a single type of disturbance may have differing impacts
on the different receiving domains, and that these effects may not be simply propor-
tionate to distance from the disturbance. For example, deforestation may lead locally
to increased stream nitrate and aluminum concentrations with, respectively, conse-
quences for local water potability and fish stocks. However, by the time these streams
have merged with others and then entered the oceans, the effects may have become
insignificant. The sensitivity of the organisms and processes in the receiving system,
amounts of dilution, and existing load from other sources are all key in controlling
the extent of the effects attributable to a specific land management change. It should
be emphasized that the case for sediment load is very different from the case for
solutes, with the coastal system effectively acting as an accumulation point for sedi-
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ment, while also containing organisms and processes sensitive to changes in these
inputs. In the case of nitrate loading, nutrients in the coastal zone are normally dom-
inated by fertilizer and effluent inputs, which largely dwarf any solute contributions
arising from deforestation.

In their evaluation of the spatial appropriation of both marine and terrestrial ecosys-
tem resources for the Baltic Sea drainage basin, Jansson et al. (1999) emphasized the crit-
ical interdependence between freshwater flows and the capacity of ecosystems to gen-
erate services, emphasizing the need for a holistic approach to watershed landscape
management to avoid any unintentional effects and loss of services. We would argue that
improved anticipation of unintentional effects across domains can be achieved using the
framework described here, with a systematic assessment of likely cross-domain effects.
Management options that lead to the lowest impairment of ecosystem services, balanced
across all domains, should be selected.

The decision to limit the current evaluation to deforestation and temperate systems,
while making the process tractable, has also limited the extent to which any resulting
conclusions can be generalized. However, a brief consideration of studies in nontem-
perate regions actually lends support to the general conclusions. For example, the role
of deforestation in increasing sediment loads and, more specifically, mercury contami-
nation in lacustrine sediments in the central Amazon has been reported by Roulet et al.
(2000), indicating a major impact of anthropogenic disturbance on mineral and
organic cycling across the entire region. Studies examining the causes for the substan-
tial quantitative and qualitative changes in deposited sedimentary organic matter in
major tributaries of the Amazon also strongly implicate increased deforestation as a
major cause (Farella et al. 2001), although the consequences are less fully described. As
mentioned above, increased sediment load from deforestation and topsoil erosion have
been linked to substantial marine changes in specific nontemperate marine systems,
including coral death and eutrophication (Dubinsky & Stambler 1996). Downing et al.

Table 9.2. Net effects of deforestation on soil, freshwater, and marine
domains.

Terrestrial Freshwater Marine

Loss of sediment High sediment load More wetland
Loss of nutrients Increased NO3 + other nutrients Sediment load
Change in soil biota More water Nitrogen stimulation

of production
Loss of carbon Increased light and temperature Altered benthic 

production
Increased temperature Switch from autotrophy to 

heterotrophy
Alteration of sediment biota
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(1999) argued that alterations in the N cycle, resulting from forest disturbance in trop-
ical systems, will have much greater impacts on tropical aquatic ecosystems than on tem-
perate equivalents, largely because of the greater importance of nutrient limitations in
these systems.

Thus, it appears to be the case that the general conclusions arising from the specific
case study will extend to other biome types; however, we have not addressed the ques-
tion of the extent to which the concepts developed here can be applied to other envi-
ronmental changes. The evidence from the current evaluation would suggest that
changes resulting from perturbing a single domain will frequently be seen as impacts in
other domains, and that different domains may respond surprisingly different to the
same environmental change—it is clear that one domain’s meat may be another
domain’s poison.
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10
Understanding the Functions of 
Biodiversity in Soils and Sediments
Will Enhance Global Ecosystem
Sustainability and Societal Well-Being
Diana H. Wall, Richard D. Bardgett, Alan P. Covich,
and Paul V.R. Snelgrove

Many species of plants and animals live in soils and sediments, and they play crucial
roles in providing ecosystem services for human well-being. A comprehensive synthe-
sis of existing information on which habitats, taxa, and ecological functions in soil and
freshwater and marine sediments are most essential is urgently needed if we are to main-
tain or restore their low-cost natural ecosystem services. This is of increasing importance
when we recognize that more than 90 percent of the energy that flows through an
ecosystem eventually passes through the food webs in the below-surface system. There-
fore, the consequences of the loss of species and their functional roles may have far-
reaching effects. Relatively little is known, however, about how species loss in soils and
sediments will have direct and indirect effects on these functions and associated ecosys-
tem services, or how this will feed back to below-surface systems (all chapters, this vol-
ume; Wall et al. 2001b).

This book addresses this vast underworld ecosystem and considers the consequences
of global changes on the capacity of a rich diversity of organisms to provide ecosystem
services. It is the first rigorous synthesis of the ability of the biodiversity both within and
across soils and sediments to provide ecosystem services. To bring existing information
together, international scientists specializing in the biodiversity and ecosystem func-
tioning of one of the three domains examined the biota, habitats, and ecosystem func-
tions provided by the biota. They further analyzed biotic interactions, abiotic factors, and
the ecosystem services provided by the biota. This baseline was then incorporated into a
preliminary appraisal of how the biota and services in each domain will be affected at var-
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ious spatial scales by global changes (e.g., land-use change, invasive species, atmospheric
change) (see Table 10.1). The ecologists offer an in-depth appraisal of these issues by dis-
cussing specific case studies. They provide useful analytical frameworks that will enable
readers to systematically consider the vulnerabilities of the organisms to global changes
and the subsequent effects (positive or negative, direct or indirect) on other biota, the
habitat, biogeochemical cycling, and ecosystem services. This approach provides power-
ful tools in the form of frameworks or templates that will allow scientists, land managers,
and others to consider how understanding the below-surface system can provide man-
agement options for longer-term provision of ecosystem services. Table 10.1 

This book fills a crucial gap in scientific knowledge by amplifying information on
the critical roles of soil and sediment biota in the operation of the Earth’s system. The
observation that overexploiting one service can diminish another service emphasizes that
trade-offs among alternative ecosystem management goals within and among domains
can be important and should be considered in any analysis of complex ecosystem rela-
tionships. Linear approaches to management are often too focused on a single ecosystem
service. For example, increasing crop or fish production by increased use of nitrogen-

Table 10.1. Threats to soil biodiversity and to their ability to provide criti-
cal ecosystem services.

Category Terrestrial Freshwater Marine

Exotic species Imported soils Ballast water Ballast water
Imported plants Aquaculture Aquaculture

Pollution Mining Agriculture Sewage
effluents

Agriculture Industrial waste Oil spills
Industrial waste Aquaculture Industrial waste

Harvesting Agriculture Water extraction Fisheries
Logging Fisheries Sand

Ocean bottom
trawling

Habitat Clearcutting Water diversion Coastal 
destruction reclamation

Agriculture Dam building Dredging
Urbanization Channelization Fishing

Global climate Altered vegetation Severe drought Circulation 
change changes

Multiple climatic Severe flooding Species 
events of drought, rain compression

Bank erosion
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and phosphorus-rich fertilizers often has detrimental downstream effects on water qual-
ity and recreational uses of lake and river ecosystems (Covich et al., Chapter 3; Giller
et al., Chapter 6). Given these detailed and forward-thinking analyses about the sus-
tainability of soils and sediments, what are some of the important findings?

A wide diversity of habitats exists within each domain. Soils and sediments are het-
erogeneous within small (centimeters to meter) and large (meter to kilometers) scales,
with mosaics of physical and chemical habitats derived over geologic history and mod-
ified by climate, weathering (e.g., water, erosion), and above- and below-surface biodi-
versity. In other words, habitats within each of the soils, freshwater sediment, and
marine sediment domains are often not physically or chemically alike. Also, the bio-
logical species that have evolved in these heterogeneous habitats have a range of life-
history characteristics that determine their ability to withstand and recover from dif-
ferent global environmental changes.

The below-surface biota are intimately connected to other ecosystems. If we are to
appreciate their role in providing ecosystem services, it is imperative that we integrate
interdisciplinary research to examine these connections to adjacent ecosystems. Soils and
sediment domains connect physically, chemically, and biologically, in three major ways:
(1) below-surface, (2) above- and below-surface, and (3) laterally, above-surface (Table
10.2; Chapter 1, Figure 1.1). The biota in each domain, including soils, are fundamental
to the regulation of groundwater quality and quantity and to the transfer of materials
to adjacent domains. The food webs in the habitats of each domain become linked in
a below-surface network that rapidly transforms and transfers materials, particles, and
organisms across spatial scales that cover centimeters to kilometers. The feedback link-
ages between the below-surface components that control these material fluxes are
understudied relative to above- and below-surface connections (Wardle et al. 2004).
What is evident is that, for soils and sediments, the role of the biota in providing
ecosystem services declines as human use intensifies. For example, the rapid increase in
the rate of soil biotic habitats (soil types) (Amundson et al. 2003) and land area lost to
urbanization and agricultural expansion is a major global-change driver affecting soil
biodiversity and its provision of ecosystem services (van der Putten et al., Chapter 2;
Wardle et al., Chapter 5; Wall et al. 2001a). Table 10.2

Another key finding is that there are similarities in the ecosystem processes (e.g.,
nutrient and energy pathways) (Table 10.2) and services, and in the functional groups
(Chapter 1, Table 1.3), but the biodiversity of the organisms differs greatly across
domains. Ecosystem processes such as decomposition, primary production, and hydro-
logical cycling are major components of the below-surface system of sediments and soils,
and bioturbators, or ecosystem engineers, appear to be critical taxa in many ecosystems
for stabilizing both soil and sediments. Our knowledge, however, about the distribution,
diversity, and role of larger organisms in driving ecosystem processes is better understood
than it is for the smaller fauna.
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Where Do We Go From Here?
There is an abounding biodiversity in soils and sediments, although we still do not

know many of the species present or whether there are hot spots of biodiversity in dif-
ferent domains. This limitation is partly because much of our global knowledge of bio-
diversity and ecosystem functioning in soils, freshwater sediments, and ocean sedi-
ments is gained from studies primarily at small scales in northern temperate ecosystems.
We have little evidence that biodiversity at the species level is directly related to ecosys-
tem functioning, particularly for marine and freshwater sediment organisms where
there have been fewer experiments than there have been for soils (Covich et al., Chap-
ter 3; Weslawski et al., Chapter 4; Giller et al., Chapter 6; Snelgrove et al., Chapter 7).
However, assemblages of species and their interactions in food webs appear to be key
components in regulating ecosystem processes. Less understood is the extent to which

Table 10.2. Below-surface connectivity and examples of similar ecosystem
processes. 

The connectivity of each domain (soil, freshwater sediments, or marine sediments) determines
physical and biological states of adjacent terrestrial and aquatic ecosystems. The biota living
below the surface regulate the movement and fate of materials and are integrally connected
to physical and chemical environments and to other biota.

Interconnectivity Similarities 
of Below-surface Habitats in Ecosystem Processes

Below surface
Soils, freshwater sediments, and marine Primary productivity, leaching of nutri-
sediments are linked by feedbacks in ents, transfer of water, nutrients, parti-
various cycles cles and organisms; specialized biota in 

interface habitats
Each soil and sediment domain is Recapture/loss of nutrients, particles,
linked to groundwater and organisms from/to groundwater

Above and below surface
Each soil and sediment component is  Nutrient cycling through decomposition
linked to dynamic interfaces and to the and primary productivity, secondary 
atmosphere production; atmosphere connections; 

biodiversity and food web dependence

Lateral: above surfaces
Ocean ↔ Freshwater Erosion and deposition of inorganic and 
Freshwater ↔ Land organic particles, hydrologic cycling, 
Land ↔ Ocean energy transfers, nutrient cycling; trans-

fer of organisms, and particles
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specific interactions—such as facilitative interactions, symbioses of microbes with dif-
ferent metabolic functions, parasites of invertebrates, or predator-prey relationships—
are critical to the provision of ecosystem services in or among soils and sediments. The
resistance and recovery of assemblages of soil organisms to a disturbance or stress, or to
multiple stresses such as with global changes, is also not well known and can be very
context dependent. Studies of ecosystem functioning and the provision of ecosystem ser-
vices need to include these and many abiotic variables that affect biodiversity patterns
and their linkages within and across below-surface domains to establish a more com-
prehensive understanding for sustainable management and conservation. Quantitative
information gained at the multi-species level from a number of robust experiments at
small and large spatial scales and longer temporal scales must be conducted regionally
and globally for a greater predictive capability concerning threats to, and controls on,
different ecosystems and their services.

Global changes affect soil and sediment organisms, directly and indirectly, through
connections to other ecosystems (Table 10.2). There is sufficient evidence to indicate that
diversity of species decreases with habitat disturbance (climatic or direct human inter-
vention), leading to the dominance of communities by a few species. Therefore, mea-
sures of biodiversity other than species richness, such as evenness of species abundances,
are needed as indicators of disturbances that impact soil and sediment biodiversity with
a subsequent loss of services. Different, but relevant, indicators of soil and sediment bio-
diversity are critical if we are to expand management options, which presently are based
on relatively few species in microcosm and small-scale field experiments, to more diverse
assemblages and to larger spatial and longer temporal scales. Because organisms and their
regulation of ecosystem processes occur across a range of scales within and among
domains, the impact of global changes will be manifested on ecosystem services across
multiple scales (Lavelle et al., Chapter 8; Ineson et al., Chapter 9). A priority for future
research is incorporating effects of multiple stressors into experiments regionally.

The information presented here provides sufficient evidence that soils and sedi-
ments and their biota must no longer be considered as isolated systems that are less
urgently in need of study. It is imperative for ecosystem sustainability at local, regional,
and global levels that all of society considers the vertebrate, invertebrate, and microbial
biodiversity of soils and sediments as having a crucial role in the provision of ecosystem
services. It is apparent, based on the brief summary above, that in order to determine
whether valued below-surface ecosystem services will be lost under global changes, we
must determine through a quantitative, systematic approach how critical species
respond to disturbances, and identify which biota and processes are most sensitive.
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threats to functioning of, 7–8
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and restoration and conservation of
aboveground biodiversity, 35

role in crop protection, incorporating,
35
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