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This paper presents an ecosystem-based approach to risk assess-
ment in freshwater wetlands. The key concept in this approach is
that the primary biotic and abiotic components that determine the
structural and functional characteristics of wetlands are insepara-
ble. Each component should be identified and its contribution to
ecosystem functions or human values determined when deciding
whether a stressor poses an unreasonable risk to the sustainability
of a particular wetland. Understanding the major external and
internal factors that regulate the operational conditions of wet-
lands is critical to risk characterization. Determining the linkages
between these factors, and how they influence the way stressors
affect wetlands, is the basis for an ecosystem approach. Adequate
consideration of wetland ecology, hydrology, geomorphology, and
soils can greatly reduce the level of uncertainty associated with
risk assessment and lead to more effective risk management. In
order to formulate effective solutions, wetland problems must be
considered at watershed, landscape, and ecosystem scales. © 19%

Academic Press, Inc.

INTRODUCTION

Pollution ecology is one of the few disciplines in biology
that grew out of asocietal need to fix aproblem. The research
community was forming the questions as well as simultane-
ously devel oping approaches, both toxicological and analyti-
cal, to address the questions in a cultural framework of im-
mediate need for answers. Aquatic toxicologists wrestled
with these issues and, as methods were developed for evalu-
ating different ecosystem components, an assessment philos-
ophy emerged that enabled better investigation of contami-
nant impacts in wetlands.

More recent disciplines, such as sediment evaluation and
ecologica risk assessment, have benefitted from the early
investment of scientists guiding the development of aquatic
toxicology. Some of the basic philosophical tenants were in
place and, as a consequence, these recent disciplines devel-
oped at a faster rate than they might have otherwise. Even
in instances in which the foundation was not a good fit, it
provided a starting point from which modifications could be
made, increasing the chances that conceptual or methodol og-
ical mistakes might be avoided or few in number. Thus, the

new application of a suite of old standards from aquatic
toxicology is an integral part of wetlands risk assessment.
It is simply necessary to ensure that the fundamenta
strengths and limitations of the tools are not lost in the
application of the methods to new situations.

Despite the linkage between toxicology and risk assess-
ment, research on wetlands did not originally emanate from
toxicological circles. Wetlands research has long been con-
ducted by aquatic ecologists, hydrologists, waterfow! biolo-
gists, botanists, limnologists, etc., many of whom were inter-
ested in the structure, function, and biota of different types
of wetlands but not in wetlands risk assessment per se. Man-
agement values have aso figured into the equation by influ-
encing the type of research done. Federal and state agencies
manage wetlands for migratory birds, endangered species,
bait production, and flood control —just afew of the diverse
management values driving research. Nongovernment enti-
ties, such as sportsman groups and conservation organiza-
tions, work to protect and manage wetlands from a recre-
ational perspective.

Unfortunately, there is often a large disconnect between
the wetlands research community and the risk assessment
community regarding wetland data availability and its inter-
pretation. There is a smaller, but nontheless important, dis-
connect between aquatic toxicology and risk assessment
groups. When factors in risk assessments are dealt with as
uncertainties, sometimes it is simply a lack of awareness
that data exist outside the contaminant realm. Failure to
bridge this gap by fully exploring and utilizing available
information on wetland hydrology, geomorphic setting, and
ecology can lead to serious oversights in the risk assessment
process.

One of the most fundamental oversightsisfailureto recog-
nize that most of the remaining freshwater wetlands in the
United States are altered from their natural state because of
changes in hydrology and surrounding land use. For exam-
ple, surface and groundwater extractions and diversions for
urban and agricultural water supply have affected the hydrol-
ogy of many wetlands and changed their water quality, vege-
tation, and animal life (Thompson and Merrit, 1988; Lemly,
1994). Development of wetlands for other land uses has
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fragmented large wetland complexesinto small remnant wet-
lands that cannot maintain their original functions of hydro-
logic flux and water storage or habitat for wildlife (Frayer
et al., 1989; Moore et al., 1990). Dredging and channeliza-
tion for navigational purposes has disrupted the hydrologic
balance necessary for riparian wetlands to effectively inter-
cept and moderate flows and water-quality degradation asso-
ciated with stormwater and agricultural runoff (Lowrance et
al., 1984; Philips, 1989; Richardson, 1994; Culotta, 1995).
These physical alterations constitute a chronic stress that
influences the way wetland ecosystems respond to new or
added stress. On aregional and national scale, physical ater-
ations are having a far greater impact on the integrity of
wetlands than are chemical and biological threats.

In addition to recognizing that most freshwater wetlands
have aready been altered to some degreeg, it is necessary to
place the risk assessment process into an ecosystem context
in order to identify key linkages between stressors and wet-
land responses and develop the most effective risk manage-
ment strategies. This involves understanding the principal
processes (ecology, hydrology, geomorphology, and soils)
that determine the structural and functional characteristics
of these wetlands and then using this information to identify
where, when, how, and to what extent stressors are, or could
be, causing adverse effects.

In the United States, regulations, such as the Clean Water
Act, Comprehensive Environmental Response, Compensa-
tion, and Liability Act, (CERCLA), and Federa Insecticide,
Fungicide, and Rodenticide Act, make risk assessment an
important part of wetland management at the federal, state,
and local levels. Many different approaches have been devel -
oped to assess ecological risks (U.S. EPA, 1992; Suter,
1993), but none of these were developed specifically for
application to freshwater wetlands. Each has been molded
to assure their implementation for risk assessments mandated
by law and regulation. These methods could be improved
by expanding them into a more comprehensive, ecosystem
approach capabl e of addressing important parameters unique
to freshwater wetlands. This paper presents a framework
for ecosystem-based assessment of impacts and risks from
chemical, biological, and physical stressors.

CURRENT PRACTICES FOR RISK ASSESSMENT
IN WETLANDS

Regardless of the regulatory jurisdiction under which wet-
lands occur, as a group they include a set of heterogeneous
habitats that are most frequently characterized and distin-
guished by their soils, hydrology, salinity, vegetation, and
other factors. In al wetlands, water saturation is the domi-
nant factor determining the nature of the soil and the types
of plant and animal communities living in the soil and on

its surface. The variety of common names for wetlands—
marshes, swamps, potholes, bogs, fens, pocosins, etc.—at-
teststo the diversity of wetland types and aso helps explain,
in part, the character of the evaluation methods that have
been developed to address wetland assessment needs.

Through various sources of regulatory guidance, wetlands
risk assessment may be pursued in either a qualitative or
a quantitative manner. For example, within a risk setting,
wetlands may be characterized hydrologically following an
engineering practice or an analysis of physical structure.
Alternatively, wetlands may be characterized in an ecologi-
cal or biological context that generally yields afocus on soils
and vegetation or wildlife. Theseindependent approaches are
seldom fully integrated into the wetlands risk assessment
process as it is currently practiced.

There are numerous technical approaches for addressing
risk gquestions and the risk assessment needs of resource
managers. Risk assessment activities for wetlands may be
broadly categorized as those associated with regulatory pro-
grams driven by (i) the Clean Water Act, (ii) the Oil Pollu-
tion Act of 1990, (iii) the CERCLA (or Superfund) or similar
federa or state legidation, and (iv) other regulations that
may bring wetlands risk assessment to the stage as a part of
their process, e.g., Endangered Species Act.

Various technical activities have been developed with
state and federal governments that support wetlands evalua-
tion. These technical activities include guidance designed
with wetlands as a chief focus, or they consider components
within wetlands that make the guidance equally amenable
to the wetland evaluation process (e.g., biological assessment
methods for evaluation of surface water). None were de-
signed with risk assessment as their focus;, however, many
technical activities developed for monitoring and evaluation
programs are amenable to risk applications nonetheless. The
U.S. Army Corp of Engineers and U.S. Environmental Pro-
tection Agency (U.S. EPA) have both developed guidance
for evaluating wetlands, and these methods may be applica-
ble to wetland risk assessment. The Natural Resource Con-
servation Service (formerly, Soil Conservation Service) has
developed procedures for identifying wetlands for compli-
ancewith ** Swampbuster.”” Similar technical approaches de-
veloped by states are also available and may be applicable
when the risk assessment activities fall under the jurisdiction
of state regulatory offices. The most widely used technical
methods that are currently applied to wetlands risk assess-
ment (Table 1) include Hydrogeomorphic classification, wet-
land delineation, wetland evaluation technique, natura re-
source damage assessment, avian richness evauation
method, synoptic wetland assessment, and CERCLA.

Srengths and Limitations of Current Practices

From atechnical perspective, each of the regulatory-asso-
ciated practices listed previously may be compared relative
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TABLE 1
A Relative Comparison of Regulatory-Associated Technical Approaches to Wetland Risk Assessment

Risk analysis Risk characterization
Ecological
Problem Exposure effects Uncertainty Risk Ecological
Regulatory guidance formulation assessment assessment Integration analysis summary significance

Wetland delineation + - + + - - +
Hydrogeomorphic

classification + - + + - - +
Wetland evaluation technique + - + + - - +
Avian richness evaluation

method + - + + - - +
Synoptic wetland assessment + - + + - + +
Comprehensive

Environmental Response,

Compensation, and

Liability Act (CERCLA)

risk assessment + + + + + + +
Natural resource damage

assessment + + + + + + +

to the steps outlined in the U.S. EPA framework approach
(Table 1). Within a strict sense, no one method is best nor
was any originaly developed for wetlands risk assessment.
Each has taken on the characteristics and requirements of
the laws and regulations under which it was developed. In
many respects, each method requires technical support from
wetland scientists, ecotoxicologists, and applied ecologists.
Each approach includes guidance for reviewing existing in-
formation for the risk assessment process or, aternatively,
for designing and completing studies or surveys to address
guestionsidentified in the early phases of the risk assessment
process. Similarly, each approach recognizes the importance
of evaluating ecological effects, athough the linkages be-
tween stressors (especially chemical stressors) and ecologi-
cal effects are more thoroughly explored in some implemen-
tation plans than others. For example, explicit guidance for
evaluating exposure and biological impacts is poorly de-
scribed in some strategies. These tend to focus on physical
stressors that may have impacted awetland as a consequence
of changes in land-use practice. Shared limitations among
al approaches include problems associated with interpreting
existing information within arisk context, especially in com-
prehensive risk assessments that rely on statistical methods.
Data quality issues cut across al approaches, and regardiess
of the risk strategy employed in the evaluation of wetlands,
each shares problems related to interstudy comparisons and
their interpretations, data pooling, and statistical issues re-
lated to encountered data.

No one wetland evaluation strategy fits all wetlands. Simi-
larly, within a risk assessment context, no one risk analysis
practice is clearly applicable to all wetland types nor are the

available methods designed with risk assessment as their
exclusive focus. Overall, the strengths and limitations of
each approach considered here, as well as other approaches
addressing similar risk-related questions, reflect the policy
and management issues that are critical to the process, as
noted in the framework approach (U.S. EPA, 1992). The
technical support tools available for ecological risk assess-
ment are numerous, but to assure that the best available state
of the science is implemented to support wetlands policy
and management, clear lines of communication must exist
among the policy, management, and scientific professionals
involved in the risk assessment process.

PRINCIPLES OF AN ECOSYSTEM APPROACH

The salient characteristics of wetland ecosystems are em-
bodied in the integration of local climatic conditions with
geology and hydrodynamics. The results of this integration
over geologic time are evident in the soils, vegetation, and
biota. Thus, the wetland ecosystem is a result of the interac-
tion of specific abiotic factors (climate, geology, and hydro-
dynamics) and various organisms over along period of time.
However, can abiotic traits alone be used to determine what
processes and functions a specific wetland may have? The
answer is—only in ageneral context. For instance, a depres-
sional wetland would not be expected to be involved in
carbon transport or to actively transport pollutants or nutri-
ents out of the system or be highly productive. However,
the depression could have a groundwater source rich in nutri-
ents. In that case, its productivity might be high; thus, it
could act as an efficient buffer or transformer of chemical
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stressors. Additionally, the amount of organic matter in the
soil would influence microorganisms for decomposition and
other soil reactions, benthic detrital macroinvertebrates, veg-
etation types, and potential for exposure of wildlife to food
chain contaminants. This exampleillustrates the need to con-
sider both biotic and abiotic processes that impinge on wet-
lands, i.e., use of an ecosystemwide assessment.

Climate, Geohydrology, and Soils

One of the most basic and important factors to consider
isclimate. Regional climate influences not only temperature,
which mediates many biological processes within the eco-
system, but also the amount, form, and timing of precipita-
tion. For wetlands to occur there must be excess water, gen-
erally coming as runoff from upland drainage areas. In wet-
lands, evapotranspiration tends to dominate the water
balance and during some periods of the year it may exceed
precipitation so that a water deficit develops, leading to sea
sonal wetlands. Depending on the climate and water balance,
wetlands may be highly evident during dormant growth peri-
ods and less so during the growing season. Conversely, if
water excesses occur primarily during the summer months
the wetlands will be most evident during the growing season.
Time of year can thus be an important consideration in iden-
tifying and characterizing the wetlands as well as conducting
the risk assessment itself. Climatic data are generaly avail-
able through state and federal agencies and provide valuable
clues as to the temporal nature of wetlands within a region.

How these climatic variables are expressed on the land-
scape depends in significant part on regional and local geo-
morphic setting and soils. Of particular importance to wet-
lands is the way in which these external factors interact to
determine the hydrologic setting. Wetlands provide acritical
link between uplands and aguatic systems (streams, rivers,
and lakes) whether the connection is across the surface or
through the groundwater. It is this critical linkage that in
part determines the importance of wetlands as biogeochemi-
cal filters or transformers buffering flows from uplands to
aguatic systems. In addition, it is this critical linkage that
often places wetlands at risk from seemingly isolated stres-
sors and makes them an important component of many toxi-
cological evaluations.

Geomorphology is also a critical factor to consider. It is
the landscape position or geomorphic setting that accommo-
dates the runoff and storage of water (Brinson, 1993a). As
a consequence, geomorphology generally has a strong influ-
ence on the potential for chemical stressorsto be transported,
stored, and cycled in awetland. There are depressional, riv-
erine, and fringe categories of geomorphic settings, each of
which has unique characteristics that are important to risk
assessment.

Depressional wetlands include such land forms as kettles,

potholes, vernal pools, and Carolina bays. They frequently
occur high in drainage systems; thus, they typically depend
heavily on local precipitation when compared to other geo-
morphic settings. In climates in which evapotranspiration
exceeds precipitation, depressions tend to be dry much of
the time, for example, vernal pools, or they depend on
groundwater (Zedler, 1987; Brinson, 1993a). In climatic re-
gions where runoff (precipitation minus storage and evapo-
transpiration) is greater than zero for a significant portion
of the year, depressions may accumulate sufficient peat to
develop a domed topographic relief. These types of wetlands
receive their water from precipitation as contrasted to
groundwater or overbank flooding. Peatlands may cover
large areas such that the peat substrate dominates the move-
ment and storage of water, the mineral nutrition of the plants,
and patterns of the landscape. Extensive peat formations
caused by paludification across the landscape may develop
surface patterns that are independent of the underlying to-
pography. As a consequence, there is a gradient from the
headwater ombrotrophic wetlands with diffuse outlets to
ones further downstream with fen-like characteristics
(Moore and Bellamy, 1974; Siegel and Glaser, 1987).

Riverine wetlands form as linear strips parallel to streams
but are generally separated from the stream channel by natu-
ral levees. A riverine wetland may occupy most of the
floodplain in large rivers and high-order streams but may be
very small or nonexistent in low-order streams (Theriot,
1988; Hook et al., 1994). Hydroperiods range from short
and flashy in low-order streamsto long and steady in higher-
order streams. The slope of the stream channel determines
whether a given section of the floodplain is predominately
erosional or depositional. Channel morphology can influence
how adjacent wetlands interact with upgradient sources of
contaminants and other stressors.

Freshwater fringe wetlands are restricted to freshwater
tidal zones associated with estuaries. These types of wetlands
are generally riverine (alluvia) in nature but some may be
headwaters (nonalluvial). The latter occur in small drainages
that feed into rivers near estuaries. The geomorphic setting
provides important information for understanding how stres-
sors will impinge on a particular wetland.

It is aso important to know the hydrodynamics of wet-
lands in order to evaluate transport and potential exposure
of animal and plant life to chemical stressors. The source of
water for freshwater wetlands may be precipitation, ground-
water discharge, surface or near-surface inflows, or any com-
bination of these. Many depressional wetlands receive their
water from precipitation runoff. These type of wetlands oc-
cupy depressions in the landscape that are typically above
the water table. They are generally separated from the water
table by a layer of relatively impermeable soil that restricts
the rate of water movement downward through the soil.
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Therefore, the dynamics of the water table are vertical; it
moves up when it receives runoff and down primarily due
to evapotranspiration. Depressions generaly have no inlets
or outlets or, if they are present, they receive or drain water
only during or after storm events. They tend to be discon-
nected hydrologically from the surrounding landscape and
the substrate below the restrictive layer. However, during
high-water events some water may spill out of the depression
beyond the restrictive layer and come into contact with the
substrate below. For example, research in Florida has dem-
onstrated that the cypress domes may be more interconnected
than originally thought (Riekerk, 1993). Depending on the
size, geomorphology, and regional location, depressiona
wetlands may develop distinct zonational vegetation and
structural patterns in relation to the time and duration of
inundation and fluctuation of the water table. Nutrient input
into these systemsis primarily by precipitation. On arelative
scale they tend to have low primary productivity. However,
productivity may vary with the geology, climatic conditions,
and types of soils and vegetation that develop. Some depres-
sional wetlands receive groundwater in addition to runoff
from precipitation. If the groundwater table intersects the
slope at or within the depression, water enters from below
as well as from runoff.

Groundwater may enter wetlands or create wetlands on
slopes where the water table intersects the soil surface. Such
areas can best be visualized as seeps or springs. However,
relatively large wetlands can occur on slopes. If groundwater
enters a wetland, it has been in contact with the minera
content of an aquifer or soil. Depending on the time of
contact and the composition of the lithology, such water
normally has higher mineral content than water derived from
precipitation. Consequently, plant communities in wetlands
that receive groundwater discharge tend to be more produc-
tive than rainwater wetlands (depressions). Furthermore, the
hydrodynamics of the system are apt to be more stable than
those in precipitation-driven wetlands (i.e., dry downs may
not be as severe and as rapid). The dynamics of the water
table in these types of wetlands tend to be vertical in relation
to water inputs and outputs.

The source of water in riverine wetlands may be from
overbank flooding, groundwater, and precipitation. The dom-
inant water source is not always evident even after extensive
exploration. A study inthe Piedmont of South Carolina dem-
onstrated that a fourth-order stream received periodic over-
bank flooding on average about three times per year during
the dormant season. However, during the growing season
the wetland was driven entirely by precipitation (Hook et
al., 1994). In contrast, in afifth-order stream in coastal Geor-
gia, water came from overbank flooding during the growing
season as well as the dormant season, but between major
rainfall eventsin the watershed, precipitation and groundwa-

ter influenced the wetland to varying degrees depending on
topographic relief. Piesiometric studies indicated that micro-
topography had important influences on drainage patterns
and sources of water between flood events (Saul, 1995).

The water in a floodplain tends to flow unidirectiona
downstream but, depending on topography and the presence
of depressions in the floodplain, it may take on vertica
dynamics when the river is not in flood stage. In the lower
reaches of rivers influenced by tides, the fringe wetlands
may be subjected to bidirectional flow similar to those in
estuaries. The variation in hydrodynamics among wetlands
and within localities of a wetland must be carefully consid-
ered if risk assessments are to successfully identify key trans-
port and exposure pathways to biota.

When a wetland has two or more water sources, it can be
difficult to separate their relative contributions. For riverine
systems, records of time, frequency, depth, and duration of
overbank flooding are necessary to evaluate the extent of
individual contributions, effects of overbank flooding on the
wetland, and how chemical stressors may be delivered, re-
tained, and transported. Some rivers have stream gauges
maintained by the U.S. Geological Survey for various dura-
tions. Such records are invaluable for ecological and toxico-
logical studies and evaluation of various wetland functions.
In the absence of such records, stream flow or pesiometric
studies are necessary to quantify many characteristics of a
wetland. Problems arise in determining how long monitoring
must have occurred to be useful. For example, a 38-year
record for one wetland in eastern South Carolina demon-
strated that depending on which 3- or 5-year period was
selected for measurement, the site could either be classified
as a wetland or nonwetland using jurisdictional criteria
(Hook et al., 1994).

Wetland soils and soil —plant associations can also yield
information that is important to risk assessment. Many, if
not most, counties in the United States have surveys of the
soils. The surveys contain genera traits that will help deter-
mine the potential characteristics of a specific wetland. They
identify soils by series and drainage class and provide infor-
mation on productivity, amount of organic matter, genera
information on the degree of soil saturation or flooding, times
of hydroperiods, and occasionally the duration of hydro
events. In addition, if the wetland is forested, the data bank
may include information on site index for various tree spe-
cies. Thisprovides another clue asto the relative productivity
of the wetland (site index is the height that a tree will reach
at a specified age and has proven to be a very good measure
of the productivity of the site). Again, these are general traits
for asoil series but they provide the researcher with afairly
extensive array of characteristics about the wetland site in
guestion. It is necessary to verify whether the soil informa
tion is truly indicative of the site by examining the soil
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FIG. 1.

Conceptual framework for an ecosystem approach to risk assessment in freshwater wetlands. Abiotic factors and biotic characteristics and

functions are inseparably linked and ultimately determine what the wetland does on the landscape. Input of chemical, physical, or biological stressors
may affect either or both of these components, separately or simultaneously. The integration of wetland ecosystem functions and human values is an
important theme in problem formulation, risk characterization, and risk management.

profile and other salient characteristics of the site. Is the
vegetation natural or has it been altered? Has the hydrology
been altered by drainage and blockage of drainages? Assis-
tance with this process can usually be found close by. The
U.S. Department of Agriculture, Natural Resources Conser-
vation Service generally has offices in each county with
trained personnel that can help interpret soil survey informa-
tion and sometimes assist with actual field checks. Also,
county agents and university extension personnel may be
available to help interpret the data or provide guidance on
where to seek help.

Biological Processes and Ecosystem Functioning

Integrating biotic and abiotic factors is the focal point of
an ecosystem approach (Fig. 1). Ecosystem responses to
external, abiotic factors yields a complex set of interactions
between the biota (organisms, species, populations, and com-
munities), the critical processes they perform (photosynthe-

sis, microbial action, decomposition, etc.), and the way these
organisms and their processes are expressed through ecosys-
tem functions (production, biomass accumulation, biogeo-
chemical processes, etc.). To a large extent, the complex
structure and function of wetlands reflect the divergent prop-
erties of their biota. Most wetlands are dominated by aflora
of vascular plants that are adapted to a greater or lesser
extent to flooded conditions, but that are in most respects
structurally and physiologically similar to their terrestrial
ancestors. However, wetlands may also have features similar
to deepwater aquatic ecosystems, including sediment bio-
geochemical and biotic processes mediated through predom-
inantly anoxic conditions and aguatic food webs of agae,
invertebrates, and vertebrates.

Although wetlands exhibit structural and functional over-
lap with terrestrial and aquatic systems, they often serve as
the interface between these two systems. Wetland structure,
internal critical processes, and ecosystem functions are suf-
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ficiently different from terrestrial and aguatic systems to
require a knowledge-base specific to wetlands. This knowl-
edge is essentia for planning and conducting a risk assess-
ment using an ecosystem approach. Key biological processes
and ecosystem functions that must be considered are dis-
cussed here.

Wetlands can best be viewed as complex temporal and
spatial mosaics of habitats with distinct structural and func-
tional characteristics. Variation in vegetation structure repre-
sents one of the most striking examples of spatial and tempo-
ral pattern in wetland habitat. Depending on the type of
wetland, the system may be dominated by emergent herba-
ceous or woody macrophytes with open water relegated to
relatively small areas among blades of emergent plants or
to small open patches within the emergent stand. However,
regardless of the dominant vegetation, horizontal zonation
is a common feature of wetland ecosystems, and in most
wetlands, relatively distinct, often concentric bands of vege-
tation develop in relation to water depth. Bottomland hard-
wood forests and prairie pothole wetlands provide excellent
illustrations of zonation in two very divergent wetland types
(van der Valk, 1989; Mitsch and Gosselink, 1993).

Wetlands may display dramatic temporal shifts in zona-
tion patterns in response to changing hydrology. Entire sys-
tems may shift between predominantly emergent and open
water zones. In periods of little or no water, some wetlands
may temporarily become almost terrestrial in form and func-
tion. However, the same system in other years or in other
seasons of the same year may be flooded to the extent that
the system becomes, in small or significant part, aguatic in
nature. Temporal patterns are in fact important characteris-
tics of many wetland types. Seasona cycles are a mgjor
feature of floodplain forests, for example. These systems are
flooded during winter and spring periods of high stream flow
and bankfull discharge but are typically dry by mid- to late
summer due to drainage and evapotranspiration. Longer-
term cycles are a mgjor feature of prairie pothole wetlands
that undergo dramatic, more or less cyclic changes in re-
sponse to avariety of environmental factorsincluding water-
level fluctuations and grazing (van der Valk, 1989; Mitsch
and Gosselink, 1993). As aresult, these systems may exhibit
major year-to-year variationsin vegetation structure and dis-
tribution and in the relative importance of vegetated and
open water zones.

Given the complex temporal and spatial structure of wet-
lands, it isimportant to understand the critical habitat charac-
teristics that exert control over major aspects of wetland
function. These are the trigger points at which stressors oper-
ate to disrupt wetland processes and cause adverse effects.
In comparison to our understanding of vegetation dynamics,
there is relatively little information regarding the influence
of vegetation on wetland environments. However, it is clear

that vegetation structure has dramatic effects on the physical,
chemical, and biological attributes of wetland habitats. Wet-
land macrophytes affect environmental attributes and bio-
geochemical processesin avariety of ways, including reduc-
ing light available to algae and/or submersed macrophytes,
reducing water temperatures (due to shading), reducing cir-
culation of the water column with resultant effects on gas
exchange and material transport, increasing inputs of detrital
carbon, enhancing transport of gases to and from the sedi-
ment (rhizosphere), and either reducing or enhancing mineral
uptake and release. In addition to direct and indirect effects
on biogeochemistry, vegetation structure is one of the most
important factors affecting food web structure and bioener-
getics in wetland ecosystems. Despite the obvious oversim-
plification, it is useful to distinguish three broad classes of
primary producers in wetlands with regard to food web dy-
namics. (i) emergent macrophytes, (ii) submergent and
floating leaved macrophytes, and (iii) planktonic and peri-
phytic algae.

Emergent macrophytes are similar to terrestrial plants in
that their biomass is high in structural components such as
cellulose and lignin. Their leaves and stems have the low
nutrient content and high carbon-to-nitrogen ratios typical
of terrestrial plants of similar growth form, and their food
value is relatively low. In general, herbivory on emergent
macrophytes is very low and most of their production is
transferred to the detrital pool. Nonetheless, the impact of
herbivore activity may at times be extensive. For example,
the complete destruction of emergent vegetation by muskrats
in freshwater marshes has been documented numerous times
(van der Valk, 1989). However, even during these events,
muskrats prefer roots and shoot bases and rarely consume
leaves and stems of emergent macrophytes. These tougher
materials are instead discarded or used to build lodges, thus
entering the detrital pool. Due to the prevalence of structural
compounds such as cellulose and lignin, detritus derived
from emergent macrophytes is relatively resistant to diges-
tion or decomposition, especially under anaerobic condi-
tions. Nutrient content is even lower and carbon-to-nitrogen
ratios are higher than those in the living plants and, as a
result, decomposition frequently requires nutrient subsidy.

In contrast to emergent macrophytes, submergent and
floating leaved macrophytes have substantially less structural
material. Their tissues generally have higher nutrient content
(%) and lower carbon-to-nitrogen ratios. Due to their higher
nutrient content, the food value of submergent and floating
leaved plants can be relatively high in comparison to that
of emergent macrophytes. Herbivory on submergent and
floating leaved macrophytes is highly variable, but in com-
parison to emergent macrophytes, a larger portion of their
production may be consumed by herbivoresrather than being
transferred directly to the detrital pool. The principa herbi-
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vores consuming submergent and floating leaved mac-
rophytes include waterfowl, macroinvertebrates, and fish.
Due to the relative paucity of structural compounds, detritus
derived from submergent and floating leaved macrophytes
is relatively labile and relatively easily digested or decom-
posed.

Planktonic and periphytic algae, of course, have very little
structural material. Their tissues have very high nutrient con-
tent (%) and low carbon-to-nitrogen ratios. Algae have very
high food value and are easily consumed and digested by a
wide range of herbivores, including microzooplankton, mac-
roinvertebrates, and fish. Although grazing rates vary, a sig-
nificant portion of algal production in wetlands is consumed
by herbivores rather than being transferred directly to the
detrital pool —significantly more than in the case of aquatic
macrophytes or even submergent macrophytes. Detritus de-
rived from algae is very labile and easily digested or decom-
posed.

Most freshwater wetlands are assumed to be dominated
to alesser or greater extent by afood chain that is web-like
and detritus based (Mitsch and Gosselink, 1993). However,
it is clear that spatial heterogeneity in vegetation structure
can result in a mixture of detritus-based and producer/herbi-
vore-based food webs. For example, emergent macrophytes
dominate production in the emergent zone of freshwater
marshes. Most of this production could be expected to enter
the detrital pool, with relatively little consumption by herbi-
vores. |n contrast, phytoplankton dominate production in the
open-water zone of freshwater marshes and much of their
production would probably be consumed directly by herbi-
vores. In wetland zones dominated by submergent and float-
ing leaved macrophytes, these macrophytes and their
attached algae might both contribute significantly to total
production. In either case, a significant proportion of the
total production would probably be consumed directly by
herbivores. Given these relationships, it is probably better
to characterize the food webs of freshwater marshes and
most other wetlands not as either detritus based or producer-
herbivore based but rather as complex mosaics of habitats
with distinct food webs. It is important to recognize that
seasonal as well as longer-term shifts in habitat mosaics
and in their associated food webs and biogeochemistry are
fundamental aspects of the character of many wetland eco-
systems.

Understanding the major external and internal factors that
determine the operational conditions of wetlands is critical
to risk characterization. Determining the linkages between
these factors, and how they influence the way stressors affect
wetlands, is the basis for an ecosystem approach (Fig. 1).
Adequate consideration of wetland ecology, hydrology, geo-
morphology, and soils can greatly reduce the level of uncer-
tainty associated with risk assessment and lead to more effec-

tive risk management. Applying an ecosystemwide investi-
gation allows risks to be characterized within the context of
functional integrity, i.e., viability and sustainability. These
are key indicators of wetland status and should be a mgjor
focus of risk assessment regardless of whether or not the
assessment endpoints are biologically or ecologically based.

APPLYING AN ECOSYSTEM APPROACH TO THE
RISK ASSESSMENT PROCESS

Risk assessment for freshwater wetlands may focus on
chemical (nutrients, contaminants, etc.), aswell as nonchem-
ical issues. In practice, chemical and physical stressors gen-
eraly impinge on wetlands simultaneously. In evaluating
the effects of chemical, physical, and biologica stressors,
various issues must be resolved during the problem formula-
tion and risk characterization phases of the risk assessment
process. For adequate technical support, management and
policy input must be clearly positioned prior to the risk
analysis activities associated with exposure and ecological
effects assessment, including the resolution of questions re-
volving around two interrelated issues focused on datainter-
pretation (performance-based versus criteria-based prac-
tices) and the distinction between risk analysis (characteriza-
tion), risk assessment, and risk management (Fig. 1).

Evaluations of wetlands may incorporate the concepts of
performance-based or criteria-based practices to varying de-
grees, depending on whether the system being assessed is a
naturally occurring or a constructed wetlands, and the regul a-
tory context that may be associated with the risk assessment.
Performance-based criteria are those that specify some de-
sign-focused criteria for evaluating wetlands; for example,
anaturally occurring or constructed wetland may be consid-
ered an effective remediation measure if it decreases heavy
metal concentrations in mine tailings runoff by 80%. Crite-
ria-based evaluation practices most frequently assess wet-
land water quality by some numeric value developed as a
consequence of aregulatory objective, e.g., water discharged
from a remediation wetland must meet the drinking water
standards for heavy metals. Regardless of the data sources
being used in the risk assessment (e.g., historic data or data
derived from designed studies), technical data collections
must be applied within the data quality objectives that are
developed from either performance-based or criteria-based
needs.

The relationship of risk analysis, risk assessment, and risk
management activities to wetlands may be markedly differ-
ent, especialy as they relate to a technical characterization
of wetland functions versus a more risk assessment-like con-
sideration of wetland values. The role these potential differ-
ences play in evaluating threats and impacts of anthropo-
genic activities on wetlands depends on how clearly these
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TABLE 2

Important Ecosystem Functions and Human Values
of Freshwater Wetlands?

Function Vaue

Hydrologic flux and storage Flood control and protection

Erosion control

Water supply

Visual —cultural

Timber production

Shrub crops (cranberry and
blueberry)

Food production (shrimp, fish,
and ducks)

Historical and cultural resources

Sediment control

Nutrient removal

Wastewater treatment

Water quality

Medicinal (streptomycin)

Wastewater treatment

Water quality

Nutrient supply and regulation

Recreation

Hunting and fishing

Preservation of flora and fauna
(refuge)

Threatened, rare, and
endangered species

Biological productivity

Biogeochemical cycling and storage

Decomposition

Community/wildlife habitat

& Adapted from Richardson (1994).

terms are distinguished and mutually understood by the risk
assessor and risk manager.

Wetlands are generally considered to have functions cen-
tered around hydrologic flux and storage, biological produc-
tivity, biogeochemical cycling and storage, decomposition,
and community/wildlife habitat (Table 2; Richardson, 1994).
Hydrologic functions are characterized by capacity and in-
put, which may define a wetland as a water source or water
sink. Habitat functions of wetlands may be nested with sub-
sets of functions related to biological processes, such as
decomposition, biological productivity, and biogeochemical
processing, but these all directly reflect the biological com-
ponents of wetland structure. For example, wetland vegeta-
tion clearly is critical and plays a major role in maintaining
biodiversity and species-critical functions such as reproduc-
tion, feeding, and dispersal. Although not without technical
disagreement, wetland function is relatively easy to address
within risk analysis, but wetland values are better character-
ized as assessment endpoints wherein societal and policy
influences become critical to their definition. Wetland values
refer to the benefits obtained by society from wetland func-
tions. For example, hydrologic flux and storage is a wetland
function. Human val ues associated with this function include

flood control and the economic and recreational benefits de-
rived from hydrologic flux and storage (Table 2).

Without question, understanding functions and values is
a pivotal part of risk assessment for freshwater wetlands.
This function—value relationship provides an important con-
ceptual framework within which the risk assessor and risk
manager can formulate operational goals and objectives. The
principal truths underlying this relationship are (i) all wet-
lands are not of egqual function or equal value on the land-
scape, (ii) a restored or newly constructed wetland may or
may not be equal to a natural wetland in terms of ecological
function or value, (iii) wetland ecosystem functions and val-
ues are coupled to other systems on the landscape, and (iv)
wetlands often provide functions and values beyond their
boundaries and far from adjacent ecosystems (Richardson,
1994).

The terms from wetland science and related wetland as-
sessment disciplines must be clearly defined and distin-
guished as assessment endpoints or measurement endpoints
if the wetland scientist and risk assessor are going to commu-
nicate and become effective resource managers. Similarly,
the concepts of threats and impacts to wetlands must be
established within an ecological risk setting. Within a risk
assessment context, threats are anthropogenic activities
(planned or unplanned) that have the potential to cause ad-
verse effects, whereas impacts are effects that resource man-
agers typicaly characterize as adverse (U.S. EPA, 1992;
Suter, 1993). Risk management objectives must be ade-
quately characterized in order to clearly identify measure-
ment endpoints that will identify (or eliminate from further
analysis) differences between wetlands at risk and their refer-
ence environments. In order to develop cost-effective risk
analysis programs, the concepts of function and value, as
well as threat and impact, must be consistently defined by
wetland scientists and those in the risk assessment commu-
nity. Wetland risk assessors and risk managers must clearly
define assessment endpoints to assure that measurement end-
points driving technical activities support their wetlands risk
assessment needs.

An ecosystem-based approach gives the risk assessor and
risk manager considerable flexibility in how to address the
problem at hand. This is necessary given the diversity of
freshwater wetlands that may be encountered and the multi-
tude of factors or stressorsthat may be at work in the particu-
lar wetland under study. At the same time, however, an
ecosystem approach serves to maintain the key concept of
interlinkage of the wetland components. An additional over-
arching provision is that data collection and evaluation be
tiered (or phased) so that resources are focused effectively
and there is ample opportunity for the risk assessor and risk
manager to discuss the scientific and policy implications
as the risk assessment proceeds. The following discussion
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highlights some of the focal points in the application of an
ecosystem approach (Fig. 1).

Problem Formulation

When beginning arisk assessment, it isimportant to know
what information has been devel oped previously for the wet-
lands under study. Aerial photographs, historical maps, land
use documents, etc. areall useful in gaining an understanding
of the history and current status of the area. It is also im-
portant to gain an understanding of the hydrology and geol-
ogy driving the wetlands under study. As noted previously,
wetlands vary greatly in their structure primarily due to hy-
drological and geological conditions, both of which will in-
fluence sources and trigger pointsfor stressors and, therefore,
the focus of the risk assessment. Although there are other
issues that may be relevant to understand before beginning
the risk assessment, a key aspect is to determine the spatial
extent of the area under study. For some wetlands, this will
amount to only a few acres; for others, it may encompass
an entire watershed or a multiwatershed ecosystem com-
posed of several thousand acres or more. In order to develop
effective solutions, wetland problems must be formulated
within a landscape context. A landscape approach is espe-
cialy needed when the cumulative effect of wetlands on
stream water quality and quantity is at issue (Johnston et
al., 1990). Imposing artificial boundaries (political or other-
wise) can result in a superficial risk assessment that fails to
address some of the important issues.

Once the wetland and its hydrologic linkages are deline-
ated, the problem (stressors) can be described in terms of
its source, transport, and potential area of impact. This is
the point a which the key stressors and receptors in the
wetlands under study should be clearly identified and, if
necessary, prioritized in order to guide the risk assessment
process that will follow. Problem formulation should be an
intensive effort to formulate and validate key questions and
issues to be addressed by the risk assessment. Moreover, it
should determine those wetland functions and human values
that are critical to the resolution of the problem. Failure to
give adequate attention to this step can undermine the risk
assessment and lead to ineffective risk management.

Development of Assessment and Measurement Endpoints

One of the most important steps in risk analysis is estab-
lishing clear assessment endpoints because they set the stage
for al of the forthcoming effort. In addition, assessment
endpoints specific to freshwater wetlands can take on major
significance due to the diversity of potential wetland types
that may be encountered. In fact, using an ecosystem ap-
proach, the assessment endpoint(s) may or may not be bio-
logically or ecologically based. For example, the hydrology,
geomorphology, soils, or other aspects of the wetlands may

TABLE 3
Examples of Assessment Endpoints for Freshwater Wetlands

Assessment endpoint Significance

Hydrological
Maintain natural supply
of water to wetland
Provide sediment control

Key to maintaining proper
level of hydration
Reduces turbidity and
sediment loading to
nearby waterbodies
Geomorphological
Maintain bank stability Reduces erosion of stream
and river banks
Ecological
Maintain level of
primary productivity

Underpins food web stability

be far more important to focus on than some of the biological
resources.

For an illustration of assessment endpoints, assume that
the freshwater wetland under study is one that is dependent
on a constant supply of high-quality groundwater. One as-
sessment endpoint might be to protect the supply of high-
quality groundwater to the wetlands by preventing exposure
to nonchemical stressors. In this example, the focus is on
hydrologically driven endpoints. In other situations, ecologi-
cally driven assessment endpoints may be given top priority.
For example, in the study of the Clark Fork River Superfund
Site in Montana (Pascoe and DalSoglio, 1994; Linder et al.,
1994), none of the assessment endpoints for the riparian
wetlands or the river itself included protection of the water
supply. This does not mean that the risk assessment for this
particular wetlands was done incorrectly, but that the pri-
mary focus was to protect ecological resources rather than
the one key component responsible for the wetlands them-
selves—water. Another important consideration could be
ensuring that the groundwater is meeting a minimum quality
standard, defined in various ways ranging from a particular
range of pH, turbidity, specific conductance, etc. to absence
of chemical stressors at some threshold concentrations. The
point of these examplesisthat all of the parameters (hydro-
logical and ecological) that are critical to the long-term sus-
tainability of the wetlands should be considered as possible
assessment endpoints during the development phase. A sub-
set of these may be chosen for use in the risk assessment,
but it is important to establish the assessment endpoints
clearly inthe context of what isvital to sustaining or improv-
ing the health of the freshwater wetland. Some important
values and functions of freshwater wetlands, from which
assessment endpoints can be derived, are presented in Table
2. Examples of possible assessment endpoints specific to
freshwater wetlands are shown in Table 3.

Like assessment endpoints, measurement endpoints may
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or may not have a biological or ecological basis, but they
must be directly relevant to, and linked with, the assessment
endpoints. In the examples given previously, measurement
endpoints could be analytical determinations of contaminant
concentrations in the water supplying the wetlands, the spe-
cific conductance or suspended solids levels in the water,
the flow of water to the wetlands, as well as various biologi-
cal and ecological measures that are relevant to the assess-
ment endpoints.

Whether qualitative and reliant on published information
or quantitative and implemented as part of a designed study,
aguatic field surveys and biological tests are the cornerstone
for evaluating risks associated with chemical, physical, or
biological stressors. Frequently, these tools are used in the
measurement or monitoring of wetland populations and com-
munities through structural endpoints such as relative abun-
dance, species richness, community organization (diversity,
evenness, similarity, guild structure, and presence or absence
of indicator species), and biomass. Functional endpoints,
such as cellular metabolism, individual or population growth
rates, and rates of material or nutrient transfer (e.g., primary
production, organic decomposition, or nutrient cycling), are
less commonly measured. Functional measurements are im-
portant in interpreting the significance of an observed change
in population or community structure. However, functional
measures are difficult to interpret in the absence of structural
information, have not been standardized, and require consid-
erable understanding of the system and processes involved.

There are numerous methods for ng effects of stres-
sors on biological processes. The response variables used in
these tests are the measurement endpoints that can be used
to predict likely impacts and, ultimately, the risk that func-
tions of the wetland will be impaired. Field and laboratory
methods are available for evaluating aquatic habitats, sedi-
ments, and soils within wetlands. Sources of information on
tests that measure biological responses to stressors are listed
in Table 4.

Exposure Assessment

Exposure assessment refers to the identification of major
pathways and media through which wetland receptors come
in contact with the stressor. The extent, frequency, and mag-
nitude of the exposure will strongly influence the potential
for negative impacts and, therefore, affect risk. Inputs of
chemical and nonchemical stresses to freshwater wetlands
occur through geological, biological, and hydrological path-
ways typical of other ecosystems (Mitsch and Gosselink,
1993). Geologica input from weathering of parent rock can
be an important source of exposure in some wetlands
(Presser, 1994; Presser et al., 1994). Biological inputs in-
clude photosynthetic uptake of carbon, nitrogen fixation, and
biotic transport of materials by animals. Except for gaseous

exchanges, such as carbon and nitrogen fixation or aerial
deposition, however, inputs to wetlands are generally domi-
nated by its hydrology. Hydrologic transport to freshwater
wetlands may occur through precipitation, surface, and/or
groundwater flow. The hydrologic exposure pathways of
freshwater wetlands are determined by their flooding regime
or by the balance between precipitation and evapotranspira-
tion.

Hydrodynamics will affect exposure levels in both the
aguatic and the soil/sediment compartment of a wetland be-
cause it will to a large extent determine the soil/sediment
chemistry by producing anaerobic or aerobic conditions, im-
porting and removing organic matter, and replenishing nutri-
ents. Exposure can occur in transition zones between the
wetland and surrounding upland areas. It is important to
consider thisareaas well when examining potential exposure
scenarios.

Ideally, exposure in the wetland ecosystem is assessed
based on representative monitoring data. In the absence of
measurement data, exposure can be predicted in the context
of awetland-specific hydrogeomorphic, biogeochemical, and
ecological setting. In case of a chemical exposure assess-
ment, information on the inherent properties of substance(s)
should be used in combination with the wetland characteris-
tics in order to derive exposure concentrations or levels.
Describing the level and distribution of a stressor in the
wetland environment, or organisms, and its changes with
time (in concentration and chemical form) is a complex pro-
cess and needs to include a rigorous evaluation of what
drives exposure. In order to ensure that predicted aguatic
and sediment exposures areredlistic, all available knowledge
of the wetland ecosystem should be integrated in the expo-
sure evaluation of achemical stressor. Some parameters and
measurements that can be important when evaluating and
predicting exposure to chemical and/or nonchemical stres-
sors in freshwater wetlands are listed in Table 5.

Compound-specific information on chemicals and biogeo-
chemical processes affecting exposure in the different com-
partments are usually derived and extrapolated from standard
laboratory tests or literature data. Applicability of literature
data and data from standard tests to freshwater wetland eco-
systems does require review and, idedly, field verification.

Biological Assessment

Biological assessment is the determination of potential
adverse effects to biota and the linkage of exposure to the
stressor. The associated level of exposure and resulting re-
sponse (concentration—response) determination is also part
of this assessment. Toxic or other harmful effects may be
observed at the species level (as from acute or chronic
aguatic toxicity tests, for example) but may also occur at
higher levels of organization (population and community).
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TABLE 4
Representative Technical References for Sampling and Test Methods That May Be Useful for Evaluating Risks in Wetland Habitats
Habitat Biota Reference
Freshwater Vascular plants Ratsch, 1983; Gorsuch et al., 1992
Freshwater/marine/estuarine Algae and vascular plants Gorsuch et al., 1992; Wetzel and Likens, 1995
Birds Adamus, 1993ab
Freshwater Aquatic vertebrates and invertebrates Nielsen and Johnson, 1983; Rand and
Petrocelli, 1985; U.S. EPA, 1990, 1991;
ASTM, 1995; Wetzel and Likens, 1995
Marine Marine/estuarine invertebrates and vertebrates Nielsen and Johnson, 1983; U.S. EPA, 1989,

Freshwater sediments

Marine/estuarine sediments
Transitional/upland Vertebrates and invertebrates

Vascular plants

Epifauna, infauna, and vertebrates

Epifauna, infauna, and vertebrates

1991; ASTM, 1995; Wetzel and Likens, 1995
U.S. EPA, 1989, 1991; ASTM, 1995; Wetzel
and Likens, 1995
U.S. EPA, 1989, 1991; ASTM, 1995
Linder et al., 1994
Linder et al., 1993

Biological assessments are primarily toxicological tests that
can be used in either afield or laboratory setting. Although
there are many issues related to the conduct and application
of ecotoxicological tests, they represent one of the main
sources of effects information available to the risk assessor.

In order for the assessment to be on target and provide
useful data, the key stressors and receptors in the wetlands

TABLE 5
Important Parameters for Assessing Exposure to Chemical
and Nonchemical Stressors in Freshwater Wetlands

Hydrogeomorphic information
Type of water input (capillary, precipitation,
etc.)
Type of water flow (surface, subsurface, etc.)
Type of water outputs (percolation, evaporation)
Suspended sediment load and characterization
Sedimentation rate
Biogeochemical information
Soil/sediment origin and characterization
Microbial activity
Oxidation/reduction conditions
Organic matter content of sediments
Ecological information
Plant communities
Aquatic and benthic community structure
Wildlife survey
Structural/functional assessment
Compound-specific information (chemical stressor)
Volatility
Hydrophobicity
Water solubility
Octanol/water partition coefficient
Hydrolysis
Photolysis
Biodegradation

under study must be clearly identified. Adequate attention
to the problem formul ation step should provide thisinforma-
tion. Generally, assessments of biological effectsin wetlands
should consider toxicity to animals and plants in the overly-
ing water as well as in the sediments, provided the stressor
is likely to enter and persist in the sediments. In addition,
the assessment may not be limited to wetland or aguatic
systems but may need to extend to the surrounding transi-
tional zones. Some stressors will impact the terrestrial envi-
ronment adjacent to the wetlands and this area too should
be evaluated if there are potential pathways for exposure of
receptors in the wetlands.

Biological assessments in the aquatic environment should
include representative and, ideally, sensitive species of (i)
primary producers, (ii) primary consumers, (iii) microbial
community, (iv) saprophages/detrivores, and (v) carnivores.
Potential tests for the primary producers could include tests
with algae and vascular plants, both submerged and emer-
gent forms. Effects on primary consumers could be evaluated
by testing representative species of protozoa, invertebrates,
insects, and amphibians. Inhibition of microbia activity
could be evaluated by studying the effect on aerobic and/or
anaerobic respiration. Toxicity tests with crustacea and in-
sects can be used to assess effects on the saphrophage/detri-
vore community. Finally, standard acute and chronic tests
are available to assess the effect on fish (Table 4).

Biological assessment of the benthic communities should
take into account pathways of exposure. In addition, it must
be realized that observed effects will be strongly influenced
by sediment/soil biogeochemical conditions such as organic
carbon content, particle size distribution, sulfide content, re-
dox potential, and time period allowed for equilibration to
occur between dissolved and sorbed fractions of chemical
stressors. Available test methods concern detrivores or
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mixed detrivores/herbivores/carnivores and include insect,
annelida, and crustacea species with both acute and chronic
endpoints (Table 4).

Guidelines and tests should be developed within a frame-
work of taxonomic groups rather than for single species.
This should make it possible to test representatives from the
different wetland compartments and facilitate extrapolation
of obtained test results to the wetland of interest. Further-
more, the guidelines and tests should include both acute and
subchronic/chronic toxicity endpoints.

Most of the impacts on freshwater wetlands will occur in
the aguatic environment, i.e., the sediment and overlying
water. Even so, the terrestrial environment surrounding or
transitioning to the freshwater wetland may also be at risk
depending on the type of stressor and the exposure. Species
that are dependent on the wetland structure and function,
including insects, amphibians, reptiles, small mammals,
birds, and transition zone plants, trees, and shrubs, should
be given consideration when evauating potential effects.
Standardized toxicity tests are currently available for many
insects, some amphibians, and numerous small mammals
and birds, but few have been adapted for the species most
often associated with freshwater wetlands. Acute and chronic
bioassays with rodents and lagomorphs have been used for
many years to determine the toxicity of chemicals and other
materials that may also pose a risk to humans. Similarly,
standard acute and chronic tests with species of waterfowl
and upland birds have been widely used in the field of envi-
ronmental toxicology.

There are, however, few tests that have been developed
for non-food plants although the tests currently used in regu-
latory programs for pesticides and herbicides may be useful.
Testsfor root elongation and shoot devel opment, seed germi-
nation, and other methods are known (Table 4) and may be
useful in evaluating toxicity of soils in the transition zone.
Other soil tests, some using earthworms, might be useful in
this context (Table 4). Keep in mind that the primary focus
of the assessment is the wetland itself and it is there that
the effort should begin.

Unfortunately, there are few tests that lend themselves
easily to determining the potential toxic effects on trees and
shrubs that may inhabit the transition zones. In those situa-
tions, it may be more plausible to determine impacts in situ
on those trees and shrubs located adjacent to the wetlands
of concern. Methods devel oped by plant scientiststo analyze
and interpret vegetation in transitional or upland zones can
be utilized for this (Table 4).

Using standardized toxicity tests brings up several im-
portant considerations. One of these concerns datainterpreta-
tion and is driven primarily by the fact that most easily
maintained species used in testing are not the same species
generaly found in freshwater wetlands. Thus, the uncer-

tainty of extrapolating from one species to another within the
same genus could be aslarge as extrapol ating from rodents to
humans. Therefore, it is important to understand the limita-
tions of surrogate species testing and its application to risk
assessment. Other uncertainties arise when extrapolating
from acute exposure test data to chronic exposure situations,
high concentration—response studies to low-concentration
exposures, and many other potential situations.

As mentioned previously, selection of biological tests for
wetland toxicity evaluation should be driven by the exposure
assessments and the hydrogeomorphic and biogeochemical
characteristics of the wetland of interest.

Ecological Assessment

Ecological assessment isthe determination of harmful im-
pacts at the population, community, or ecosystem level and
may entail field studies, laboratory studies, or both. In gen-
eral, standardized tests do not lend themselves to this type
of assessment and few provide useful ecosystem-level infor-
mation. In addition, there are significant temporal and spatial
issues that come into play. Measuring or accurately pre-
dicting a significant change in an ecosystem may require
years or decades of study, yet the risk assessor and risk
manager are faced with much more compressed time lines.
Just asimportant, it is difficult to isolate easily studied areas
of the wetlands from the surrounding ecosystem that sup-
portsit, which may require the risk assessor to include cave-
ats and large uncertainties in the risk assessment.

Given this situation, most ecological assessments have
focused on measuring structural components of the ecosys-
tem, including the size and makeup of the habitat, biomass,
and standing crop of important plants and animals, the abun-
dance and diversity of plants and animals, and other mea-
sures. There are, however, functional measurements that are
useful for understanding the ecological health and sus-
tainability of wetlands. These include hydrologic flux and
storage, biological productivity, biogeochemical cycling and
storage, decomposition, and wildlife habitat (Richardson,
1994). A functional assessment is based on the concept that
variables (functions) that integrate key ecosystem-level wet-
land processes can be used as a metric to compare impacts
and quantify functional loss when compared to reference
wetlands of the same hydrogeomorphic classification (Brin-
son, 1993b; Richardson, 1994). Measured disturbances to
wetland functions are scaled to a reference wetland (refer-
ence system = 100%), thus creating a comparative ecosys-
tem response surface. Thefinal step isto develop athreshold
of acceptability for the wetlands under investigation and
compare the atered functions to that threshold. Practical
methods for analyzing wetland functions in the field are
developing concurrently with the conceptual framework for
this assessment technique (Richardson, 1994).
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Functional assessment can be a powerful tool for evaluat-
ing ecosystem-level impacts and risks within a time frame
necessary for risk assessment. One of the main strengths of
this approach is that it causes the risk assessor and risk
manager to identify and resolve problems in the context of
what a wetland does on the landscape. Although human
values may ultimately drive the risk assessment, the insepa-
rable linkage of values to ecological functions, particularly
for constructed wetlands, becomes evident as this approach
is planned and implemented. Moreover, it provides the risk
manager with information on what functions must be main-
tained or restored in order to provide the desired outcome
(vaues) of the wetland.

In cases in which sufficient supporting data already exist,
it may be possible to evaluate chemical stressors by devel-
oping contaminant-specific assessment protocols that can be
applied at an ecosystem level. For example, using published
information on toxicity, bioaccumulation, and environmental
cycling, Lemly (1995) developed a protocol for aquatic haz-
ard assessment of selenium. This protocol integrates data for
abiotic (water and sediments) and biotic (plankton, macroin-
vertebrates, fish, and aguatic birds) components and yields
information that can be directly applied to an ecosystem
approach to risk assessment. This technique can save time
and money in the assessment process by targeting data col-
lection toward specific parameters and utilizing existing tox-
icity information in the evaluation phase. It also has the
advantage of being applicable regardless of wetland type,
size, or location and can be used to evaluate the success
of risk management activities. Thus, in certain situations,
ecological assessment in the risk analysis context can be
simplified to a linkage of contaminant monitoring data with
existing toxicity and hazard profiles.

Interplay of Risk Assessment and Risk Management

An important aspect of al risk assessments is the early
discussions held between the risk assessor and risk manager.
These discussions are intended to define the scope, timing,
level of effort, and constraints involved with the risk assess-
ment. Having agreed on these at the beginning of the process
alows the risk assessor to focus on those issues most im-
portant to reaching an informed risk management decision.
In addition, there will be issues specific to freshwater wet-
lands, and the particular type of wetland, that will need
discussion and clarification between the risk manager and
risk assessor. Applying an ecosystem approach can target
efforts to priorities, reduce the level of uncertainty in the
risk assessment, and lead to more effective risk management.

In the case of freshwater wetlands, this discussion may
have several important outcomes. For example, small, easily
managed wetlands may require a reduced level of effort and
only ascreening-level assessment to satisfy the requirements

of the risk manager. On the other hand, wetlands that are tens
or hundreds of acres, reside in the midst of mgjor industrial
activities, or that are complex in terms of their hydrology,
soils, geomorphology, etc. may require a much greater level
of effort on the part of the risk assessor. For example, some
wetlands may be dependent on water that originates outside
the study area or, for that matter, in another state or region.
Furthermore, the wetland may be vitally important in con-
trolling floods in a particular area but may not represent
a highly valuable wildlife habitat (a phragmites-dominated
wetland, for example). Thus, without a clear understanding
of the human values and associated wetland functions that
are driving the risk management decision, and the regulatory
and jurisdictional issues involved, the risk assessor may be
left with insufficient guidance on which to build the risk
assessment.

CONCLUSIONS

Previous ways of assessing wetlands have been expanded
into the ecosystem approach outlined in this paper. This
approach integrates ecology, hydrology, geomorphology,
and soils of wetlands for the evaluation of impacts and risks
from chemical, biological, and physical stressors. There is
a clear need to establish and implement a consistent opera-
tional framework in order to make full use of this approach.
Severa concerns are evident. The effect of multiple stressors
(chemical, physical, and biological — of antropogenic or nat-
ural origin) must be an integral component of the assessment
process. Development of reliable acute, subchronic, and
chronic tests specific to actual wetland biotarather than stan-
dard or surrogate test speciesis necessary. Alternative expo-
sure/effects scenarios must be evaluated. Understanding fate
and transport of chemicals and their interaction with physi-
cal, chemical, and biological toxicity modifying factors is
critical. The parameters that must be measured on-site to
determine potential pathways and fate of toxins need to be
better quantified.

The levels of uncertainty resulting from the currently used
standardized toxicity tests have not been carefully scruti-
nized in the context of freshwater wetland ecosystems. For
example, plant toxicity data are generally based on one green
alga (Selenastrum capricor nutum, Scenedesmus sp., or Chlo-
rella sp.) and one vascular aquatic plant (duckweed species,
Lemna minor or Lemna gibba), but there may be a need to
represent different groups of photosynthetic and nonphoto-
synthetic wetland organisms. Using a species battery ap-
proach could lessen the potential errors associated with inter-
species extrapolation. Thisis also true for micro- and macro-
invertebrates, fish, and aquatic birds. Laboratory-to-field
extrapolations of single-species tests may therefore be im-
proved by using ecologically relevant species batteries with
subsequent field validation.
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There are aso specific information needs for organismic,
population and community, and ecosystem levels of organi-
zation. As with interspecies comparisons, errors and uncer-
tainty associated with interorganizational extrapolation need
to be evaluated. Thiswould include scaling issues associated
with transitions between different level s of biological organi-
zation.

The ecosystem approach presented here uses hydrogeo-
morphic characterization together with wetland functions as
the criteriafor establishing transport, fate, and effects of both
chemical and nonchemical stressors. Coupled with toxicity
assessments at three organizational levels—organismic,
population and community, and ecosystem—this approach
may be used to describe exposure and effects of stressorsin
freshwater wetlands both as a predictive tool and to describe
existing conditions. Practical application of the approach
will provide a better understanding of how physical, chemi-
cal, and biologica factors modify the intensity of the stres-
sors. Tools for integrating and analyzing these complex eco-
system interactions need to be refined or, in some cases, are
yet to be developed. Approaches for evaluating the influence
of seasonal and spatial variability are especialy needed.

Toxicity assessments involve tests of varying complexity
(single species, mesocosm, ecosystem assessments, etc.). As
arule of thumb, costs escalate with increasing complexity,
with single-species laboratory bioassays being the least ex-
pensive. From a cost—benefit perspective, the least complex
test that can adequately predict ecosystem effects should be
the method of choice providing proper validation has been
carried out. An ecosystem approach may reduce the overall
cost of risk assessment by identifying key biological, chemi-
cal, and physical parameters that must be evaluated at the
beginning of the assessment process.
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