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ABSTRACT / This article outlines conceptual and method-
ological issues that must be confronted in developing a
sound scientific basis for investigating cumulative effects on
freshwater wetlands. We are particularly concerned with: (1)
effects expressed at temporal and spatial scales beyond
those of the individual disturbance, specific project, or single
wetland, that is, effects occurring at the watershed or re-
gional landscape level; and (2) the scientific (technical) com-
ponent of the overall assessment process. Our aim is to lay
the foundation for a research program to develop methods to
quantify cumulative effects of wetland loss or degradation on
the functioning of interacting systems of wetlands. Toward
that goal we: (1) define the concept of cumulative effects in

terms that permit scientific investigation of effects; (2) distin-
guish the scientific component of cumulative impact analysis
from other aspects of the assessment process; (3) define
critical scientific issues in assessing cumulative effects on
wetlands; and (4) set up a hypothetical and generic structure
for measuring cumulative effects on the functioning of wet-
lands as landscape systems.

We provide a generic framework for evaluating cumulative
effects on three basic wetland landscape functions: flood -
storage, water quality, and life support. Critical scientific
issues include appropriate delineations of scales, identifica-
tion of threshold responses, and the influence on different
functions of wetland size, shape, and position in the land-
scape.

The contribution of a particular wetland to landscape
function within watersheds or regions will be determined by
its intrinsic characteristics, e.g., size, morphometry, type,
percent organic matter in the sediments, and hydrologic re-
gime, and by extrinsic factors, i.e., the wetland’s context in
the landscape mosaic. Any cumulative effects evaluation
must take into account the relationship between these in-
trinsic and extrinsic attributes and overall landscape function.
We use the magnitude of exchanges among component
wetlands in a watershed or larger landscape as the basis for
defining the geographic boundaries of the assessment. The
time scales of recovery for processes controlling particular
wetland functions determine temporal boundaries. Land-
scape-level measures are proposed for each function.

Ideas can have strong intuitive appeal, yet not af-
fect decisionmaking because they lack any explicit op-
erational formulation. Cumulative impact is such an
idea. Cumulative effects on freshwater wetland eco-
systems are more tangible than any scientific basis for
measuring these effects. The notion that individually
insignificant actions can produce major change
through the accumulation of effects is compelling
enough to have influenced federal legislation (most
notably, the National Environmental Policy Act),
initiated court action, and produced international
meetings (Beanlands and others 1986). Yet constraints
remain more obvious than any specific approach or
method for implementing this idea in natural resource
regulation and management.

As one of several federal agencies responsible for
regulating the nation’s wetland resources, the U.S. En-
vironmental Protection Agency (EPA) has undertaken
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a research program to overcome some of the technical
constraints on cumulative impact evaluation. The pro-
gram is intended to support both the agency’s over-
sight and permit-review function under Section 404 of
the Clean Water Act, and recent initiatives to develop
more holistic and anticipatory approaches to wetland
protection (see Hirsch 1988, Lee and Gosselink 1988).
The latter initiatives, according to EPA Administrator,
Lee Thomas, include “identifying geographic areas,
wetland types, and wetland impacts that merit a speaal
measure of attention” (Thomas 1986, press release) in
advance of development and permit decisions. Such
approaches present the opportunity for a comprehén-
sive, top-down approach to regulating cumulative im-
pact. The former bottom-up approach operates on a
project-by-project basis and constitutes the major chal-
lenge to efforts to evaluate cumulative impact. This
and the following articles form part of EPA’s research
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program to develop technical information relevant to
both regulatory approaches.

In this article we outline the conceptual and meth-
odological issues that must be confronted in devel-
oping a sound scientific basis for investigating cumula-
tive effects on freshwater wetlands. We are particularly
concerned with: (1) effects expressed at temporal and
spatial scales beyond those of the individual distur-
bance, specific project, or single wetland, i.e., effects
occurring at the watershed or regional landscape level;
and (2) the scientific, (technical) component of the
overall assessment process.

Our approach draws heavily on papers in Bean-
lands and others (1986) and on recent changes in the
way ecosystems are perceived (Risser and others 1984,
Levin 1987), including the delineation of appropriate
scales and variables for ecosystem study, identification
of the key linkages and interactions within ecosystems,
and recognition of the predominance in natural
systems of multiple stresses.

Our aim is to lay the foundation for a research pro-
gram to develop methods to quantify cumulative ef-
fects of wetland loss or degradation on the functioning
of interacting systems of wetlands. Toward that goal
we: (1) define the concept of cumulative effects in
terms that permit scientific investigation of effects, (2)
distinguish the scientific component of cumulative im-
pact analysis from other aspects of the assessment pro-
cess, and (3) define critical scientific issues in assessing
cumulative effects on wetlands. We conclude by setting
up a hypothetical and generic structure for measuring
cumulative effects on the functioning of wetlands as
landscape systems (Forman and Godron 1986). In so
doing we hope to define the problem more clearly, but
not necessarily to create an operational assessment
strategy. Some of the specific ideas and methods for
that structure, as well as the intended challenges to i,
are provided in the following articles.

Concepts of Cumulative Impact

Cumulative impact has been defined in many ways.
The definition we use here is regulatory, stemming
from the National Environmental Policy Act of 1969
(NEPA). Regulations published by the Council on En-
vironmental Quality (CEQ) to implement NEPA re-
quire that environmental impact statements prepared
to comply with NEPA “anticipate a cumulatively signif-
icant impact on the environment” (38 CFR 1500.6).
Cumulatxve impacts are defined as:

the impact on the environment which results from the incremental
impact of the action when added to other past, present, and reason-

ably foreseeable future actions regardless of what agency (Federal or.

non-Federal) or person undertakes such actions. Cumulative impacts
can result from individually minor but collectively significant actions
taking place over a period of time (40 CFR 1508.7).

This definition recognizes generally that the effects
of one project may contribute to and interact with ef-
fects of other projects. However, as part of a legislative
document intended to give broad policy guidance, it
does so without specifying how those effects might in-
teract or how they are to be measured.

Thus, discussion frequently arises over what is
meant by the term cumulative impacts. The discussion
is important because, as Baskerville (1986) and Clark
(1986) have pointed out, “impacts in biological systems
accumulate in different ways,” and recognition of how
they accumulate is central to developing a scientific
approach to evaluating cumulative impact. In the fol-
lowing sections, we discuss various concepts related to
the scientific framework we seek to develop. We begin
by differentiating cumulative impact evaluation from
conventional impact evaluation.

Cumulative Impact Evaluation vs Conventional
Impact Evaluation

An essential difference between conventional im-
pact assessment and cumulative impact assessment lies
in the manner in which spatial and temporal bound-
aries of the evaluation are established (Baskerville
1986). Cumulative impact assessment takes a broader
view; the boundaries it draws in regard to the number
of disturbances, the geographic area, and the time
frame considered are larger. Conventional impact as-
sessments are typically bounded by the expected zone
of influence of a single disturbance or proposed
project. The effects on environmental resources
falling within that zone are then estimated. While such
a bounding process allows evaluation of the local im-
pacts on resources, it does not allow evaluation of im-
pacts of the project on these resources as a whole, of
the total impact on these resources from all anthropo-
genic disturbances, or of secondary impacts resulting
from the interaction of impacts from the project with
other anthropogenic disturbances. This is true because
the spatial and temporal boundaries of the analysis
have not fully enclosed spatial and temporal dynamics
of the environmental resources of concern and the
anthropogenic activities influencing them.

To evaluate cumulative effects, the evaluation must
be bounded by the spatial and temporal boundaries of
the environmental resources of concern. The aggre-
gate influence of multiple disturbances on the total re-
source must be estimated. That is, the evaluation is
done from the perspective of the “valued environ-
mental components” (Beanlands and Duinker 1983),



not from the perspective of a particular project or dis-
turbance.

The distinction between conventional and cumula-
tive impact evaluation may best be captured through
an analogy (Gosselink and Lee 1988). Imagine a Re-
naissance mosaic of a mother and child, composed of
tiles of various shapes and colors. With age, the mosaic
has begun to lose tiles and we must decide which tiles
to reinforce to best preserve its value. If conventional
environmental assessment strategies were used, the
tiles would be evaluated in terms of their individual
intrinsic value. Those of highest intrinsic value would
be selectively preserved. This strategy would not pre-
serve the image of mother and child. Yet the image is
the feature making the mosaic more valuable than the
sum of the values of its component tiles; the image
itself is the resource of concern. If the image in the
mosaic is to be preserved, the value of each tile must
be determined by its importance in conveying the cen-
tral image of the mosaic within the spatial boundaries
of the mosaic as a whole. '

To evaluate the cumulative effects of wetland loss
or degradation, the value of component wetlands in a
watershed or regional wetland system must be deter-
mined, based on their relative contribution to the
functioning of the entire landscape system (Forman
and Godron 1986). The role of wetlands in the land-

scape may depend not just on their acreage but on the-

mosaic of wetland types and specific physical and
chemical conditions (Whigham and others 1988). For
example, water quality in a watershed may improve as
runoff proceeds downstream through a series of dif-
ferent wetland types. Because of the potential for in-
teractions between nutrient Joading and mobilization
of heavy metals through plant growth effects on sedi-
ment redox reactions (Giblin 1982), the elimination of
one wetland that is efficient at nutrient retention could
reduce the ability of a downstream wetland to remove
heavy metals. The overall effect on the quality of water
exported from the watershed cannot be predicted
solely from knowledge of the effects occurring in any
one wetland within the watershed.

Establishing the appropriate spatial boundaries for
an evaluation of cumulative effects on wetland system
functions is a crucial first step. Without these bound-
aries, there is no basis for determining which anthro-
pogenic disturbances to include in the cumulative
impact analysis and which to exclude. Once the
boundaries have been established, all anthropogenic
disturbances within them should be included in the cu-
mulative impact analysis.

Establishing boundaries is itself a complicated pro-
cess. The boundaries must fully enclose the system
functions to be evaluated. Boundaries for different
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functions may differ, and some functions may depend
on others. We will discuss procedures for bounding
functions of wetland systems in later sections. Forman
and Godron (1986) and Urban and others (1987) pro-
vide useful discussions of spatial and temporal scales
of landscape processes. The ideas they develop are ap-
plicable to the problem of bounding cumulative im-
pact evaluations.

The circumstances under which cumulative effects
on wetlands are likely to occur must be identified, and
methods specific to these circumstances must be devel-
oped. Standard environmental assessment methods
were designed to evaluate effects of particular projects
on individual wetlands (Lonard and Clairain 1986).
They can be used directly to estimate cumulative ef-
fects only if these effects are related linearly and non-
interactively to impacts on the. function of individual
wetlands. In such cases, individual wetland impacts
can be summed to estimate cumulative impact, and the
much more difficult task of estimating cumulative im-
pacts resulting from functional interaction among wet-
lands and muitiple anthropogenic disturbances can be
avoided. Clark (1986) has made a strong case for iden-
tifying those cases in which cumulative effects need
not be invoked. As he so aptly puts it, “One of the
most useful roles for science in environmental impact
assessment is . . . to reduce as many apparently cumu-
lative problems as possible to simple cases of single
cause and effect.”

A Typology of Cumulative Effects

In a significant number of cases, however, nonad-
ditive cumulative effects will occur. How are these ef-
fects different from the single cause-and-effect cases?
What are the implications for developing a scientific
approach to their evaluation?

Beanlands and others (1986) summarized five ways
in which effects accumulate and differ from the simple
case:

1) Time-crowded perturbations. Disturbances occur
sufficiently close in time that the system does not
recover in the time between.

2) Space-crowded perturbations. Disturbances over-
lap in space or occur so close together that their
effects are not dissipated in the distance between.

3) Synergisms. The interactions of different types of
disturbances produce effects qualitatively and
quantitatively different from the individual distur-
bances.

4) Indirect effects. Disturbances initiate a chain of
events that produce effects delayed in time or
space from the original disturbance.

5) Nibbling. Disturbances produce effects by small
changes, i.e., incremental or decremental effects.
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Baskerville (1986) and Clark (1986) elaborate these
concepts and explore their implications for designing
scientific studies of cumulative effects. Baskerville de-
scribes two particular types of indirect effects that il-
lustrate potential problems in research design. First,
he lists situations “where a single action or limited in-
tervention results in alteration of the system structure,
or system dynamics, such that the system itself accu-
mulates the cause of the impact over time.” As an ex-
ample he cites is the forest management practices in
Nova Scotia, which have altered the age structure of
the forest by allowing spruce budworms to “harvest”
80% of the forest. Thus, the forest is set up for an
insect outbreak many years later when a forest domi-
nated by one age class and one species will come to
maturity. He likens this form of accumulation to “the
delay between exposure to a carcinogenic’ agent and
the onset of cancer.”

This form of accumulation is certainly an indirect
effect, but Baskerville’s emphasis on the importance of
change in system structure or dynamics is worth
noting. We can expect analogous cases in wetlands.
For example, leaks from the cooling lake of a power
plant into a marsh initiated changes in plant commu-
nity structure, which later left the marsh sediments
(and associated nutrients) subject to erosion during an-
nual flooding of an adjacent river (Bedford 1980).
The focus of the impact study on the marsh had been
on the plant community itself. This and Baskerville’s
example underscore the fact that without knowledge
of system structure and dynamics, an impact study
may not be bounded appropriately in terms of time
and space, or the variables and indicators chosen for
measurement. :

Baskerville’s second case of indirect effects also per-
tains to correct choice of temporal and spatial bound-
aries. He points out that some types of disturbances
“accurnulate by cycling over geographic time and
space.” His example is clear-cutting in forests. A cer-
tain number of patches are cut each year; these begin
the successional process of regrowth, and additional
patches are cut in each succeeding year. The total ef-
fect on the forest migrates across the landscape with
time. Only a study that focused at the regional forest
level rather than the individual patch level would cap-
ture the accumulating effect of altering the structure
and functioning of an entire region’s forests. An anal-
ogous example for wetlands would be the pattern of
timber harvesting in the bottomland hardwoods of the
Mississippi-Atchafalaya delta, or peat harvesting from
different parts of a wetland complex over a number of
years. The conventional focus on effects that are local
in time and space would miss this accumulation of ef-
fects. -

Clark (1986) elaborates several concepts of cumula-
tive effects that address the issue of research design.
First, he emphasizes the importance of identifying the
characteristics that distinguish cumulative effects from
single cause-and-effect cases. He does this by utilizing
the null hypothesis; that is, he seeks to “define and
assess the conditions necessary for rejecting the null
hypothesis” of no cumulative impact. Second, he states
the concepts of temporal and spatial distance in terms
from which quantitative measures can be derived. Ef-
fects are time-crowded, or cumulative in time, and the
null hypothesis of no cumulative impact can be ques-
tioned if “the time required for the natural system to
remove or dissipate a unit of disturbance is of the
same order or greater than the time between such dis-
‘turbances.” He gives an analogous definition for ef-
fects that accumulate in space. Third, he develops the
concept of synoptic assessment, which considers not
just a single impact but all sources of disturbance to
the valued components of an environmental resource.

This approach sets boundaries for the assessment
from the perspective of the resource rather than from
a single project or disturbance. Concepts may aid or
constrain scientific endeavors (Cook 1981). Elabora-
tions such as those made by Clark (1986) and Basker-
ville (1986) are central to transforming concepts of cu-
mulative impact into a scientific approach to its assess-
ment.

Impacts vs Effects

Although the standard terminology is cumulative im-
pacts, a distinction should be drawn between effects
and impacts. The use of the term impacts connotes a
value judgement. As Erckmann (1986) points out, “. ..
in any kind of impact assessment we are trying to pre-
dict and detect changes that can be causally linked to
some source(s); when we can make the connection, we
call the changes effects. When the effects are valued as
negative, we call them impacts, because what we deem
now as a positive effect may in the future be seen as an
impact.” In focusing on the scientific and technical
component of cumulative impact assessment rather
than the social or political, we will, therefore, use the
term effects.

The Scientific Component of Assessing
Cumulative Effects '

Our aim in this article is limited relative to the
overall process of cumulative impact assessment. In its
broadest context, cumulative impact assessment in-
cludes an almost overwhelming number of compo-
nents (Cline and others 1983, Vlachos 1985, Bean-
lands and others 1986, Lee and Gosselink 1988,



Stakhiv 1988). Many of them are not scientific ques-
tions; they have to do with socio-economic, legal, juris-
dictional, administrative, or policy issues, such as goal-
setting. Although they have been discussed extensively
(see Cline and others 1983 and references therein),
they still present some of the most serious impedi-
ments to controlling cumulative impacts (Cline and
others 1983, Robilliard 1986, Lee and Gosselink 1988,
Stakhiv 1988).

But there are other constraints as well. Robilliard
(1986) summarized these noninstitutional constraints
as: “procedural, from a legal viewpoint; methodolog-
"ical, from a ‘how do we conduct the analysis?’ perspec-
tive; and technical, from the standpoint of what data/
problems/analyses/etc. are available and do we under-
stand how the system(s) work?”

It is only the last of these three categories that we

explore here. We will concentrate on identifying
issues, data, problems, and analyses that help us un-
derstand how systems of interacting wetlands function
and respond to multiple disturbances. We recognize
that parts of the technical process—identifying valued
environmental components, establishing regulatory
standards or reference states and baseline conditions,
and delineating both geographically and temporally
appropriate boundaries—have social and political di-
mensions, but they also have significant scientific di-
mensions.

Two related problems are associated with over-
coming the difficulties of scientific assessment. One
has to do with asking the right questions, and the
other with getting the right answers. That is, what are
the scientific questions or issues relevant to evaluating
cumulative effects on wetand ecosystems? And how
do we surmount the difficulties of doing research on
cumulative effects? We discuss both problems in the
next section.

The Toy/Real Paradigm in Cumulative
Effects Research

No clearer statement has been made of the
problems associated with research on cumulative ef-
fects than Baskerville’s (1986) adaptation of the toy/
real paradigm from Sprague and Sprague (1976):

Problems take one of two forms, real and toy. Real problems are
those that exist in their real-world context, and their principal charac-
teristics are large size, high spatial and temporal variability, and gen-
eral uncontrollability with respect to experimentation. The second
group of problems are referred to as toy. Toy problems are the cari-
catures or models that we make of part or all of a real problem. Toy
problems are characterized by being simple, small, clearly structured,
and well controlled with respect to experiméntation. Similarly, they
divide research approaches into real and toy categories. Real research
is characterized by scientific rigor. This means a high level of control
in well bounded situations with explicit measures and test protocols.
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There is a well-defined experimental approach and application of
treatments to controlled subjects under controlled conditions with
precise measurements and rigorous statistical analysis. Real research
usually addresses cause/effect connections in a simple and direct
manner. Toy research is characterized by observation of system states,
which are the outcome of cause/effect connections, perhaps not even
including measurement. From this, superficial analysis of system
function is attempted from the outcomes, and in the absence of ex-
perimental control.

There is a2 potent message in the toy/real paradigm with respect to
the use of science in environmental impact assessment in general, and
in cumulative impact assessment in particular. Clearly, real research
on toy problems is absolutely essential. These can be important
building blocks for tackling the real problem if the toy problems are
well constructed and bounded in the context of the real problem. Toy
research on real problems is absolutely essential. This work can con-
stitute integration of scientific understanding over the temporal and
spatial bounds of the real problem if the scientific approach is rig-
orous. The key is to avoid toy research on toy problems, and to be
honest about the extremely limited extent to which we can carry out
real research on real problems. (Baskerville 1986)

Cumulative effects on wetlands are a real problem.
To surmount the difficulties of doing research on cu-
mulative effects, we will need to do both real research
on toy problems and toy research on the real problem.
The real research on toy problems will provide the
pieces or building blocks of the puzzle. The toy re-
search on the real problem is essential to understand
system structure and provide an integrated picture of
the system at appropriate temporal and spatial scales;
it will tell us where and how the pieces fit. If both types
of research are not designed with scientific rigor, we
will have pieces that do not fit the whole, or no under-
standing of what pieces are needed and how they fit
together in the system. We would have the right an-
swers to the wrong questions, or worse, the wrong
questions and the wrong answers.

Baskerville’s adaptation of the toy/real paradigm
explains that research relevant to cumulative effects
need not necessarily look directly at those effects. Re-
search designed to elucidate wetland system structure,
and with explicitly stated system relationships, is “cru-
cial in bridging from the toy problems used for real’
research, to rigorous scientific analysis at real problem
level” (Baskerville 1986). The real challenge lies in
correctly identifying the pieces, the structure into
which they fit, and measures appropriate to the tem-
poral and spatial scales of concern in evaluating cumu-
lative effects on specific wetland functions.

Scientific Issues in Evaluating Cumulative
Effects on Wetland Systems

The scientific issues relevant to evaluating cumula-
tive effects on an interacting complex of wetland eco-
systems have both generic and specific forms. The
latter apply to: (1) particular types of landscape units,



570 E. M. Preston and B. L. Bedford

(2) particular functions that wetlands perform within
these units, and (3) particular anthropogenic distur-
bances that alter the level of performance of function.
In this section we identify the generic issues and offer
some specific examples, in the hope that others will
provide more.

Definition of Wetland Functional Values

For illustration, we will focus on a small subset of
the ecosystem functions that wetlands perform in a
landscape, representing the functions most readily
connected to some human value. Our use of the term
function does not imply evolved or highly integrated
purpose, but rather the ecosystem properties that de-
rive from the spatally structured interactions among
many processes, and the biological and physical—-
chemical components within that system. We provide
the following definition of these wetland functions;
however, a sound research program must, as a matter
of critical importance, imbue these definitions with
more scientific precision. !

Hydrologic function: the capacity of wetlands to re-
duce and desynchronize peak flood discharge, influ-
ence base flow, and modify groundwater interactions
with surface water. '

Water quality function: the capacity of wetlands to re-
move_or transform excess nutrients, organic com-
pounds, trace metals, sediment, and refractory chem-
icals from water as it moves downstream.

Life support function: the capacity of wetlands to
supply the requirements (qualitatively and quantita-
tively) of the biota normally using a wetland system.
These requirements include food, shelter, the appro-
priate hydrologic regime, and other system attributes
critical to maintaining populations and communities.
Measures of life support function must integrate many
wetland attributes, including water quality, hydro-
period and hydrodynamics, habitat structure, biogeo-
graphical setting, nutrient status, corridors for migra-
tion, and primary production. As defined here, the
life support function includes both habitat and food
chain support as defined by Adamus and Stockwell
(1983). (See also Sather and Stuber (1984) for discus-
sions that highlight limitations of these terms as cur-
rently used in assessment.)

These wetland functions can be viewed as a hier-
archy of complexity and interdependency (Gosselink
and Turner 1978). Understanding the water budget
of wetland systems is fundamental to understanding
other functions (Winter 1988). The water budget con-
trols wetland formation and maintenance. Water is the
primary medium that carries chemicals into wetland
systems, where their reaction and sedimentation influ-
ence water quality, both within the system and in dis-

charges. Water budget, water quality, and other prop-
erties of the hydrologic regime determine in part the
suitability of the environment for wetland biota. Prop-
erties of the biota, such as primary production, tran-
spiration, and nutrient uptake, in turn influence hy-
drologic regime and water quality.

For the ecosystem functions that we have just de-
fined, the following generic scientific issues must be
addressed: (1) scale, (2) thresholds, and (3) size, shape,
and position in landscape.

Scale

Attention to cumulative effects is essentially recog-
nition of processes operating at different, but related,
spatial and temporal scales in the landscape. We must
shift our perception to the appropriate scales at which
to view disturbance to ecosystems. Local disturbances
to wetlands are now seen to be related to changes in
the distributions and exchanges of major elements and
pollutants, and to loss of biotic and habitat diversity at
the scale of regional landscapes. In fact, disturbances,
both natural and anthropogenic, operate at many
scales (Urban and others 1987), as do the ecological
processes controlling wetland functions and wetland
responses to disturbance. Our ability to predict system
response to cumulative disturbance is inextricably tied
to our ability to understand how processes and system
attributes differ according to scale, and how they re-
late across scales.

Defining a reference state for system properties
and setting boundaries are two issues central to evalu-
ating cumulative effects that require attention to scale.
Variability in system properties to be managed or reg-
ulated depends upon the scale at which we view or
measure these properties. In general, the finer the
spatial scale, the more the property may be seen to
vary with time. The number of waterfowl breeding in
a single prairie pothole may vary more from year to
year than the number breeding in a regional system of
potholes. Daily nutrient concentrations of water dis-
charged from a wetland will show more variability
than yearly averages. Over short periods of time, wet-
lands may sequester certain compounds, but over
longer periods of time these might show a net release
to downstream waters because of seasonal or annual
fluctuations in sediment redox status. We need to
choose the temporal and spatial scales at which we
wish to set standards.

Only after the temporal and spatial scale for assess-
ment is determined can the choice of internal variables
to measure or monitor be made. The types of variables
or indicators will change, but not necessarily increase,
as scale increases (Baskerville 1986). The use of distri-
butions (Levin and Paine 1974, Paine and Levin 1981)



or ratios (White and Pickett 1985) considered at the
watershed or regional scale, rather than absolute mea-
sures considered on an individual wetland basis, may
offer a means of dealing with local variability vs
broader scale equilibrium. For example, we could use
size class distributions of wetlands in a region, or dis-
tributions of type, or distributions of functional classes
of wetlands as a measure of the reference state of the
watershed or regional system. Or we might use ratios
of the size of proposed disturbance to total wetland
acreage, or to particular type of wetland, or to terri-
tory size of important species.

The variation with scale for many wetland processes
is unknown. Vitousek (1985), noting that patches the
size of a single tree gap alter stand dynamics in tem-
perate and tropical forests, has asked how such small
disturbances affect nutrient dynamics. Do we know the
critical size below which a patch disturbance such as
filling does not alter wetland nutrient dynamics? What
are the appropriate temporal scales for evaluating the
sequestration of heavy metals by wetland sediments?

As a further question of scale, the spatial and tem-
poral boundaries for different wetland functions are
not likely to be congruous with one another. They also
may differ within functions. That is, the boundaries of
study for water quality will differ from those for life
support function, and the boundaries for different
species of waterfowl or for different pollutants will not
be the same. Not all waterfowl have the same migra-
tion patterns or feeding behaviors, and not all ele-
ments behave the same way. In fact, as O’Neill and
others (1986) have pointed out, “The ecosystem ap-
pears to have distinctly different structural properties
when examined for different elements.” Ecologists no
longer view ecosystems as a series of Chinese boxes
(Reiners 1987), with all their properties defined by a
common boundary set by obvious physiognomic prop-
erties, such as the edge of a lake or stand of trees. Root
(1973) clearly stated this in his distinction between
compound and component communities. Nonetheless,
the significance in defining appropriate boundaries to
study functional relationships and tight interactions
among elements as well as species has only recently re-
ceived sufficient emphasis (Bolin and Cook 1983,
O'Neill and others 1986). Failure to work on appropri-
ately delimited systems continues to be a frequent
problem.

Thresholds

Understanding threshold responses offers the po-
tential to manage some types of cumulative effects.
Unfortunately, little is known about either quantitative
or qualitative thresholds. A quantitative threshold
exists where further addition of a substance or more
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of the same kind of disturbance eliminates the valued
wetland function. Hemond and Benoit (1988) offer
the example of some pollutants, such as phosphorus
and heavy metals, which accumulate in wetland sedi-
ments and ultimately saturate the capacity of the sedi-
ments to operate as effective net sinks. A qualitative
threshold exists where the nature of the response to
more of the same source of disturbance shifts after
some critical loading limit. Continued sediment
loading eventually will initiate changes in other water
quality functions of a wetland by altering the physical,
chemical, and biological characteristics of the wetland
sediments (Hemond and Benoit 1988). Other ex-
amples of threshold issues include the number of indi-
viduals that can be removed from a population
without initiating population decline, and the propor-
tion of total wetland acreage that can be lost without

-diminishing flood control in the watershed (Novitski

1978).

Size, Shape, and Position in the Landscape

The size, shape, and position of wetlands in the
landscape are infrequently measured, yet are often al-
tered radically through the cumulative consequences
of human activities. Sufficient evidence exists from
studies of other ecosystems, and from some wetland
studies, to establish that these properties strongly in-
fluence the functioning of wetlands. Knowledge of
how such landscape-level properties relate to specific
wetland functions could guide decisions regarding
permits to fill wetlands, mitigation requirements, and
the designation of “advanced identification” areas (see
Hirsch 1988, Stakhiv 1988).

Size, shape, and configuration of habitats or eco-
system types within a landscape or region have been
considered explicitly and most frequently in regard to
supporting populations of particular species or maxi-
mizing the total number of different species in a given
geographic area. Usually they are considered under
the topics of habitat fragmentation and patch dy-
namics (Curtis 1956, Burgess and Sharpe 1981, Sim-
berloff and Abele 1982, Harris 1984, 1988, Soulé and
Simberloff 1986, Weller 1988, Lee and Gosselink
1988; see also articles in Soulé and Wilcox 1980,
Pickett and White 1985, Soulé 1986, and Verner and
others 1986). Although some aspects of the issue are
still debated, there is little doubt that, as with other
types of ecosystems and landscapes, such spatial prop-
erties strongly affect the floral and faunal diversity of
wetland landscapes. (See Bedford and Preston 1988,
for further discussion.) _

- Size, shape, and landscape position also exert
strong effects on hydrologic relationships and water
quality in wetland landscapes (Winter 1988, Siegel
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1988, O'Brien 1988, Brinson 1988, Whigham and
others 1988). At the most fundamental level, it is the
spatial distribution of landforms and geological mate-
rials that, along with climate, determine where and
what types of wetlands develop in a given region
(Moore and Bellamy 1974, Damman 1979). One can
expect then that wetland functional characteristics will
change at some level as the spatial characteristics of the
landscape are rearranged.

Considerations particularly relevant to applying the
concepts of landscape spatial structure to wetland cu-
mulative impact assessment include:

1) Regional differences. The undisturbed and cur-
rent spatial distribution of wetlands in a land-
scape, and the factors controlling those distribu-
tions, differ significantly among regions (O’Brien
1988). Areas such as the Mississippi-Atchafalaya
delta formerly had large areas of contiguous bot-
tomland hardwood forest, whereas wetlands of
the intermountain West and’ prairie pothole re-
gion of the Upper Midwest and adjacent Cana-
dian provinces have always contained smaller wet-
lands more widely dispersed among upland hab-
itats. Changes in a region need to be evaluated
against that region’s historical patterns.

2) Size vs volume. Area alone is an inadequate mea-
sure for wetland evaluations. Wetlands are three-
dimensional systems. Some are shallow with thin
organic layers; others occur in relatively deep
basins, or contain deep layers of peat. Many pro-
cesses affecting water quality, such as phosphate
absorption, will be a function of volume, not area.
A wetland’s capacity to store flood waters is ob-
viously a three-dimensional property.

3) Input/output relations. Changes in the spatial con-
figuration of wetands and adjacent uplands will
alter input/output relations of water and other
materials, including pollutants, within the wet-
lands. Resultant changes could include alterations
in element cycling or pollutant transformations.

4) Hydrologic pathways. Changes in the spatial con-
figuration of wetlands and adjacent uplands will
alter existing patterns of water movement within
the landscape. Concommitant changes can be ex-
pected in the movement of sediments, nutrients,
and pollutants.

5) Dispersal. Water is one of the primary means of
dispersal for species, nutrients, and pollutants.
Changes in the size, shape, and spatial configura-
tion of wetlands in a landscape necessarily will
alter patterns of dispersal. .

6). Annual and seasonal fluctuations. Most wetlands
experience both annual and seasonal changes in

water level, and, hence, in the availability of hab-
itat. The total area of wetland within a landscape
or region must be large enough to provide habitat
under the extremes of these fluctuations.

A Generic Framework for Evaluating Cumulative
Effects on Watershed and Regional
Wetland Function

To stimulate ideas and to expand thinking about
environmental effects into larger temporal and spatial
scales, we have constructed a hypothetical and generic
framework for evaluating cumulative effects on three
wetland ecosystem functions: flood storage, water
quality, and life support. The spatial scales of concern
are the watershed and regional landscape. Our rea-
soning and the conceptual basis for the framework are
as follows:

The contribution of a particular wetland to land-
scape function within watersheds or regions will be de-
termined by its intrinsic characteristics, including size,
morphometry, type, percent organic matter in the sed-
iments, and hydrologic regime, and by extrinsic
factors, that is, the wetland’s context in the landscape
mosaic. Any cumulative effects evaluation must take
into account the relationship between intrinsic and ex-
trinsic attributes and overall landscape function. Each
component wetland can then be assigned a relative
value that reflects its contribution to maintaining each
system function. Anticipated effects on a particular
wetland, as for a permit decision, could then be evalu-
ated in light of that wetland’s total contribution.

Furthermore, the relationship between intrinsic
and extrinsic wetland attributes and landscape func-
tion could serve as the basis for a functional classifica-
tion of wetlands. Wetlands with similar kinds and
levels of landscape function, and those that respond
similarly to disturbance, could be grouped into classes.
Such functional classes could provide a basis for pre-
designating certain wetland classes for protection be-
cause of their importance to landscape function or
their sensitivity to disturbance.

The framework must be based on explicitly defined
spatial and temporal boundaries, measurable variables,
and specified relationships. These must be developed
systematically for each function to be included in a cu-
mulative effects evaluation. Figure 1 illustrates the se-
quence of activities necessary to structure and then
conduct a cumulative effects evaluation. This sequence
is described in detail in the next two sections.

Structuring the Evaluation

Establishing spatial and temporal boundaries. The cru-
cial first step is to develop criteria and procedures for
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Figure 1. The logic sequence used in structuring and then
conducting a cumulative effects evaluation. The arrows rep-
resent the relationships to be defined (between functions and
attributes and between human activities and attributes). In all
cases the head of the arrow points to dependent variables,
and the arrow comes from the independent variables. The
sequence should be read counterclockwise, beginning from
top left.

bounding a particular cumulative effects evaluation in
space (the impact area) and in time (the impact period
of duration). The resulting boundaries have a pro-
found influence on all aspects of a cumulative effects
evaluation:

1) They form the basis for deciding which anthropo-
genic disturbances to include in the evaluation.

2) The spatial and temporal scales chosen influence
the choice of measures of system function and ef-
fects (Urban and others 1987).

3) The credibility of the results depends upon assur-
ance that the system processes most important in
determining level of system function are sub-
sumed by the boundaries.

Measurable variables. Once spatial and temporal
scales have been chosen, appropriate variables must be
selected for the evaluation. These should include:

1) Measures of function. Specific measures to quan-
tify level of function for each function of concern.
Change in level of function is the measure of cu-
mulative effect in the analysis, the dependent vari-
able.

2) Descriptive measures of the wetland structural at-
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tributes that determine the level of system func-
tion.

3) Descriptive measures of the proposed human ac-
tivities.

Relationships between variables. Next, the following
relationships between these variables must be defined:

1) Function—attribute relationship. The relationship
between wetland functioning and both intrinsic
and extrinsic wetland attributes. This may be qual-
itative or quantitative, and relates change in func-
tion of the system of wetlands to change in land-
scape-level characteristics of the system.

2) Attribute—action relationship. The relationship
between change in specific human activities (e.g.,
dredging) and change in the system attributes
previously defined.

Conducting the Evaluation

If the function-attribute and attribute—action rela-
tionships are known within the spatial/temporal
boundaries of the analysis, the cumulative effect of
changes in the level of human activities on system
function can be evaluated as follows (Figure 1):

1) Catalog the relevant measures of human activities
within the evaluation area.

2) Estimate their effects on system attributes with the
attribute—action relationship.

3) Estimate the change in system function from
changes in system attributes using the function—
attribute relationship.

Bounding the Evaluation in Space

We use the magnitude of exchanges among compo-
nent wetlands in a watershed or ecoregion as the basis
for defining the geographic boundaries of the study.
If the total accumulation of effects is different from
the sum of effects in individual wetlands, interactions
of some kind must occur between wetlands, the result
of exchanges of energy or materials. The magnitude
of these exchanges characterizes the degree of func-
tional interdependence between wetlands, as well as
the potential for cumulative effects. In defining
boundaries for an impact area, therefore, the magni-
tude of exchanges among component wetlands should
be a primary consideration. Exchanges of energy or
materials within the impact area should be greater, by
some degree, than such interactions with wetlands
outside the impact area.

The choice of medium of exchange to be measured
will depend on the particular functional value being
considered. Individuals and propagules of plant and
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animal species are the relevant medium for evaluating
life support functions. In evaluating flood storage and
other aspects of hydrologic function, we need to mea-
sure water exchanges. Pollutants are the relevant sub-
stances of exchange for water quality evaluations.

We define the impact area for each functional value
as the area within which the relevant exchange of en-
ergy or materials among wetlands and associated
uplands takes place. Individual wetlands are the basic
geographic building blocks, the subdivisions within the
impact area whose contributions to disturbance effects
we seek to interpret. The logical aggregation units for
evaluation differ among functions. Because hydrologic
processes are watershed-level phenomena (Winter
1988), the watershed is the appropriate aggregation
unit for both flood storage and water quality func-
tions. Life support functions, however, operate on
scales defined by intersection of the ranges of wetland
species. We suggest that ranges of valued species and
ecoregion boundaries (Omernik 1987) may serve as
logical geographic units for evaluating impacts at the
landscape level.

Bounding the Evaluation in Time

We base our determination of temporal boundaries
on the time scales of recovery for processes controlling
particular wetland functions. If disturbances are infre-
quent enough so that the system has time to recover
between disturbances, no accumulation of effects can
occur. When the proposed activity will occur before
the system has recovered from a previous disturbance,
or if another disturbance can be expected to occur at
some time in the future before the system recovers
from the proposed activity, then impact period or du-
ration must include the previous and/or future distur-
bances.

Although the general concept of using time scales
of recovery to delineate temporal boundaries is fairly
straightforward, the specific requirements for each
function are extensive and challenge current under-
standing. In order to establish system recovery rates
for each function, the following factors must be known
or determined:

1) The key physical, chemical, and biological pro-
cesses that regulate the relevant function.

2) The influence of wetland attributes (both intrinsic
and extrinsic factors) on process rates.

8) Recovery rates of the different relevant processes
for wetlands with given attributes.

4) The types of interactions, especially key process
interactions and tight connections, e.g., component
communities (Root 1973), that affect the function
and its rate of recovery.

These may differ in the face of different disturbances.

Although our knowledge is far from complete, a
good deal is known about which processes control
system function. The processes themselves tend not to
be location-specific, and knowledge gained in a few
systems can thus be extrapolated to others. Unfortu-
nately, this is not true for rates. Location-specific
factors govern process rates. The impact period or du-
ration, therefore, must be bounded by recovery time
scales for the relevant function within the particular
wetland system. Location-specific factors that are most
likely to influence rates must be identified through
additional research and critical synthesis of existing
data before assessments can be made with only min-
imal site-specific data.

Evaluating Cumulative Effects on Fiood Storage
Function of Wetlands

The purpose of the evaluation is to estimate the ef-
fects of cumulative loss of wetland flood storage ca-
pacity on peak water depth at a point or series of
points during flood events. In this case, functional
value can be quantified by peak water depth. The rele-
vant wetland attributes are those affecting storage ca-
pacity in the impact area. Impact can be quantified by
the effect of disturbance on these attributes. A mass
balance analysis of water within the impact area pro-
vides the conceptual framework for the evaluation.
The evaluation could be accomplished by:

1) First, defining the points where peak water depth
is to be measured; that is, the flood damage evalu-
ation points.

2) Next, defining the impact area to include all sig-
nificant water inputs affecting peak water depth at
these points that are subject to modification by
wetlands; that is, the hydrologic unit of interest.

3) Finally, evaluating the effects of modification of
wetland characteristics (size, location in the impact
area, location relative to the downstream flood
damage evaluation points) on peak flows for
floods of different frequencies.

Each of these steps is elaborated below.

Defining the Flood Damage Evaluation Points

Evaluation points may be defined by either the lo-
cation of a valued resource (such as a city) on the
floodplain or as the point of discharge from one hy-
drologic unit to another. The choice must be made
with the ultimate goal of the evaluation in mind. Eval-
uation of peak flood to a valued resource is appro-
priate if the resource is the sole target of the evalua-



tion. However, if one wishes to develop a hierarchical
evaluation system in which discharges from small hy-
drologic units can be aggregated to estimate larger
scale effects, then natural hydrologic unit discharge
points are the appropriate choice.

Defining the Hydrologic Unit of Interest

The spatial boundaries of the evaluation should be
chosen so that the evaluation area includes: (1) all sig-
nificant sources of water contributing to flood events
at the chosen flood damage evaluation point, and (2)
all wetlands in the hydrologic path connecting the
sources to the evaluation point. To do this, the term
significant source must be operationally defined and an
analysis of the water budget for the evaluation point
must be conducted. The choice of evaluation point has
profound effects on the spatial scale of the evaluation
(Figure 2). Relevant spatial scales include watershed,
regional drainage, and continental drainage.

Bounding the Evaluation in Time

Since peak water depth during flood events is of
primary interest, the temporal scale chosen must be
appropriate to capture changes in important variables
affecting flood peak. Daily or shorter intervals are ap-
propriate. To evaluate events of different frequencies
and magnitudes, the temporal patterns of important
variables on longer time scales (seasonal, annual, 10
years, 20 years, 100 years) should be evaluated.

Describing the Temporal Dynamics of the
Water Budget

Most floods are generated by snow melt or precipi-
tation. Their size depends on the drainage basin size,
antecedent moisture conditions, the quantity of water
in the snow pack, the rates of rainfall and snowmelt,
the infiltration characteristics of basin soils, and the
storage capacity of wetlands and lakes in the drainage
basin (Carter and others 1978). The volume (V) of
water in a hydrologic unit is the product of its surface
area (A) and depth (D). Volume can also be quantified
as input volume (I) plus storage volume (S) minus

- output volume (O). Therefore

V=AXD=1I+8-0

I+S-0
D=—7—

The change in water depth with time (dD/dt) equals
dV/dt divided by dA/dt, so

i ds_do
Q_dt de dt
dt dA

dT
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Figure 2. A hypothetical watershed showing possible impact
areas for evaluating cumulative effects on the flood storage
function of wetlands. Points A, B, and C represent possible
flood damage evaluation points. Note the consequences for
spatial scale depending upon which point is chosen for evalu-
ation.

It follows that peak water depths during flood events
are the maxima of this function. This simple model
illustrates that a quantitative evaluation will require in-
formation on water input, output, and storage rates.

Evaluating the Effects of Wetland Modification on
Flood Peak

Wetlands in a drainage basin attenuate flood peaks
and storm flows primarily by temporarily storing sur-
face water. Many factors contribute to this function
(Ogawa and Male 1986): (1) size of the wetland, (2) its
location relative to the drainage as a whole, (3) its loca-
tion relative to the downstream flood damage evalua-
tion point, and (4) its hydrologic class (Novitski 1978).
The evaluation should define the relationship between
these wetland characteristics and reduced flood peak
at the evaluation point.

Ogawa and Male (1986) have used watershed hy-
drologic simulation experiments to approximate such
an evaluation for three watersheds in eastern Massa-
chusetts. They included the above factors 1, 2, and 3,
but did not evaluate importance of wetland hydrologic
class. The value of a wetland for reducing downstream
flooding was measured by

%aQ, = 2= » 100
Q
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where Q. and Q, are the peak flows at a downstream
location, generated with and without encroachment on
upstream wetland storage, respectively. Q. changed
with the degree of wetland encroachment.

Simulation experiments were run for three rainfall
intensities (10 year, 100 year, and 500 year maxima),
three antecedent moisture conditions, and four wet-
land encroachment scenarios. The results suggested
that within these watersheds, wetland encroachment of
up to 25% would not affect peak flows significantly
except for encroachment on mainstern wetlands. En-
croachment on upstream tributary wetlands generally
alters the peak flows significantly only for a few miles
downstream. Thus, unless the area to be protected
from flooding is located closer than several miles
downstream of a wetland, the functional value of the
wetland for flood mitigation is negligible. Encroach-
ment on downstrearmn mainstem wetlands, in contrast,
has a great influence further downstream (Ogawa and
Male 1986). Further research should examine the in-
fluence of incorporating hydrologic class in the model.

Ranking Wetland Value

Simulation experiments similar to those conducted
by Ogawa and Male (1986) could be used to evaluate
the effects of wetland loss on a case-by-case basis.
However, the results would be site- and disturbance-
specific. In addition, the effort and resources required
to do this are likely to preclude routine use in a regula-
tory context.

A more generic approach might involve creating a
wetland classification scheme relating wetland at-
tributes to peak flow characteristics for different re-
gions. Two philosophically different approaches are
possible.

Bottom-up. This approach uses a series of represen-
tative case studies similar to that of Ogawa and Male
(1986). Simulation experiments executed for a repre-
sentative sample of watersheds within a hydrologic
unit could be used to estimate the value of different
wetland classes (based on location, size, and hydrologic
class) in reducing peak flood flows. For each region,
the typical value (or range of values) of wetlands in
each class could be determined, and the results extrap-
olated to larger spatial scales.

Top-down. This approach involves evaluating spatial
overlays of hydrologic unit maps, ecoregion maps, and
wetland inventory maps. Hydrologic unit maps are
used to delimit the cumulative effects evaluation area.
Ecoregion intersections within the hydrologic unit are
used to delimit wetlands within relatively homoge-
neous landscape units. Landscape-level measures of
wetland attributes and wetland classifications on the
wetland inventory maps are used to assign wetlands to

functional classes. A few case studies in hydrologic
units in contrasting ecoregions would be used to de-
termine the best landscape-level measures of wetland
attributes to use in different regions. This approach is
suitable for relatively rapid synoptic evaluations of po-
tential cumulative impacts of wetland loss within hy-
drologic units. The ease of analysis bears a cost, how-
ever. On the whole, cumulative effects evaluations
within a region would be generally accurate, but esti-
mates of effects at specific sites would be imprecise. If
greater precision were required, a quantitative case-
specific analysis could be conducted.

Evaluating Cumulative Effects on the Water
Quality Function of Wetlands

Wetlands affect water quality through element cy-
cling, sediment deposition, ion and molecule adsorp-
tion, and temperature modification. The quality of
water leaving the wetland may differ substantially
from that which enters. Dissolved materials (nutrients,
trace metals) may be retained or transformed and sed-
iments may settle out (Carter 1986, Nixon and Lee
1986, Hemond and Benoit 1988).

The loading capacity of a wetland or system of wet-
lands is the quantity of a pollutant (e.g., nutrient, sedi-
ment, trace metal, synthetic organic) that the system
can retain or transform per unit time. It is markedly
influenced by hydrologic regime. The source, velocity,
and seasonal distribution of water in the system di-
rectly controls the spatial heterogeneity and develop-
ment of wetlands and the nutrient, oxygen, and pol-
lutant load of the sediments. As demonstrated by
Richardson (1986) and discussed by Hemond and
Benoit (1988) and Brinson (1988), loading capacity is a
temporally dynamic characteristic. It is likely to change
seasonally and during the system’s successional evolu-
tion. In addition, soils, biota, and system size are im-
portant determinants of loading capacity.

The biogeochemistry of wetlands can be divided
into (1) intrasystem cycling through various transfor-
mation processes, and (2) the exchange of chemicals
between the system and its surroundings. Intrasystem
cycling, along with hydrologic conditions, influences
the degree to which chemicals are transported to or
from wetlands. Wetlands can be relatively open or rel-
atively closed, depending on the degree of exchange
(Mitsch and Gosselink 1986, Brinson 1988). For the
present discussion we are concerned with biogeo-
chemically open systems that interact through ex-
change of water.

Overview of the Problem
The purpose of the water quality evaluation is to



estimate the effects of cumulative loss of wetland pol-
lutant loading capacity on pollutant concentration at a
particular point or series of points in the system. This
evaluation is inherently more complex than the flood
storage evaluation. In addition to hydrology, muldple
independent variables (target pollutants), multiple de-
pendent variables (pollutant loading capacities), com-
plex chemistry, and pollutant toxicity must be consid-
ered. The time scale for the evaluation must be contin-
uous rather than event-based.

Wetlands within an evaluation area can be viewed
as a series of flow-through reaction vessels that receive
reactants from hydrologic and other sources and ex-
port transformed reaction products downstream at
specific concentrations and rates. Each wetland in the
system provides a catalytic surface for physical and
chemical reactions and a settling surface for sediments.
Export of pollutants from the wetland is a function of
the concentration of reactants entering, residence time
(flow rate/volume), and loading capacity of the wet-
land. Export to the evaluation point depends on char-
acteristics of wetlands in the flow sequence and their
degree of excess loading capacity.

Up to this point, the discussion has ignored the po-
tential effect on loading capacity of pollutants entering
a wetland. When pollutants produce a toxic effect on
the biota, the biota responds both physiologically and
evolutionarily (through natural selection). This re-
sponse may well affect the loading capacity of the
system, by increasing or decreasing it, and the critical
load limit of the system must be considered. The crit-
ical load limit is reached when the pollutant load (all
pollutant inputs) initiates a response in the biota that
reduces loading capacity, or causes a change in com-
munity structure greater than normal temporal varia-
tions. A desirable goal might be to manage wetland
systems so that the loading capacity of the system, and
the critical load limit for any component wetland, is
not exceeded.

For a given component wetland and pollutant, both
the loading capacity and the critical load limit may
vary seasonally, from year to year, and/or with pol-
lutant mixture. To preserve the biological integrity of
the wetland, pollutant concentrations should be kept
below the critical load limit for the wetland. Any pol-
lutant excess above the wetland’s loading capacity will
be passed to the next wetland in the system. To pre-
vent degradation of water quality at the evaluation
point, the loading capacity of the system must not be
exceeded.

Bounding the Evaluation in Space

Spatial scale should be chosen to include the major
reactant inputs and hydrologic flows to the evaluation
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point. This will probably result in essentially the same
boundaries previously described under the heading:
“Defining the Hydrologic Unit of Interest.”

Bounding the Evaluation in Time

Time scale may need to be no longer than resi-
dence times of water in component wetlands within
the wetland system. However, the evaluation must be
able to account for seasonal and year-to-year variation
in important variables in the budget of the pollutant
under study. Thus, the evaluation as a whole should
be bounded by the residence time of pollutants within
the wetland system in the evaluation area. Pollutant
residence time will vary as a function of type(s) of pol-
lutant(s), and of differences among wetlands in rates
of relevant biogeochemical processes and physical
mass transport (Nixon and Lee 1986, Hemond and
others 1987).

Cumulative Effects Evaluation

The evaluation must estimate the effect of wetland
loss or degradation on function as a result of pollutant
contamination. Effect is measured as change in excess
system loading capacity from point of pollutant input
to evaluation point. Level of function of the wetland
system is measured as pollutant concentration at the
evaluation point (peak or average).

The pollutant budget of the wetland system pro-
vides the conceptual framework for the evaluation. To
the extent possible, fundamental understanding of the
kinetics of chemical, biological, and physical processes
that govern the transport and transformation of mate-
rials in the system should be synthesized into a de-
scription of the pollutant budget. These kinetics are
functions of environmental driving forces, including
both internally controlled system resources (e.g., dis-
solved oxygen and pH) and the externally imposed
system environment (e.g., site geology, hydrology, and
regional climate).

There is significant literature on modeling wetlands
(Mitsch and others 1982, Mitsch 1983). The Hydro-
logic Simulation Program ( Johanson and others 1984)
is specifically designed to assess water quality over an
entire watershed. This model may provide a suitable
framework for incorporating wetland modules, al-
lowing evaluation of the water quality consequences of
progressive degradation of basin wetlands (Burns
1986).

The usefulness of these models for prediction is
under debate. Wetland systems exhibit great variability
in their ability to process pollutants, and current
knowledge cannot adequately account for this vari-
ability (Nixon and Lee 1986, Hemond and Benoit
1988). Most available models do not specifically ac-
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count for changes in the biota stimulated by pollutant
toxicity; limitations of current knowledge in this area
may be a significant obstacle to incorporation of such
effects.

The evaluation, however, is conceptually tractable.
Either the bottom-up or the top-down approaches
could be applied, depending on the degree of quanti-
fication required (see the section titled: “Ranking Wet-
land Value”) and the availability of models and appro-
priate data.

A model could be structured to estimate loading ca-
pacity for pollutants given a set of values for driving
variables (determined by geographic setting) and state
variables (determined by wetland type, size, etc.). Sim-
ulation experiments could be run to determine the
range in estimated loading capacities for pollutants of
concern for wetlands of various types and sizes in dif-
ferent regions. For each pollutant, wetland response
would be classified based on location in the flow se-
quence, wetland type, size, and excess loading capacity.
Experiments such as these exectited for a representa-
tive sample of watersheds within a hydrologic unit
could be used to estimate the influence of wetland
classes on changing pollutant concentrations at the
evaluation point. ‘

Conceptual models such as the one herein de-
scribed can be developed on the basis of present un-
derstanding of which wetland processes affect water
quality (Nixon and Lee 1986, Hemond and Benoit
1988). These models will help to structure qualitative
assessments and direct future research by identifying
major hypotheses and data requirements. Develop-
ment of quantitative assessment methods, however,
awaits improved understanding of factors that control
the rates of these processes and their interactions and
thereby account for differences among wetlands.
Whigham and others (1988) and Brinson (1988)
present cogent arguments that in the interim the top-
down, landscape-level approach is likely to prove more
tractable.

Evaluating Cumulative Effects on the Life
Support Function of Wetlands :

Life support is the most complex wetland function
to be evaluated. The regulatory goal is preservation of
native biotic diversity at all levels in the hierarchy of
ecological structure. The Clean Water Act refers to
this diversity as maintenance of “balanced indigenous
populations” and “balanced biological communities.”

Though considerable progress has been made in
recent years in understanding the factors determining
biotic diversity, the quantitative relationships between
these factors and the biotic diversity of wetland land-

scapes have not been established. At present, such re-
lationships must be inferred from knowledge and
principles derived from other ecological systems
(Soulé and Wilcox 1980, Rudis and Ek 1981, Simber-
loff and Abele 1982, Soul¢ and Simberloff 1986,
Wilson 1988). The following discussion draws heavily
on those principles, as well as principles from land-
scape ecology (Forman and Godron 1986). _

The life support functioning of a wetland system is
dependent not only on hydrology and water quality,
but on biogeographical setting. The regional fauna
and flora, climate, and the landscape mosaic deter-
mine the potential biotic diversity of the system
(Ricklefs 1987). Within this framework, management
choices will determine the degree to which the poten-
tial is realized. Society has expressed at least two goals
in this regard: maintenance of populations of partic-
ular valued species, and of biological integrity.

Certain species are regarded by society as particu-
larly valuable and worthy of preservation. Some are of
direct commercial value, others are chosen because
they are rare or endangered, still others are valued be-
cause of their contribution to human recreation or aes-
thetics, and some species are recognized for their crit-
ical roles in regulating the structure or function of eco-
logical communities (keystone species). Determining
effects on the biotic diversity within populations of
these valued species must be one target of cumulative
impact evaluations when the objective is simply preser-
vation of a viable natural population. If the objective is
preserving a sustainable yield of a resource species, en-
vironmental carrying capacity or habitat-related mea-
sures may be the appropriate dependent variable.

Another goal of these evaluations should be deter-
mining effects on the biological integrity of wetland
systems. Biological integrity refers to the plant and an-
imal species that are characteristic of a region and
their relative abundances in the absence of human in-
tervention (Karr and others 1986).

Life support functions operate on scales defined by
the complex temporal and spatial intersection of
ranges of wetland species. Bounding biotic communi-
ties is, therefore, particularly problematic. Ecoregion
maps (Bailey 1976, Omernik 1987) attempt to bound
ecologically homogeneous regions. Relatively distinct
ecological systems tend to occur in spatial units with
relatively homogeneous landscape characteristics (i.e.,
climate, landform, soils, potential natural vegetation,
land use). Studies by Inkley and Anderson (1982) and
Larsen and others (1986) demonstrate correspon-
dence between wildlife communities and fish assem-
blages, respectively, and ecoregions. Species functional
interactions are likely to be more intense within these
spatial units than between them. We propose, there-



fore, to use watersheds aggregated within ecoregions
to delimit the impact area for an evaluation of life
support function on aquatic communities.

Migratory and wide-ranging species present special
problems (Myers and others 1987), since they may be
seasonally important in different ecoregions, or may
not be greatly influenced by the landscape character-
istics used to delimit ecoregions. For these species,
species’ range may provide the primary boundary,
while the intersection of species range with ecoregion
boundaries may provide appropriate spatial subunits
for analysis.

Biotic Diversity as a Dependent Variable

If biotic diversity is to be the dependent variable in
a cumulative effects evaluation, appropriate biotic di-
versity measurement scales must be developed for
both valued species and biological integrity. Weller
(1988) and Harris (1984, 1988) have discussed factors
influencing this diversity and suggested a number of
indicators. ’

Valued species. Two primary factors contribute to
within-species diversity. Within a freely interbreeding
population, the degree of genetic variability is deter-
mined by (1) the number of polymorphic loci, (2) the
number and type of alleles at these loci, and (3) the
average level of heterozygosity. This genetic variability
allows the population to respond to changing environ-
mental selective pressures and is important for con-
tinued evolutionary adaptation to a changing environ-
ment. A second source of biotic diversity derives from
separation of the population into local subpopulations
that do not interbreed freely. Local selective pressures
result in different gene frequencies among subpopula-
tions and may favor different gene mutations, leading
to broader genetic. variability in the population as a
whole.

One endpoint of a biotic diversity scale might be the
minimum heterozygosity that will conserve sufficient
genetic variability to permit continued evolutionary
adaption to changing selective pressures. Harris (1984)
suggests approaches for estimating this. The other
endpoint might be the characteristic diversity of the
population in the absence of human disturbance. This
endpoint could be determined by sampling represen-
tative wild populations. Neither of these measures,
however, is without problems, and the topic of appro-
priate genetic and demographic measures for conser-
vation of species has engendered considerable discus-
sion (Vrijenhoek 1985; see also Schonewald-Cox and
others 1983, Soulé 1986, articles and references
therein).

Biological integrity. Several changes occur in biota in
response to stress (Mooney and Godron 1983, Levin
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and Kimball 1984, Karr and Freemark 1985, Harris.
and Gosselink 1986). Karr and Freemark (1985) pro-
vide a clear discussion of the complexity of responses
to disturbance in vertebrate communities, including
the Everglades and marshes of the prairie pothole re-
gion as examples. Stress-induced changes may include
loss of higher trophic levels, leading to shortened
foodchains and loss of the habitat specialists that create
faunal and floral identity for an ecosystem or land-
scape. These changes result in a truncated biotic as-
semblage heavy with generalists. Any measure or scale
of ecological integrity thus should be sensitive to
changes in both the composition and structure of eco-
logical communities. Karr and others (1986) have de-
veloped a multiparameter Index of Biological Integ-
rity (IBI) for fish communities that embodies these
principles. It uses 12 different ecological attributes to
summarize the status of a community in terms of
species richness, trophic composition, and species
abundance and condition. Perhaps a similar proce-
dure can be used to develop an appropriate index of
ecological integrity for wetland species assemblages for
different wetland ecoregions (Karr 1987). It’s applica-
tion, however, must account for the seasonal, year-to-
year, and longer-term cycles characteristic of different
wetlands.

Impact as the independent Variable

The impact of wetland loss or degradation must be
quantified in relation to the factors in the landscape
mosaic that influence biotic diversity. Harris (1984)
suggests that the primary factors are total habitat area,
the size—frequency distribution and quality of habitat
patches, and the distribution of these patches in rela-
tion to each other and to drainage patterns in the
landscape. Valued species are dependent on the wet-
land component of the landscape to varying degrees
(Harris 1988). To the degree that other habitat types
are also important, the distributional characteristics of
wetland habitat must be considered in relation to the
distribution of patches of other important habitat
types.

A measure of impact must reflect the change in
habitat distribution resulting from human disturbance
with respect to a reference standard. A standard could
be developed empirically from current and historical
data on the size and distributional characteristics of
habitat within the species ranges and ecoregions sub-
ject to cumulative effects evaluation. Development of
the standard would need to take into account the rela-
tively short timespan of historical data and natural
fluctuations in wetland size and distribution.

Evaluation of Cumulative Effects on Life Support
Evaluations of cumulative effects on the life sup-
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port functioning of wetlands are likely to be qualitative
for the foreseeable future and based largely on auto-
ecological knowledge of particular species, their hab-
itat requirements, and their interactions with other
species. If it is possible to develop a reference standard
for the distributional characteristics of wetlands within
the ranges of valued species and many ecoregions,
then this landscape-level standard could be used to es-
timate the magnitude of wetland loss due to cumula-
tive human disturbance. The growing body of litera-
ture on the consequences of habitat loss and habitat
fragmentation can be invoked to estimate the direction
and magnitude of changes in biotic diversity to be ex-
pected from such disturbance. The relative functional
value of individual wetlands (based on their type, size,
and location) in maintaining biotic diversity at the
landscape level could then be qualitatively estimated.

Conclusions

Evaluations of cumulative effects must estimate the
aggregate influence of all anthropogenic disturbances
on environmental resources of concern. Therefore,
such evaluations should be bounded by the spatial and
temporal distribution of these resources and the dis-
turbances to them. Wetland resources of concern have
herein been defined in terms of the hydrologic, water
quality, and life support functions that wetlands pro-
vide. For each function, procedures for establishing
boundaries and a generic framework for evaluation
have been proposed.

The flood storage function of wetlands operates on

the spatial scales of watersheds and river drainages..

The cumulative effect of wetland loss on this function
should be evaluated relative to the storage roles of af-
fected wetlands in the larger spatial context of their
watersheds and river drainages. An appropriately
scaled model of the dynamics of the water budget pro-
vides an analytical framework to determine the impor-
tance of wetland attributes in modifying peak flood
" depth. This approach has been applied successfully
(Ogawa and Male 1986). A more generic approach in-
volves creating a wetland classification scheme relating
intrinsic and landscape-level wetland attributes to peak
flow characteristics for different regions.

The water quality function of wetlands also
operates on the spatial scale of watersheds and river
drainages. The cumulative effect of wetland loss or
degradation can be evaluated relative to the loss of
pollutant loading capacity to the larger hydrologic
system. The analytical framework for this evaluation is
a model of the dynamics of the pollutant budget of the
hydrologic system. Though the technology of water
quality modeling is probably sufficient to. construct

such a model, there are significant limitations in cur-
rent understanding of the relationship between wet-
land attributes and processes affecting water quality.
These limitations will necessitate the use of simplifying
assumptions that may undermine the credibility of
such a model. A qualitative synoptic approach is likely
to be more tractable in the near term.

The life support function of wetlands operates on
the spatial scales of the ranges of valued species and
biotic ecoregions. Cumulative effects are best evalu-
ated by estimating the effect of wetland loss or degra-
dation on biotic diversity and/or sustainable yield. A
general analytical framework for such an evaluation
does not exist but could be derived from principles
emerging from the fields of community ecology, con-
servation biology, landscape ecology, and habitat man-
agement. For the foreseeable future, however, evalua-
tions of cumulative effects on the life support function
of wetlands will remain qualitative.
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