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Abstract:  The cumulative effects of human actions on wetland ecosystems motivate current efforts at wet-
land restoration. They also have created in part the context within which restorations are undertaken. Using
modern hydrogeological understanding of wetland-landscape linkages, 1 argue that restorations should begin
with a cumulative impact analysis for the entire region in which the restoration is proposed. The analysis,
however, should not focus merely on number of hectares of wetlands lost or degraded. It should be based
on the concept of templates for wetland development. These templates are the diversity of settings created
in specific landscapes by the complex interactions of hydrogeologic factors and climate. They control key
hydrologic variables and hydrelogically influenced chemical variables that cause specific wetland types to
form and to be maintained through time. They also determine in large part the biogeochemical cycling
characteristics specific to different types of wetlands. They thus account for both the biological and functional
diversity of wetlands. A cumulative impact assessment for restoration purposes should identify the kinds,
numbers, relative abundances, and spatial distribution of wetland templates in a region—both past and
present. These past and present profiles of the wetland landscape can be used to make decisions regarding
the type and location of restorations. Matching type and location to the appropriate hydrogeologic setting
will maximize the probability of success for individual projects. Regional wetland diversity can be restored
if individual restoration decisions about wetland type and location are made in light of the diversity of

templates in past and present regional profiles.
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INTRODUCTION

The term ‘“‘cumulative effects™ refers to a critical
concept within the lexicon of environmental regulation
and impact assessment. It attempts to capture what we
see all around us but fail to regulate or predict: the
collective result through time of the numerous and var-
ied human-caused impacts on the environment. Even
though individual human actions may have only minor
effects, the concept of cumulative effects recognizes
that the net effect of past, present, and future actions
may be significant (Beanlands et al. 1986, Preston and
Bedford 1988). Thus, the essential difference between
conventional and cumulative impact assessment (CIA)
lies in the manner in which spatial and temporal
boundaries of the evaluation are established. The
boundaries drawn in CIA are larger with respect to the
number of disturbances, the geographic area, and the
time frame considered. Without attention to this larger
framework, wetland restoration risks reducing the bi-
ological and functional diversity of wetland land-
scapes.
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Cumulative effects have led to several landscape-
level patterns that both motivate and constrain efforts
to restore wetlands. They have resulted in significant
loss of wetland arca, disproportionate loss of some
wetland types, degradation of remaining wetlands, and
a consequent decrease in the diversity of native wet-
land types and species. These factors motivate resto-
ration efforts. However, cumulative effects also have
altered landscapes in which wetland restoration occurs
and have thus constrained opportunities for wetland
restoration. Wetland restoration has the potential to in-
crease wetland diversity as well as wetland area but
only if those planning restorations do so within the
context of a cumulative effects analysis that considers
landscape patterns of loss and degradation and land-
scape controls of wetland development. A cumulative
effects analysis draws attention to wetlands as land-
scape elements.

In this paper, I briefly review landscape patterns of
wetland loss and degradation for the conterminous
United States, the prairie regions of western Canada,
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and the more densely-populated temperate regions of
Canada in southern Ontario and Quebec along the
Great Lakes and St. Lawrence River. I then describe
the main elements of a conceptual framework that ex-
plicitly treats wetlands as landscape elements, in terms
of both the landscape factors that control characteris-
tics of individual wetlands and the diversity of wetland
types within landscapes. I conclude by presenting the
rudiments of a cumulative effects analysis of wetland
landscapes that might be undertaken as the basis for
planning restorations within specific regions of the
United States and temperate Canada.

LANDSCAPE PATTERNS OF LOSS,
DEGRADATION, AND RESTORATION

Wetland Loss

The primary motivation for current restoration ef-
forts is the significant loss of wetland area that has
occurred through the cumulative effects of thousands
of individual decisions to alter wetlands. Estimates of
wetland loss in the United States total about 53% of
the area that was in wetland at the time of European
settlement of the lower 48 states, or about 24.3 ha of
wetland lost for every minute since 1780 (Tiner 1984,
Dahl 1990, Dahl et al. 1991, Dahl and Allord 1996).
Although loss rates have slowed according to recent
estimates, annual net losses on non-federal lands to-
taled 321,003 hectares between 1982 and 1992, or
28,350 to 36,450 hectares a year (Heimlich and Me-
lanson 1995).

Wetland conversions to other land uses have been
minimal in the vast boreal, subarctic, and arctic re-
gions of Canada, but the overall picture for the prairie
regions and the more densely populated temperate re-
gions along the Great Lakes and St. Lawrence River
in southern Canada is similar to that for the U.S. (i.e.,
50-55% overall loss of wetland area). Glooschenko et
al. (1993) noted major losses in the 3 prairie provinces
(Alberta, Saskatchewan, and Manitoba) to draining,
filling, and cultivation for agriculture. No overall stud-
ies have been completed for the entire prairie region,
but they cite Schick’s (1972) study, which found that
only 39% of the pre-European settlement area of wet-
land remained in the Alberta prairie parkland region.
Rakowski and Chabot (1983, as cited in Rubec et al.
1988) reported a decrease of 71% in wetland area be-
tween 1928 and 1982 in the 131 km? Minnedosa pot-
hole region of Manitoba. Glooschenko et al. (1993)
also noted major wetland losses in southern Ontario,
which has been well-studied. Snell (1982, as cited in
Glooschenko et al. 1993) estimated that 70% (over 1
million ha) of the pre-European settlement wetland
area in 38 counties in southern Ontario had been lost

by the late 1960s, largely to agriculture. Between 81
and 98% of wetlands in the three most southwestern
Ontario counties have been lost. Whillans (1982) re-
ported 75-100% loss of marshes along Lake Ontario
near Hamilton and Toronto since settlement.

The pattern reported for southern Ontario also holds
for all Canadian urban-centered regions, except Atlan-
tic Canada (Rubec et al. 1988). For Pacific, western,
and the eastern temperate regions of Canada, wetland
loss ranges from 30 to 98%, with most urban-centered
regions showing losses in excess of 75% (Rubec et al.
1988). Rubec et al. (1988) provide a summary of
available estimates of wetland land-use conversions in
Canada.

Degradation of Remaining Wetlands

Numerous individual human actions in and near
wetlands also have had the cumulative effect of de-
grading many remaining wetlands, especially those in
agricultural regions, along the shores of the Great
Lakes, and in urban areas. Extreme examples have and
will become the object of restoration. The form and
extent of degradation will impose constraints on res-
toration efforts.

Degradation comes in many forms and degrees of
severity. Although evident to all serious observers of
wetlands, degradation is far more difficult to quantify
than loss of area. Documented e¢xamples of typical
forms of degradation include (a) the fragmentation,
partial diking and filling, and industrial development
within the River Raisin drowned river mouth on Lake
Erie (Herdendorf 1987), New York harbor, and other
ports (Pinder and Witherick 1990); (b) several differ-
ent toxic substances in sediments of Great Lakes wet-
lands; (¢) extensive invasion by exotic species (Ma-
lecki et al. 1993, Doren and Jones 1997); (d) pesticides
in prairie wetlands (Neely and Baker 1989); (e) nutri-
ent enrichment of previously nutrient-poor wetlands
and subsequent loss of species richness and/or endemic
species (Ehrenfeld 1983, Ehrenfeld and Schneider
1991, Morris 1991); (f) decrease in average area of
individual wetlands and loss of connectivity among
wetlands and other ecosystems in southern U.S. bot-
tomland hardwood swamps (Lee and Gosselink 1988,
Gosselink et al. 1990); and (g) loss of marsh-edge veg-
etation to cultivation in the prairie provinces. For ex-
ample, Millar (1981, as cited in Glooschenko et al.
1993) reported that by 1979, 84% of the wetlands on
sampling transects in the prairie provinces of Canada
had been altered by human activities.

Alteration of Wetland Watersheds and Landscapes

Aside from the economic and political constraints
that often dominate restoration projects, the greatest
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constraint on restoration efforts will come from cu-
mulative alteration of landscapes within which wetland
restoration sites occur. The reasons for this are obvi-
ous—wetlands are functionally interdependent with
other landscape units (Bedford and Preston 1988).
Properties of the overall landscape, such as land-sur-
face slope and topography, the distribution of glacial
deposits, percent area in wetlands, and spatial config-
uration of different land-use types, determine the kinds
and characteristics of inputs to wetlands. The quantity,
chemistry, flow rates, and timing of water inputs, the
types and quantities of sediments, nutrients, and pol-
lutants entering the wetland, as well as the plant and
animal species that move or disperse into the wetland,
all reflect landscape characteristics.

Landscape alterations particularly likely to influence
restoration efforts include (a) hydrologic modifications
within the watershed, such as dams, dikes, levees,
drainage ditches, and channelization of water courses;
(b) land-use changes; and (c) changes in the spatial
distribution of wetlands with respect to other ecosys-
tems and land uses in the landscape. Land-use chang-
es, such as conversion of forest to agriculture and ag-
riculture to residential or commercial, affect the deliv-
ery of water, nutrients, sediments, and pollutants to
wetlands as to other water bodies {(e.g., Poiani et al.
1996). Several studies have reported high correlations
between nutrient loading to downstream waters and
the proportion of agriculture in the watershed (e.g.,
Dillon and Kirschner 1975, Hill 1978, Beaulac and
Reckhow 1982, Jordan et al. 19974, 1997b).

The spatial configuration of wetlands in many areas
has been altered in a number of ways that will affect
restoration efforts. The number of wetlands in an area
and the distance from each other affect the dispersal
of plant propagules and animals to the site. The con-
nectivity of wetland types to each other and other eco-
system types influences animal use (Harris 1988) and
movement of water and solutes. Location of wetlands
within a watershed, especially relative to stream order,
determines wetland effects on water quality and flood
attenuation (Brinson 1993a). Whigham et al. (1988)
and Correll et al. (1992) have shown how the spatial
mosaic of wetlands and other communities in the
Rhode River Estuary affect the delivery of nutrients
to the stream. Johnston et al. (1990) showed how the
position of wetlands in the watershed and their pro-
portion of the landscape cumulatively affect stream
water quantity and quality.

Non-random Cumulative Effects

The pattern produced by cumulative loss of wet-
lands is not random with respect to wetland type.
Some types of wetlands have suffered greater losses

than others. For example, species-rich sedge meadows,
wet prairies, and other palustrine wetlands saturated or
flooded for only a part of the growing season were
easily and quickly drained for agriculture. By the mid-
19505, few of these types remained in central Wiscon-
sin (Curtis 1959 and probably elsewhere in the mid-
western United States (Prince 1997) and the prairie
provinces of Canada. In coastal California, shallow-
water habitats (salt marsh and intertidal flats) have de-
creased by 85% while subtidal areas have shown little
net change since about 1856 (Macdonald 1990, as cit-
ed in Zedler 1996).

A pattern of disproportional loss also is evident for
forested wetlands in the United States (Johnston 1994),
Between the 1950s and 1970s, forested wetlands con-
stituted 54% of all wetland losses in the U.S. Between
the mid-1970s and mid-1980s, they accounted for 95%
of all losses (Dahl et al. 1991). The cessation of fires
previously set by American Indians (Jean and Bou-
chard 1991), stabilization of water levels on two of the
Great Lakes and elsewhere (Keddy and Reznicek
1985), ground-water withdrawals in arid regions with
riparian wetlands (Stromberg et al. 1996), and the
practice of letting cattle graze wetlands along streams
all select against some specific types of wetlands. The
net effect has been a shift in the relative proportion of
different types of wetlands in the landscape.

Non-random Restoration

The net result of selective wetland loss and degra-
dation, favoring persistence of some types and decline
of others, has been to homogenize the landscape with
respect to wetland diversity, providing a second mo-
tivation for wetland restoration. Wetland restoration
could increase landscape heterogeneity by restoring
lost types. In practice, however, it contributes to land-
scape homogenization because restoration projects fa-
vor some wetland types over others (Kusler and Ken-
tula 1990). Several evaluations of wetlands restored or
created as mitigation for wetland losses permitted un-
der Section 404 of the U.S. Clean Water Act found
that emergent marshes and open water habitat were
preferentially created, even in regions where the type
was not common (Kentula et al. 1992). Dzhl and oth-
ers (1991) reported that the only wetland type increas-
ing in the .S, was “ponds.” One of the types most
often created, freshwater emergent marshes, especially
those dominated by cattails (Typha spp.), is also the
type toward which human disturbance of wetlands of-
ten tends to move wetlands. The pattern is so common
in Canada that Keddy (1990) has presented a model,
which he calls centrifugal, with a diversity of wetland
types all being driven by various human disturbances
toward a central single type, the cattail marsh.
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Figure 1. Conceptual representation of the status of the to-
tal wetland resource of the United States and southern Can-
ada as affected by loss and degradation. The entire box rep-
resents the total wetland resource (i.e., the area in wetland
at the time of European settlement). This resource is then
divided into areas representing approximately the proportion
lost and remaining. The estimate of proportion lost is based
on Dahl et al. (1991) for the conterminous United States and
on two summaries (Rubec et al. 1988, Glooschenko et al.
1993, see text) of available estimates of wetland conversion
in the agricultural and more heavily-populated areas of
southern Canada: the prairie region of southern Alberta,
Manitoba, and Saskatchewan, the temperate region along the
Great Lakes and St. Lawrence River of southern Ontario and
Quebec, and all Canadian urban-centered regions except
those in Atlantic Canada. Remaining wetlands then are di-
vided further into areas representing approximately the pro-
portion of high quality, uncommon types of wetlands, eco-
logically intact wetlands, and ecologically degraded wet-
lands. Wetlands lost are divided into irreversible loss and
wetland sites where restoration is still possible. These latter
two divisions are only rough approximations and are not
based on systematic estimates; see text under sub-heading
“degradation of remaining wetlands.”

These cumulative effects on the total wetland re-
source (Figure 1) both motivate and constrain resto-
ration efforts. They also should inform our decisions
about the types and locations of the wetlands we at-
tempt to restore. A large proportion of wetland area
has been lost. Of this area, some is irreversible loss
(e.g., areas occupied by cities, airports, and harbors;
areas where extensive drainage has lowered ground-
water levels), while some can be restored (e.g., former
agricultural wetlands). Of what remains as wetland,
most is degraded in some way. Only a relatively small
portion consists of high quality sites, uncommon types,
or ecologically intact sites. These should be protected
and maintained. Decisions about restoration lie in the
region of the chart marked “reversible loss.” The re-

mainder of this paper proposes a framework for choos-
ing among those sites in restoration decisions.

TEMPLATES FOR WETLAND RESTORATION

Wetlands can be restored as self-maintaining eco-
systems only if they are properly placed in the land-
scape. Because the landscape in which a wetland sits
mediates delivery of water, mineral ions, plant growth-
limiting nutrients, and sediments, proper placement
means placement with respect to the different combi-
nations of climatic and hydrogeologic factors that con-
trol these inputs (i.e., hydrogeologic setting) (Winter
1988, 1992). The concept of hydrogeologic seiting
captures landscape characteristics that control devel-
opment and maintenance of wetlands. A closely relat-
ed precursor to this concept is the idea of templates
for wetland development (Moore and Bellamy 1974).
Bedford (1996) previously used this concept as the
basis for defining hydrologic equivalence in wetland
mitigation. Here 1 apply the concept to wetland res-
toration and illustrate the concept with examples of
wetland-landscape linkages that show the critical role
these linkages play in determining both the type of
wetland that develops and how the wetland functions
biogeochemically.

Hydrogeologic and Hydrogeomorphic Frameworks

Scientific thinking about what controls development
and maintenance of wetlands has evolved profoundly
in the last two to three decades. It has moved from a
single, autogenic, largely biologically-determined
model to a more pluralistic paradigm. In the present
view, physical and chemical factors both within and
outside the wetland itself interact with biological pro-
cesses to determine wetland characteristics (Heinsel-
man 1970, van der Valk 1981, Bridgham and Richard-
son 1993, Glaser et al. 1997, Stromberg et al. 1997).
For example, in a recent paper on what controls wet-
land type and distribution in Canada, Halsey et al.
(1997) concluded that climatic variables and bedrock
geology of the area were the primary determinants,
even for these peat-dominated systems.

Two dominant expressions of the current view are
the hydrogeologic (LaBaugh et al. 1987, Siegel 1988,
Winter 1988, 1992, Novitzki 1989, Roulet 1990, Shed-
lock et al. 1993) and hydrogeomorphic (HGM) (Brin-
son 1993a, 1993b) frameworks within which wetlands
are classified and studied. The two views are related
but contribute slightly different perspectives relevant
to restoration. When combined, they offer a compre-
hensive basis for classifying the templates for wetland
restoration in a given geographic region. Winter (1992)
has developed a scheme for North America that iden-
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tifies 24 major “type settings™ based on possible com-
binations of physiography and climate. Brinson et al.
(1995) have produced guidelines for identifying HGM
types for riverine wetlands. Furthermore, Brinson
(1993a) has elaborated how wetland position along
various landscape gradients influences wetland func-
tioning.

The hydrogeomorphic (HGM) perspective is implic-
itly landscape-based but places greater emphasis on the
wetland itself than does the hydrogeologic approach
(Brinson 1993b). The rationale for the classification
was to simplify the vast diversity of wetlands in terms
of their biogeochemical processes and functioning. Al-
though the HGM approach has generated considerable
debate in terms of its applicability to wetland assess-
ment for mitigation purposes, the classification on
which it is based is technically sound and offers in-
sights to those planning restorations. The classifica-
tion’s three components—geomorphic setting, water
source, and hydrodynamics—are similar to what the
hydrogeoclogic approach explains by reference to a
larger system of surface- and ground-water flows.
Geomorphic setting refers to the topographic location
of wetlands within the surrounding landscape (e.g.,
riverine wetlands located on low-gradient alluvial
fiood plains). In contrast to hydrogeologic setting, it
places the emphasis on the shape and location of the
wetland itself rather than the surface and subsurface
characteristics of the landscape that drive water-flow
systems. Because its focus is wetland functioning, the
HGM classification also elaborates the component of
hydrodynamics within the wetland to a greater degree
than do discussions of the hydrogeologic approach. It
differentiates the direction of flow and strength of wa-
ter movement within the wetland in terms of the ability
of water to transport sediments, nutrients, and other
substances to and from the wetland, as well as within
it.

The hydrogeologic perspective is explicitly land-
scape based. It emphasizes regional climate and hy-
drogeologic setting as primary determinants of wet-
land characteristics and encourages a view of wetlands
as hydrologic units of the landscape continuous with
larger-scale surface- and ground-water systems. Cli-
mate drives the larger hydrologic system, determining
the precipitation and evapotranspiration patterns that
ultimately move surface and ground water into and out
of wetlands. Hydrogeologic setting (HGS) refers to
those local and regional factors that determine wetland
hydrology and chemistry. It encompasses the position
of the wetland in the landscape with respect to the
flows of surface and ground water, and the geologic
characteristics that control the flow and chemistry of
water: (1) surface relief and land surface slope; (2)
thickness and permeability of soils; and (3) the com-

CLIMATE AND HYDROGEOLOGIC SETTING

Wetland-Upland Linkages

N
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Figure 2. Conceptual model of the relationship between
wetland templates (climate and hydrogeological setting) and
the biological and functional diversity of wetland land-
scapes.

position, stratigraphy, and hydraulic properties of the
underlying geologic materials (Winter 1988, 1992).
HGS mediates climate-driven water delivery to wet-
lands in terms of both quantity and chemistry.

In terms of restoration, the hydrogeologic perspec-
tive identifies factors outside the wetland that deter-
mine which type(s) of wetland can be restored and
maintained in a given setting. The key hydrologic and
hydrologically-influenced geochemical variables that
lead to the formation of specific types of wetlands are
a function of regional climate and hydrogeologic set-
ting (Figure 2). Together, these two factors govern the
types and strength of linkages between wetlands and
their watersheds: (a) the relative importance of differ-
ent water sources (precipitation, ground water, surface
water) for a wetland; (b) the elemental composition
and nutrient status of waters entering wetlands; and (c)
the spatial and temporal dynamics of water within a
wetland and between it and adjacent systems. Changes
in the position of the water table, surface- and ground-
water flow paths, and rates of water flow strongly in-
fluence biogeochemical processes through their effects
on reduction-oxidation status of wetland soils, surface-
and ground-water interactions, and transport of min-
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eral ions and nutrients to and within wetlands. Recent
discussions of wetland classification, whether in terms
of species composition or functional characteristics,
distinguish wetland types on the basis of these aggre-
gate hydrologic and hydrochemical variabltes (e.g.,
Brinson 1988, Vitt 1994, Bedford 1996, Anderson and
Davis 1997), In fact, the distinctive characteristics long
used to classify peatlands reflect the weakening link-
age to the surrounding landscape as the peatland sur-
face rises above the influence of surface- and ground-
water inputs, and the peat body itself exerts strong
control over water movement. Nonetheless, regional
climate, topography, and geological substrates deter-
mine where peatlands develop (Almquist-Jacobson
and Foster 1995, Halsey et al. 1997},

Wetland-Landscape Linkages

These perspectives link wetland characteristics to
landscape characteristics. They do so along fundamen-
tal lines of understanding that reflect a synthesis of
modern hydrogeology, biogeochemistry, and ecosys-
tem biology. They are the counterweight to decades in
which vegetation classification dominated efforts to
group wetlands into appropriate categories for study.

As such, neither the hydrogeologic nor HGM classi-

fication uses vegetation (either indicator species nor
community types) as a primary criterion for placing
wetlands into categories. Rather, vegetation is seen as
the outcome of the long-term interaction of climate
and landscape factors controlling wetland hydrology
and hydrochemistry.

One fundamental link between wetlands and their
landscapes is the effect of mineralogical composition
of geological deposits and soils on the formation of
specific types of wetlands through their effects on wet-
land hydrology and water chemistry (Siegel 1983, Wil-
cox et al. 1986, Siegel and Glaser 1987, Rey Benayas
et al. 1990, Thompson et al. 1992, Rey Benayas and
Scheiner 1993, Shedlock et al. 1993). For example,
Bridgham and Richardson (1993) showed that bog-like
vegetation can develop even in areas fed by ground
water if the water moves through geological substrates
that yield little in the way of mineral cations or nutri-
ents (i.e., dilute waters resembling precipitation, the
supposedly sole source for the surface water of bogs)
(see Siegel 1983, 1988, Glager et al. 1997). Many oth-
er studies of specific sites have related fen hydrology
and geochemistry to hydrogeologic setting (Wilcox et
al. 1986, Siegel and Glaser 1987, Gilvear et al, 1993,
Shedlock et al. 1993, Komor 1994, Almendinger and
Leete 1998). In all of these studies, distribution of dis-
tinctive plant associations corresponded to hydrologic
and geochemical gradients maintained by local and re-
gional hydrogeologic conditions. Variation in the sa-

linity and soil chemistry of prairie wetlands, and con-
sequently their plant species composition, is a partial
function of the position of the wetland in the landscape
with respect to local and regional ground-water flow
systems and regional patterns of surface relief (Kan-
trud et al. 1989, Richardson et al. 1994).

Other recent studies have specifically linked abiotic
factors controlled by hydrogeologic setting to plant
community composition and diversity within and
among wetlands. For example, several studies have
identified gradients in water-table fluctuations, base
cation availability, and pH that control patterns of spe-
cies composition and richness (Vitt and Chee 1989,
Johnson and Leopold 1994, de Mars et al. 1997, Pol-
lock et al. 1998). Komor (1994), Boeye and Verheyen
(1994), Boeye et al. (1994), and Almendinger and
Leete (1998) have shown the strong influence that high
flux rates of calcium-rich ground water have on spe-
cies richness and the occurrence of rare species in fens.
In addition, an extensive literature links wetland plant
diversity to nutrient availability (reviewed in Bedford
et al. 1999), and recent studies have shown that land-
scape-controlled variables (e.g., water-table dynamics,
surface- and ground-water flow paths) drive N and P
availability in wetlands (Boeye et al. 1994, Verhoeven
et al. 1996, Hill and Devito 1997). Rey Benayas et al.
(1990) and Rey Benayas and Scheiner (1993) empha-
size particularly the effects of landscape-scale gradi-
ents in hvdrology and geochemistry on plant species
diversity.

Hill and Devito (1997) recently presented the most
cogent summary published to date of how wetland-
landscape interactions regulate wetland biogeochem-
istry and the source-sink functions of wetlands. In an
overview of research conducted by Alan Hill and Ni-
gel Roulet over the past decade in central and southern
Ontario, they develop a strong conceptual and data-
rich picture of the hydrologic and chemical linkages
between uplands and wetlands. Working in three wet-
lands dominated by similar vegetation but in different
hydrogeological settings, they show how geological
deposits within the basins ultimately control the dif-
ferent patterns of chemical behavior observed among
the wetlands, Wetlands that might be classified simi-
larly according to vegetation behaved differently in
terms of biogeochemistry and nutrient retention be-
cause their basins differed hydrogeologically, notably
in terms of type and depth of glacial till.

Hill and Devito (1997) make several points relevant
to restoration efforts, especially if the goal of resto-
ration is to improve downstream water quality. First,
element cycling and retention is determined by spatial
and temporal pattemns of anoxia and aeration of surface
peat associated with landscape-mediated water-table
fluctuations. They show how, in glaciated terrain, till
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depth regulates water sources and seasonal patterns in
water-table elevation. Seasonal variations in the pro-
portion of the total water budget coming from ground
water, shallow surface flow, and precipitation differed
among basins with different till depths. These trans-
lated into highly different patterns in water-table fluc-
tuation and in the season and duration of anoxia in
surface sediments. Basins with greater till depth sus-
tained more continuous ground-water inputs through-
out the year and more stable water levels relative to
basins with thin layers of till. Because reduction-oxi-
dation reactions regulate biogeochemical processes in
wetlands, including rates of decomposition and most
element transformations, wetlands with more stable
water levels exhibited chemical behaviors that differed
from those with widely fluctuating water levels. For
example, basins with continuous ground-water inputs
supported the development of peat deposits. Wetlands
where water tables frequently dropped below the sur-
face had high rates of net nitrogen mineralization,
whereas wetlands with more seasonally uniform water
levels showed net immobilization of nitrogen. Branfi-
reun et al. (1996) showed that these upland-wetland
hydrologic connections are not restricted to wetlands
located in areas with glacial deposits but also occur on
a local scale in wetlands occurring in confined bedrock
basins.

Second, Hill and Devito {1997) demonstrate how
different hydrologic pathways connecting uplands to
wetlands influence wetland water chemistry. Two of
the swamps they studied received water from two dis-
tinct ground-water flow systems. The chemistry of wa-
ter entering the swamps from the local source differed
substantially from that of the regional source. Concen-
trations of calcium, magnesium, potassium, sodium,
dissolved oxygen, and nitrate nitrogen in one swamp
and of sulfate in another differed for the two ground-
water components. The chemistry of these input wa-
ters strongly influenced the chemistry of output waters.

Third, Hill and Devito (1997) describe how hydro-
logic pathways within wetlands are controlled by hy-
drogeological setting and influence element transfor-
mations within and export from wetlands. The path-
ways that water takes through a wetland determine
seasonal water residence time within the wetland, ex-
tent of contact with peat, and degree of mixing with
other water sources. For example, water crossing the
swamp in streamlets, formed where springs and seeps
emerged from the surrounding upland, had little con-
tact with surface peat and generally showed low de-
nitrification rates. However, nitrate-nitrogen concentra-
tions of outlet water were lower than input water be-
cause this local ground water mixed within the swamp
with regional ground water that entered the swamp
through deep peat and was low in nitrate nitrogen.

The major message of Hill and Devito’s (1997) pa-
per for restoration efforts is that wetland classifications
based on vegetation and substrate characteristics are
limited in terms of predicting biogeochemical func-
tioning. Results from the studies they describe tell
those interested in restoring wetland functions that *‘a
focus on interactions between hydrology and chemis-
try within the context of basin hydrogeology can ex-
plain differences in the role of wetlands as sources,
sinks, or transformers of mineral elements” (p. 228).
Although knowledge that such linkages exist is not
new (Gorham 1957), until recently, the relationships
have been inferred without data to support them or to
give them specific meaning. The data put together by
Hill, Roulet, and their students provide detail on how
basin hydrogeology drives biogeochemical processes
in wetlands through effects on seasonal changes in wa-
ter-budget components, seasonal patterns of water-lev-
el fluctuation, flow rates, and flow paths of water to,
and within, wetlands.

A Diversity of Biological and Functional Templates

The templates for wetland restoration are the many
different combinations of climate and hydrogeologic
setting that occur in a given geographic region. The
large number of ways in which these combinations
occur leads to the diversity of plant communities and
specific chemical behaviors shown by wetlands in a
given region (Figure. 2). The kinds, number, and spa-
tial distribution of these templates will vary by region.
On a coarse scale, Winter’s (1992) classification rec-
ognizes only 24 generic types for North America. On
a finer scale, however, far greater diversity exists, in
terms of both biological and functional templates with-
in specific geographic regions.

The high biological diversity of templates is evident
in the many different wetland plant communities and
vegetation types that have been identified and in the
numerous regional classification systems that have
been developed (NRC 1995). The cumulative land-
scape-level diversity that arises as a function of the
diversity of biological templates within a single wet-
land community type may not be as evident. For ex-
ample, Reschke (1990) classified herbaceous fens
within New York State in part according to their geo-
morphic position (i.e., sloping fens, coastal plain poor
fens). These fens tend to be relatively rich in plant
species on an individual basis. From the standpoint of
maintaining biological diversity, however, a landscape
view presents a far richer picture (Figure 3). No in-
dividual type exceeded 100 species per 100m?. At the
landscape level where all types are considered, the cu-
mulative number of different species for fens rose
from about 40 to over 375 per 100m? {(data adapted
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Cumulative Species Richness of New York Fens
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Figure 3. Cumulative plant species richness for several
types of fens in New York State. Number of species is given
as number per 100 m2 Values were calculated by adding
sequentially for each type the number of species that had
not been recorded for other types (ie.. new species occur-
rences). Codes for fen types are as follows: CPLP = coastal
plain poor fen, INLP = inland poor fen, MEDF = medium
fen, RGRA = rich graminoid fen, RSHR = rich shrub fen,
RSLO = rch sloping fen, MARL = marl fen. Types are
according to Reschke 1990. See Slack (1994) and Reschke
et al. (1990} for methods.

from Reschke et al. 1990 and Slack 1994). Maximum
diversity required several different fen templates.

The functional diversity of templates, however, has
no such readily catalogued indicator. It can be outlined
in principle (Bedford 1996) because data like those
reported by Hill and Devito (1997) are becoming in-
creasingly available. The three swamps they discuss
all fit within one of Winter’s categories—terraces with-
in riverine valleys. Within the Canadian system (Zoltai
1988), which is based largely on vegetation and sub-
strate type, all three are classified as coniferous treed
swamps or stream swamps. Yet, the nutrient-retention
efficiency of these vegetatively similar systems dif-
fered markedly because of differences in hydrogeolog-
ic setting and wetland-upland linkages. With the ben-
efit of Hill and Devito’s results, the fundamental prin-
ciples governing surface- and ground-water flow be-
tween wetlands and lakes now well understood
{(Winter and Woo 1990), and an increasing number of
similar studies on wetland-upland interactions (e.g.,
Phillips and Shedlock 1993, Grieve et al. 1995, DeVito
et al. 1997, Glaser et al. 1997), these differences in
hydrogeological setting might have been deduced from
topographic and surficial geology maps, as they might
be for region-specific assessments for restoration pur-
poses.

The recent development of hydrologic indices for

non-tidal wetlands also may help those interested in
restoring a diversity of wetland functions within a spe-
cific geographic region. Lent et al. (1997) have at-
tempted to systematize present understanding of wet-
land-landscape linkages by developing two sets of hy-
drologic indices that quantify key hydrologic variables
affecting wetland biogeochemistry, major-ion chemis-
try, and hydroperiod. The first set, called water-budget
indices, characterizes the relative sizes of wetland wa-
ter inputs and outputs. It quantifies what Brinson
(1993a) presented as a ternary diagram showing the
relative importance only of water inputs. Combining
the proportions of both inputs and outputs, Lent et al.
(1997) derived 9 basic hydrologic types of wetlands.
Interestingly, ‘‘types’’ based on vegetation (e.g.,
marshes, swamps, bogs, fens) did not all group to-
gether into single hydrologic “‘types.”

The second set, derived from the water-budget in-
dices, consists of two indices termed hydrologic-inter-
action indices. These indices provide quantitative in-
dications of the strength and type of water exchanges
between a wetland and the larger ground-water and
surface-water systems of which it is a part (Lent et al.
1997). These indices quantify the hydrologic portion
of what Brinson (1993a) presented as conceptual cat-
egories (e.g., donor, receptor, conveyor) for classifying
wetlands according to exchanges of elements and sed-
iments as these are affected by water exchanges.

The interaction index 1 quantifies the degree of in-
teraction between a wetland and the landscape. Wet-
lands with low I values have water budgets dominated
by precipitation and evaporation and occur in isolated
hydrogeologic positions in the landscape. The water
budgets of wetlands with high I values are strongly
dominated by ground- and surface-water inputs and
outputs. These wetlands are flow-through systems and
occupy hydrogeologic settings where strong inflows
and outflows can occur.

The source/sink index S quantifies the nature of the
interaction (i.e., whether the wetland is a net hydro-
logic source or sink with respect to its landscape) and
whether the relationship is a strong or weak one. In
addition to hydrogeologic setting, climate plays a
strong role in differentiating strong sources from
strong sinks. Wetlands that are net hydrologic sources
have ground- and surface-water outputs greater than
ground- and surface-water inputs. They thus tend to
develop in humid climates, whereas strong sink wet-
lands are found in arid climates.

These hydrologic indices (Lent et al. 1997) begin to
enumerate the high degree of variation that exists
among wetlands in hydrologic functioning. They only
implicitly address the diversity in biogeochemical
functioning. However, they do provide those interested
in restoration with a tool for quantifying two key out-
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comes of wetland templates—the proportion of wet-
land water budgets provided by different sources and
the extent to which the wettand is linked hydrologi-
cally with up-gradient and down-gradient systems.
Biogeochemical functioning depends on and follows
from these hydrologic outcomes. As these tools are
combined with the conceptual tools presented by Win-
ter (1988, 1992) and Brinson (1993a and b}, persons
involved in restoration will have a clearer and clearer
picture of the rich diversity of templates that allow for
the development of biologically and functionally di-
verse wetland landscapes.

CUMULATIVE EFFECTS ANALYSIS FOR
WETLAND RESTORATION

Implicit in a hydrogeological view of wetland land-
scapes is the need to increase the temporal and spatial
scale of analysis for planning and implementing wet-
land restorations. Decisions about which types of wet-
lands to restore and where they should be located
should follow from a cumulative effects analysis of
the region within which the restoration will take place.
A focus only at the scale of the individual project may
result in a gain of wetland area, but it risks lowering
further the biological and functional diversity of wet-
lands in a given region. It also may risk failure for the
individual project. If planning does not take into ac-
count the minimal requirement that wetlands be prop-
erly placed with respect to larger surface- and ground-
water systems, or the extent to which these systems
have been previously modified by human activities, the
desired hydrologic regime and water chemisiry may
not be achieved.

These points have been made previously in terms of
cumulative impact assessment for wetland landscapes
(Bedford and Preston 1988, Preston and Bedford
1988) and permit decisions involving compensatory
mitigation (Bedford 1996, Zedler 1996). Methods for
a landscape-level assessment are outlined in Bedford
and Preston (1988). Gosselink et al. (1990) and Ab-
bruzzese and Leibowitz (1997) provide specific and
expanded examples. The approach is analogous for a
cumulative effects analysis for wetland restoration.

Scales and Boundaries

The essence of a cumulative effects analysis is that
the boundaries for analysis are drawn more broadly in
both time and space than those used in conventional
impact assessment, which focuses on site-specific and
project-specific effects (Beanlands et al. 1986). How
broadly to bound the analysis depends on both eco-
logical principles and practical considerations. When
restorations are done within the context of regulatory

mitigation, practical considerations often may override
all other considerations {(Race and Fonseca 1996).
Those restoring wetlands outside regulatory con-
straints, however, have the opportunity to operate with
ecological principles more firmly in the foreground of
their thinking.

Boundaries in Time. Restoration implies some effort
to return an area to a condition resembling the self-
regulating ecosystem that existed prior to disturbance,
including how it was integrated into the landscape
(NRC 1992). The time frame for any cumulative ef-
fects analysis for restoration purposes, therefore, nec-
essarily includes reference to past conditions, not only
for the wetlands of an area but also for the watersheds
of which they are a part. The decision on how far back
to go in time is not straightforward. The goals of the
restoration as well as data availability will dictate
choices.

Methods for establishing past conditions include the
records of early land surveyors (e.g., Tans 1976), aerial
photographs, botanical records, and historical impact
assessment (Showers 1996). Land surveyors’ records,
which exist for much of the United States, provide a
rich source of information on the areal extent of wet-
lands in the mid- to late 1800s but do little to differ-
entiate more than the major types of wetlands. They
contain more detailed information on the terrain sur-
rounding wetlands than on the wetlands, which often
were difficult to traverse. Most parts of the United
States have aerial photographs taken every decade by
the Agricultural Stabilization and Conservation Ser-
vice and dating back to the late 1930s. These photos
allow wetlands to be differentiated to class (e.g., ev-
ergreen or deciduous swamp, emergent marsh). The
landscape settings of particular types of wetlands also
can be extracted from these photos. Botanical records
available in the herbaria of museums, colleges, and
universities often date back to the late 1800s and pro-
vide specific data on species composition of sites vis-
ited by local botanists.

All of these methods for establishing historical con-
ditions are time-consuming and offer useful but lim-
ited information about the numbers, Kinds, and geo-
graphic distribution of wetland templates in a region.
A more direct approach is to infer past conditions by
a combination of (a} fundamental principles of hydro-
geology and the formation of wetlands (Winter 1992);
(b) fundamental principles defining hydrogeomorphic
class (Brinson 1993b); (¢) existing knowledge of re-
gional topography and surficial geology; and (d) use
of the best remaining examples of wetlands occurring
in each hydrogeologic/hydrogeomorphic setting in a
region as reference wetlands. That is, use the land-
scape to define templates. Once the different types of
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templates are identified, characterize their hydrology,
chemistry, and species composition by matching them
to reference wetlands associated with each template.
Brinson and Rheinhardt (1996) and Cole et al. {(1997)
have outlined various aspects of this approach. The
approach will be difficult to implement in regions
where topography and geomorphological processes
have been modified (e.g., where dikes, dams, and le-
vees have been constructed) or where few wetlands of
any type remain as reference sites.

Boundaries in Space. Defining the areal extent of the
analysis should be based on a non-hierarchical ap-
proach in which multiple scales of analysis are con-
sidered (Bedford and Preston 1988, Bedford 1996).
Ecological considerations dictate several spatial scales
that are not necessarily nested, while practical and po-
litical realities dictate still other non-overlapping
boundaries. This multiple-boundary dilemma cannot
be solved but only recognized. It means that those
planning restorations will need to consider several
“landscapes.”

From an ecological perspective, different wetland
functions mean different criteria for setting boundaries
for an assessment. Hydrologic functions dictate the use
of major watersheds (i.e., the drainage basins for large
rivers). The U.S. Geological Survey divides the United
States into 18 accounting units or major drainage ba-
sins, which are further divided into cataloging units
consisting of smaller watersheds of about 1800 km?.
Lee and Gosselink {1988) recommended the use of
accounting units for cumulative impact assessments
for bottomland hardwood swamps of the southern U.S.
The smaller cataloging units may be more appropriate
for wetlands less dependent on the flows of major riv-
ers. Lee and Gosselink (1988) and Bedford (1996) dis-
cuss why watersheds are appropriate units for cumu-
lative impact assessment.

Nutrient removal and other biogecchemical func-
tions also call for using watershed boundaries but fur-
ther require attention to differences within watersheds
in soils and geological materials that affect water
chemistry. In the United States, this can be accom-
plished by using both watershed boundaries and Om-
ernik’s (1987) ecoregions, which are defined on the
basis of landform, land use, and potential natural veg-
etation. For Canada, ecodistricts consisting of areas
with similar climate and physical landscapes have been
identified and mapped for the provinces of Alberta,
Manitoba. and Saskatchewan (Veldhuis et al. 1996, as
cited in Halsey et al. 1997), and the framework has
been developed for the rest of Canada (Ecological
Stratification Working Group 1995, as cited in Halsey
et al. 1997).

The existing wetland regionalization scheme (Zoltai

1988) could serve as the starting point for analyzing
patterns within broad ecological regions rather than
political units of Canada. It recognizes 7 broad cli-
matic zones affecting wetland formation—arctic, sub-
arctic, temperate, prairie, boreal, oceanic, and moun-
tain. Each zone is further divided but, again, largely
on the basis of climate (see individual chapters in Na-
tional Wetlands Working Group 1988). The zones
strongly parallel the distribution of potential natural
vegetation in Canada. Differences in landform, geo-
logical formations, or soil types within the zones do
not form part of the regionalization but could be over-
laid on the wetland regions by using Bostock’s (1970,
as cited in National Wetlands Working Group 1988)
map of the physiographic regions of Canada and ex-
isting soils maps. For example, this process would di-
vide Canada’s Eastern Temperate Wetland Region into
the Laurentian Uplands, St. Lawrence Lowlands, and
Appalachian Highlands. The differences among these
physiographic regions in terms of topography and the
composition of geological materials will produce wet-
lands with different characteristics.

Landscape Diversity and Landscape Profiles

Diversity typically is measured in terms of number
of species and their relative abundances. If this diver-
sity is ultimately a function of the diversity of wetland
templates in a given region (Rey Benayas et al. 1990,
Rey Benayas and Scheiner 1993, Vitt and others
1995), then measuring landscape diversity means iden-
tifying the kinds, numbers, relative abundances, and
distribution of different wetland templates (i.e., a de-
mography of wetlands and wetland templates) (Bed-
ford 1996). Halsey et al. (1997) recently completed
such an analysis for the present distribution of wet-
lands in the province of Manitoba.

For restoration, a comparative sense of the present
versus the past ‘“‘demography’ of wetlands and wet-
land templates in a region is an essential tool for plan-
ning restorations. A comparative analysis would reveal
which types have suffered the most extensive losses,
as well as the existing availability of templates within
which specific types of wetlands could be restored. It
should inform decisions about which types to restore
and which types of restorations are possible in a given
region. Some templates, such as river floodplains and
Great Lakes shorelines, have been so modified that
restoration to conditions at the time of pre-European
settlement will be difficult to achieve.

The basis for comparing past and present conditions
is the preparation of landscape profiles (Bedford
1996). The profiles would consist of the elements iden-
tified in Table 1. They could be formally or informally
compiled by reference to resources existing for much
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Table 1. Elements of landscape profiles to be prepared for purposes of planning wetland restorations.

WETLAND TEMPLATES

Catalog and Map of Wetland Templates
Hydrogeomorphic classes
Hydrogeologic and climatic settings
Wetland-landscape linkages

Geographical Analysis of Templates
Proportion lost and location
Proportion modified and location
Proportion remaining and location

WETLAND ECOSYSTEMS

Catalog of Wetland Ecosystemns
Types
Relative abundances of each type
Uncommon, unique, rare types
Sites of unusual natural heritage value

Geographical Analysis of Wetland Ecosystems
Proportion lost and location
Proportion modified or degraded and location
Proportion remaining and location

of the United States and southern Canada: (a) maps of
the physiographic provinces of a state or province,
which reflect major land-form types, surficial geology,
and potential vegetation; (b) topegraphic maps from
which a wetland’s topographic position in the land-
scape (e.g., headwaters, river valley bottom), approx-
imate surface watershed, ratio of watershed to wetland
size, local land form (e.g., kettle, through-valley, hill
slope), and maximum possible flow path length can be
drawn; (c¢) maps of bedrock and surficial geology from
which the types of geological deposits surrounding and
underlying wetlands can be identified; {d) soil surveys
from which soil types and shallow substrate compo-
sition of the surface watershed can be identified; and
(e) aerial photographs from which surface-water in-
flows and outflows can be identified. The likelihood
that a wetland receives ground water from more than
one flow system can be deduced from its topographic
position in the watershed and the type of terrain in
which it occurs (e.g., hommocky, flat terraces), which
can be deduced from topographic maps. The use of
geographic information systems in preparing the pro-
files would allow changes in the resource to be tracked
through time and would provide a powerful tool for
communicating with the public and decision- makers.

However, even if resources don’t allow detailed pro-
files to be prepared, any attempt to summarize the type
of information listed above and in Table 1 will enhance
decision-making and increase the probability that res-
torations will contribute to the goal of restoring wet-
land landscape diversity. The work by Halsey et al.
(1997) for the entire province of Manitoba shows that
such a broad-scale perspective on wetland diversity
can be obtained. Thompson et al. (1992) developed the
foundations for such a landscape view of lowa fens.
The general nature of the link between hydrogeologi-
cal setting and the biological and functional diversity
of wetlands is sufficiently well established that waiting
for specific development of the relationships for all
regions is not justified. The type of contextual, land-

scape-scale thinking outlined here can be infused into
decision-making merely by acknowledging its rele-
vance to any goal that includes restoration of wetland
biological or functional diversity.

CONCLUSIONS

Wetland restoration is an act of human creativity.
By definition, it seeks to replace what has been lost.
By definition then, it should be undertaken with
knowledge of what has been lost. That knowledge con-
sists of more than the number of hectares of wetland
lost. It consists more fundamentally of a knowledge of
relationships among landscape units. Wetlands are hy-
drologically, chemically, and biologically linked to the
landscapes in which they occur. Restoring the biolog-
ical and functional diversity of wetlands means under-
standing that specific types of wetlands develop in spe-
cific places in the landscape. It also means understand-
ing that seemingly similar types can have quite differ-
ent biogeochemical behaviors because of how they are
linked to their watersheds. As Brinson {1993a) pointed
out, what controls much of the varation that exists
among wetlands is obscured if those planning resto-
ration fail to look beyond the wetland boundary. By
looking beyond the boundary of individual wetlands,
those planning wetland restorations are more likely to
see the relationships necessary for restoration efforts
to succeed. By looking at the wetland landscape as a
whole, those planning restorations may choose to en-
hance rather than diminish regional wetland diversity.
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