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■ Abstract Estimates of global wetland area range from 5.3 to 12.8 million km2 .
About half the global wetland area has been lost, but an international treaty (the 1971
Ramsar Convention) has helped 144 nations protect the most significant remaining
wetlands. Because most nations lack wetland inventories, changes in the quantity and
quality of the world’s wetlands cannot be tracked adequately. Despite the likelihood
that remaining wetlands occupy less than 9% of the earth’s land area, they contribute
more to annually renewable ecosystem services than their small area implies. Biodiversity support, water quality improvement, flood abatement, and carbon sequestration
are key functions that are impaired when wetlands are lost or degraded. Restoration
techniques are improving, although the recovery of lost biodiversity is challenged by
invasive species, which thrive under disturbance and displace natives. Not all damages to wetlands are reversible, but it is not always clear how much can be retained
through restoration. Hence, we recommend adaptive approaches in which alternative
techniques are tested at large scales in actual restoration sites.
CONTENTS
INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
STATUS AND TRENDS OF WETLAND AREA . . . . . . . . . . . . . . . . . . . . . . . . . . .
Wetland Area and Conditions Continually Change . . . . . . . . . . . . . . . . . . . . . . . . .
Pest Plants Readily Invade Many Wetlands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Half of Global Wetland Area Has Been Lost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Wetlands Cover Less than 9% of Global Land Area . . . . . . . . . . . . . . . . . . . . . . . .
Much of the Remaining Wetland Area Is Degraded . . . . . . . . . . . . . . . . . . . . . . . . .
LOSS OF ECOSYSTEM SERVICES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Biodiversity Support . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Water Quality Improvement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Flood Abatement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Carbon Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
The Loss of Wetland Functions Has a High Annual Cost . . . . . . . . . . . . . . . . . . . .
THE POTENTIAL TO RESTORE WETLANDS . . . . . . . . . . . . . . . . . . . . . . . . . . .
Restoration Can Reverse Some Degradation but Many Damages
Are not Reversible . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1543-5938/05/1121-0039$20.00

40
41
41
45
45
47
49
50
50
51
52
53
56
57
57

39

26 Sep 2005 15:28

40

AR

ZEDLER

ANRV256-EG30-02.tex



XMLPublishSM (2004/02/24)

P1: KUV

KERCHER

Wetland Restoration Approaches and Techniques Are Improving . . . . . . . . . . . . .
Restoration Policies Can Improve with Time and Experience . . . . . . . . . . . . . . . . .
Every Project Has Unique Features . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Adaptive Restoration Offers Great Potential to Learn How to Restore
Specific Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
KNOWLEDGE GAPS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

60
64
65
65
66

Annu. Rev. Environ. Resourc. 2005.30:39-74. Downloaded from www.annualreviews.org
by El Colegio de Mexico A.C. (COLMEX) on 03/20/13. For personal use only.

INTRODUCTION
Wetlands are areas “where water is the primary factor controlling the environment
and the associated plant and animal life” (1). They are considered a resource because they supply useful products, such as peat, and perform valued functions,
such as water purification and carbon storage. A status report on the resource
involves evaluation of both the area and condition of wetlands. Knowledge of wetland resources and the research capacities of various nations are uneven among
continents. Aware of the inequities, we consider the status and trends of wetlands
globally and regionally, the ecosystem services provided by wetlands, and restoration potential. A global comparison, however, requires a common definition of
wetlands. Although all definitions of wetlands are based on hydrologic conditions,
the degree of wetness is a major variable. Wetlands are wetter than uplands but not
as wet as aquatic habitats. How wet is wet enough, and how wet is too wet?
The Ramsar Convention is a 1971 international treaty, signed in Ramsar, Iran,
which lays out a framework for national action and international cooperation for
the conservation and wise use of wetlands and their resources (2). The definition
of wetlands under this treaty is broad, including both natural and human-made
wetlands and extending to 6 m below low tide along ocean shorelines (3). Nearly
124 million ha (hectares) of wetlands in 1421 sites around the world have been
designated as Wetlands of International Importance (4); of these, only 19 sites are
in the United States (1,192,730 ha—less than 1% of the total U.S. land).
The U.S. Fish and Wildlife Service (FWS) definition (5) is much narrower, but
still includes shallow aquatic systems: “Wetlands are lands transitional between
terrestrial and aquatic systems where the water table is usually at or near the surface
or the land is covered by shallow water. For purposes of this classification wetlands
must have one or more of the following three attributes: (1) at least periodically,
the land supports predominantly hydrophytes (plants that grow in water); (2) the
substrate is predominantly undrained hydric soil (wet and periodically anaerobic);
and (3) the substrate is nonsoil and is saturated with water or covered by shallow
water at some time during the growing season of the year.”
Still narrower is the definition used in the U.S. regulatory process. The Army
Corps of Engineers and the Environmental Protection Agency both have jurisdiction over specific areas that are regulated by the Clean Water Act. “Jurisdictional
wetlands” must have evidence of all three indicators (wetland hydrology, wetland
soil, and wetland plants), whereas FWS wetlands have “one or more” of the indicators. Disagreements over jurisdictional wetlands sparked national debate and a
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review of wetland boundary determination procedures by the National Research
Council (6). Regulators now use a detailed federal guidebook and additional state
and local guidelines to draw specific boundaries around jurisdictional wetlands
(6).
This review covers literature on wetlands of many types defined by many criteria. Although it would be preferable to select studies that use the same definition of
wetland for comparison of status and trends, inventories are not yet standardized.
We do, however, focus most of our specific examples on wetlands dominated by
herbaceous vegetation, with which we have personal experience.

STATUS AND TRENDS OF WETLAND AREA
Five key points about the status of wetlands are consistent with our experience
and the literature: Wetland area and conditions continually change; pest plants
readily invade many wetlands; half of global wetland area has been lost; wetlands
cover less than 9% of global land area; and much of the remaining wetland area
is degraded. These points, elaborated below, lead to the subsequent discussion of
ecosystem services that are lost as wetland area and quality decline.

Wetland Area and Conditions Continually Change
Because hydrologic conditions define wetlands, any alteration of water volume
(increases, decreases, or timing of high and low waters) threatens the area and integrity of wetlands. And because the quality of the water further defines the type of
wetland, increases in nutrient loadings (eutrophication) often threaten wetland integrity. The examples below illustrate the complexity of causes of wetland loss and
degradation. For further information about causes and impacts of one class of wetlands (temperate freshwater) continent by continent, see Brinson & Malvarez (7).
Like many major rivers, the Mississippi is extensively leveed to protect cities and
other developments from flooding. Former floodplains are no longer considered
wetland when they fail to flood. Loss of flooding leads to other alterations. Downstream, the coastal wetlands are deprived of sediment supplies. With insufficient
sedimentation, coastal wetlands can be overwhelmed by rising sea level. Such
is the case for large areas of Louisiana coastal marsh. In addition, canals have
been dredged, and spoils have been piled alongside, repeating the problems of
levees. The spoil banks isolate wetlands from their sediment-rich water sources
and negatively affect marsh plant growth. The loss of vegetation further impairs
the capacity of coastal wetlands to combat rising sea level (8–10). More subtly,
as the coastline subsides, saline water creeps inland, stressing freshwater wetlands
and shifting composition toward brackish species. Shifts in the relative area of
tidal water and marsh vegetation can change the amount of marsh-edge habitat
that is available for shellfish and finfish (11). With less marsh vegetation and less
marsh:plant edge, fisheries are threatened. Considerable efforts are underway to
track changes in both the area and condition of Gulf of Mexico wetlands (12).
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Global warming is of specific concern to coastal wetlands because sea levels
are rising (eliminating wetlands along the ocean edge) and because human populations are expanding (filling wetlands on the upland side). Globally, 21% of the
human population lives within 30 km of the coast, and coastal populations are increasing at twice the average rate (13). Development is already eliminating coastal
wetlands at a rate of 1% per year. Nicholls et al. (13) predict that a global sea-level
rise of 20 cm by the 2080s would result in substantial damage, while a 1-m rise
would eliminate 46% of the world’s coastal wetlands. In addition, coastal wetlands
would experience increased flooding. Their model indicates geographically different impacts, with wetland loss most extensive along the Mediterranean, Baltic, and
Atlantic coasts, plus the Caribbean islands (Figure 1) and coastal flooding greatest
for wetlands in the southern Mediterranean, Africa, and South and Southeast Asia.
Their prediction that small islands of the Caribbean, Indian Ocean, and the Pacific
Ocean would receive the largest impacts of flooding was illustrated tragically by
the 2004 tsunami that devastated small islands and coastal areas in Indonesia and
Sri Lanka (Figure 2).
Drainage is the main cause of wetland loss in agricultural regions. The example
of Hula Valley, Israel, shows how drainage leads to a chain reaction of impacts.
There, some 45–85 km2 of shallow lake and papyrus swamps were drained, and 119
species of plants and animals were lost (14). As the soils dried, peat decomposed,
and some became like powder, forming dust storms with local winds. Decomposition and wind erosion caused the ground surface to subside about 10 cm per year.
Chemical changes were also documented. Sulfur and nitrates were released during
decomposition; these were leached into the Jordan River and transported to Lake
Kinneret. Gypsum (calcium sulfate) formed in the Jordan River, and sulfate was
later released to Lake Kinneret, where drinking water supplies were contaminated
(14).
Eutrophication is a common problem for wetlands downstream from agricultural and urban lands, in part because nutrients allow aggressive plants to gain a
competitive advantage and displace native species. For example, in New York State,
inflows of nutrient-rich surface and groundwater led a few species to form monotypic stands in what was otherwise a species-rich fen (15). Although the species
that form monotypes can be natives, more often they are nonnatives, hybrids, or
introduced strains of native plants (16). In the Netherlands, wetland researchers
have identified an internal eutrophication process that occurs when water levels
are lowered, and aerobic conditions lead to the release of nutrients that would otherwise be unavailable to plants (17). Additional impacts of eutrophication occur
when nutrients reach the water column. In the Chesapeake Bay, nitrogen and phosphorus loadings (increases of up to 7- and 18-fold, respectively) have caused algal
blooms that shade out sea grasses, reduce oxygen in the water column (hypoxia),
and harm fish and shellfish (18). Detailed modeling of sources and transport of
nutrients has led to specific targets for reducing inputs, but the ability to reduce
nonpoint sources remains challenging for a large watershed with agricultural and
urban land uses (18).
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Figure 1 Global regions predicted to lose the largest area of wetland, given 1-m rise in sea level (from Reference 13, with
permission from Elsevier).
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Figure 2 Global regions at greatest risk to flood impacts associated with global warming (from Reference 13, with permission
from Elsevier).
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Pest Plants Readily Invade Many Wetlands
Wetlands are landscape sinks where nutrients are augmented by runoff or enriched
groundwater, allowing invasive species to establish, spread, and displace native
species (16). Native sedge meadows, for example, support 60 or more species but
15 or fewer when invaded by Phalaris arundinacea (19). In a recent survey of
∼80 Great Lakes coastal wetlands (C.B. Frieswyk, C. Johnston, and J.B. Zedler,
article in review) found invasive cattails (the exotic Typha angustifolia and the
hybrid Typha x glauca) to be the most common dominant, and native plant species
richness was decidedly lower as a result. Here, “dominant” is the species judged
to have the greatest influence on the community based on cover and associated
species (C.B. Frieswyk, C. Johnston, and J.B. Zedler, article in review). In contrast,
native plant dominants had many co-occurring species.
The mechanism whereby invasive plants suppress other species include dense
rhizomes and roots that leave little space for neighbors (as in T. x glauca), strong
competition for nutrients (20), and tall dense canopies that usurp light (as in
P. arundinacea) (20a). Canopies that usurp light for longer periods of time certainly have an advantage over native species with more ephemeral canopies. For
example, P. arundinacea initiates growth well in advance of native vegetation in
Wisconsin and continues growth well into November, after natives have gone dormant. Allelopathins might be involved in suppressing native species, but evidence
is limited (21).
Attitudes about exotic species differ greatly among cultures, however. A recent
article from China (22) extols the virtues of Spartina alterniflora, which was
deliberately transported from the U.S. Atlantic Coast to the eastern China coast
(∼30◦ N). At present, 410 of 954 km of coastline in Jiangsu Province are protected
by S. alterniflora, and 137 km2 of former mudflats have developed into salt marsh
after just 20 years. Continuing expansion of this plant suggests a bright future
for the Chinese. Meanwhile, the same species transported to the Pacific Coast of
Washington, Oregon, and northern California is considered ecologically damaging
to shorebirds, oyster fisheries, and native ecosystems.

Half of Global Wetland Area Has Been Lost
The world’s wetlands and rivers have felt the brunt of human impacts; in Asia alone,
about 5000 km2 of wetland are lost annually to agriculture, dam construction, and
other uses (23). In Punjab, Ladhar (24) reported that the main causes of wetland
loss have been drainage, reduced inflows, siltation, and encroachment, although
Dudgeon (25) found the effects of habitat loss to be very poorly documented for
all of Asia.
Estimates of historical wetland area are crude, at best, because few countries
have accurate maps for a century or two ago. One estimate is that about 50% of the
global wetland area has been lost as a result of human activities (26). Much of this
loss occurred in the northern countries during the first half of the twentieth century,
but increasing conversions of wetlands to alternative land uses have accelerated
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wetland loss in tropical and subtropical areas since the 1950s (27). Drainage for
agriculture has been the primary cause of wetland loss to date, and as of 1985, it
was estimated that 26% of the global wetland area had been drained for intensive
agriculture. Of the available wetland area, 56% to 65% was drained in Europe
and North America, 27% in Asia, 6% in South America, and 2% in Africa (27).
Water diversions in support of irrigated agriculture are also responsible for large
areas of wetland loss, as has occurred around the Aral Sea in Uzbekistan and
Kazakhstan.
Wetland loss among the 48 conterminous states of the United States was estimated at 53% for the 1780s to 1980s (28). A recent update (29) concluded that
the conterminous states had 42,700,000 ha of wetland in 1997 [coefficient of
variation (C.V.), 2.8%]. Between 1986 and 1997, 260,700 ha (C.V. 36%) were
lost. Of these, freshwater wetlands absorbed 98% of the losses. Causes were attributed to urbanization (30%), agriculture (26%), silviculture (23%), and rural
development (21%). Coastal wetland losses are lower than inland losses, but states
along the northern Gulf of Mexico continue to lose 0.86% of their wetland area
per year (9).
The annual rate of wetland loss in the United States (for 1986 to 1997) is about
80% lower than for the preceding 200 years. Since the 1950s, freshwater emergent
wetlands have suffered the greatest percentage loss (24%), and freshwater forested
wetlands have experienced the greatest area loss (29). Given data on more recent
declines in area (Table 1) and changes in type, it is clear that the nation is not
meeting its policy goal of no net loss. The goal of no net loss in acreage and
function was developed by a National Wetlands Policy Forum convened by the
Conservation Foundation (30) and subsequently established as national policy by
Presidents G.H.W. Bush, W. Clinton, and G.W. Bush.
TABLE 1 Percent change in wetland area for selected wetland
and deepwater categories, 1986 to 1997 (from Reference 29)
Marine intertidal

−1.7

Estuarine intertidal nonvegetated

−0.1

Estuarine intertidal vegetated

−0.2

Freshwater nonvegetated

12.6

Freshwater vegetated

−1.4

Freshwater emergent

−4.6

Freshwater forested

−2.3

Freshwater shrub
All freshwater wetlands
Lacustrine habitats
Riverine habitats
Estuarine subtidal habitats

6.6
−0.6
0.8
−0.6
0.1
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A few types of wetlands have increased in area. In the United States, landowners
like to create freshwater ponds in order to attract wildlife; nationwide, ponds have
increased in area by ∼13% in the past decade (29). Freshwater shrub area has
also expanded (29), perhaps owing to fewer fires or drainage, and floodplains
have formed in new places because of dam building by beavers (7). Reservoirs
and rice paddies have been created by humans, and some wetlands have formed
accidentally. The Salton Sea became a 10,000-ha shallow-water body when the
Colorado River flooded in 1905, aided by an irrigation canal that directed flows into
the landscape sink (31). Overall, however, the conversion of drylands to wetlands
is far outweighed by the conversion of wetlands to drylands (or to deep water, as
behind dams).
Although wetland loss statistics are not precise, it is clear that a substantial portion of historical wetland area has been lost. The effect on landscapes
is virtually unknown. It seems likely that a watershed with two 10-ha wetlands
would function differently if it lost two areas ∼5 ha versus one area ∼10 ha.
Wetland area, landscape position, and type are keys to wetland functioning (32,
33).

Wetlands Cover Less than 9% of Global Land Area
Topography and hydrologic conditions dictate the location and extent of wetlands. Most wetlands occur in low-topographic conditions or “landscape sinks,”
where ground and/or surface water collects. Others occur on hills or slopes where
groundwater emerges as springs or seeps, or they depend solely on rainfall as a
water source.
Globally and regionally, wetlands cover a tiny fraction of the earth’s surface.
The area is ∼5.3 million km2 according to Matthews & Fung (34), who obtained
independent digital data on vegetation, soil properties, and inundation. The Ramsar
Convention estimate is somewhat higher at 7.48–7.78 million km2 , not including
salt marshes, coastal flats, sea-grass meadows, and other habitats that they do
not consider wetlands. Finlayson et al. (35) acknowledge that estimates are not
reliable and that the “tentative minimum” could be as high as 12.8 million km2
(Table 2). Finlayson et al. (35) based their estimates of global wetland area on
results from three international projects; two of these were international workshops organized in 1998 by Wetlands International and the third was the Ramsar “Global Review of Wetland Resources and Priorities for Wetland Inventory”
(GRoWI). GRoWI analyzed 188 sources of national wetland inventory data and 45
international, continental, and global inventories, which included books, published
papers, unpublished reports, conference proceedings, doctoral theses, papers, electronic databases, and information available on the World Wide Web. Of the 188
sources of national-level inventories, Finlayson et al. report that only 18% could
be considered comprehensive, 74% were partial inventories that considered either wetlands of international importance only or specific types of wetlands only,
and 7% of 206 countries had what Finlayson et al. consider adequate wetland
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TABLE 2 Minimum estimates of global wetland area
by region, as summarized in Reference 35
Region

Area (million square kilometers)

Africa

1.21–1.24

Asia

2.04

Eastern Europe

2.29

Western Europe

0.29

Neotropics

4.15

North America

2.42

Oceania

0.36

Total

12.76–12.79

inventories. Using the 12.8 million km2 as a base, less than 10% of this area has
been designated as wetlands of international significance (2).
Current data indicate that wetlands comprise <3% of the globe’s 516.25 milllion
km2 surface area and less than 8.6% of the 148.9 million km2 of land, using the
12.8 million km2 estimate of Finlayson et al. (35). These percentages may well
be underestimates because small wetlands are difficult to quantify; however, it is
clear that wetlands occupy a small area of the Earth. Still, there are places where
large wetlands dominate the landscape. The ten largest wetlands make up about
2.9 million km2 (Table 3).
In the United States, 11.9% of the area of the 50 states is wetland, mostly
contributed by Alaska (∼70,000,000 ha). For the 48 contiguous states, the figure
is 5% (28). Florida has the largest area of wetlands and the largest proportion of its
area in wetland (29.5%) (28); Nevada has the least (0.3%). Of the 42,700,000 ha of
wetland in the conterminous United States, 95% are freshwater wetlands, and 5%
are saline (estuarine or marine). For these 48 states, Niering (1) recognizes nine
types of wetlands on the basis of their hydrologic conditions and vegetation: bogs,
marshes, the Everglades, northern swamps and floodplain wetlands, shrub swamps,
cypress swamps, southern bottomland hardwood swamps, lakes and ponds, and
rivers and streams. Many more wetland types are recognized regionally, e.g., fens
and sedge meadows are distinguished from bogs and marshes in the upper Midwest
(37). Most ecoregions have multiple types of wetlands, and most wetland types
occur in multiple ecoregions. An exception is the Everglades, which once covered
one million ha. This huge system is unique in its large size, extremely low-nutrient
status, and diverse animal life.
New remote-sensing technology promises to improve mapping, particularly
for developing countries, where inventories are poorly developed and wetlands
have suffered the greatest losses in area since the 1950s (26). Since the 1990s,
satellite data have been increasingly used to map and document changes in wetland
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TABLE 3 The largest global wetlands (in square kilometers),
estimated as totaling ∼2,900,000 square kilometersa
West Siberian lowlands, Russia

780,000–1,000,000
>890,000
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Amazon River, S. America
Hudson Bay lowlands, Canada

200,000–320,000

Pantanal, S. America

120,000–200,000

Upper Nile River, Africa

50,000 → 90,000

Chari-Logone River, Africa

90,000

Mississippi River floodplain, N. America

86,000

Papua New Guinea, Eurasia

69,000

Congo River, Zaire, Africa

40,000–80,000

Upper Mackenzie River, N. America

60,000

Chilean fjordlands, S. America

55,000

Prairie potholes, N. America

40,000

Orinoco River delta, S. America

30,000

a

From Reference 36.

area. Radar imaging is also useful because it can differentiate open water and
flooded vegetation. One of the goals of the European Space Agency is to use Earth
observation satellite data to aid in the implementation of global environmental
treaties, including the Ramsar Convention (38). In the United States, the National
Wetlands Inventory of the Fish and Wildlife Service maps wetlands and reports
changes at 10-year intervals (39).

Much of the Remaining Wetland Area Is Degraded
If a wetland has survived filling, draining, or diversion, its integrity has not necessarily been preserved, nor is it safe from future degradation. The main causes of
degradation are hydrological alterations, salinization, eutrophication, sedimentation, filling, and exotic species invasions. Studies of global pollution suggest that
few areas on Earth are free of contaminants. Because wetlands primarily occur in
landscape sinks, pollutants flow into and collect in wetlands. It seems likely that
all wetlands are degraded; the variables are the magnitude and type of degradation.
Brinson & Malvarez (7) group alterations into four categories: (a) geomorphic
and hydrologic (water diversions and dams, disconnection of floodplains from
flood flows, filling, diking, and draining); (b) nutrients and contaminants (eutrophication, loading with toxic materials); (c) harvests, extinctions, and invasions
(grazing, harvests of plants and animals, exotic species), and (d) climate change
(global warming, increased storm intensity and frequency).
The detailed effects of degradation on biota are poorly known, but it is clear
that biodiversity declines (7, 24, 40). The rate of decline likely increases when
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alterations are combined. In a recent experimental test, Kercher & Zedler (41)
showed strong synergisms between increased flooding and eutrophication on experimental wetlands (grown in 1.1-m2 × 0.9-m deep tubs known as mesocosms),
such that the growth of an invasive grass doubled when both disturbances were
present—as is common with storm water inflows. Increased dominance by the invasive correlated with decreased species richness (i.e., loss of natives). Synergistic
interactions of this type need to be understood in field settings, however, not just
mesocosms.
The degradation of wetland functions is even less well known because functioning is difficult to quantify. Also, functions differ with type, size, and position
in the watershed, as well as the source and quality of water that flows into them.

LOSS OF ECOSYSTEM SERVICES
As wetland area is lost, key functions (ecosystem services) are also lost. Four of the
functions performed by wetlands (42) stand out as having global significance and
value as an “ecosystem service”: biodiversity support, water quality improvement,
flood abatement, and carbon management. Each of these functions results from
many physical-biological interactions.

Biodiversity Support
Most efforts to protect wetlands are based on concern for biodiversity, especially
waterfowl, shellfish, fish, and sometimes rare plants. About half of the United
States’ potentially extirpated species of animals and plants are dependent on wetlands (23). Wetlands support high productivity of plants but not always high plant
diversity, e.g., the U.S. Atlantic coastal wetlands contain mostly monotypic S. alterniflora and the Everglades has widespread dominance of saw grass (Cladium
jamaicense). Animals are more diverse. The presence of water, high plant productivity, and other habitat qualities attracts high numbers of animals and animal
species, many of which depend entirely on wetlands. The Pantanal, which spans
parts of Brazil, Bolivia, and Paraguay, supports 260 species of fish, 650 species
of birds, and a high concentration of large animals (43). Wetland area determines
biodiversity-support potential, but habitat heterogeneity is also a factor. The tidal
flats, sandbanks, salt marshes, and islands of Europe’s largest intertidal wetland
(the Wadden Sea, 8000 km2 ) supports diverse waterfowl, even though one third of
the intertidal area has been lost since the 1930s (44). Aquatic animal diversity in
streams and in rivers is partly a function of flow regimes, and conservationists are
working to define “ecosystem flow requirements” (45).
In the United States, extensive research has quantified the coupling of primary
and secondary productivity. Breeding waterfowl are censused annually and related
to wetland condition (46). Nongame species (freshwater mollusks and amphibians)
have become recognized as indicators of wetland loss and degradation because of
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their high sensitivity to changes in water quantity and quality. Threats to 135
imperiled freshwater species (fishes, crayfishes, dragonflies, damselflies, mussels,
and amphibians) have been shown to differ for the eastern and western United
States, with low water quality and impoundments at fault in the east and exotic
species, lost habitat, and altered water flows in the west (47). Because amphibians
move among small wetlands, forming metapopulations, specific criteria for buffers
and distances between ponds have been developed for their conservation (48).
Vascular plant diversity is especially high in wetlands that do not receive much
surface water runoff. Fens are fed by low-nutrient groundwater and support up to
a hundred or more species (49). Many species can coexist where nutrients are in
short supply, total productivity is low, canopies are short, light penetrates through
the canopy, and no species has a strong competitive advantage (49, 50). Such
wetlands are confined to landscape positions where the purest groundwater moves
to the surface.

Water Quality Improvement
Runoff water from agricultural and urban areas typically contains large amounts
of nitrate-nitrogen (NO3 − N) and phosphorus, nutrients that stimulate algal growth
in water bodies. With eutrophication, the decay of algae lowers oxygen concentrations, sometimes causing fish kills and disrupting the aquatic food chain. Such
conditions are unappealing and occasionally toxic to humans. In the Gulf of
Mexico, hypoxia occurs every summer, forming a “Dead Zone.” Measured at
15,000 km2 in the summer of 2004, the Dead Zone is linked to fertilizer-rich
runoff from the Mississippi River basin, which covers 41% of the continental
United States and contains 47% of the nation’s rural population as well as 52% of
U.S. farms (51).
In tandem with better nutrient management on farms and in cities, wetlands can
serve a major role in ameliorating the global problem of nutrient overloading. Hey
et al. (52) have even proposed “nitrogen farming,” i.e., the restoration of wetlands
for the specific purpose of removing nitrates from agricultural and urban runoff,
on a massive scale in wetlands of the Mississippi River basin to abate hypoxia
in the Gulf of Mexico. Wetlands are well known for their ability to remove sediments, nutrients, and other contaminants from water, functions that have led to the
widespread harnessing of wetlands for wastewater treatment (53). In fact, a wealth
of published studies consider wastewater treatment in constructed wetlands, but
comparatively few studies concern water quality improvement in natural wetlands.
Wetlands with shallow water are effective in removing nitrates from throughflowing water, because denitrification is a coupled process wherein nitrates (present
in aerated water) are reduced by anaerobic bacteria (found in anoxic soil) to nitrogen gas. Phosphorus (P) tends to attach to soil particles, so the best strategy for
removing phosphorus is to trap sediment-rich water and hold it long enough for
soil particles to settle out. A high concentration of aluminum or iron increases the
phosphorus-binding capacity and hence phosphorus removal (54).
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It is often assumed that nutrient removal is highest where species richness is
low; that is, wetlands cannot be both species rich and excel at nutrient removal
because high nutrient loadings allow a few aggressive plants to displace many of
the natives. The assumption of a trade-off is largely untested. However, Herr-Turoff
& Zedler (20a) demonstrated that P. arundinacea did not remove more nitrogen
than a diverse wet prairie assemblage in mesocosms.
There is typically a threshold level of nutrient loading above which aggressive
species can come to dominate a wetland. For example, The Everglades Forever Act
of 1994 identifies P concentrations of ∼10–50 ppb (parts per billion) in surface
water as a threat to the Everglades. Continuous loading at low levels threatens
to alter productivity and shift the native saw grass–dominated communities to
dominance by the invasive Typha domingensis (55). Keenan & Lowe (56) propose
a very general model for acceptable P loads to maintain diversity in wetlands, but
acceptable nutrient loads will no doubt vary depending upon the wetland type.
Preserving and restoring wetlands to improve the quality of water that flows
through a watershed require a landscape approach, e.g., finding sites that can intercept a significant fraction of a watershed’s nutrient-rich runoff (57, reviewed in
33). Determining the wetland area needed to provide this function requires considerable investigation (45). On the scale of individual sites, research to date suggests
that even narrow bands of vegetation (as little as 4 m) immediately adjacent to
streams can remove up to 85% to 90% of NO3 − N, P, and sediments carried in
runoff (reviewed in 58). At the watershed level, estimates are that 1% to 5% of
the total watershed would be needed to cleanse waters of the Des Plaines River
in Illinois and up to 15% for the Great Lakes basin in Michigan, USA (reviewed
in 59).

Flood Abatement
Economic costs associated with flood damage have risen considerably over the
past 100 years, owing in large part to increased agricultural and urban encroachment into floodplains. The flooding of the Mississippi River in 1993 cost $12–
$16 billion, and the 1998 floods in China displaced 20 million people and cost an
estimated US$32 billion (2). Wetlands are becoming appreciated for their role in
storing and slowing the flow of floodwaters. For example, along the Charles River
in Massachusetts, USA, the conservation of 3800 ha of wetlands along the main
stream reduces flood damage by an estimated $17 million each year (2). There is
also an increased interest in restoring wetlands in flood-prone areas.
The wetlands that best abate flooding are those occurring upstream of places
where flooding is a problem, namely urban areas and fields that have been planted
with crops. Opinions differ on the advantages and disadvantages of preserving
and restoring wetlands in the upper reaches of a watershed (reviewed in 59), but
floodplains are known to be critical in mitigating flood damage, as they store large
quantities of water, effectively reducing the height of flood peaks and the risk of
flooding downstream. Hey et al. (52) found six sites in the upper Midwest that
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could reduce flood peaks of the Mississippi River by storing large volumes of
water at strategic times.
The Mississippi River flood of 1993 would probably not have been so catastrophic and costly if more of the historical wetlands in the river basin had retained
their flood-abatement service. A key question is how much wetland area is necessary for flood control? According to Hey & Philippi (60) the restoration of
5.3 million ha of wetlands within the Mississippi River valley would have abated
the flooding and prevented most of the economic damage. That figure translates
to restoring about 3% of total land area in the upper Mississippi and Missouri
River basins, along with maintaining the current 4% of land area that is already
wetlands. Overall, Mitsch & Gosselink (59) estimate that 3% to 7% of the area of
a watershed in temperate zones should be maintained as wetlands to provide both
adequate flood control and water quality improvement functions.

Carbon Management
Understanding of the role of wetlands as climate regulators is growing, and their
role in sequestering carbon (C) in long-lived pools is becoming appreciated. To
help implement the Kyoto Protocol, negotiated by 84 nations in 1997, researchers
have increased their attention to quantifying global C stores, C sequestration rates
in various ecosystems, and greenhouse gas sources and sinks. Upland forest and
cropland ecosystems have been emphasized in much of the C management research
to date [e.g., the U.S. Department of Energy’s Carbon Sequestration in Terrestrial
Ecosystems (61)]. Wetlands, however, are known to store vast quantities of C, especially in their soils (62) (Figure 3). Globally, wetlands are the largest component
(up to 44% to 71%) of the terrestrial biological C pool, storing as much as 535 Gt
(gigaton) C (reviewed in 62).
Although wetlands store vast quantities of C in vegetation and especially in their
soils, they also contribute more than 10% of the annual global emissions of the
greenhouse gas methane (CH4 ) and can also be a significant source of CO2 under
some conditions (62). To what degree wetlands function as net sinks or sources of
greenhouse gases appears to depend on interactions involving the physical conditions in the soil, microbial processes, and vegetation characteristics (63). In a review
of several experimental studies focused on greenhouse gas exchange between the
soil and atmosphere, Smith et al. (63) conclude that CO2 release from the soil
(primarily through heterotrophic respiration, especially decomposition of organic
matter) increases exponentially with increasing temperature and decreases both
with soil saturation and drought. Thus when natural wetlands are drained for cultivation or peat mining, large quantities of stored organic C decompose and are lost
to the atmosphere as CO2 . Increasing temperatures expected to result from global
warming are predicted to exacerbate the release of CO2 from wetland soils, particularly in peatlands and where a temperature increase coincides with a drier climate.
CH4 , a potent greenhouse gas with a warming potential 23 times greater than
CO2 , is formed in soils characterized by low-redox potential, an anaerobic
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Figure 3 Wetland and peatland area, C density, and total C storage relative to other
ecosystems and land uses (redrawn image from Reference 61, courtesy of Oak Ridge
National Laboratory, managed by UT-Battell, LLC, for the U.S. Department of Energy,
and data from Reference 71).
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condition, which results from prolonged waterlogging and occurs in natural and
managed wetlands, such as lake sediments and rice fields (63). CH4 is released to
the atmosphere from wetland soils by diffusion through water, ebullition (bubble
formation), and diffusion through aerenchyma tissue in plants (64). Although the
major factor controlling the production and release of CH4 is soil redox, emissions
are also believed to vary depending upon the type of vegetation present in a wetland, the texture of the soil, the quantity of plant litter present, and possibly soil
acidity (63). In a study of Canadian peatlands, Roulet (65) indicates that, once the
“global warming potential” of CH4 is factored in, many peatlands are neither sinks
nor sources of greenhouse gases, although Mitra et al. (62) claim that “pristine
wetlands” should be considered a relatively small net source of greenhouse gases.
Even so, Mitra et al. warn that the destruction of a pristine wetland would emit
more C from decomposition of the soil and vegetation C pools than 175–500 years
of CH4 emissions from the same wetland. If future C sequestration potential of the
wetland is factored into the calculation, destroying the wetland would cause more
C emissions than several thousand years of net greenhouse gas emissions in the
pristine wetland. Mitra et al. (62) thus conclude that the role of wetlands in global
climate change will largely be determined by future development of wetland areas,
rather than the arguably still ambiguous balance between C sequestration and CH4
emission rates.
Existing wetlands must be preserved to the greatest extent possible to prevent
further releases of terrestrial C to the atmosphere, but it is less clear what role
created and restored wetlands will play in managing C, considering they are sources
of CH4 and considering C sequestration rates appear to vary across wetland types.
For example, extant peatlands store vast amounts of C (Figure 3), but restored
peatlands do not appear to accumulate C rapidly. Glatzel et al. (66) found that the
high decomposability of new peat in a restored peatland resulted in very slow C
sequestration and net emissions of both CO2 and CH4 in the short term. In contrast,
coastal wetlands may offer excellent potential for C sequestration.
Empirical studies in California and Florida suggest that coastal wetlands offer
excellent potential for C sequestration, as they appear to accumulate C over long
time periods at higher rates than other ecosystems, probably because they continuously accrete and bury nutrient-rich sediments (67, 68). Chmura et al. (69) also
report that, in contrast to peatlands, salt marshes and mangroves release negligible
amounts of greenhouse gases and store more C per unit area (globally, ∼44.6 ×
109 kg) C year−1 , albeit an underestimate due to lack of area data from China
and South America). Because coastal wetlands are among the fastest disappearing
ecosystems worldwide, only carefully controlled coastal development will prevent
further losses.
Forested wetlands also sequester C effectively, and restoration of large areas of
floodplain that have been converted to agriculture may be especially beneficial. In
North America and Europe, 90% of floodplain areas are currently under cultivation
(70); hence, the restoration of floodplain hydrology and the restoration of forested
wetlands in floodplains would very likely contribute to C sequestration and indeed
to biodiversity support, water quality improvement, and flood abatement functions.
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The Loss of Wetland Functions Has a High Annual Cost
The ecosystem services provided by wetlands include the purification of air and
water; regulation of rainwater runoff and drought; waste assimilation and detoxification; soil formation and maintenance; control of pests and disease; plant pollination; seed dispersal and nutrient cycling; maintaining biodiversity for agriculture,
pharmaceutical research and development, and other industrial processes; protection from harmful UV radiation; climate stabilization (for example, through C
sequestration); and moderating extremes of temperature, wind, and waves (72).
These functions can be grouped as provisioning (e.g., food and water), regulating
(flood and disease control), cultural (e.g., spiritual, recreational), and supporting
services that maintain the conditions for life on Earth (e.g., nutrient cycling) (73).
The functions of wetlands are disproportionate to their area. Although wetlands
cover <3% of the globe, they contribute up to 40% of global annual renewable
ecosystem services (Table 4). Of these, providing water of high quality ranks
highest.
TABLE 4 The 1994 U.S. dollar value of annually renewable ecosystem services provided by
wetlandsa,b
Wetland service

Dollars/ha/year

Hydrologic services
Water regulation
Water supply
Gas regulation

15–30
3,800–7,600
38–265

Water quality services
Nutrient cycling
Waste treatment

3,677–21,100
58–6,696

Biodiversity services
Biological control
Habitat/refugia
Food production
Raw materials
Recreation
Cultural
Disturbance regulation
Global totals
Coastal wetlands
Inland wetlands

Billion dollars/year

5–78
8–439
47–521
2–162
2–3,008
1–1,761
567–7,240
8,286
4,879

Total for global wetlands

13,165

Total services for all ecosystems for entire globe

33,268

Percentage provided by wetlands 39.6%
a

Includes tidal marshes, mangroves, swamps, floodplains, estuaries, sea-grass/algal beds, and coral reefs.

b

Data from Reference 74 with ecosystems selected by Reference 33.
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The above total for wetlands is estimated to be ∼$13 trillion per year (33).
However, a meta-analysis of 89 wetland valuation studies (excluding climate regulation and tourism) by Schuyt & Brander (75) suggested that the global annual
value of wetlands is $70 billion, with an average annual value of $3000/ha/year and
a median annual value of $150/ha/year. The 10 functions with the highest values
(U.S. dollars per ha per year) include recreation ($492), flood control and storm
buffering ($464), recreational fishing ($374), water filtering ($288), biodiversity
support ($214), habitat nursery ($201), recreational hunting ($123), water supply
($45), materials ($45), and fuel wood ($14) (75). The United Nations’ comprehensive Millennium Ecosystem Assessment will further map the health of wetlands
and “assess consequences of ecosystem change for human well-being and options
for responding to those changes” (73).

THE POTENTIAL TO RESTORE WETLANDS
In considering how much of the lost wetland area and lost ecosystem services
might be recovered, we drew three conclusions: Restoration can reverse some
degradation but many damages are not reversible; wetland restoration approaches
and techniques are improving; and restoration policies can improve with time and
experience. Still, every project has unique features, making it difficult to develop
templates for restoration. Therefore, we argue that adaptive restoration offers great
potential to learn how to restore specific sites.

Restoration Can Reverse Some Degradation
but Many Damages Are not Reversible
Wetland loss and degradation have substantial and lasting effects, most notably
the loss of ecosystem services. The process of restoration (assisting ecosystem
recovery from degradation, damage, or destruction) (76) is gaining in popularity
and improving in effectiveness. Restoration can solve many of the problems in
Hula Valley (77). For example, peat dust storms could be abated by restoring
wetness to Hula Valley wetlands, and emergent vegetation could be grown where
peat surfaces have not subsided too much. In the northeastern United States, Able
& Hagan (78) and Jivoff & Able (79) reported high use of diked wetlands by fish
once tidal flushing was restored. Where aggressive plants crowd out competitors,
as in the Netherlands, mowing can reduce growth and foster diverse vegetation
(50). Questions that remain are which damages are not reversible, how much of
the predamage structure and functioning can be restored, and what methods are
most effective? Once species have been forced to extinction, the loss is permanent.
Lesser, more localized degradations, however, can also resist restoration efforts.
This is true of both abiotic and biotic changes.
The abiotic factors that cause ecosystem degradation are related to irreversible changes in landscapes and watersheds. Sometimes, the problem

ABIOTIC RESISTANCE
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is the cessation of natural disturbances, such as hot wildfires and major flooding.
More often, the problem is an introduced disturbance, such as increased surfacewater runoff from city streets and fields or eutrophication from applications of
fertilizer to fields and lawns. To reverse these changes, restoration has to begin at
landscape scales—and this is rarely practical.
Many local damages to ecosystems are also irreversible, at least in the time
frame of most restoration projects (often 3 to 5 years, sometimes 10 to 20 years,
rarely 50 years). In a recent paper, Suding et al. (80) argue that internal feedbacks
can begin to operate such that a site cannot return to native vegetation even if
the external factors are reversed. For example, if a wetland becomes eutrophic
and dominated by an invasive species that capitalizes on high-nutrient soils, the
invader will likely exclude the native species and retain dominance as a monotype
indefinitely. Removal of the external nutrient source will not necessarily reverse
the invader’s hold on the site.
Natural hydroperiods (timing, duration, and frequency of inundation) are variable at multiple temporal scales and hence difficult to restore. Wet soil is entirely
different from dry soil, in large part because oxygen is rapidly depleted by microorganisms in the presence of water. Hydric soils develop under anoxic conditions,
and various biogeochemical transformations follow, including nitrate reduction to
nitrogen gas, sulfur reduction to hydrogen sulfide, C reduction to CH4 , and increased solubility (depending on soil pH and redox potential) (cf. 81). Although
impacts of changing the temporal pattern of wetness and dryness are rarely known
in detail, the complexity of the relationships suggests that natural hydroperiods
are critical to wetland function; the question is how much they can be altered before services decline; and conversely, how much of the natural variation needs to
be restored or can be restored to regain services? Temporary wetlands, intertidal
marshes, vernal pools, and prairie potholes are difficult to restore because they
depend on a variable hydroperiod with saturated conditions early in the growing
season, followed by unsaturated conditions. A small error in elevation of the site
or the water control structure can produce a wetland that is constantly inundated
or one that is never or too-rarely inundated.
Groundwater-fed wetlands provide examples of the difficulties of restoring
clean water in sufficient quantities. In Wisconsin, hydrologists determined that
one site designed for restoration of sedge meadows (which are normally fed by
groundwater) was strongly dependent on rainfall (82), which is not a good indication of long-term sustainability because slight deficits in water supply can lead to
drought and plant mortality.
Flow rates are a major determinant of biota in streams, through their effect
on substrate particle size, oxygenation, and related factors (25). When flows are
altered, exotic and introduced species often benefit (83). Water supplies that are
of low quality often constrain restoration efforts, with nutrient-rich water a nearuniversal problem and acidic water (caused by acid rain) a threat in some regions.
Many studies demonstrate that diverse vegetation is not sustainable in eutrophic
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conditions (41, 49, 84–86). Sources of nutrients and acids are often well outside
the restoration project area.
Soil conditions can also constrain wetland restoration efforts. Soils provide
multiple services for the plants and animals being restored, i.e., soils conduct
groundwater, transform nutrients, improve water quality, support seed germination and rooting, store seeds and rhizomes, and support mycorrhizae, symbiotic
bacteria, and soil macrofauna (32). If the texture, nutrient status, seed banks, or
microbiota are substantially altered, related functions are also altered. In some
coastal wetland restoration projects (but less so in freshwater wetlands with lower
sulfur content), the simple act of draining the soil allows chemical reactions that
are damaging to microorganisms, plants, and soil animals. This is because drainage
aerates the soil, changing conditions from reducing to oxidizing. Pyrite becomes
oxidized, and the sulfur reacts with oxygen to form acid-sulfate soil. Soil pH can
drop below 4.0. Decomposition increases, and the marsh surface subsides. While
subsidence is hard to overcome, some of the chemical changes are readily reversed.
Portnoy (87) tested soils within drained and diked wetlands of Delaware Bay to
predict their behavior after restoring tidal flushing. As expected, pH levels returned
to normal, and sulfur was precipitated by complexing with iron. At the same time,
ammonium and P were mobilized (87). Soil texture can be limiting where soils
have been removed or covered with material that is too fine or too coarse. Altered
texture is not easily restorable. In one well-documented effort to restore habitat
for an endangered salt marsh bird, a substrate that was too sandy (dredged material from San Diego Bay) proved to be too coarse to supply or retain nitrogen.
The paucity of nitrogen proved to be the factor that limited growth of the target
plant cover (cordgrass, Spartina foliosa), and the short stature of the vegetation not
only failed to attract the endangered light-footed clapper rail (Rallus longirostris
levipes) to nest, it also failed to attract a native beetle (Coleomegilla fuscilabris).
Both the rail and the beetles require tall cordgrass, and without the predatory beetle, the scale insect (Haliaspis spartina) population grew exponentially and further
diminished plant cover (88). No one imagined that starting with a soil that was
predominantly sand instead of clay would have effects up the food chain. Additional abiotic constraints include inadequate soil development (89), hypersalinity,
erosion, and sedimentation (90).
Biota can and do limit restoration. Forested wetlands are slow
to recover from deforestation because the key species take decades to mature (91).
Peatlands are slow to recover from peat harvesting because the accumulation of
organic matter depends on slow-growing mosses (92). Sedge meadows, dominated
by tussock-forming species, might not regain their characteristic tussock topography for decades, possibly a century. Wetlands that are extremely rich in species
are unlikely to recover their full diversity, even with planting, because restoration
sites typically favor aggressive species, rather than the rarer plants that depend on
host plants, facilitators, specific microsites, or specific pollinators (88, 88a).

BIOTIC RESISTANCE
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Finally, and often most importantly, the presence of invasive species can make
restoration of wetlands incomplete at best and impossible in the worst cases. Wetlands that occur in landscape sinks are subject to direct and indirect effects of
disturbances occurring throughout their watersheds (16). Excess water, nutrients,
sediments, and propagules all move downslope or downstream into wetlands,
where a small disturbance can create a canopy gap that allows an invasive species’s
propagule to establish. Species capable of vegetative reproduction then take advantage of the nutrient-rich conditions, expanding to dominate the site and exclude
native vegetation (19).

Wetland Restoration Approaches
and Techniques Are Improving
Despite the difficulties posed by irreversible abiotic and/or biotic conditions, suitable targets for individual restoration sites can be achieved. The full potential
of each site is rarely known, however. Below, we argue for experimental approaches to demonstrate restoration potential; here, we describe examples of past
efforts.
Where hydrological conditions are altered or where developments could be
flooded once natural water levels are restored, restorationists try to reproduce key
features of what is a very complicated temporal pattern of wetness. For example, hydroperiods of wet meadows, emergent marshes, bogs, and fens differ only
slightly, yet their vegetation is distinctive (37).
Removing dikes to restore tidal flushing is a common restoration approach
in New England (93). Blocking drainage restores some of the qualities of prairie
potholes (84). Adding water control structures to slow runoff is not ideal (32), but it
may be necessary in drained agricultural lands (94) and other circumstances. Along
Lake Erie, a dike was added and water levels controlled so the marsh seed bank
could regenerate vegetation during low-water periods (95). Restoring wetlands
that rely on groundwater is more difficult (96, 97).
Restoration of the long-duration flood pulse of the Kissimmee River flood plain
is intended to undo the channelization of this formerly meandering river that feeds
the Everglades. Prior to excavation of the 9-m-deep, 75-m-wide flood control channel, the floodplain was inundated 25% to 50% of the time (98). Dominant plants
included willows (Salix caroliniana), buttonbush (Cephalanthus occidentalis), and
emergent hydrophytes. In 2001, 24 km of river were reconnected in the first phase
of this ambitious restoration program (99). However, seed banks were considered
inadequate to restore the full diversity of plants (100).
In Louisiana, several techniques are used to slow wetland loss. Terracing is the
construction of ridges from sediment (with plantings to stabilize the substrate);
these are arranged to reduce fetch and hence erosion (101). Discarded Christmas
trees are sometimes used to trap sediments and raise the elevation of the marsh
plain; this is also employed in Great Lakes wetland restoration (95). More ambitious is the rediversion of sediment-rich flows from the Mississippi River to
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subsiding marshlands, a technique that requires multimillion-dollar water-control
structures at key locations along the region’s extensive levee system (cf. 102 for
effects of the 1991 Caernarvon diversion on Breton Sound estuary).
An 8-ha lagoon in California (Famosa Slough) is separated from Mission Bay
by a multilane freeway and a flood control channel. Prior to restoration, stormwater runoff facilitated invasions by T. domingensis and caused algal blooms (103).
Citizens (J. Peugh & B. Peugh) led the rehabilitation effort, and the City of San
Diego built impoundments to trap stormwater inflows and reduce nitrogen loading,
and the city repaired tide gates to increase tidal flushing. Native salt marsh vegetation recovered, and the “muted” tidal regime sustained mudflat habitat, rewarding
citizens with enhanced views of waterbirds.
Where topography is artificially flattened, natural slopes and heterogeneity can be restored by various means (89, 104, 104a). An elevation difference as small as 10 cm can eliminate some species and allow others to dominate
(96). Rough surfaces can slow water flows by increasing friction and water in depressions. Shallow pockets of water can warm up rapidly and lose their dissolved
oxygen, thereby promoting the growth of microorganisms involved in denitrification. Depressions also act to settle out sediments and adsorbed P. Both elevation
and microtopographic variability are important. Although the full range of functions that rely on topographic heterogeneity is unknown, studies of mycorrhizae in
New Jersey’s monotypic white cedar (Chamaecyparis thyoides) swamps showed
greater abundance on hummock tops than the wetter bases (105).

TOPOGRAPHY

Where soils are altered, corrective measures need to be tailored to counter
the damage. Soils with decreased organic matter or nutrients have been restored by
adding soil amendments (106); soils with increased nutrients can be defertilized by
removing soil or organic matter so that microorganisms can tie up the nitrogen (20).
Restoration sites that have lost soil because of mining or gravel extraction have
benefited from importation of fine-particle materials. Transplanted soils supported
diverse vegetation in New York wetlands (107); however, benefits were shortlived for a Wisconsin sedge meadow that converted to cattails just five years after
restoration (108, 109).
At Des Plaines Wetland Demonstration Site near Wadsworth, Illinois, the
Chicago Wetlands Initiative, Inc., removed soil that had accreted at one site and
moved it to another to convert a gravel pit into a wetland. Removal at the first site
exposed historical wetland soil; addition at the gravel pit provided a substrate for
native wetland plant introductions (D. Hey, personal communication).
The Wisconsin Waterfowl Association bulldozes nutrient-rich sod that is infested with the invasive P. arundinacea, rolls it up, and deposits it in drainage
ditches, thereby removing sediment where it has accreted (exposing wetland soils)
and disposing it where it can reduce drainage (restoring the potential for water
to accumulate). If the resulting water levels are high enough, invasives do not
reestablish (J. Nania, personal communication).

SOIL
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At Tijuana Estuary, California, the removal of 1–2 m of accreted sediment
from an 8-ha restoration site exposed historical salt marsh soil that was compacted
and lacking a seed bank. Test plots were (a) conditioned with rototilling and
(b) amended by rototilling in kelp compost (organic hydrophilic material with 50%
perlite), and unaltered plots were controls. Desired plant species (e.g., S. foliosa)
were introduced as plugs at two densities and grew most vigorously in areas with
compost and high-density plantings (E. O’Brien & J.B. Zedler, in review).
At Everglades National Park, the Hole-in-the-Donut Project is removing an
invasive tree (Brazilian pepper, Schinus terebinthifolius) from many square kilometers of former agricultural land that was “rock plowed” to create soil from
porous limestone. Because rock plowing made the substrate nutrient rich, restoration requires removal of the surface soil and exposure of underlying limestone,
after which native plants reestablish and pepper trees are unable to reinvade (110).
This effort, which is very heavy handed and costly, is being accomplished with mitigation funds. Trees are bulldozed, ground up, and mixed with the soil to form large
mounds that are intended to support oak woodland among the grassy wetlands.
Drainage of saline wetlands sometimes leads to acid sulfate soils, as discussed
above. Restoring tidal flushing can abate some damages (87), although organic
matter and nitrogen stores are slow to recover (111).
Where the plant cover or diversity has been depleted, species might
or might not recolonize on their own (112). When a dike that excluded seawater
was accidentally breached, agricultural fields became mudflats that were rapidly
colonized by halophytes and invertebrates (113). In contrast, rewetted prairie potholes that were drained and farmed for many decades recovered only a portion of
their native species, attributed to poor dispersal (94, 114).
Target species can be encouraged to reoccupy a site or deliberately introduced.
Microorganisms (e.g., mycorrhizae) are easily introduced with an inoculum of soil
from a natural wetland, but this can be disruptive to the donor site. Mycorrhizae
that are available from biological supply houses are not likely to be locally adapted
genotypes. For wetlands, the roles of mycorrhizae are poorly known, so adding
soil inocula is mainly a precautionary measure.
The need to plant wetland restoration sites has fostered debate among wetland
restoration ecologists (115). Experimental evidence in salt marshes of southern
California demonstrates the need to plant seven of the eight marsh-plain halophytes
(116) but not the widespread dominant, Salicornia virginica. As predicted by the
experiment, only S. virginica was able to colonize an 8-ha restoration site in Tijuana
Estuary (90). In riparian wetlands, however, the vegetation is adapted to recolonize
bare ground after flood scouring, and planting might not be necessary (91).
Species-rich plantings accelerate the development of a California salt marsh.
Comparing plantings of zero-, one-, three-, and six-species assemblages, the plant
canopy had more layers with six species, and productivity and N accumulation
were also greater (117–119).
In stressful sites, tight clusters of plantings can be more effective than lowdensity plantings, e.g., in strip mine restoration (120) and salt marsh restoration

VEGETATION
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(E. O’Brien & J.B. Zedler, in review). Soil amendments can also reduce stress. For
example, kelp compost is hydrophilic and aids plant growth in hypersaline tidal
marsh soils (120).
In wetlands with plants that are ecosystem engineers (121), restoration should
focus on that key species. For example, Carex stricta (tussock sedge) is the architect
of tussock meadows, and the structures it builds support 10–11 plant species per
30-cm-tall tussock (122).
Where animal populations are depleted, reintroductions and habitat reconstruction are considered. Structures might need to be added as nesting sites (e.g.,
tree snags for birds). The entire wetland landscape needs to be restored in order to
attract some animal species. Amphibians are a good example because these animals
move among ponds and cannot survive where pond-to-pond distances are too great
(123, 124). Tidal wetland restoration is often aimed at attracting fish and shellfish
(shrimp and crabs). Minello et al. (125) have demonstrated the importance of providing patchy vegetation, with a large proportion of edge between plants and water.
In southern California, tidal creek networks need to be incised into marsh plains
that are restored by removing a meter or more of accreted sediments (117). Creeks
are conduits for small fish to move into vegetated areas and feed on the marsh plain;
given access to invertebrates on the marsh surface, killifish (Fundulus parvipinnus)
find more food and grow much faster than if confined to deep channels (126, 127).
Restored tidal creeks also benefit the endangered light-footed clapper rail (Rallus
longirostris levipes) by providing feeding (crab) habitat and tall cordgrass (S.
foliosa) for nesting. However, in San Diego Bay, restored cordgrass would not
grow tall because there was little nitrogen in the sandy soil (88).
Prairie potholes that were recently restored were found to have fewer nesting
birds than natural examples (128). However, bird use of some restored prairie
wetlands (129) and in selected New York wetlands (130) did not differ from that
in natural wetlands.
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FAUNA

Where unwanted plants and/or animals have invaded, undesirable species can be managed to reduce abundance. When invasive plants are a
serious threat to restoration, cover crops are often used to usurp space and light,
thereby reducing chances of early dominance by weeds. Invasive species that establish and persist are a great threat to wetland restoration projects because weeds
thrive in disturbed sites.
Lesser snow geese are native to Hudson Bay, but they can be very damaging
to vegetation. The salt marsh grass, Puccinellia phyrganoides, was more easily
established where geese were fenced out of the research plots (131). Geese were
detrimental in two ways, directly by feeding on plants and indirectly by trampling
and compacting soil, which in turn increased soil salinity. Peat mulch was used to
reduce compaction (131).

INVASIVE SPECIES

Where microorganisms have been altered, ecosystem functions might be impaired. Wetzel (132) argues that because >90% of the metabolism

MICROORGANISMS
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in aquatic food webs is due to microorganisms, earlier paradigms with predationbased food webs need to be updated. As he states, “Massive amounts of organic
matter that are produced within the drainage basin of the aquatic ecosystem. . .are
never consumed by particulate-ingesting metazoans. . .up to 99% of the ecosystem
organic carbon budget, particularly in rivers, can be detrital based and imported to
lakes and rivers. . ..”
Nitrogen fixation was lower in the surface soil of a restored salt marsh than its
San Diego Bay reference site (133). In North Carolina, however, Currin et al. (134)
found 5–10 times more nitrogen fixation by microbial mats in a restoration site
with low plant cover and coarse sediments, and Piehler et al. (135) conclude that
microbial nitrogen fixers are critical to salt marsh restoration because they supply
a limiting nutrient to plants and provide food for marsh infauna.
Microorganisms can be reintroduced to restoration sites by adding small amounts
of native soil to planting holes. In uplands, e.g., prairies, mycorrhizae are often
added, but the need to do so in wetland restoration has not been demonstrated,
despite the widespread abundance of these fungi in wetlands (136–139).

Restoration Policies Can Improve with Time and Experience
Following passage of the Clean Water Act (1977), the United States began to
require the restoration of wetlands in exchange for permits to damage existing
wetlands (32). As part of a national review of compensatory mitigation procedures,
a National Resource Council (NRC) panel reviewed studies of on-site, in-kind
projects intended to compensate for nearby damages. This policy allowed the
following two major problems to develop:


To fulfill the “in-kind” policy, undesirable wetlands were replaced by undesirable wetlands, such as those dominated by invasive Typha and stormwater
runoff.



To satisfy the “on-site” policy, wetlands were often created from uplands
instead of restoring former wetlands.

Panel members found that restored wetlands were more likely to achieve ecological
goals than were created wetlands (32).
The principal recommendation of NRC (32) was to develop strategies for restoring wetlands at watershed or landscape scales. Examples of how to proceed include
restoring wetlands in optimal locations to remove nitrates from drained farmlands
in Iowa (57), identifying priority landscape subunits within the prairie pothole
region to attenuate flooding (140), prioritizing sites for sediment trapping in a
southern Wisconsin landscape (141), and prioritizing wetland protection efforts
for sustaining biodiversity (142). Although research on ecosystem services addresses individual functions, there are no examples of how to restore wetlands
so that biodiversity support, water quality improvement, and flood abatement can
all be accomplished within a single watershed (33), and there is no process to
coordinate restoration planning for entire watersheds.
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The U.S. Army Corps of Engineers (CoE) and the Environmental Protection
Agency (EPA) have begun to meet annually to review, revise, and improve procedures (M. Sudol, CoE, & P. Hough, EPA, personal communication). On-site,
in-kind compensation is still preferred, but the potential for mitigation banking
and in-lieu fees to develop plans for strategic restoration at the watershed scale
are becoming clearer. Mitigation banking requires “up-front” provision of new
wetland habitat for which credits are later sold to developers who have permits
to fill or dredge wetlands. Because criteria can be set in advance of permitting
wetland damages, mitigation banks could be located strategically, and larger sites
could be restored. The questions are whether high standards will be demanded,
achieved, and sustained in the long term. A concern is that ecosystem services are
moved from urbanizing areas (which might need the water-cleansing function) to
rural bank sites.
Another alternative for mitigators is to pay in-lieu fees, which, like banks, can
be used to fulfill a strategic, landscape- or watershed-scale wetland restoration
plan. In general, wetland restoration needs to become more strategic at basin and
watershed scales (33).

Every Project Has Unique Features
Surprise is a common element in restoration; even 40 years of experience in wetland restoration in the Netherlands have not eliminated the unexpected (143). The
same has been said of efforts in the University of Wisconsin-Madison Arboretum,
where prairie restoration began in 1934 (144). Curtis Prairie, a former pasture, is
one of the oldest and most widely known ecological restorations; it was followed
by burning and replanting of Greene Prairie in the 1950s. Today, these prairies
support ∼200 native plant species and unknown numbers of animal species; however, the wetter parts of both sites have resisted restoration attempts. The urbanizing watersheds allow stormwater to flow into the Arboretum and to foster
the growth of invasive species, notably reed canary grass (P. arundinacea). Despite construction of stormwater detention basins, urban runoff continually flows
into the lowlands, where it gives invasive species a competitive edge (41). We
have been surprised by the difficulty of replacing this invasive species with a diversity of native plants. Where stormwater inflows cannot be curtailed, existing
restoration tools cannot predictably restore native vegetation to wetlands. An adaptive restoration approach is called for, with multiple alternatives tested in phased
experiments.

Adaptive Restoration Offers Great Potential
to Learn How to Restore Specific Sites
Adaptive restoration can identify the most effective methods while reestablishing
wetness and the biota. Thom (145) promoted the adaptive management approach
to coastal wetland restoration. Later, Zedler & Callaway (146) described adaptive restoration as the process of conducting restoration as phased experiments,
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involving the establishment of replicated experimental treatments in subareas of
the project site. The following steps are included:
1. Acknowledge what is not known that needs to be known to restore a specific
site
2. Identify alternative restoration tools to test
3. Plan the restoration to occur in phased modules
4. Select basic tests for the first module and implement comparisons
5. Assess results and include researchers in the decision-making process
6. Use knowledge gained to plan subsequent phases
7. Adapt the restoration in response to experimental results.
This process is underway at Tijuana River National Estuarine Research
Reserve.

KNOWLEDGE GAPS
At the global scale, inventories of wetland areas by type are needed at 5- to 10year intervals, using classification systems and methods that are congruent across
nations (35). Needs are most urgent for Asia, Africa, eastern Europe, the Pacific
Islands, Australia, and South America (especially tropical wetlands) (7, 44). Tropical Asia is particularly in need of data on its aquatic biodiversity (25). Even Great
Britain, with its long history of field research, lacks complete inventories of its
coastal wetlands (147).
Once comparable inventory data are available, the trends in area loss can be determined and rates of degradation and restoration assessed (7). While the United
Nations’ Millennium Ecosystem Assessment will report the status of wetland
ecosystems and project conditions for the future, more detailed, site-specific information will still be needed for regional and local decision makers. The approach
of Norris et al. (40) for Australia’s Murray-Darling basin (with a river length of
77,366 km) is a potential model for inventory and characterization of ecosystem
integrity. They used environmental features, disturbance factors, hydrologic conditions, habitat, water quality, and biotic indicators to show that >95% of the river
length is degraded, that 40% of the river length assessed had biota that were significantly impaired, and 10% of the length had lost at least 50% of the expected
aquatic invertebrates (40).
Understanding how watersheds function in biodiversity support, water quality
improvement, flood abatement, and C management with different amounts and
types of wetland loss (or restoration) is a large knowledge gap for policy and
decision makers. Additionally, we need a more complete understanding of how
nutrient removal occurs in wetlands, what nutrient loads can be accommodated
without threatening biodiversity, and where wetlands should be positioned in the
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landscape to improve water quality and flood abatement. We also recommend
more attention be paid to contrasting functions across a range of wetland types.
Such ambitious research goals will require a landscape approach in many cases.
In Illinois, the Nature Conservancy (TNC) offers one example of how this can be
accomplished: TNC is comparing paired watersheds (with and without concerted
efforts to restore wetlands and improve agricultural practices), and water quality
has improved where more wetlands have been restored (148). Such efforts should
be expanded as replicated experiments with more watershed types and at multiple
spatial scales.
Experimental, manipulative approaches are needed for restoring wetlands. The
design of restoration sites to test alternative approaches can simultaneously restore
a site while generating information on the practices that work best. When restoration is phased over time, as in adaptive restoration, techniques that work well in
the earlier experimental modules can be adopted more broadly in later modules.
At present, most projects are trials, without guarantees that targets will be met.
The situation can only improve with science-based approaches that allow learning
while doing.
Knowledge of wetland resources has improved substantially in the past two to
three decades. Still, research is needed to produce accurate inventories of wetlands,
using congruent classification schemes, assessments of condition, and information
on rates of both loss/degradation and restoration/enhancement (7). Scientists do not
yet know in detail where, how, and why wetlands are changing and how damages
can be repaired in order to sustain global wetland resources. The information gaps
are specific—exactly what happened, which specific changes can be reversed, and
which restoration techniques are most effective in improving wetland functioning?
Such questions are best tackled through adaptive restoration at the sites where
attempts are being made to restore wetland resources.
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