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Abstract. Implementation of the U.S. Department of Agriculture (USDA) Conservation
Reserve Program (CRP) and Wetlands Reserve Program (WRP) has resulted in the
restoration of >2 million ha of wetland and grassland habitats in the Prairie Pothole
Region (PPR). Restoration of habitats through these programs provides diverse ecosystem
services to society, but few investigators have evaluated the environmental benefits achieved by
these programs. We describe changes in wetland processes, functions, and ecosystem services
that occur when wetlands and adjacent uplands on agricultural lands are restored through
Farm Bill conservation programs. At the scale of wetland catchments, projects have had
positive impacts on water storage, reduction in sedimentation and nutrient loading, plant
biodiversity, carbon sequestration, and wildlife habitat. However, lack of information on the
geographic location of restored catchments relative to landscape-level factors (e.g., watershed,
proximity to rivers and lakes) limits interpretation of ecosystem services that operate at
multiple scales such as floodwater retention, water quality improvement, and wildlife habitat
suitability. Considerable opportunity exists for the USDA to incorporate important landscape
factors to better target conservation practices and programs to optimize diverse ecosystem
services. Restoration of hydrologic processes within wetlands (e.g., hydroperiod, water level
dynamics) also requires a better understanding of the influence of conservation cover
composition and structure, and management practices that occur in uplands surrounding
wetlands. Although conservation programs have enhanced delivery of ecosystem services in
the PPR, the use of programs to provide long-term critical ecosystem services is uncertain
because when contracts (especially CRP) expire, economic incentives may favor conversion of
land to crop production, rather than reenrollment. As demands for agricultural products
(food, fiber, biofuel) increase, Farm Bill conservation programs will become increasingly
important to ensure provisioning of ecosystem services to society, especially in agriculturally
dominated landscapes. Thus, continued development and support for conservation programs
legislated through the Farm Bill will require a more comprehensive understanding of wetland
ecological services to better evaluate program achievements relative to conservation goals.
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INTRODUCTION

The Prairie Pothole Region (PPR) of the northern
Great Plains is one of the most productive agricultural
regions in the world, accounting for one-third of the
nation’s annual production of wheat, corn, barley, and
soybeans (USDA 2005). Not surprisingly, the agricul-
tural potential of the PPR has caused conversion of
native grassland and wetland habitats, which has greatly
altered the historic grassland biome. Wetland loss
exceeds 50% in most PPR states (Dahl 1990, Dahl and
Johnson 1991) and little upland native prairie remains
(Mac et al. 1998). Despite significant native habitat loss,
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the PPR remains one of the most productive and
important regions in North America for breeding,
nesting, and migrating waterbirds and grassland birds
(Smith et al. 1964, Igl and Johnson 1997, Beyersbergen
et al. 2004, Niemuth et al. 2006). Additionally,
remaining prairie wetlands and grasslands provide other
ecosystem services, including maintaining regional and
national biodiversity, attenuating floodwater, cycling
nutrients, sequestering atmospheric carbon, recharging
groundwater, and providing recreational opportunities
(Hubbard 1988, Knutsen and Euliss 2001, Gleason et al.
2007, 2008a). Recognition of these ecosystem services
has stimulated considerable public support for the
protection and conservation of these habitats. For
example, the importance of the PPR to continental
waterfowl populations (Smith et al. 1964) has stimulated
the U.S. Fish and Wildlife Service to conserve wetland
and grassland habitats through land acquisition (e.g.,
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Waterfowl Production Areas, National Wildlife
Refuges) and wetland easements with private landown-
ers (Johnson et al. 1994) since the 1930s.

A major incentive to not drain wetlands occurred in
1985 when Congress passed the Food Security Act (the
Act; Public Law 99-198), which included the
Swampbuster provision, which made agricultural pro-
ducers ineligible for certain Farm Bill benefits if they
drain or fill wetlands. This provision has been included
in subsequent Farm Bills and has protected many small,
isolated wetlands that are typical of the PPR (Brady
2005, Reynolds et al. 2006). The 1985 and later Farm
Bills also contained other important provisions, such as
the Conservation Reserve Program (CRP), which
provides financial incentives to farmers who implement
practices that protect soils, wildlife habitat, and water
quality. The 1990 Farm Bill initiated the Wetlands
Reserve Program (WRP) to restore wetland functions,
with an emphasis on maximizing wildlife benefits. Since
the first Farm Bill, conservation programs have grown
and diversified to address a variety of conservation
issues on private lands in the PPR. Currently,
~2200000 ha in the PPR are enrolled in either the
CRP or WRP (Gleason and Laubhan 2008).

In the PPR, >90% of land is in private ownership
(Cowardin et al. 1995), and conservation programs such
as the CRP and WRP have become extremely important
for enhancing diverse ecosystem services at local to
global scales. However, only minimal effort has been
expended to quantify the effect of Farm Bill programs
on ecosystem services. As a result, it is difficult to adapt
current policy and management goals of the U.S.
Department of Agriculture (USDA) to meet future
needs. To remedy these shortcomings, recent mandates
(e.g., the President’s Budget and Performance
Integration Initiative) require that federal programs
demonstrate effectiveness by accurately accounting for
the expenditure of program dollars and documenting the
results achieved. In response to this requirement, the
USDA initiated the Conservation Effects Assessment
Project (CEAP) in 2003 to scientifically quantify the
environmental effects of conservation practices imple-
mented by private landowners participating in conser-
vation programs (Mausbach and Dedrick 2004). In this
paper we examine the potential influence of Farm Bill
conservation programs and practices on the processes,
functions, and ecosystem services of prairie wetlands
and associated uplands. Information discussed is in-
tended to assist on-going efforts (e.g., CEAP) to assess
the impact of specific conservation practices on ecosys-
tem processes and to develop approaches to quantify
environmental products achieved from Farm Bill
conservation programs.

THE PRAIRIE POTHOLE REGION AND ECOSYSTEM SERVICES

The PPR was historically comprised of native prairie
interspersed with millions of small depressional wet-
lands. This region encompasses ~900 000 km?* (Gleason
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et al. 2005) and includes portions of ITowa, Minnesota,
Montana, North Dakota, and South Dakota in the
United States (~300 000 km?; Fig. 1) and the provinces
of Alberta, Saskatchewan, and Manitoba in Canada
(~600000 km?). Formed largely by glacial processes
9000 to 13000 years ago (Bluemle 2000), the landscape
ranges from rolling plains to hummocky areas of closely
spaced hills that are pockmarked with numerous shallow
depressional wetlands that are regionally referred to as
potholes or sloughs (Stewart and Kantrud 1971). Major
physiographic regions that formed from glacial process-
es in the PPR include the Missouri Coteau, Prairie
Coteau, and Glaciated Plains (also known as the drift
prairie; Fig. 1). The Missouri and Prairie Coteaus are
steep, rugged areas dominated by stagnation and dead-
ice moraines, whereas gently rolling ground moraines
prevail in the Glaciated Plains. Wetland depressions are
most common in areas of end and stagnation moraines
(e.g., Missouri Coteau) and can approach densities of
>40-km 2 (Kantrud et al. 1989). Most potholes are
small (<1 ha), but collectively they represent one of the
largest and most hydrologically diverse populations of
inland wetlands in North America. According to the
National Wetlands Inventory, most wetlands in the PPR
are palustrine and lacustrine systems with temporary,
seasonal, and semipermanent water regimes. Johnson
and Higgins (1997) estimated that of the 932829
wetlands in the PPR of South Dakota, 55.7% were
temporary, 35.9% seasonal, 8.1% semipermanent, and
0.2% permanent. The exact number of prairie potholes is
difficult to estimate because inventories do not accu-
rately account for drained wetlands (Gleason et al.
2005). However, presettlement wetlands may have
encompassed >20% of the total land area in the U.S.
portion of the PPR (Euliss et al. 20006).

Drainage to enhance agricultural production has been
the primary cause of wetland loss, with losses of ~89%
in Towa, 42% in Minnesota, 27% in Montana, 49% in
North Dakota, and 35% in South Dakota (Dahl 1990).
Native grasslands in the PPR have experienced even
greater loss (>90%) and degradation (Mac et al. 1998).
Since 1830, declines of native prairie grassland exceed
those reported for any other ecosystem in North
America (Samson and Knopf 1994), and remaining
tracts have been degraded by invasion of nonnative
species because of fire suppression, changes in herbivory,
and introduction of Eurasian species (Johnson et al.
1994). Wetland drainage and grassland loss have been
most extensive in the southeast region where climate and
landscape factors (e.g., topographic relief, growing
season, annual precipitation) are more conducive for
agricultural production (Fig. 2). Implementation of
national policies to protect wetlands has slowed the rate
of wetland drainage in the PPR (Dahl 2006), but
ecosystem processes in remaining wetlands continue to
be altered and degraded by agricultural practices
(Gleason and Euliss 1998).
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Tillage of wetland basins and surrounding uplands is
the second most significant agricultural activity that alters
and degrades natural wetland processes. Potholes tend to
occupy topographic depressions and often are focal
points of surface runoff that contains agrochemical
residues and eroded soils (Grue et al. 1986, Neely and
Baker 1989, Euliss and Mushet 1996). Sediment inputs to
potholes are several-to-many orders of magnitude greater
in agricultural compared to grassland watersheds
(Adomaitis et al. 1967, Martin and Hartman 1987,
Gleason 1996, 2001). Loss of wetland water depth and
storage volume due to anthropogenic sedimentation has
important ecological implications. For example, water
level fluctuation is an important process affecting
dynamic shifts in plant community composition charac-
teristic of prairie wetlands (van der Valk and Davis 1978).
As water depths increase during wet periods, pool depths
can overtop vegetation and kill the plant community. In
contrast, exposure of wetland sediments during drought
facilitates germination of seeds and establishes new
vegetation on bare mudflats. Dynamic wetland plant
communities enhance diversity and the biological integ-
rity of prairie wetlands (Harris and Marshall 1963, Euliss
et al. 2004). However, wetlands receiving excess sediment
experience decreased water depth, altered hydroperiods,
and more static plant communities, all of which
contribute to lower wetland productivity. Wetlands that
suffer reduced water depths from sedimentation often
develop persistent, monotypic stands of vegetation (e.g.,
Typha) that reduce overall ecological value. Sediment also
increases water turbidity, which reduces productivity of
aquatic plants (e.g., sago pondweed; Kantrud 1990) and
invertebrates (Arruda et al. 1983, McCabe and O’Brien
1983, Kirk and Gilbert 1990). Further, invertebrate egg
and plant seed banks are negatively impacted when
buried with sediment (Jurik et al. 1994, Wang et al. 1994,
Dittmar and Neely 1999, Gleason et al. 2003).

The negative impact of many agricultural practices on
wildlife habitat is widely recognized (Batt et al. 1989, Igl
and Johnson 1997); however, many other ecosystem
services are also affected. Erosion and deposition of
topsoil from cropland can reduce wetland storage
volume, which alters hydrologic services such as water
storage and groundwater recharge. Wetland drainage
and land use change in the PPR have been linked to
increased flood frequency in the Red River Valley of
North Dakota (Brun et al. 1981) and the Mississippi
River Valley (Miller and Nudds 1996); however, none of
these studies considered the influence of reduced storage
volumes due to sedimentation. Further, tillage, which
enhances decomposition of soil organic carbon, has
shifted the function of wetlands and grasslands in the
PPR from sinks to net sources of atmospheric carbon
(Follett et al. 2001, Euliss et al. 20006).

APPLICATION OF CONSERVATION PRACTICES IN THE PPR

Numerous wetland and grassland areas have been
enhanced, rehabilitated, or restored through various
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USDA conservation programs. Besides the CRP and
WRP, other notable Farm Bill programs include the
Environmental Quality Incentives Program (EQIP),
Conservation Reserve Enhancement Program (CREP),
and Wildlife Habitat Incentives Program (WHIP). Most
conservation practices implemented with these programs
are intended to improve wildlife habitat and water
quality, reduce erosion and nutrient transport, and
control pest species. A fundamental advantage is that
they benefit both individual participants by providing
technical guidance and monetary incentives for imple-
menting conservation practices and also the American
public by enhancing ecosystem services (National
Academy of Sciences 2004). Enrollment options vary
by program, with most ranging from 5 to 10 years with
options for reenrollment; however, certain programs like
the WRP offer permanent and 30-year easements. There
were 122 specific conservation practices implemented
between 2000 and late 2006 on ~1.9 million ha in the
PPR (Table 1). Most conservation practices were
associated with the EQIP (99 practices), followed by
the CRP (76), WHIP (46), WRP (34), and CREP (2).
However, only 14 of these practices account for >5% of
occurrences or land areas in any one program (Table 2).
Restoration and wildlife habitat practices (codes 645,
657, 644, and 643; Table 2) are most relevant to
improving wetlands and were most commonly associat-
ed with the WRP, WHIP, and CRP. In contrast,
practices applied through the EQIP tend to target
nutrient management of cropping systems. The number
or area of wetlands ultimately affected by these practices
is difficult to estimate because USDA databases do not
include the spatial data necessary to estimate wetland
area on lands enrolled in conservation programs.
However, Gleason and Laubhan (2008) estimated that
lands enrolled in the CRP and WRP in the PPR may
include >168 554 ha of wetlands (Table 3).

Various conservation practices are used to rehabilitate
or restore wetlands altered by agricultural practices. For
example, implementation of Filter Strip, Conservation
Cover, or other nutrient management practices may
improve wetland condition by reducing sedimentation
and nutrient loading from surrounding agricultural
activities. Instead of a single practice (e.g., Filter
Strip), programs aimed at restoring wetlands and
enhancing wildlife habitat often employ a suite of
conservation practices affecting the wetland and sur-
rounding upland areas (Fig. 3). The overall goal of
wetland conservation activities is to restore wetland
function, habitat diversity, and capacity to approximate
pre-disturbance conditions. Techniques or practices
used to accomplish this goal typically focus on restoring
hydrologic function by plugging surface and subsurface
drains (Fig. 3). In some cases, small embankments or
water control structures are installed to reduce offsite
impacts (e.g., flooding adjacent fields and roads) or
facilitate operation and maintenance of water flow. The
Wetland Restoration practice also includes guidance for
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Area of lands in the Prairie Pothole Region, USA, enrolled in U.S. Department of

Agriculture (USDA) conservation programs from 2000 to late 2006.

Area enrolled in conservation program (ha)

State CRP WRP EQIP CREP WHIP Total
North Dakota 149 167 4424 707 888 0 2273 863752
Minnesota 115855 10468 376038 66 854 503281
Towa 113232 11122 124510 0 673 249537
South Dakota 103 156 6575 77941 0 6564 194236
Montana 32752 0 52389 0 4834 89975
Total 514162 32589 1338766 66 15198 1900781

Note: Abbreviations are: CRP, Conservation

Reserve Program; WRP, Wetlands Reserve

Program; EQIP, Environmental Quality Incentive Program; CREP, Conservation Reserve
Enhancement Program; and WHIP, Wildlife Habitat Incentives Program.

removal of sediments to expose hydric soils (Fig. 3). In
most cases, restoration practices rely on native seed
banks to reestablish wetland vegetation; however, as
native seed banks are likely depauperate due to past land
use (Galatowitsch and van der Valk 1994), seeding is
recommended. To restore the physical hydrology of

TaBLE 2. USDA conservation practices that acco

contributing areas, all or part of the upland zone
surrounding a wetland is planted to perennial vegetation
using Conservation Cover or Filter Strip practices (Fig.
3). Following restoration, conservation practices such as
pest management, grazing, and burning may be imple-
mented to maintain restored areas.

unted for >5% of the total number of contracts

or area in each program from 2000 to late 2006.

Conservation program, practice, and code

Occurrence (%) Area (%)

Conservation Reserve Program (CRP)
Use Exclusion (472)
Conservation Cover (327)
Upland Wildlife Habitat Management (645)
Filter Strip (393)
Pest Management (595)
Wetland Restoration (657)
Total CRP

Wetlands Reserve Program (WRP)
Wetland Restoration (657)
Upland Wildlife Habitat Management (645)
Wetland Wildlife Habitat Management (644)

Restoration and Management of Rare and Declining Habitats (643)

Pest Management (595)
Use Exclusion (472)
Conservation Cover (327)
Prescribed Grazing (528)

Total WRP

Environmental Quality Incentive Program (EQIP)
Nutrient Management (590)
Residue Management, Mulch Till (392B)
Pest Management (595)
Residue Management, No-Till/Strip Till (392A)
Conservation Crop Rotation (328)
Prescribed Grazing (528)
Total EQIP

Wildlife Habitat Incentives Program (WHIP)
Upland Wildlife Habitat Management (645)
Use Exclusion (472)

Pest Management (595)
Windbreak/Shelterbelt Establishment (380)
Prescribed Grazing (528)

Nutrient Management (590)

Total WHIP

Conservation Reserve Enhancement Program (CREP)

Use Exclusion (472)
Wetland Restoration (657)

Total CREP

21.3 17.6
20.2 30.8
13.9 14.9

73 3.3
7.2 7.4
5.9 4.1
75.9 78.1
333 213
15.0 19.7
12.6 12.8
8.4 7.2
6.4 7.2
45 8.7
43 6.8
2.0 53
86.5 89.1
23.0 29.6
12.9 15.1
11.8 13.0
10.2 10.4
10.1 11.8
4.4 5.9
724 85.7
36.0 333
1.7 5.7
1.5 12.7
9.5 0.0
3.0 17.2
1.7 5.6
73.5 74.5
50.0 50.0
50.0 50.0
100.0 100.0
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TasLi 3. Total area and estimated wetland area (mean = SE) on lands enrolled in the Conservation Reserve (CRP) and Wetlands

Reserve (WRP) Programs in the Prairie Pothole Region (modified from Gleason and Laubhan [2008]).

WRP CRP CRP and WRP

State Total area (ha) Wetland area (ha) Total area (ha) Wetland area (ha) Total area (ha) Wetland area (ha)
Towa 11376 5076 = 256 53183 24172 = 1201 64559 29248 * 1457
Minnesota 8633 3168 = 403 167349 51848 = 8629 175982 55016 + 9032
Montana 411127 2996 * 1690 411127 2996 + 1690
North Dakota 3239 199 + 40 1099218 61669 = 12558 1102457 61868 = 12598
South Dakota 10179 539 = 111 435172 18887 * 4442 445351 19426 *+ 4553
Total 33427 8982 + 810 2166049 159572 = 28520 2199476 168554 = 29330

Note: Ellipses indicate no data.

ErrEcTS OF CONSERVATION PROGRAMS AND PRACTICES
ON WETLAND HYDROLOGY AND ECOSYSTEM SERVICES

Hydrology

Hydrological processes are widely recognized as the
most important determinants of wetland functions and
values (NRC 1995). Long-term studies in the PPR have
related wetland hydrology to changes in water chemis-
try, biodiversity, and productivity (Winter 2003, Euliss
et al. 2004). In general, wetland water regimes (e.g.,
temporary, seasonal, semipermanent) can be related to
groundwater hydrologic function (i.e., recharge, dis-
charge, and flow-through). Temporary wetlands gener-

ally are recharge sites, seasonal wetlands may be
recharge or flow-through areas, and semipermanent
and permanent wetlands usually function as groundwa-
ter flow-through or discharge sites. Atmospheric water
(i.e., precipitation and runoff) drives the water balance
of prairie wetlands, but the relationship of wetland
basins to groundwater flow paths determines water
chemistry, composition of biological communities, and
ultimately, diversity of ecosystem services (Euliss et al.
2004).

An understanding of prairie wetland hydrology and
the importance of diverse wetland complexes are
important for maintaining biodiversity and productivity.

Wetland Wildlife Habitat Management (644)

Upland zone

N\

Wetland zone

AN /

e

Conservation Cover (327)

Plant entire or portion (filter strip) of :
upland zone to perennial cover

Fic. 3.
wetlands.

Y

Wetland Restoration (657)
Structure for Water Control (578)
Wetland Enhancement (659)

Practices for the restoration of hydrology
1) Plug surface drain = - - -

2) Disrupt subsurface drain Immm

3) Install water control structures

4) Remove sediment =

Wetland catchment depicting application of conservation practices (with code numbers in parentheses) used to restore
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Eliminating drains and reestablishing vegetation may
not restore hydrologic functions to presettlement con-
ditions because agricultural practices have lowered local
and regional groundwater tables (Galatowitsch and van
der Valk 1994). In areas where the groundwater has
been lowered, wetlands that historically functioned as
flow-through or discharge sites may now only be capable
of functioning as groundwater recharge sites. Hence,
restored wetlands often have hydroperiods that are
shorter than comparable reference sites (see review by
Knutsen and Euliss 2001). Another factor contributing
to shortened hydroperiods is the accumulation of
sediments that have altered water depth and storage
volume. Wetland restoration practices provide recom-
mendations for removal of sediment to restore hydric
soils based on the assumption that sediment removal will
result in more natural volumes and hydroperiods.

To maximize restoration of hydrologic functions (i.e.,
groundwater connections) and biodiversity, it is often
recommended that wetland restoration occur as part of
larger efforts to restore landscapes or wetland complexes
rather than restoring isolated wetlands in a drained
agricultural landscape (Galatowitsch and van der Valk
1994, Swanson et al. 2003). The importance of wetland
complexes to wildlife is recognized, but large-scale
restorations are rarely implemented by most conserva-
tion programs, and the extent to which wetlands are
restored in large blocks or complexes is unquantified in
USDA databases. Such information is critical for
quantifying all ecosystem services because an isolated
restored wetland is not functionally equivalent to a
similarly restored wetland within a complex.

Plant composition in upland areas of wetland
catchments also has a significant influence on hydro-
period. Van der Kamp et al. (1999) found that wetlands
in the PPR of Canada dried completely within a few
years after catchments were planted to smooth brome
(Bromus sp.), while adjacent wetlands in cultivated areas
retained water as before. These findings demonstrate
that prairie wetland hydrology is highly sensitive to land
use in surrounding uplands and suggest that nonnative
grasses (i.e., smooth brome) may require more water
than native grasses. More recently, Voldseth et al. (2007)
simulated the effects of upland vegetation cover and
land use practices on water budgets and vegetation
dynamics in prairie wetlands. They found that water
levels were highest and wetland vegetation was most
dynamic in grasslands managed through grazing and
prescribed burning, and least dynamic in unmanaged
grasslands. These simulations demonstrate the need to
consider the effect of upland cover and land manage-
ment on wetland hydrology when implementing resto-
ration activities. Restoration practices employed by the
USDA typically involve the planting of uplands to
perennial cover following conservation cover or upland
wildlife habitat management practice standards; hence,
these practices result in the planting of upland catch-
ments to a mix of species that maximize wildlife habitat
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(e.g., food, cover, shelter) and are not explicitly designed
to restore hydrologic function.

Manipulation of upland vegetation is a key compo-
nent of the restoration practice, but the impact of cover
type and management (e.g., haying, burning, grazing) on
wetland hydrology is poorly understood. Currently,
USDA conservation practices do not provide adequate
guidance for the selection of cover types and manage-
ment practices to restore and maintain the physical
hydrology (surface and shallow subsurface hydrological
processes) of wetland catchments. Nor do existing
practices explicitly link hydrologic processes in the
uplands with wetland hydrology and vegetation dynam-
ics. Development and implementation of upland con-
servation and management practices that have a
hydrologic basis is likely the most effective approach
to restore natural wetland functions.

Water storage

Restoration practices typically reduce surface runoff
from uplands and enhance water retention in the
landscape. Gleason and Tangen (2008) estimated that
wetland catchments on lands enrolled in the CRP and
WRP in the PPR could potentially intercept precipita-
tion across ~444574 ha and store ~56513 hectare-
meters (1 ha-m = 10000 m®) of water. However, this
estimate of total water storage represents a static value
that does not account for the effect of wetland
conservation practices on numerous hydrologic process-
es that enhance water retention in the landscape. For
example, eliminating drains and removing sediments
restores wetland depth and volume, which enhances
depression-focused recharge and retention time for
evapotranspiration. Reestablishment of permanent veg-
etation and the associated development of dense root
mats and soil organic matter promote greater soil water-
holding capacity and infiltration. Additionally, vegeta-
tion slows the rate of runoff from upland areas
associated with wetlands, thus providing greater oppor-
tunities for water infiltration and evapotranspiration.
Consequently, when wetland water storage and upland
water retention are considered collectively, wetland
catchments have the potential to process and store
substantial amounts of water that may otherwise
contribute to offsite or “downstream” flooding.

Although conservation practices clearly improve
water storage, the contribution to reduced offsite
flooding has not been directly evaluated. However, at
a watershed scale, Ludden et al. (1983) reported that
depressional wetlands in the Devils Lake basin of North
Dakota could store ~72% and 41% of total runoff
volume from a 2-year and 100-year frequency runoff
event, respectively, while Vining (2002) reported that
wetlands were capable of storing >8000 ha-m in a single
subbasin. Additionally, Malcolm (1979) reported that a
complex of wetlands retained all local runoff plus 58%
of additional inflow, and Gleason et al. (2007) reported
that restoring drained and farmed wetlands could
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increase the water storage of a watershed in Minnesota
by 63%. Studies also have related the alteration of
wetlands and changes in land use to increases in the
frequency and magnitude of flood events along rivers in
the PPR (Moore and Larson 1979, Brun et al. 1981,
Miller and Frink 1984, Miller and Nudds 1996,
Bengtson and Padmanabhan 1999, Manale 2000,
Simonovic and Juliano 2001).

Currently, little is known about floodwater storage
provided by USDA conservation programs. Such an
evaluation will require high-quality spatial data that
should include important habitat features (e.g., individ-
ual wetlands) and specific management actions (e.g.,
hydrologic restoration, non-drained restoration, sedi-
ment removal) that affect water input rates and storage.
Additionally, spatial data are necessary to determine if
wetlands are located in contributing or non-contributing
areas of drainage basins of lakes and rivers to evaluate
the floodwater attenuation service.

Sedimentation and soil erosion reduction

A primary benefit of USDA conservation programs in
the PPR is the reduction of soil erosion when perennial
vegetation is established on cropland. Specific benefits of
reduced soil erosion transport to wetlands include
lowered sedimentation rates and decreased inputs of
nutrients in runoff from surrounding uplands. Elevated
rates of sedimentation can directly or indirectly affect
the majority of ecosystem services that wetlands provide
by reducing the topographic life of depressional basins
(Gleason and Euliss 1998, Gleason 2001). The reduction
in depth and water storage volume due to filling, in
conjunction with elevated levels of nutrients and
suspended materials, can negatively impact various
aspects of wetland hydrology, water quality, and
productivity. Loss of volume and shortening of wetland
hydoperiod affects many ecosystem services, including
groundwater recharge, water storage, and wildlife
habitat. Similarly, increased nutrients and/or suspended
sediments alter wetland biotic communities and may
influence overall wetland productivity (Newcombe and
MacDonald 1991, Gleason and Euliss 1998).

Studies have shown that implementation of conser-
vation practices can significantly reduce soil erosion and
sedimentation of wetlands in the PPR. Tangen and
Gleason (2008) estimated that conversion of cultivated
cropland to perennial cover might have reduced total
soil loss by 1760666 Mg/yr on 276021 ha of uplands
surrounding wetlands on CRP and WRP lands in the
PPR. For this same area, estimated reduction in
nitrogen and phosphorus losses were 5102 Mg/yr and
68 Mg/yr, respectively. Martin and Hartman (1987)
reported that sedimentation rates averaged 80 and 43
mg-em 2yr~' in cropland and grassland catchments,
respectively, and that phosphorus was deposited into
cropland wetlands at almost twice the rate of wetlands in
grassland. Freeland et al. (1999) found that the wet-
meadow zone of wetlands surrounded by cropland had
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cumulic A horizons >60 cm thick (indicator of
accelerated sedimentation), whereas cumulic horizons
were absent in native prairie wetlands. Adomaitis et al.
(1967) demonstrated that the aeolian mixture of snow
and soil (“snirt”) in wetlands surrounded by agricultural
fields without vegetation accumulated at twice the rate
of wetlands surrounded by fields with vegetation.
Similar findings have been reported in areas outside
the PPR. For example, Luo et al. (1997) reported that
the vast majority of playa wetlands with cropland
watersheds had completely lost their volume, whereas
playas in native grassland had lost only about one-third
of their volume.

Conservation practices can significantly reduce soil
and nutrient loss from upland zones of wetland
catchments, thereby improving sustainability of other
ecological services provided by wetlands. Similar to the
water storage service, the offsite benefits associated with
reduced soil losses have not been comprehensively
evaluated; however, reduction in soil erosion and
nutrient transport will undoubtedly reduce delivery of
sediments and nutrients that impair the water quality of
lakes, streams, and rivers.

Plant community biodiversity

Studies of plant communities in restored wetlands
have reported mixed results. Some investigators suggest
that plant diversity increases rapidly after reflooding
(Dornfeld and Warhurst 1988, LaGrange and Dinsmore
1989, Sewell 1989), but these early studies did not use a
reference-based approach to facilitate comparisons with
similar wetlands within cropland and native grassland.
A recent reference-based study on 270 wetlands dem-
onstrated a significant improvement in floristic quality
and native-plant diversity relative to cropland wetlands
(Laubhan and Gleason 2008), but floristic quality and
diversity of restored sites did not attain levels compa-
rable to native prairie sites. Other studies also have
shown that plant communities of restored sites are
highly variable compared to native prairie sites. For
example, Galatowitsch and van der Valk (1996) found
that deep marshes and aquatic beds were naturally
species poor; hence, restored ecosystems of these types
are very similar floristically to natural wetlands.
However, edge communities like sedge and wet mead-
ows have complex and diverse communities and are
quite dissimilar between restored and natural wetlands.

Most wetlands targeted for restoration have been
drained and farmed for extensive periods, which may
impede successful plant recolonization (Galatowitsch
and van der Valk 1994). For example, seed banks may
lose viability due to prolonged drainage and cultivation
(Wienhold and van der Valk 1989, Galatowitsch and
van der Valk 1994, 1996) or are rendered unavailable
due to burial by sediments (Jurik et al. 1994, Wang et al.
1994, Gleason et al. 2003). With the exception of some
annuals, seed banks in restored wetlands may contribute
little to revegetation (Galatowitsch and van der Valk
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1994, 1996), and if species are absent in seed banks,
revegetation will depend upon seed dispersal from
surrounding wetlands (Galatowitsch and van der Valk
1996). Hence, restored wetlands in landscapes with high
wetland densities (e.g., Missouri Coteau, Prairie Coteau)
may recover more rapidly than areas like the Glaciated
Plains where wetland drainage has been more severe.
However, an evaluation of restored wetland seed banks
in regions with high densities of prairie wetlands in the
landscape indicated that seed banks of restored wetlands
were dominated by annual mudflat species (Gleason
2001), whereas those of native prairie wetlands were
composed primarily of perennial native seeds (Gleason
2001). Kantrud and Newton (1996) also demonstrated
that more perennial, native species were associated with
wetlands in grassland watersheds than cropland water-
sheds. Freeland et al. (1999) demonstrated that agricul-
ture practices elevated phosphorus, nitrogen, and the
percentage of silt in wet-meadow zones of wetlands
within cropland. Consequently, agricultural land use
that has altered soil structure, chemistry, and seed bank
composition may prevent native perennial species from
becoming established. These altered conditions may also
favor invasive plants (e.g., Phalaris arundinacea, Typha
X glauca) and preempt establishment of native species
(e.g., Carex spp.) (Galatowitsch and van der Valk 1994,
1996, Franke 1997, Galatowitsch et al. 1999).

Wetland conservation practices have improved floristic
quality and diversity relative to a cropland baseline (i.e.,
actively farmed catchments). However, current strategies
may limit the level of floristic quality and species richness
that can be achieved. The primary impediment appears to
be the ability to facilitate establishment of plant species
with high floristic quality values in both the upland and
wetland zones. Many of these species are often absent
from seed banks and have specific germination require-
ments or occupy precise niches (Budelsky and
Galatowitsch 1999, van der Valk et al. 1999, Yetka and
Galatowitsch 1999) that are difficult to replicate. Initial
improvement in native-species richness in restored
uplands surrounding wetlands is largely dependent on
the mix of species seeded; however, some species may
come from existing seed banks. Adding additional species
to the seeding mix may increase native-plant diversity;
however, selection of the seeding mix often is based on
species that are best adapted for the region, rather than
specifically tailored for wetland catchments. Depending
on size and topographic relief, landscape positions within
a catchment (Fig. 4) differ in aspect, soil moisture, and
other edaphic factors that result in a range of environ-
mental conditions. Selecting a mix of species best suited
for each landscape position within a catchment may
enhance establishment of a diversity of vegetation. As
indicated earlier (see above, Hydrology), vegetation cover
and management (e.g., grazing, mowing/haying) in
upland zones of catchments influences water balance
and vegetation dynamics in wetland zones. This implies
that the type of cover and management in uplands may be
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important to restoring critical hydrological processes
necessary for the establishment of diverse vegetation
communities within wetlands. Research is needed to
better understand the interaction between upland and
wetland conservation practices and management activi-
ties on recovery of plant species diversity within the entire
catchment.

Carbon sequestration

Concern over increasing atmospheric greenhouse gas
(GHG) concentrations (e.g., carbon dioxide, nitrous
oxide, methane) and associated climate change projec-
tions has stimulated interest in the potential of restored
wetlands and grasslands to sequester atmospheric
carbon (CO,-C) in soils (Follett et al. 2001, Litynski et
al. 2006). The potential amount of carbon sequestered
by conservation practices is closely related to losses of
soil organic carbon (SOC) that have occurred since
agriculture began. For example, conversion of native
wetlands and grasslands to cropland has been shown to
deplete native SOC stocks by 20% to >50% (Mann
1986, Blank and Fosberg 1989, Anderson 1995, Cihacek
and Ulmer 1995, Euliss et al. 2006, Gleason et al. 20085).
The difference in SOC between cropland and native
prairie is often used as the estimate of potential carbon
that could be sequestered through restoration. Using
this approach, restoration of cropland wetlands in the
PPR of the United States has potential to sequester ~72
Tg of SOC (Gleason et al. 2005, Euliss et al. 2006), and
wetland catchments on lands enrolled in the CRP and
WRP (444574 ha) have the potential to sequester
6662355 Mg of SOC (Gleason et al. 20085b).

While studies indicate that SOC sequestration rates in
restored wetlands and grasslands range from 0.1 to >3
Mg-ha 'yr! (Gebhart et al. 1994, Conant et al. 2001,
Follett et al. 2001, Euliss et al. 2006), there are concerns
that this sequestration benefit may be offset by increased
emissions of nitrous oxide (N,O) and methane (CHy)
(Whiting and Chanton 2001, Post et al. 2004, Bedard-
Haughn et al. 2006, Bridgham et al. 2006). Though there
is limited information on N,O and CH,4 emissions from
wetlands in the PPR, studies suggest that restoration of
previously farmed wetlands may reduce emission of
these GHGs. Data from a glaciated region in north-
eastern Germany similar to the North American PPR
suggest that enrichment from nitrogen fertilizer and
accelerated mineralization of organic matter elevate
emissions of N,O and CHy in cropland wetlands
(Merbach et al. 2002). More recently, Bedard-Haughn
et al. (2006) found that cultivated wetlands in the PPR
of Canada had greater total emissions of N,O than
noncultivated wetlands. These findings are consistent
with other studies demonstrating that nitrogen fertiliza-
tion enhances emissions of N,O (Thornton and Valente
1996, Davidson et al. 2000, Phillips and Beeri 2008).
Studies also have shown that conversion of cropland to
perennial grassland reduces emissions of CH, from
upland soils (Keller et al. 1990, Dorr et al. 1993,
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factors (e.g., relief, aspect, soils, hydrology) that should be considered when implementing conservation practices to reestablish
native-plant community diversity (modified from Gleason and Laubhan [2008]).

Parashar et al. 2001). Consequently, converting culti-
vated cropland to perennial vegetation within restored
wetland catchments should reduce nutrient enrichment
in restored wetlands and lower emissions of N>O, and
possibly CHy.

In addition to replenishment of SOC stocks, carbon
stored in the aboveground vegetation biomass represents
an additional pool of sequestered carbon. Gleason et al.
(2008h) estimated that >715000 Mg of carbon may be
stored in the vegetation biomass of restored wetland
catchments on lands enrolled in the CRP and WRP.
Carbon stored or sequestered in the aboveground
biomass is often viewed as a non-permanent form of
carbon storage because of susceptibility to disturbances
such as fire. However, restored grassland and wetland
plant communities reestablish quickly following fire;
hence, the carbon stored in vegetation biomass repre-
sents an almost immediate and rather constant form of

carbon storage as long as the area is managed for
conservation.

Carbon sequestration is an ancillary benefit because
climate change mitigation was not an intended outcome
of USDA conservation programs when they were
originally implemented. Hence, the importance of
restored wetlands to sequester carbon is a recent
development, and conservation practices have not been
developed or implemented specifically to maximize the
carbon sequestration potential of restored wetlands.
Much additional information will be required to better
understand the role of prairie wetlands in climate change
mitigation and to develop or refine conservation
practices that optimize potential GHG benefits.

Wildlife habitat

The importance of Farm Bill conservation programs
to wildlife is well documented (Heard et al. 2000,
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Knutsen and Euliss 2001, Haufler 2005, 2007). Research
in the PPR has documented the regional-scale positive
impacts of the CRP on many species of grassland birds
(Johnson 2000, 2005, Haroldson et al. 2006, Veech
2006), waterfowl (Reynolds et al. 2001, Reynolds 2005),
and other grassland-dependent wildlife (Knutsen and
Euliss 2001). For example, it has been estimated that
CRP grasslands in the PPR have contributed to the
production of 25.7 million ducks between 1992 and 2003
(Reynolds et al. 2001, Reynolds 2005). Studies conduct-
ed at catchment scales also suggest that breeding-bird
diversity and abundance in restored wetlands is similar
to native prairie wetlands (Knutsen and Euliss 2001,
Ratti et al. 2001, Rewa 2007). Restored wetlands may
also support similar invertebrate, mammal, and am-
phibian populations as native prairie wetlands (Knutsen
and Euliss 2001, Rewa 2007).

Wildlife response to habitat restoration is a multi-
scale phenomenon dependent on numerous spatial and
structural requisites (Jones-Farrand et al. 2007,
Laubhan et al. 2008). Use of CRP lands by various
bird species varies by patch size and landscape
connectivity to other grassland and wetland communi-
ties (Naugle et al. 1999, Johnson 2001, Johnson and Igl
2001, Bakker et al. 2002, Niemuth and Solberg 2003,
Horn et al. 2005). Structure and composition of plant
communities at the field scale also influences wildlife
habitat suitability (Laubhan et al. 2008). Upland habitat
vegetation suitability in terms of visual obstruction,
height, density, stand age, seral stage, and cover type has
been related to nesting grassland birds, shorebirds, and
waterfowl (Renken 1983, Hertel 1987, Kantrud and
Higgins 1992, Patterson and Best 1996, Scheiman et al.
2003, Fritcher et al. 2004, Bakker et al. 2006, Jones-
Farrand et al. 2007). Similarly, temporal changes in
wetland vegetation structure and composition, and food
resources (i.e., aquatic invertebrates) affect shifts in
wildlife use (Swanson and Duebbert 1989, Swanson et
al. 2003, Euliss et al. 2004). Many of these studies also
emphasize the importance of wetland complexes to meet
habitat requirements of breeding waterfowl. For exam-
ple, waterfowl use temporary and seasonal wetlands for
courtship and foraging sites early in the breeding season,
whereas semipermanent and permanent wetlands are
used for foraging and brood-rearing habitat later in
season.

Based on species’ habitat requirements, landscape-
scale habitat models for grassland birds, waterfowl, and
waterbirds have been developed to guide conservation
planning and management activities in the PPR
(Cowardin et al. 1988, Naugle et al. 2001, Niemuth et
al. 2005, Reynolds et al. 2006). The importance of using
similar models or approaches to guide delivery of USDA
conservation programs in the PPR to maximize wildlife
benefits only recently has been considered. For example,
Reynolds et al. (2006) developed models to identify
areas in the PPR where CRP cover would provide the
greatest benefits to duck production. Their analyses
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showed that 75% of the active CRP contracts in 2005
occurred in areas accessible to high or medium numbers
of breeding ducks, whereas 25% occurred in areas of low
populations. These findings were instrumental for
development of the CRP Duck Nesting Habitat
Initiative that specifically aims to restore wetland
habitats in areas or landscapes most suitable for nesting
waterfowl (USDA 2006). Under this initiative, the
Environmental Benefit Index used by the USDA to
rank parcels for enrollment, included eligibility criteria
tailored to meet the habitat needs of nesting waterfowl.
Another USDA initiative, State Acres for Wildlife
Enhancement (SAFE; USDA 2007), was adopted to
address the habitat needs of endangered, threatened, or
high-priority fish and wildlife species. The SAFE
initiative also allows conservation practices currently
offered under the CRP to be fine-tuned to meet specific
state-level wildlife objectives rather than generalized
program objectives (Burger 2006). Initiatives like SAFE
will likely result in greater reliance in the future on
species-specific landscape-level habitat models or con-
cepts to better guide delivery of USDA conservation
programs and practices to meet wildlife objectives.

Most experts agree that conserving wildlife resources
over the long term will require cooperating with private
landowners on agricultural lands (Euliss et al. 2007).
The most influential program affecting the quantity and
quality of wildlife habitat on private lands is the Farm
Bill. Studies have demonstrated that the restoration of
wetlands and grasslands under USDA conservation
programs has enhanced the distribution and quality of
habitat for many wildlife species. However, the preced-
ing review also suggests that greater wildlife benefits
may result if species-specific habitat relationships are
considered when implementing conservation programs.
Many landscape-level habitat models for avian species
are available, and significant opportunity exists to
incorporate these models along with habitat quality
criteria and concepts of wetland complexes to optimize
wildlife benefits when targeting lands for conservation
programs.

TowARD FUTURE ASSESSMENTS OF ECOSYSTEM SERVICES

Recent assessments of USDA conservation programs
in the PPR suggest positive environmental benefits, but
a comprehensive assessment of all ecosystem services
will be required to evaluate overall program perfor-
mance. Our understanding of environmental benefits
provided by conservation programs is limited to
relatively few studies conducted on only a few conser-
vation programs (e.g., CRP). These studies were
generally conducted at scales that do not allow
comprehensive assessments of specific conservation
practices or programs on the myriad of ecosystem
services. Because of the large number of conservation
practices included within existing programs, conducting
high-quality assessments would require significant fund-
ing. However, detailed spatial data on program lands
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and practices will be crucial to more fully quantify
ecosystem services at watershed scales (e.g., floodwater
storage, water quality). Detailed spatial data also are
necessary to evaluate potential ecological trade-offs and
develop optimization strategies that sustain ecosystem
services (Euliss and Laubhan 2005). For example,
establishment of grassland strips or wetland buffers
adjacent to rivers and lakes may provide significant
water quality services; however, establishment of similar
habitat in some landscapes may be incompatible with
waterfowl production because fragmented or linear
habitats often exhibit high depredation rates (Reynolds
et al. 20006).

Our current knowledge of ecosystem services provided
by USDA conservation programs is largely limited to
point-in-time estimates. However, the PPR has a very
strong interannual climate that cycles between major
drought and deluge. Wetland hydrologic conditions in
the PPR are highly sensitive to climate (LaBaugh et al.
1996, Euliss et al. 2004) and extreme variations can
result in pronounced changes in wetland processes (e.g.,
methogenesis, denitrification), water chemistry, and
plant, invertebrate, and wildlife diversity. Hence, it is
critical to understand how conservation programs and
the cumulative effects of conservation practices contrib-
ute to ecosystem function throughout the natural
interannual climate cycle to provide specific goods and
services to society.

Despite the importance of the CRP to waterfowl in
the PPR, severe drought lowers the quality of the region
for waterfowl. The regional climate also works in
synergy with conservation programs to influence all
ecosystem services. For example, wetlands fill during
extremely wet periods and provide less water storage
than in dry years, whereas lowered pool levels maximize
storage and buffer the region from extreme precipitation
events. Because natural climate variability has such a
large impact on ecosystem services, the adaptive
management and policy goals of the USDA can only
be evaluated when changes in ecosystem services caused
by natural weather patterns can be separated from those
due to conservation programs in the PPR (Euliss and
Laubhan 2005). A recently launched U.S. Geological
Survey Science Thrust, the Integrated Landscape
Monitoring Initiative in the PPR, is developing a
modeling and monitoring framework to quantify change
in ecosystem services when conservation practices are
implemented. The foundation of this framework is based
on the unique climatic drivers in the PPR and models
are being developed that will separate change in
ecosystem services due to natural factors from those
attributable to federal conservation programs (Feng et
al. 2009, Euliss et al. 2011). The model is also being
developed to incorporate various climate change sce-
narios to facilitate evaluations of how climate and land
use futures may affect provisioning of ecosystem
services. Moreover, the modeling framework will
facilitate manipulations to explore potential mitigation
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strategies for diverse ecosystem services from all
functional types of wetlands in the PPR.

CoNcLUSIONS AND FUTURE RESOURCE CONCERNS

Implementation of Farm Bill wetland conservation
programs in the PPR has enhanced the provision of
various ecosystem services to society. However, the
provision of these ecosystem services in the future is
uncertain because many contracts (especially CRP) will
expire in the near future. Reynolds et al. (2005) reported
that nearly 1.01 million ha (2.5 million acres) enrolled in
the CRP in the PPR is set to expire in 2007, and by 2010
only ~20% of the land would remain in active contracts.
When contracts expire, landowners may reenroll in
conservation programs, maintain the restored habitat
for grazing, haying, or conservation benefits, or return
the land to crop production. Decision criteria used by
landowners will include both socioeconomic and con-
servation considerations (Skaggs et al. 1994, Johnson et
al. 1997); hence, crop prices, land values, and demand
futures for specialty crops (e.g., biofuels) will likely
influence whether conservation lands are returned to
crop production. Further, recent improvements in
farming techniques and genetically modified crops have
increased profit margins and made marginal cropland
often targeted by conservation programs more profit-
able (Herdt 2006, USGAO 2007).

As demands for agricultural products (food, fiber,
biofuels) increase, USDA conservation policies will
become increasingly important to ensure sustainability,
regulation, and provisioning of other ecosystem services
to sustain human health and quality-of-life standards
(e.g., clean water, wildlife habitat). Program changes will
require not only a thorough understanding of the effects
of conservation practices on ecosystems services, but
also the interaction of all Farm Bill policies and
programs that may be working at cross purposes to
one another. For example, from 1982 to 1997, 683943
ha of cropland in South Dakota was enrolled in the
CRP, while 736 554 ha of native grassland was converted
to cropland; farm program payments are believed to
have been an important factor influencing landowner’s
decisions to convert grasslands to cropland (Stubbs
2007, USGAO 2007).

Environmental and conservation goals have increas-
ingly become key factors in the formulation of USDA
policies. Implicit to the development and support for
specific conservation policies and programs (e.g., WRP)
has been the recognition of important ecosystem services
provided by wetlands. Moreover, continued support for
these programs will require evaluations of program
achievements relative to conservation goals. Overall,
recent USDA policies have protected wetlands on
agricultural lands from drainage (e.g., the Swamp-
buster provision) and conservation programs (e.g.,
WRP) have enhanced the delivery of ecosystem services.
However, our understanding of what to expect from
wetland conservation programs is still unclear because
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conservation goals do not include explicit performance
measures. For example, conservation goals often are not
stated as quantifiable outcomes, such as tons of carbon
to be sequestered or a desired percentage of reduction in
sediments and nutrients delivered to a lake or river
within a specific watershed. Only recently have conser-
vation programs been modified to address region-
specific conservation needs. For example, both the
CRP Duck Nesting Habitat and SAFE initiatives (see
Wildlife habitat section) will presumably result in the
development of specific performance measures from
which to evaluate program achievements. However,
development of wetland conservation programs intend-
ed to maximize a particular service (e.g., wildlife habitat
vs. water quality) may come at a cost to other services.
Consequently, future challenges will include developing
a better understanding of ecological service trade-offs
that may be incurred as conservation programs become
more refined to address specific environmental issues
(Euliss and Laubhan 2005).

ACKNOWLEDGMENTS

Financial assistance for development of this product was
provided by the U.S. Geological Survey. We thank Diane
Eckles, Loren Smith, and anonymous reviewers for their
constructive comments on the manuscript.

LiTERATURE CITED

Adomaitis, V. A., H. A. Kantrud, and J. A. Shoesmith. 1967.
Some chemical characteristics of aeolian deposits of snow-
soil on prairie wetlands. Proceedings of the North Dakota
Academy of Science 21:65-69.

Anderson, D. W. 1995. Decomposition of organic matter and
carbon emissions from soils. Pages 165-175 in R. Lal, J. M.
Kimble, E. Levine, and B. A. Stewart, editors. Soils and
global change. CRC Press, Boca Raton, Florida, USA.

Arruda, J. A., G. R. Marzolf, and R. T. Faulk. 1983. The role
of suspended sediments in the nutrition of zooplankton in
turbid reservoirs. Ecology 64:1225-1235.

Bakker, K. K., S. L. Eggebo, K. F. Higgins, and D. E. Naugle.
2006. Grassland bird use of CRP fields that differ by age-
class and cover type. Proceedings of the North American
Prairie Conference 19:70-75.

Bakker, K. K., D. E. Naugle, and K. F. Higgins. 2002.
Incorporating landscape attributes into models for migratory
grassland bird conservation. Conservation Biology 16:1638—
1646.

Batt, D. J., M. G. Anderson, C. D. Anderson, and F. D.
Caswell. 1989. The use of prairie potholes by North
American ducks. Pages 204-227 in A. G. van der Valk,
editor. Northern prairie wetlands. Iowa State University
Press, Ames, Towa, USA.

Bedard-Haughn, A., A. L. Matson, and D. J. Pennock. 2006.
Land use effects on gross nitrogen mineralization, nitrifica-
tion, and N,O emissions in ephemeral wetlands. Soil Biology
and Biochemistry 38:3398-3406.

Bengtson, M. L., and G. Padmanabhan. 1999. A hydrologic
model for assessing the influence of wetlands on flood
hydrographs in the Red River Basin: development and
application. Report Submitted to the International Joint
Commission Red River Task Force. North Dakota Water
Research Institute, North Dakota State University, Fargo,
North Dakota, USA. (http://www.ndsu.nodak.edu/ndsu/
wrri/A%20Hydrologic%20Model.pdf)

Beyersbergen, G. W., N. D. Niemuth, and M. R. Norton. 2004.
Northern prairie and parkland waterbird conservation plan:

USDA PROGRAM EFFECTS S77

a plan associated with the Waterbird Conservation for the
Americas Initiative. Prairie Pothole Joint Venture, Denver,
Colorado, USA. (http://www.pwrc.usgs.gov/nacwep/northern_
prairie_parklands.html)

Blank, R. R., and M. A. Fosberg. 1989. Cultivated and
adjacent virgin soils in northcentral South Dakota: I.
chemical and physical comparisons. Soil Science Society of
America Journal 53:1484-1490.

Bluemle, J. P. 2000. The face of North Dakota: the geologic
story. Third edition. Educational Series 26. North Dakota
Geological Survey, Bismarck, North Dakota, USA.

Brady, S. J. 2005. Highly erodible land and Swampbuster
provisions of the 2002 Farm Act. Pages 5-15 in J. B. Haufler,
editor. Fish and wildlife benefits of Farm Bill conservation
programs: 20002005 update. Technical Review 05-2. The
Wildlife Society, Bethesda, Maryland, USA.

Bridgham, S. D., J. P. Megonigal, J. K. Keller, N. B. Bliss, and
C. Trettin. 2006. The carbon balance of North American
wetlands. Wetlands 26:889-916.

Brun, L. J.,J. L. Richardson, J. W. Enz, and J. K. Larsen. 1981.
Stream flow changes in the southern Red River Valley of
North Dakota. North Dakota Farm Research Bulletin 38:
11-14.

Budelsky, R. A., and S. M. Galatowitsch. 1999. Effects of
moisture, temperature, and time on seed germination of five
wetland carices: implications for restoration. Restoration
Ecology 7:86-97.

Burger, L. W., Jr. 2006. Creating wildlife habitat through
Federal Farm Programs. An objective-driven approach.
Wildlife Society Bulletin 34:994-999.

Cihacek, L. J., and M. G. Ulmer. 1995. Estimated soil organic
carbon losses from long-term crop-fallow in the northern
Great Plains of the USA. Pages 85-92 in R. Lal, J. M.
Kimble, E. Levine, and B. A. Stewart, editors. Soil
management and greenhouse effect. CRC Press, Boca Raton,
Florida, USA.

Conant, R. T., K. Paustian, and E. T. Elliott. 2001. Grassland
management and conversion into grassland: effects on soil
carbon. Ecological Applications 11:343-355.

Cowardin, L. M., D. H. Johnson, T. L. Shaffer, and D. W.
Sparling. 1988. Applications of a simulation model to
decisions in mallard management. Technical Report Number
17. U.S. Fish and Wildlife Service, Washington, D.C., USA.

Cowardin, L. M., T. L. Shaffer, and P. M. Arnold. 1995.
Evaluations of duck habitat and estimation of duck
population sizes with a remote-sensing-based system. Bio-
logical Science Report 2. National Biological Service,
Washington, D.C., USA. (http://www.npwrc.usgs.gov/
resource/birds/duckhab/index.htm)

Dahl, T. E. 1990. Wetland losses in the United States, 1780’s to
1980’s. U.S. Fish and Wildlife Service, Washington, D.C.,
USA. (http://www.npwrc.usgs.gov/resource/wetlands/wetloss/
index.htm)

Dahl, T. E. 2006. Status and trends of wetlands in the
coterminous United States 1998 to 2004. U.S. Fish and
Wildlife Service Washington, D.C., USA. (http://library.fws.
gov/Pubs9/wetlands98-04.pdf)

Dahl, T. E., and C. E. Johnson. 1991. Status and trends of
wetlands in the coterminous United States, mid-1970’s to
mid-1980’s. U.S. Fish and Wildlife Service, Washington,
D.C., USA. (http://library.fws.gov/Pubs9/Wetlands70s80s.
pdf)

Davidson, E. A., M. Keller, H. E. Erickson, L. V. Verchot, and
E. Veldkamp. 2000. Testing a conceptual model of soil
emissions of nitrous and nitric oxides. Bioscience 50:667—680.

Dittmar, L. A., and R. K. Neely. 1999. Wetland seed bank
response to sedimentation varying in loading and texture.
Wetlands 19:341-351.

Dornfeld, R., and R. Warhurst. 1988. A cooperative program
for restoring drained wetlands in Minnesota. North Amer-
ican Wildlife and Natural Resource Conference 53:454—-462.



S78

Dorr, H., L. Katruff, and I. Levine. 1993. Soil texture
parameterization of methane uptake in aerated soils. Chemo-
sphere 26:697-713.

Euliss, N. H., Jr., R. A. Gleason, A. Olness, R. L. McDougal,
H. R. Murkin, R. D. Robarts, R. A. Bourbonniere, and B. G.
Warner. 2006. North American prairie wetlands are impor-
tant nonforested land-based carbon storage sites. Science of
the Total Environment 361:179-188.

Euliss, N. H., Jr., J. W. LaBaugh, L. H. Frederickson, D. M.
Mushet, M. K. Laubhan, G. A. Swanson, T. C. Winter,
D. O. Rosenberry, and R. D. Nelson. 2004. The wetland
continuum: a conceptual framework for interpreting biolog-
ical studies. Wetlands 24:448-458.

Euliss, N. H., Jr., and M. K. Laubhan. 2005. Quantifying the
environmental benefits of the Conservation Reserve Program
on prairie wetlands: separating acts of nature from acts of
Congress. Pages 11-15 in A. W. Allen and M. W. Vandever,
editors. The Conservation Reserve Program: planting for the
future. Proceedings of a national conference, Fort Collins,
Colorado, 6-9 June 2004.Scientific Investigations Report
2005-5145. U.S. Geological Survey, Reston, Virginia, USA.
(http://pubs.er.usgs.gov/usgspubs/sir/sir20055145)

Euliss, N. H., Jr., M. K. Laubhan, and R. A. Gleason. 2007.
Wildlife benefits. Pages 193-198 in J. M. Kimble, C. W. Rice,
D. Reed, S. Mooney, R. F. Follett, and R. Lal, editors. Soil
carbon management: economic, environmental and societal
benefits. CRC Press, Boca Raton, Florida, USA.

Euliss, N. H., Jr., and D. M. Mushet. 1996. Water-level
fluctuation in wetlands as a function of landscape condition
in the Prairie Pothole Region. Wetlands 16:587-593.

Euliss, N. H., Jr., L. M. Smith, S. Liu, W. G. Duffy, S. P.
Faulkner, R. A. Gleason, and S. D. Eckles. 2011. Integrating
estimates of ecosystem services from conservation programs
and practices into models for decision makers. Ecological
Applications 21(Supplement):S128-S134.

Feng, M., S. Liu, N. H. Euliss, Jr., and F. Yin. 2009.
Distributed geospatial model sharing based on open inter-
operability standards. Journal of Remote Sensing 13:1060—
1066.

Follett, R. F., E. G. Pruessner, S. E. Samson-Liebig, J. M.
Kimble, and S. W. Waltman. 2001. Carbon sequestration
under the Conservation Reserve Program in the historic
grassland soils of the United States of America. Pages 27—40
in R. Lal, editor. Carbon sequestration and the greenhouse
effect. Special Publication Number 57. Soil Science Society of
America, Madison, Wisconsin, USA.

Franke, D. C. 1997. Enhancement of floral species richness in
glaciated prairie temporary wetlands. Thesis. South Dakota
State University, Brookings, South Dakota, USA.

Freeland, J. A., J. L. Richardson, and L. A. Foss. 1999. Soil
indicators of agricultural impacts on northern prairie
wetlands: cottonwood lake research area, North Dakota,
USA. Wetlands 19:56—64.

Fritcher, S. C., M. A. Rumble, and L. D. Flake. 2004.
Grassland bird densities in seral stages of mixed-grass prairie.
Journal of Range Management 57:351-357.

Galatowitsch, S. M., N. O. Anderson, and P. D. Ascher. 1999.
Invasiveness in wetland plants in temperate North America.
Wetlands 19:733-755.

Galatowitsch, S. M., and A. G. van der Valk. 1994. Restoring
prairie wetlands: an ecological approach. Iowa State Uni-
versity Press, Ames, lowa, USA.

Galatowitsch, S. M., and A. G. van der Valk. 1996. The
vegetation of restored and natural prairie wetlands. Ecolog-
ical Applications 6:102—-112.

Gebhart, D. L., H. B. Johnson, H. S. Mayeux, and H. W.
Polley. 1994. The CRP increases soil organic carbon. Journal
of Soil and Water Conservation 49:488-492.

Gleason, R. A. 1996. Influence of agricultural practices on
sedimentation rates, aquatic invertebrates, and bird-use in

R. A. GLEASON ET AL.

Ecological Applications
Special Issue

prairie wetlands. Thesis. Humboldt State University, Arcata,
California, USA.

Gleason, R. A. 2001. Invertebrate egg and plant seed banks in
natural, restored, and drained wetlands in the Prairie Pothole
Region (USA) and potential effects of sedimentation on
recolonization of hydrophytes and aquatic invertebrates.
Dissertation. South Dakota State University, Brookings,
South Dakota, USA.

Gleason, R. A., and N. H. Euliss, Jr. 1998. Sedimentation of
prairie wetlands. Great Plains Research 8:97-112.

Gleason, R. A., N. H. Euliss, Jr., D. E. Hubbard, and W. G.
Duffy. 2003. Effects of sediment load on emergence of
aquatic invertebrates and plants from wetland soil egg and
seed banks. Wetlands 23:26-34.

Gleason, R. A., N. H. Euliss, Jr., D. E. Hubbard, and W. G.
Duffy. 2004. Invertebrate egg banks of restored, natural, and
drained wetlands in the Prairie Pothole Region of the United
States. Wetlands 24:562-572.

Gleason, R. A., N. H. Euliss, Jr., R. L. McDougal, K. E.
Kermes, E. N. Steadman, and J. A. Harju. 2005. Potential of
restored prairie wetlands in the glaciated North American
prairie to sequester atmospheric carbon. Energy and Envi-
ronmental Research Center, University of North Dakota,
Grand Forks, North Dakota, USA. (http://library.npwrc.cr.
usgs.gov/diglib/npwre/npwrel544.pdf)

Gleason, R. A., and M. K. Laubhan. 2008. Background and
approach to quantification of ecosystem services. Pages 3-14
in R. A. Gleason, M. K. Laubhan, and N. H. Euliss, Jr.,
editors.  Ecosystem services derived from wetland con-
servation practices in the United States Prairie Pothole
Region with an emphasis on the U.S. Department of
Agriculture Conservation Reserve and Wetlands Reserve
Programs. Professional Paper 1745. U.S. Geological Survey,
Reston, Virginia, USA. (http://pubs.er.usgs.gov/usgspubs/
pp/pp1745)

Gleason, R. A., M. K. Laubhan, and N. H. Euliss, Jr., editors.
2008a. Ecosystem services derived from wetland conservation
practices in the United States Prairie Pothole Region with an
emphasis on the U.S. Department of Agriculture Conserva-
tion Reserve and Wetlands Reserve Programs. Professional
Paper 1745. U.S. Geological Survey, Reston, Virginia, USA.
(http://pubs.er.usgs.gov/usgspubs/pp/pp1745)

Gleason, R. A., and B. A. Tangen. 2008. Floodwater storage.
Pages 31-37 in R. A. Gleason, M. K. Laubhan, and N. H.
Euliss, Jr., editors. Ecosystem services derived from wetland
conservation practices in the United States Prairie Pothole
Region with an emphasis on the U.S. Department of
Agriculture Conservation Reserve and Wetlands Reserve
Programs. Professional Paper 1745. U.S. Geological Survey,
Reston, Virginia, USA. (http://pubs.er.usgs.gov/usgspubs/
pp/pp1745)

Gleason, R. A., B. A. Tangen, and M. K. Laubhan. 20085.
Carbon sequestration. Pages 23-30 in R. A. Gleason, M. K.
Laubhan, and N. H. Euliss, Jr., editors. Ecosystem services
derived from wetland conservation practices in the United
States Prairie Pothole Region with an emphasis on the U.S.
Department of Agriculture Conservation Reserve and
Wetlands Reserve Programs. Professional Paper 1745. U.S.
Geological Survey, Reston, Virginia, USA. (http://pubs.er.
usgs.gov/usgspubs/pp/pp1745)

Gleason, R. A., B. A. Tangen, M. K. Laubhan, K. E. Kermes,
and N. H. Euliss, Jr. 2007. Estimating water storage capacity
of existing and potentially restorable wetland depressions in a
subbasin of the Red River of the North. Open-File Report
2007-1159. U.S. Geological Survey, Reston, Virginia, USA.
(http://pubs.er.usgs.gov/usgspubs/ofr/ofr20071159)

Grue, C. E., L. R. DeWeese, P. Mineau, G. A. Swanson, J. R.
Foster, P. M. Arnold, J. N. Huckins, P. J. Sheehan, W. K.
Marshall, and A. P. Ludden. 1986. Potential impacts of
agricultural chemicals on waterfowl and other wildlife
inhabiting prairie wetlands: an evaluation of research needs



April 2011

and approaches. Transactions of the North American
Wildlife and Natural Resources Conference 51:357-383.

Haroldson, K. J., R. O. Kimmel, M. R. Riggs, and A. H.
Berner. 2006. Association of ring-necked pheasant, gray
partridge, and meadowlark abundance to Conservation
Reserve Program grasslands. Journal of Wildlife Manage-
ment 70:1276-1284.

Harris, S. W., and W. H. Marshall. 1963. Ecology of water-level
manipulations on a northern marsh. Ecology 44:331-343.
Haufler, J. B., editor. 2005. Fish and wildlife benefits of Farm
Bill conservation programs: 2000-2005 update. Technical
Review 05-2. The Wildlife Society, Bethesda, Maryland,

USA.

Haufler, J. B., editor. 2007. Fish and wildlife response to Farm
Bill conservation practices. The Wildlife Society Technical
Review 2007.

Heard, L. P., et al. 2000. A comprehensive review of Farm Bill
contributions to wildlife conservation, 1985-2000. Technical
Report USDA/NRCS/WHMI-2000. USDA, Natural Re-
sources Conservation Service, Wildlife Habitat Management
Institute, Madison, Mississippi, USA. (http://www.whmi.
nres.usda.gov/technical/comprehensivereview.html)

Herdt, R. W. 2006. Biotechnology in agriculture. Annual
Review of Environment and Resources 31:265-295.

Hertel, D. R. 1987. Effects of grazing systems on habitats used
by upland nesting waterfowl in south central North Dakota.
Thesis. North Dakota State University, Fargo, North
Dakota, USA.

Horn, D. J., M. L. Philips, R. R. Koford, W. R. Clark, M. A.
Sovada, and R. J. Greenwood. 2005. Landscape composi-
tion, patch size, and distance to edges: interactions affecting
duck reproductive success. Ecological Applications 15:1367—
1376.

Hubbard, D. E. 1988. Glaciated prairie wetland functions and
values: a synthesis of the literature. Biological Report 88(43).
U.S. Fish and Wildlife Service, Washington, D.C., USA.

Igl, L. D., and D. H. Johnson. 1997. Changes in breeding bird
populations in North Dakota: 1967 to 1992-93. Auk 114:74—
92.

Johnson, D. H. 2000. Grassland bird use of Conservation
Reserve Program fields in the Great Plains. Pages 19-33 in
L. P. Heard, et al., editors. A comprehensive review of Farm
Bill contributions to fish and wildlife conservation, 1985
2000. Technical Report USDA/NRCS/WHMI-2000. U.S.
Department of Agriculture, Natural Resources Conservation
Service, Wildlife Habitat Management Institute, Madison,
Mississippi, USA. (http://www.whmi.nrcs.usda.gov/technical/
comprehensivereview.html)

Johnson, D. H. 2001. Habitat fragmentation effects on birds in
grasslands and wetlands: a critique of our knowledge. Great
Plains Research 11:211-213.

Johnson, D. H. 2005. Grassland bird use of Conservation
Reserve Program fields in the Great Plains. Pages 17-32 in
J. B. Haufler, editor. Fish and wildlife benefits of Farm Bill
conservation programs: 2000-2005 update. Technical Review
05-2. The Wildlife Society, Bethesda, Maryland, USA.

Johnson, D. H., S. D. Haseltine, and L. M. Cowardin. 1994.
Wildlife habitat management on the northern prairie
landscape. Landscape and Urban Planning 28:5-21.

Johnson, D. H., and L. D. Igle. 2001. Area requirements of
grassland birds: a regional perspective. Auk 118:24-34.

Johnson, P. N., S. K. Misra, and R. T. Ervin. 1997. A
qualitative choice analysis of factors influencing post-CRP
land use decisions. Journal of Agricultural and Applied
Economics 29:163-173.

Johnson, R. R., and K. F. Higgins. 1997. Wetland resources of
eastern South Dakota. South Dakota State University,
Brookings, South Dakota, USA.

Jones-Farrand, D. T., D. H. Johnson, L. W. Burger, Jr., and
M. R. Ryan. 2007. Grassland establishment for wildlife
conservation. Pages 25-43 in J. B. Haufler, editor. Fish and

USDA PROGRAM EFFECTS

S79

wildlife response to Farm Bill conservation practices.
Technical Review 07-01. The Wildlife Society, Bethesda,
Maryland, USA.

Jurik, T. W., S. C. Wang, and A. G. van der Valk. 1994. Effects
of sediment load on seedling emergence from wetland seed
banks. Wetlands 14:159-165.

Kantrud, H. A. 1990. Sago pondweed (Potamogeton pectinatus
L.): a literature review. Resource Publication 176. U.S. Fish
and Wildlife Service, Washington, D.C., USA. (http://www.
npwre.usgs.gov/resource/plants/pondweed/index.htm)

Kantrud, H. A., and K. F. Higgins. 1992. Nest and nest site
characteristics of some ground-nesting, non-passerine birds
of northern grasslands. Prairie Naturalist 24:67-84.

Kantrud, H. A., G. L. Krapu, and G. A. Swanson. 1989. Prairie
basin wetlands of the Dakotas: a community profile.
Biological Report 85. U.S. Fish and Wildlife Service,
Washington, D.C., USA. (http://www.npwrc.usgs.gov/
resource/wetlands/basinwet/index.htm)

Kantrud, H. K., and W. E. Newton. 1996. A test of vegetation-
related indicators of wetland quality in the Prairie Pothole
Region. Journal of Aquatic Ecosystem Health 5:177-191.

Keller, M., M. E. Mitre, and R. F. Stallard. 1990. Consumption
of atmospheric methane in soils in central Panama: effects of
agricultural development. Global Biogeochemical Cycles 4:
21-27.

Kirk, K. L., and J. J. Gilbert. 1990. Suspended clay and
population dynamics of planktonic rotifers and cladocerans.
Ecology 71:1741-1755.

Knutsen, G. A., and N. H. Euliss, Jr. 2001. Wetland restoration
in the Prairie Pothole Region of North America: a literature
review. Biological Science Report 2001-0006. U.S. Geological
Survey, Reston, Virginia, USA.

LaBaugh, J. W., T. C. Winter, G. A. Swanson, D. O.
Rosenberry, R. D. Nelson, and N. H. Euliss, Jr. 1996.
Changes in atmospheric patterns affect midcontinent wet-
lands sensitive to climate. Limnology and Oceanography 41:
864-870.

LaGrange, T. G., and J. J. Dinsmore. 1989. Plant and animal
community responses to restored lowa wetlands. Prairie
Naturalist 21:39-48.

Laubhan, M. K., and R. A. Gleason. 2008. Plant community
quality and richness. Pages 15-22 in R. A. Gleason, M. K.
Laubhan, and N. H. Euliss, Jr., editors. Ecosystem services
derived from wetland conservation practices in the United
States Prairie Pothole Region with an emphasis on the U.S.
Department of Agriculture Conservation Reserve and
Wetlands Reserve Programs. Professional Paper 1745. U.S.
Geological Survey, Reston, Virginia, USA. (http://pubs.er.
usgs.gov/usgspubs/pp/pp1745)

Laubhan, M. K., K. E. Kermes, and R. A. Gleason. 2008.
Proposed approach to assess potential wildlife habitat
suitability on program lands. Pages 45-58 in R. A. Gleason,
M. K. Laubhan, and N. H. Euliss, Jr., editors. Ecosystem
services derived from wetland conservation practices in the
United States Prairie Pothole Region with an emphasis on
the U.S. Department of Agriculture Conservation Reserve
and Wetlands Reserve Programs. Professional Paper 1745.
U.S. Geological Survey, Reston, Virginia, USA. (http://pubs.
er.usgs.gov/usgspubs/pp/pp1745)

Litynski, J. T., S. M. Klara, H. G. Mcllvried, and R. D.
Srivastava. 2006. The United States Department of Energy
regional carbon sequestration partnership program: a col-
laborative approach to carbon management. Environmental
International 32:128-144.

Ludden, A. P., D. L. Frink, and D. H. Johnson. 1983. Water
storage capacity of natural wetland depressions in the Devils
Lake basin of North Dakota. Journal of Soil and Water
Conservation 38:45-48.

Luo, H.-R., L. M. Smith, B. L. Allen, and D. A. Haukos. 1997.
Effects of sedimentation on Playa wetland volume. Ecolog-
ical Applications 7:247-252.



S80

Mac, M. J., P. A. Opler, C. E. Puckett-Haecker, and P. D.
Doran. 1998. Status and trends of the nation’s biological
resources. U.S. Geological Survey, Reston, Virginia, USA.
(http://www.nwrc.usgs.gov/sandt/SNT.pdf)

Malcolm, J. M. 1979. The relationship of wetland drainage to
flooding and water quality problems and its impacts on the J.
Clark Salyer National Wildlife Refuge, Upham, North
Dakota. U.S. Department of the Interior, Fish and Wildlife
Service, J. Clark Salyer National Wildlife Refuge, North
Dakota, USA.

Manale, A. 2000. Flood and water quality management
through targeted, temporary restoration of landscape func-
tions: paying upland farmers to control runoff. Journal of
Soil and Water Conservation 55:285-295.

Mann, L. K. 1986. Changes in soil carbon storage after
cultivation. Soil Science 42:279-288.

Martin, D. B., and W. A. Hartman. 1987. The effect of
cultivation on sediment composition and deposition in
prairie pothole wetlands. Water, Air, and Soil Pollution 34:
45-53.

Mausbach, M. J., and A. R. Dedrick. 2004. The length we go:
measuring environmental benefits of conservation practices.
Journal of Soil and Water Conservation 59:96-103.

McCabe, G. D., and W. J. O’Brien. 1983. The effects of
suspended silt on feeding and reproduction of Daphnia pulex.
American Midland Naturalist 110:324-337.

Merbach, W., T. Kalettka, C. Rudat, and J. Augustun. 2002.
Trace gas emissions from riparian areas of small eutrophic
inland waters in Northeast Germany. Pages 235-244 in G.
Broll, W. Merbach, and E. Pfeiffer, editors. Wetlands in
Central Europe, soil organisms, soil ecological processes, and
trace gas emissions. Springer, Berlin, Germany.

Miller, J. E., and D. L. Frink. 1984. Changes in flood response
of the Red River of the North basin, North Dakota-
Minnesota. Water-supply Paper 2243. U.S. Geological
Survey, Richmond, Virginia, USA. (http://pubs.er.usgs.gov/
usgspubs/wsp/wsp2243)

Miller, M. W., and T. D. Nudds. 1996. Prairie landscape
change and flooding in the Mississippi River Valley.
Conservation Biology 10:847-853.

Moore, I. D., and C. L. Larson. 1979. Effects of drainage
projects on surface runoff from small depressional water-
sheds in the north central region. Water Resources Research
Center Bulletin 99. Department of Agricultural Engineering,
University of Minnesota, Minneapolis, Minnesota, USA.

National Academy of Sciences. 2004. Valuing ecosystem
services: toward better environmental decision-making.
National Academic Press, Washington, D.C., USA.

Naugle, D. E., K. F. Higgins, S. M. Nusser, and W. C.
Johnson. 1999. Scale-dependent habitat use in three species
of prairie wetland birds. Landscape Ecology 14:267-276.

Naugle, D. E., R. R. Johnson, M. E. Estey, and K. F. Higgins.
2001. A landscape approach to conserving wetland bird
habitat in the Prairie Pothole Region of eastern South
Dakota. Wetlands 21:1-17.

Neely, R. K., and J. L. Baker. 1989. Nitrogen and phosphorus
dynamics and the fate of agricultural runoff. Pages 92-131 in
A. G. van der Valk, editor. Northern prairie wetlands. lowa
State University Press, Ames, lowa, USA.

Newcombe, C. P., and D. D. MacDonald. 1991. Effects of
suspended sediments on aquatic ecosystems. North American
Journal of Fisheries Management 11:72-82.

Niemuth, N. D., M. E. Estey, and C. R. Loesch. 2005.
Developing spatially explicit habitat models for grassland
bird conservation planning in the Prairie Pothole Region of
North Dakota. Pages 469-477 in C. J. Ralph and T. D. Rich,
editors. Bird conservation implementation and integration in
the Americas: proceedings of the third international Partners
in Flight conference. U.S. Department of Agriculture Forest
Service PSW-GTR-191, Albany, California, USA. (http://

R. A. GLEASON ET AL.

Ecological Applications
Special Issue

www.fs.fed.us/psw/publications/documents/psw_gtr191/
Asilomar/pdfs/469-477.pdf)

Niemuth, N. D., M. E. Estey, R. E. Reynolds, C. R. Loesch,
and W. A. Meeks. 2006. Use of wetlands by spring-migrant
shorebirds in agricultural landscapes of North Dakota’s drift
prairie. Wetlands 26:30-39.

Niemuth, N. D., and J. W. Solberg. 2003. Response of
waterbirds to numbers of wetlands in the Prairie Pothole
Region of North Dakota, USA. Waterbirds 26:233-238.

NRC [National Research Council]. 1995. Wetlands: character-
istics and boundaries. National Academy Press, Washington,
D.C., USA.

Parashar, D. C., P. K. Gupta, and C. Sharma. 2001. Estimate
of methane uptake potential by Indian soils. Chemosphere
Global Change Science 3:171-174.

Patterson, M. P., and L. B. Best. 1996. Bird abundance and
nesting success in Iowa CRP fields: the importance of
vegetation structure and composition. American Midland
Naturalist 135:153-167.

Phillips, R., and O. Beeri. 2008. The role of hydropedologic
vegetation zones in greenhouse gas emissions for agricultural
wetland landscapes. Catena 72:386-394.

Post, W. M., C. Izaurralde, J. D. Jastrow, B. A. McCarl, J. E.
Amonette, V. L. Bailey, P. M. Jardine, T. O. West, and J.
Zhou. 2004. Enhancement of carbon sequestration in U.S.
soils. BioScience 54:895-908.

Ratti, J. T., A. M. Rocklage, J. H. Giudice, E. O. Garton, and
D. P. Golner. 2001. Comparison of avian communities on
restored and natural wetlands in North and South Dakota.
Journal of Wildlife Management 65:676—684.

Renken, R. B. 1983. Breeding bird communities and bird-
habitat associations on North Dakota waterfowl production
areas of three habitat types. Thesis. Iowa State University,
Ames, Towa, USA.

Rewa, C. A. 2007. Fish and wildlife benefits associated with
wetland establishment practices. Pages 71-82 in J. B. Haufler,
editor. Fish and wildlife response to Farm Bill conservation
practices. Technical Review 07-01. The Wildlife Society,
Bethesda, Maryland, USA.

Reynolds, R. E. 2005. The Conservation Reserve Program and
duck production in the U.S. Prairie Pothole Region. Pages
33-40 in J. B. Haufler, editor. Fish and wildlife benefits of
Farm Bill conservation programs: 2000-2005 update. Tech-
nical Review 05-2. The Wildlife Society, Bethesda, Maryland,
USA.

Reynolds, R. E., T. L. Shaffer, C. R. Loesch, and R. R. Cox, Jr.
2006. The Farm Bill and duck production in the Prairie
Pothole Region: increasing the benefits. Wildlife Society
Bulletin 34:963-974.

Reynolds, R. E., T. L. Shaffer, R. W. Renner, W. E. Newton,
and B. D. J. Batt. 2001. Impact of the Conservation Reserve
Program on duck recruitment in the U.S. Prairie Pothole
Region. Journal of Wildlife Management 65:765-780.

Samson, F. B., and F. L. Knopf. 1994. Prairie conservation in
North America. BioScience 44:418-421.

Scheiman, D. M., E. K. Bollinger, and D. H. Johnson. 2003.
Effects of leafy spurge infestation on grassland birds. Journal
of Wildlife Management 67:115-121.

Sewell, R. W. 1989. Floral and faunal colonization of restored
wetlands in west-central Minnesota and northeastern South
Dakota. Thesis. South Dakota State University, Brookings,
South Dakota, USA.

Simonovic, S. P., and K. M. Juliano. 2001. Role of wetlands
during low frequency flooding events. Canadian Water
Resources Journal 26:377-397.

Skaggs, R. K., R. E. Kirksey, and W. M. Harper. 1994.
Determinants and implications of post-CRP land use
decisions. Journal of Agricultural and Resource Economics
19:299-312.

Smith, A. G., J. H. Stoudt, and J. B. Gollop. 1964. Prairie
potholes and marshes. Pages 39-50 in J. P. Linduska, editor.



April 2011

Waterfowl tomorrow. U.S. Fish and Wildlife Service,
Washington, D.C., USA.

Stewart, R. E., and H. A. Kantrud. 1971. Classification of
natural ponds and lakes in the glaciated prairie region.
Resource Publication 92. U.S. Fish and Wildlife Service,
Washington, D.C., USA. (http://www.npwrc.usgs.gov/
resource/wetlands/pondlake/index.htm)

Stubbs, M. 2007. Land conversion in the northern plains.
Congressional Research Service Report RL33950. National
Council for Science and the Environment, Washington, D.C.,
USA. (http://ncseonline.org/NLE/CRs/abstract.cfm?NLEid=
1854)

Swanson, G. A., and H. F. Duebbert. 1989. Wetland habitats of
waterfowl in the Prairie Pothole Region. Pages 228-267 in
A. G. van der Valk, editor. Northern prairie wetlands. lowa
State University Press, Ames, lowa, USA.

Swanson, G. A., N. H. Euliss, Jr., B. A. Hanson, and D. M.
Mushet. 2003. Dynamics of a prairie wetland complex:
implications for wetland management. Pages 55-94 in T. C.
Winter, editor. Hydrological, chemical, and biological
characteristics of a prairie pothole wetland complex under
highly variable climate conditions: the cottonwood lake area,
east-central North Dakota. Professional Paper 1675. U.S.
Geological Survey, Denver, Colorado, USA. (http://pubs.er.
usgs.gov/usgspubs/pp/ppl675)

Tangen, B. A., and R. A. Gleason. 2008. Reduction of
sedimentation and nutrient loading. Pages 38-44 in R. A.
Gleason, M. K. Laubhan, and N. H. Euliss, Jr., editors.
Ecosystem services derived from wetland conservation
practices in the United States Prairie Pothole Region with
an emphasis on the U.S. Department of Agriculture
Conservation Reserve and Wetlands Reserve Programs.
Professional Paper 1745. U.S. Geological Survey, Reston,
Virginia, USA. (http://pubs.er.usgs.gov/usgspubs/pp/pp1745)

Thornton, F. C., and R. J. Valente. 1996. Soil emissions of
nitrous oxide from no-till corn. Soil Science Society of
America Journal 60:1127-1133.

USDA [U.S. Department of Agriculture]. 2005. Agricultural
statistics. National Agricultural Statistics Service, United
States Government Printing Office, Washington, D.C., USA.

USDA [U.S. Department of Agriculture]. 2006. Conservation
Reserve Program Duck Nesting Habitat Initiative. USDA,
Farm Service Agency Fact Sheet. USDA Farm Service
Agency, Washington, D.C., USA. (http://www.fsa.usda.gov/
Internet/FSA_File/crpduck06.pdf)

USDA [U.S. Department of Agriculture]. 2007. FSA announces
nationwide conservation initiative to restore species of
concern and their habitats. News Release Number 1428.07.

USDA PROGRAM EFFECTS

S81

USDA Farm Service Agency, Washington, D.C., USA.
(https://www.usfarmer.com/forum/showthread.php?t=769)
USGAO [U.S. Government Accountability Office]. 2007.
Agricultural conservation: farm program payments are an
important factor in landowner’s decisions to convert
grassland to cropland. Report to Congressional Requesters
GAO-07-1054. Washington D.C., USA. (http://www.gao.

gov/highlights/d071054high.pdf)

van der Kamp, G., W. J. Stolte, and R. G. Clark. 1999. Drying
out of small prairie wetlands after conversion of their
catchments from cultivation to permanent brome grass.
Hydrological Sciences Journal 44:387-397.

van der Valk, A. G., T. L. Bremholm, and E. Gordon. 1999.
The restoration of sedge meadows: seed viability, seed
germination requirements, and seedling growth of Carex
species. Wetlands 4:756-764.

van der Valk, A. G., and C. B. Davis. 1978. The role of seed
banks in the vegetation dynamics of prairie glacial marshes.
Ecology 59:322-335.

Veech, J. A. 2006. A comparison of landscapes occupied by
increasing and decreasing populations of grassland birds.
Conservation Biology 20:1422-1432.

Vining, K. C. 2002. Simulation of streamflow and wetland
storage, Starkweather Coulee subbasin, North Dakota, water
years 1981-98. Water-resources Investigations Report 02-
4113. U.S. Geological Survey, Bismarck, North Dakota,
USA. (http://pubs.er.usgs.gov/usgspubs/wri/wri024113)

Voldseth, R. A., W. C. Johnson, T. Gilmanov, G. R.
Guntenspergen, and B. V. Millett. 2007. Model estimation
of land-use effects on water levels of northern prairie
wetlands. Ecological Applications 17:527-540.

Wang, S.-C., T. W. Jurik, and A. G. van der Valk. 1994. Effects
of sediment load on various stages in the life and death of
cattail (Typha x Glauca). Wetlands 14:166—-173.

Whiting, G. J., and J. P. Chanton. 2001. Greenhouse carbon
balance: methane emission versus carbon sequestration.
Tellus 53B:521-528.

Wienhold, C. E., and A. G. van der Valk. 1989. The impact of
duration of drainage on the seed banks of northern prairie
wetlands. Canadian Journal of Botany 67:1878-1884.

Winter, T. C. 2003. Hydrological, chemical, and biological
characteristics of a prairie pothole wetland complex under
highly variable climate conditions: the Cottonwood Lake
Area, east-central North Dakota. Professional Paper 1675.
U.S. Geological Survey, Denver, Colorado, USA. (http://
pubs.er.usgs.gov/usgspubs/pp/pp1675)

Yetka, L. A., and S. M. Galatowitsch. 1999. Factors affecting
revegetation of Carex lacustris and Carex stricta from
rhizomes. Restoration Ecology 7:162—171.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU ([Based on 'AP_Press'] Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


