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Abstract: Prairie-pothole wetlands provide the critical habitat necessary for supporting North
American migratory waterfowl populations. However, climate and land-use change threaten the
sustainability of these wetland ecosystems. Very few experiments and analyses have been designed
to investigate the relative impacts of climate and land-use change drivers, as well as the antagonistic
or synergistic interactions among these drivers on ecosystem processes. Prairie-pothole wetland
water budgets are highly dependent on atmospheric inputs and especially surface runoff, which
makes them especially susceptible to changes in climate and land use. Here, we present the history of
prairie-pothole climate and land-use change research and address the following research questions:
1) What are the relative effects of climate and land-use change on the sustainability of prairie-pothole
wetlands? and 2) Do the effects of climate and land-use change interact differently under different
climatic conditions? To address these research questions, we modeled 25 wetland basins (1949–2018)
and measured the response of the lowest wetland in the watershed to wetland drainage and climate
variability. We found that during an extremely wet period (1993–2000) wetland drainage decreased
the time at which the lowest wetland reached its spill point by four years, resulting in 10 times the
amount of water spilling out of the watershed towards local stream networks. By quantifying the
relative effects of both climate and land-use drivers on wetland ecosystems our findings can help
managers cope with uncertainties about flooding risks and provide insight into how to manage
wetlands to restore functionality.

Keywords: prairie pothole wetlands; climate change; land-use change; wetland drainage;
PHyLiSS model

1. Introduction

Climate and land-use change are two major drivers that threaten the sustainability of
non-floodplain wetlands known collectively as “vulnerable waters” [1]. Very few experiments
and analyses are designed to investigate the relative impacts of multiple global-change drivers as well
as the antagonistic or synergistic interactions among drivers on ecosystem processes [2]. In the absence
of manipulative experiments aimed at addressing the relative impacts and interactions between climate
and land-use change on ecosystem processes, a priori approaches are used to analyze existing data
and explore the gross effects of change [3]. There is a current need to design studies identifying the
relative impact of climate and land-use change on different physical (e.g., hydroperiod and salinity)
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and biological (e.g., vegetation and aquatic macroinvertebrate communities) variables of interest in
areas where vulnerable wetlands that have been well documented as a “disappearing ecosystem” [4].

The Prairie Pothole Region (PPR) covers approximately 777,000 km2 of the North American
midcontinent (Figure 1). Over half of the historical wetlands in the PPR have been drained, and
conversion of upland areas to crops has altered wetland functioning and the ecosystem services
provided by wetlands [5]. Millions of small, glacially derived wetlands that provide critical habitat
for migratory waterfowl [5] and other wetland-dependent species [6,7] occur in the PPR, making it a
continentally significant region for biodiversity [8]. The wetlands of the PPR also provide additional
ecosystem services such as floodwater storage, sediment reduction, water-quality improvement [9], and
carbon sequestration [10]. The need to tease apart the complexity caused by interactions between climate
and land-use change drivers and how they affect biodiversity, in general, has been recently established
as a pressing research priority for ecosystem scientists and land managers [2]. Understanding the
relative impacts of climate and land-use change on wetland hydrology is critical for developing
land-management strategies for ensuring the sustainability of prairie-pothole wetlands.

The interaction between climate and land-use change has been hypothesized to substantially
reduce the productivity of prairie wetlands [11,12]. Dahl [5] summarized how prairie-pothole wetlands
have changed in the U.S. portion of the PPR from 1997 to 2009 and presented evidence of how climate
and land-use drivers impact prairie-pothole wetlands separately, but he did not discuss interacting
effects or present any studies that quantified the relative effects of climate and land-use change.
Anteau [13] developed hypotheses about how consolidation drainage can impact wetlands receiving
drainage water under different climate regimes but has not tested these hypotheses. Developing
novel approaches to measuring the relative impacts of both climate and land use drivers as well as
the antagonistic or synergistic interactions among drivers in the PPR has been identified as a critical
conservation priority for managing an ecosystem of continental importance [14]

1.1. History of Prairie-Pothole Wetland Climate and Land-Use Change Research

There is a rich history of prairie-pothole wetland research spanning almost six decades. A key
understanding of prairie-pothole wetland ecology comes from empirical and predictive modeling
conducted and developed from long-term research sites. Many of the research examples come from
three, long-term, wetland-research sites in the PPR, where hydrology and geochemistry have been
continuously measured. From north to south, these sites are St. Denis in south-central Saskatchewan
(est. 1968), the Cottonwood Lake Study Area (CLSA) in east-central North Dakota (est. 1968), and
Orchid Meadows in eastern South Dakota (est. 1986) [15].
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Figure 1. North American Prairie Pothole Region with study site identified with blue diamond 
adapted from Renton et al. [16]. Bottom panel is the full extent of the continental USA and Canada. 
Top panel is a zoomed-in extent on the bottom panel. 

1.1.1. Hydrology of the Prairie Pothole Region 

Overall, the position of a wetland relative to groundwater determines the hydrologic and 
chemical response of that wetland to changes in climate [17]. Wetlands whose ponds lose water to 
groundwater are considered recharge wetlands, from the perspective of groundwater recharge. 
Wetlands that both receive water from and lose water to groundwater are considered flow-through 

Figure 1. North American Prairie Pothole Region with study site identified with blue diamond adapted
from Renton et al. [16]. Bottom panel is the full extent of the continental USA and Canada. Top panel is
a zoomed-in extent on the bottom panel.

1.1.1. Hydrology of the Prairie Pothole Region

Overall, the position of a wetland relative to groundwater determines the hydrologic and chemical
response of that wetland to changes in climate [17]. Wetlands whose ponds lose water to groundwater
are considered recharge wetlands, from the perspective of groundwater recharge. Wetlands that both
receive water from and lose water to groundwater are considered flow-through wetlands. Wetlands
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that receive water inputs from groundwater are considered discharge wetlands [18]. During periods of
extreme drought, discharge wetlands can shift from a groundwater discharge to recharge function,
allowing salts dissolved in surface runoff to move into wetland sediments beneath the bathymetric low
of the basin [19]. Discharge of drought-derived saline groundwater has the potential to increase the
salinity of wetland ponds during wet climate [20]. After a sustained shift towards a wetter climate,
there is a general tendency for recharge wetlands to remain low in solutes [17]. The initial pulse
of atmospheric water during a wet period can dilute salinity concentrations in discharge wetlands,
but discharge wetlands may accumulate a greater mass of solutes [21]. The sustained increases in
salts that are transported to wetlands during conditions of high water, either by surface flow from an
adjacent pond [22] or groundwater input [21] can lead to a shift in the position that a wetland occupies
along the wetland continuum [23] because of the increase in solute input relative to solute loss by flow
out of the pond.

Prairie-pothole-wetland water budgets are highly dependent on atmospheric inputs and especially
surface runoff. Historically, snowmelt could account for as much as 90% of the total surface runoff

when soils are frozen [24]. Additionally, increased soil moisture during fall would contribute to frost
seals in the soil that enhance spring runoff events. Precipitation increases during summer and fall
have a compounded effect on runoff when intense rainfall from thunderstorms occurs when soils are
saturated [25].

1.1.2. Climate Drivers

The climate of the PPR is temperate continental with a great degree of spatial and temporal
variability [26,27]. Generally, the climate is semiarid with annual potential evapotranspiration exceeding
annual precipitation [28]. Annual precipitation displays patterns of high variability on an interannual
scale [28], as well as decadal oscillations between wet and dry modes [29] that strongly affect the
hydrological status of the region’s wetlands [30]. Prairie-pothole wetland hydrology is highly sensitive
to changes in precipitation and temperature [30–32]. The spatial variability of ponded wetlands
throughout the PPR is also influenced by the agricultural intensity and number of wetlands that have
experienced surface and subsurface drainage. Warmer and drier climates combined with continued
land-use change in the PPR threaten the long-term sustainability of these wetland ecosystems that
are critically important for a diverse set of taxa and services that are both intrinsically important and
highly valued by society.

Much of the PPR in the United States (US) has been in a “wet period” since 1993 [30] (Figure 2).
More recently, these wet conditions have extended north into the eastern portions of the Canadian
PPR [28]. These increasingly wet conditions across the PPR can affect the amount and rate of runoff

generated by snowmelt and high-intensity rainstorms [33,34]. Additionally, the wet conditions affecting
the PPR coincide with air temperatures that are increasing by about 0.14 degrees Celsius (◦C) per
decade [35]. Overall, the current 26-year wet period has been greater in magnitude and has persisted
longer than any wet period in the Prairie Pothole Region during the last century [30] and perhaps the
last 500 years [29]. This climate shift has distinctly altered the surface-runoff dynamics of aquatic and
terrestrial systems of the PPR [30] and is predicted to continue [36].
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[21] and impact wetland plant communities [41]. 
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Figure 2. Monthly Palmer Hydrological Drought Index values for Climate Division 5 in southcentral
North Dakota (1949–2018). Negative values are represented by gray lines and positive values are
represented by black lines. Light gray boxes show the min and max values for each climate period.

Prairie-pothole wetlands are hydrologically sensitive to changes in precipitation and temperature
due to their small size, dependence on surface-water runoff and highly variable precipitation inputs,
and the region’s semiarid climate [28,37]. Moreover, the relatively closed-basin nature of most
prairie-pothole wetlands allows for the local expansion and contraction of surface water in response
to changes in climate without outflow to larger riverine systems [38]. Observed historical records
at the three long-term wetland study sites show that small reductions in precipitation can result in
limited wetland ponding, and wet periods can exponentially increase the amount of precipitation that
runs off upland areas and sustains wetland ponds for much longer periods [15,29,39]. Observations
at St. Denis indicate that during wet periods increased multiple-day rainfall events cause increased
runoff and, when combined with increases in the fraction of snowpack that effectively becomes spring
runoff, increases the duration of prairie-pothole wetland ponding [34]. These altered meteorological
conditions can persist long enough to be considered climate shifts [30]. When periods of deluge
strongly shift the duration of inundation, the permanence class of a wetland and the corresponding
chemistry and vegetation community can also change along a continuum [40]. During short-term shifts,
temporarily inundated wetlands behave as seasonally inundated wetlands, seasonally inundated as
semi-permanently inundated, and semi-permanently inundated as shallow lakes [15]. Longer-term
shifts to wetter climates can introduce excess solutes [21] and impact wetland plant communities [41].

Atmospherically-driven changes to hydrology and chemistry also impact the biological community
assemblages and trophic structures of prairie-pothole wetlands. The freshening of ponded water
can drive a homogenization of macroinvertebrate communities [42]. Wetter climate periods can
also cause wetland ponds to spill from their basins or to merge for prolonged periods resulting in a
convergence of macroinvertebrate communities [43]. Additionally, the occurrence of fish has increased
markedly throughout the PPR over the past several decades [44]. Transitioning to more permanently
inundated and less-saline wetlands can increase suitable habitat for the persistence of fish populations,
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facilitate movements of fish among aquatic habitats, and increase a wetland’s susceptibility to human
translocations of fish [45].

Long-term wetland observations have led to the development of process-based mechanistic
models for simulating the effects of climate change on prairie-pothole wetlands [36]. The development
of numerical ecosystem-process models began with WETSIM in 1990 [46] and expanded into a more
robust model called WETLANDSCAPE in the early 2000s [47]. WETLANDSCAPE has been used
to make projections that under the hottest and driest climate scenarios waterfowl habitat would
be limited to the wettest area (i.e., the southeastern portion) of the PPR [48]. Another example of
a mechanistic model that was developed to incorporate climate and land-use change impacts on
prairie-pothole wetland ecosystems is the open-access Pothole Hydrology-Linked Systems Simulator
(PHyLiSS). The PHyLiSS model differs from WETLANDSCAPE as it was developed to work for any
prairie-pothole wetland, can be modified to simulate diverse wetland-complex configurations, and
does not require a priori assignment of wetland classes to specific basins [49].

1.1.3. Land Use Drivers

The two major land-use drivers that impact prairie-pothole wetlands are drainage and
grassland-to-cropland conversion. Most research regarding the impact of land use on prairie-pothole
wetlands has focused on both land-use-change drivers because drainage and grassland to cropland
conversion typically occur in tandem. Some areas of the PPR are estimated to have experienced
an agricultural conversion of 75%–99% of native-prairie uplands [50] and drainage of 50%–90% of
wetlands in the last 150 years [5].

Wetland drainage in the PPR has been primarily surface drainage. However, subsurface drainage
of uplands surrounding wetlands in the PPR is increasing [30] and can alter subsurface water flows to
wetlands [30,51]. Wetland losses in the PPR have disproportionately impacted small wetlands [52,53],
which are usually categorized as seasonally or temporarily ponded wetlands. Small wetlands are known
to provide disproportionate contributions to hydrologic, biogeochemical, and ecological functions
than would be predicted by their proportional area in any given watershed [4]. Landscapes with
more seasonal and temporary wetlands support more pairs of breeding ducks than those comprised
of more permanent wetlands, and smaller wetlands support more pairs by area than do larger
ones [54]. Moreover, consolidation drainage can have indirect effects by changing the geometry of
intact wetlands [55] and regional wetland vegetation by stabilizing deep-water in larger wetlands,
thereby reducing the amount of wetlands that contain emergent vegetation such as cattails and in some
cases allowing for cattail expansions in wetlands with shallow spill points [56].

Surface drainage of wetlands was disincentivized in the “swampbuster” provision of the 1985
Farm Bill and subsequent Farm Bills. Swampbuster provisions restricted subsidy payments to farmers
who drained wetlands [57]. However, by the time the 1985 Farm Bill was passed, an estimated 60% of
all wetland basins in the U.S. portion of the PPR had been drained [5]. The highest rate of wetland
drainage occurred in the wettest portion of the PPR located in the Des Moines lobe of Iowa, where an
estimated 90% of wetlands have been drained [5]. Although these legislative efforts have slowed the
rate of wetland drainage in the PPR, prairie-pothole wetlands continue to be lost, and agriculture is the
primary cause of that loss [5]. In the Minnesota portion of the PPR, an estimated 4.3% of wetland area
has been lost since 1980, with losses varying from 0% to 15% among ecoregions [58].

From 2006 to 2011, the U.S. PPR experienced a grass-to-corn/soy conversion rate ranging
from 1.0%–5.4% annually with an estimated total conversion of ~5000 km2 [59]. From the 1980s
to 2011, there was also an estimated loss of prairie-pothole wetlands of ~0.3% annually due to
agricultural expansion [60]. Agricultural expansion and intensification are likely to continue. Future
grassland-to-cropland conversion in the PPR is predicted to be heterogeneous, suggesting the potential
for spatially targeted conservation programs [61]. Although extant wetlands surrounded by intensively
farmed landscapes may not have adequate grassland habitat to host high densities of breeding
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waterfowl, wetlands in intensively farmed landscapes can provide adequate forage for spring migrants
if they do not host fish [62].

Grassland-to-cropland conversion alone can lead to more water accumulating on the landscape.
At the St. Denis study area, small wetlands with cropped catchments accumulated and retained
more spring snowmelt than those wetlands within grassland catchments [63]. Unfortunately,
the co-occurrence of drainage and grassland-to-cropland conversion likely moves water from small
wetlands into larger wetlands or to local streams [12]. McCauley et al. [64] found the effects of
cropping in catchments that are highly drained varied under different climate periods. In wetter
periods, the proportion of crops within the catchment did not significantly affect the water surface
area. However, in moderate and drier periods catchments with more crops tended to have smaller
water surface areas [64]. These findings suggest complex interactions between multiple land-use and
climate drivers.

1.1.4. Objectives and Research Questions

Our objectives for this study were two-fold. First, we wanted to establish the need for a novel
approach to quantify the relative impacts of multiple global-change drivers on prairie-pothole wetlands
by presenting an extensive overview of current research in the field. Second, we wanted to demonstrate
a novel approach to quantify the relative impacts of multiple global-change drivers on prairie-pothole
wetland hydrology. Specifically, within our second objective, we addressed the following research
questions: 1) What are the relative effects of climate, and land-use change on the sustainability of
prairie-pothole wetlands? and 2) Do the effects of climate and land-use change interact differently
under different climatic conditions? To address these research questions, we carried out a case study
illustrating one potential approach to studying the relative effect of climate and land-use change on the
sustainability of prairie-pothole wetlands. For this case study, we used a mechanistic systems model to
simulate prairie-pothole wetland hydrology under wet and dry conditions for a watershed that has
undergone a land-use change in the form of consolidation drainage. Consolidation drainage is the
selective surface drainage of multiple small wetlands into the lowest elevation wetland [13].

2. Materials and Methods

We designed this study to test the relative effects of climate and land-use change on the hydrology
of a prairie-pothole wetland complex. Our research approach was to use a process-based wetland model
PHyLiSS to estimate water levels in a well-studied watershed containing prairie-pothole wetlands and
simulate both climate and land-use change. We used digital elevation model data to delineate wetland
basins and the upland contributing area associated with each wetland. We parameterized PHyLiSS for
each wetland basin and used daily temperature and precipitation from local weather station data to
simulate wetland water levels over a 70-year period (1949–2018) that included multi-year droughts and
a three-decade prolonged wet period. We validated wetland water levels using photointerpretation
from historical aerial photographs under drained and undrained model simulations. We used these
model simulations to address our research questions within the hypothesis testing framework of
Gupta et al. [65].

Under the Gupta et al. [65] framework, any effect of changes in climate would result in an expanded
or contracted wetland area moving along the same slope and land-use effect would be a change in slope
and/or intercept (Figure 3). Our study also tested the conceptual model put forth by Anteau et al. [12]
who hypothesized that a terminal wetland in a drained watershed would operate differently during
consecutive wet and dry periods. The Anteau et al. [12] conceptual model hypothesizes that the water
levels for a terminal wetland in an undrained watershed would wet up and dry down to a magnitude
and duration that corresponds to the magnitude and duration of a wet or dry period. In contrast,
consolidation drainage would enable a terminal wetland to remain wet for longer after a wet period
due to increased inputs from surface-water runoff.
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Figure 3. Hypothetical influences of climate and land-use change on wetland area. Adapted from
Gupta et al. [65].

2.1. Study Site

We chose a case study wetland watershed located north of Valley City, ND, in Barnes County
(47.118 N, 97.914 W) consisting of 25, smaller (< 1 ha), seasonally and temporarily ponded wetlands
and a single, larger (~12 ha), semi-permanently ponded wetland at the watershed’s terminus (hereafter
terminal wetland, Figure 4). Classification of prairie-pothole wetlands is based on water permanence
and diagnostic vegetation that forms zones reflective of differing water depths and permanence [66].
Class II, temporarily ponded wetlands typically pond water for a few weeks and have a plant
community that consists primarily of wet-meadow vegetation. Class III, seasonally ponded wetlands
usually dry by midsummer and have shallow-marsh vegetation that dominates the deepest portions
of their basin. Class IV, semi-permanently ponded wetlands frequently have ponded water for the
entire year but may dry during years of drought. Deep-marsh emergent and submergent vegetation
characterize the deepest areas of Class IV wetlands [66].

The watershed we used in our study has been part of previous research studies focused on
wetland hydrology and biological communities [44,56,64]. This site was also chosen due to its close
proximity to the weather station that is part of the U.S. National Oceanographic and Atmospheric
Administration (NOAA) Global Historical Climatological Network (GHCN) [67]. GHCN Station
USW00014919 in Jamestown, ND has continuously recorded daily temperature and precipitation from
1 July 1948 to present.
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Figure 4. Study Site watershed near Valley City, ND. Left panel shows the wetlands and wetland
catchments before consolidation drainage and the right panel shows the wetlands and wetland
catchments after consolidation drainage.

2.2. Wetland and Catchment Delineation

The 25, smaller (< 1 ha), seasonally and temporarily inundated wetlands were either intact for the
extent of our study or drained at some point using a surface ditch network. The digitized wetland areas
for the nine intact wetlands and ten drained wetlands were derived from the U.S. Fish and Wildlife
Service National Wetlands Inventory (NWI) [68]. The six drained wetlands not included in the NWI
database were digitized using historical photographs taken during wet years by McCauley et al. [64].
The terminal wetland ponded extent was delineated from aerial imagery in 16 distinct years 1952–2018
(Figure S1). The imagery was accessed through the U.S. Geological Survey Earth Explorer database, and
the images were all from low-altitude aerial surveys acquired at a one-meter ground sample distance
(GSD) with a horizontal accuracy that matches within six meters of photo-identifiable ground control
points. The images were collected as either Black-and-white, natural color, or color infrared aerial
photographs as part of the U.S. Geological Survey’s Aerial Photo Single Frame Records Collection [69].
All aerial images were georeferenced using QGIS v3.2.3-Bonn to datum NAD 1983, UTM Zone 14.

We digitized the wetland surface areas in QGIS v3.2.3-Bonn from all available photographs of
the terminal wetland. The water-surface area was directly digitized from the photographs when the
water boundary was clearly visible. When the water boundary was hidden by emergent vegetation,
we calculated the water-surface area as: Area of visible water plus one half of the area of emergent
vegetation. Emergent vegetation and water boundaries were ground-truthed in 2010 by Wiltermuth
and Anteau [56] and we followed methods established by Lishawa et al. [70] for using ground-truthed
data in combination with aerial imagery to determine open water and wetland vegetation in historical
years. This method interpolated the water surface boundary as the halfway point between the visible
water boundary and the outer edge of the emergent vegetation, which was a method established by
McCauley et al. [64].

The entire watershed, including all the study wetlands, was subdivided into contributing areas
for each unique wetland basin, intact or drained using procedures similar to those outlined by
McCauley and Anteau [71]. Contributing area delineations were accomplished using open-source GIS
software package Whitebox Geospatial Analysis Tools (GAT) [72], which performs better than the



Sustainability 2019, 11, 6581 10 of 20

ArcHydro package for “closed basin” systems like prairie-pothole wetlands [73]. Digital Elevation data
used to delineate contributing areas were derived from LiDAR-collected 1/9 arc second (three-meter)
DEM from the National elevation dataset [74]. McCauley and Anteau [71] showed that there are no
significant differences in wetland catchment size found between all DEM types used for delineation.
LiDAR-derived three-meter DEM was chosen to reduce processing time while yielding equally accurate
wetland catchment boundaries [71]. LiDAR data were collected in the Spring of 2010. We also found
that using one-meter LiDAR DEM made for inaccurate delineation of contributing areas due to the
very flat slope of the watershed (0%–4%). Using the Whitebox GAT DEM Pre-processing tools the
three-meter DEM depressions were filled to a flat increment value of 0.005. D8 flow pointer and D8
flow accumulation tools were used to create water flow direction data. Finally, waterbody boundaries
and the water flow direction data were input into the watershed tool to create discrete boundaries of
the area that flow to each water body [71]. Drainage pathways were delineated and digitized from
different aerial photos taken between 2000 and 2018.

2.3. Hydrological Modeling

We modeled wetland hydrological dynamics using PHyLiSS, which is a daily-timestep systems
model designed for exploring the effects of climate and land-use change on prairie-pothole wetland
ecosystems [49]. Although PHyLiSS has some capabilities to simulate salinity in wetlands, we only
used the hydrological outputs of PHyLiSS. We did not have enough salinity data in our study wetlands
to validate model outputs. The hydrological component of PHyLiSS is based on the following
water-balance equation:

W = P + Q − E − T + Si − So + Gi − Go, (1)

Wetland volume (W) is the volume of ponded water in the wetland pool. Water can be added to a
wetland pond by precipitation (P) on the ponded-water surface, runoff (Q) from its local catchment,
spill inflow (Si) from adjacent wetland basins, and groundwater inflow (Gi). Runoff can be from rainfall
or snowmelt. Water can be lost through evaporation (E), transpiration (T), spill outflow (So) into an
adjacent wetland basin, and groundwater outflow (Go).

PHyLiSS inputs used for model simulations included daily average temperature, daily
precipitation, wetland basin morphometry, catchment area, and catchment land cover. Precipitation and
temperature were derived from NOAA GHCN Station USW00014919 in Jamestown, ND. Precipitation
in the form of rain either falls directly on the wetland or the upland with surface runoff being calculated
with the Soil Conservation Service runoff curve number method [75]. Land cover was determined
from aerial imagery and the remotely-sensed National Land Cover Database for runoff curve number
equations as described in McKenna et al. [49]. When air temperatures are lower than 0 ◦C, precipitation
accumulates as a snowpack, which melts when the ten-day mean air temperature is above 2 ◦C.
The snowpack that accumulates over the wetland area goes directly into ponded water, while runoff

from the upland snowpack is dependent on the antecedent soil moisture in October of the preceding
year as represented by the Palmer Hydrologic Drought Index (PHDI) [76]. Monthly PHDI was derived
from the NOAA National Centers for Environmental Information North Dakota Climate Division 5.

Water losses include evapotranspiration, shallow groundwater loss, and overland spill.
Evapotranspiration is calculated using the Hamon Equation for potential evapotranspiration [77].
Shallow groundwater losses are accounted for using the equation from Huang et al. [78]. Overland spill
occurs when the water level of the wetland pond reaches a low point in the divide between adjacent
catchments. To simulate wetland drainage, any ponded water that accumulates in a drained wetland
is moved across the drainage path to the next wetland in the watershed. Transmission losses from
spill events are relative to the area of the flow path (Figure S2) based on Couturier and Ripley [79] that
demonstrated 50%–75% losses in vegetated drains during rainfall events and [80] that demonstrated
up to 80% losses during snowmelt events. These connections are visualized in (Figure 5). Wetland
bathymetry (Volume: Area) estimates were used from mean values for wetland type and ecoregion
established by Gleason et al. [81].
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Detailed descriptions and validations of the PHyLiSS model can be found in McKenna et al. [49].
McKenna et al. [49] validated PHyLiSS using daily wetland pond volumes for a number of different
sized prairie-pothole wetlands situated along a ground-water gradient under both wet and dry
conditions for over three decades.
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Figure 5. Stella schematic of the modeled wetland complex. Each box represents a wetland with all
components of the PHyLiSS model. Red boxes represent drained wetlands and red circles represent
flow from drained wetlands, green boxes intact wetlands and green circles represent flow from intact
wetlands, and the blue box represents the terminal wetland. Pink arrows connecting a wetland to
another wetland represent the spill pathway.

We simulated water volumes and spill events with no drainage inputs and with drained wetlands
spilling into flow paths that eventually drain into the terminal wetland. The simulations with no
drainage acted as our baseline where we could isolate the impacts on the terminal wetlands due solely
to changes in climate. Any changes in wetland area slope or intercept between the undrained and
drained simulation were attributed to a drainage effect. We cross-validated the model estimates for
wetland area to wetland area observed from delineated aerial imagery.

3. Results

We quantified the effects of both climate and land-use change through multiple decades in our case
study watershed. Overall the modeled daily wetland area of the terminal wetland was higher when all
the drained wetlands were drained in 1949 (Figure 6). Wet years in 1950 and 1953 (Figure 2) coincide
with the initial major difference in wetland area between the two simulated land-use change scenarios.
From 1953 to 1992 the slopes of the wetland area through time were similar for the two land-use change
scenarios. During the extended drought from 1988 to 1992 in the drained scenario, the wetland area
slope was −14.52 m2 per day, and for the undrained scenario, the wetland area change was −14.86 m2

per day (Figure 6). The differences in wetland area response slope become apparent during an extreme
wetting period from 1993 to 2000 (Figure 2, Figure 6). During this period the terminal wetland reaches
maximum capacity under both the drained and undrained scenarios. Maximum capacity is reached
under the drained scenario in 1995, whereas the wetland in the undrained scenario reaches maximum
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capacity in 1999. The difference in slopes between the two scenarios in those two periods was 18.47 m2

per day for the undrained scenario and 40.14 m2 per day for the drained scenario (Figure 6).
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Figure 6. Upper panel shows daily modeled wetland area for the terminal wetland (1949–2018). Red
dots represent the no drainage scenario and blue dots represent the drainage scenario, where 16
wetlands are drained into the terminal wetland. Lower panel shows a zoom in on a period of major
change (1987–2000). Red and blue solid lines represent best fit lines for the dry down and wet up
periods. Black triangles represent observed terminal wetland area delineated from aerial photography.
Dashed horizontal line represents the maximum wetland area before water spills from the terminal
wetland to an adjacent catchment.

In addition to the changes in slope, we found evidence that land-use change can also impact the
intercept of some climate-to-wetland relationships (Figure 7). We found that comparing mean annual
PHDI to the wetland area under the undrained scenario results in an intercept of 81,699 m2 area at the
lowest PHDI (- 3). Under the drained scenario, the intercept was 23% higher at 106,708 m2 area for the
lowest PHDI (- 3). The slopes were not comparable because drained scenario wetland area vs PHDI
slope was artificially lowered due to the limiting maximum area of the wetland and water that spilled
out of the wetland to an adjacent catchment (Figure 8). Our modeling results indicated that water did
not spill out of the terminal wetland in either scenario until after 1975 and overall the terminal wetland
in the drained scenario spilled 10 times more water than the undrained scenario (Figure 8).
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Figure 7. Mean annual terminal wetland area (m2) vs. mean annual Palmer Hydrological Drought
Index (1949–2018). Blue dots represent the no drainage scenario, where 16 wetlands are drained into
the terminal wetland. Red dots represent the drainage scenario where the terminal wetland received
zero spills from other wetlands. Solid lines represent best fit relationships for the two scenarios.
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Figure 8. Cumulative water volume (m3) spillage since 1949 from the terminal wetland under drained
and un-drained scenarios. The blue dots represent the daily cumulative spill volume of the un-drained
scenario and the red dots represent the daily cumulative spill volume under the drained scenario.

It is unclear from aerial photographs exactly when wetland drainage occurred in the case study
catchment. The model output for wetland area matches closest to the undrained scenario from the
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beginning of the aerial photographic record in 1952 through the 1990 photograph (Table 1). At the
time of the 1997 photograph, the drained scenario wetland area was 0.7% less than the observed area,
while the undrained scenario wetland area was 11.2% less than the observed area. When drainage is
assumed to occur on 1 January 1993, the modeled output for terminal wetland area averaged 1.8%
difference from 16 observed wetland areas (Figure 9, Table 1). Overall model uncertainty was ~5%
difference in wetland area relative to aerial photograph interpretation. This estimate was taken by
averaging the absolute % difference between the modeled wetland area and the observed wetland area
derived from delineation of aerial photographs.
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Table 1. Comparison of modeled wetland area vs. observed wetland area delineated from aerial
photography. Undrained scenario numbers were used for the final model run before 1993 and drained
scenario numbers were used after 1993.

Year Observed Area (m2)
Undrained Scenario %

Difference from Observed
Drained Scenario % Difference

from Observed

1952 41231 1.9% +67.2%
1959 56885 19.8% +104.8%
1965 77903 −5.1% +51.5%
1979 104638 −2.2% +14.7%
1982 89312 6.5% +25.9%
1990 69142 6.5% +42.9%
1997 120619 −11.2% −0.7%
2003 109949 +4.9% 4.9%
2004 115246 −3.5% −2.5%
2005 120312 −5.8% −2.4%
2006 120312 −6.3% −2.9%
2008 108811 +0.2% 5.2%
2009 115099 −1.1% 4.0%
2010 116466 −3.9% 1.3%
2014 121302 −7.4% −4.0%
2018 119369 −4.6% −1.9%

4. Discussion

Based on simulations from our process-based model, we found evidence of synergistic interaction
of land use and climate on the water-surface area of wetlands in a watershed within the PPR. From
simulating the land-use change of wetland consolidation drainage over a period of climate change
we were able to parse out the relative impacts of the two global change drivers on the hydrology of a
terminal prairie-pothole wetland. We quantified these relative differences under the hypothesis testing
framework of Gupta et al. [65] where land-use change shows a change in the slope of a given response
variable and climate change occurs as a change in magnitude along the same slope. We found that
during wet years after drainage the terminal wetland is much more sensitive to areal expansion when
upland wetlands are drained, although under a wetting event as strong as observed from 1993 to 2000
(Figure 2) the wetland area would have eventually expanded to its maximum, spill-point limited size
and maintained that size without any consolidation drainage (Figure 7).

Consolidation drainage sped up wetland expansion to the spill point by four years, which
caused an order of magnitude more water to spill out of the wetland than would have with no
drainage. If these surface-water losses were able to travel far enough their certainly would have been
increased floodwater in nearby rivers and streams, or in the case of Devils Lake, ND [35] expanded
a larger terminal wetland that caused extensive flooding of uplands. Both climate and agricultural
land-use change have been shown to be occurring as streamflow has been increasing throughout many
states of the upper midwestern United States [65]. These findings are similar to the observations of
Haque et al. [82] that consolidated wetlands were more susceptible to spillage than intact wetlands
due to higher antecedent water levels in consolidated wetlands. Haque et al. [82] also found that
water tables downslope of drained wetlands responded very sensitively to precipitation suggesting
the potential for enhanced subsurface connectivity in watersheds with wetland drainage. These
down-watershed impacts on streams can be compounded as increasingly wet conditions cause higher
antecedent soil moisture conditions and amplify the amount of surface runoff that is generated by both
snowmelt and high-intensity rainstorms [33].

In the Canadian PPR, changes in snowmelt dynamics, increased multi-day extreme precipitation
events, and wetland drainage are hypothesized to be interacting to cause an observed 14-fold increase
in streamflow volumes and a 12-fold increase in runoff ratios [33]. This rapid shift in hydrology is
likely due to a non-linear or threshold-like response to combinations of a changing climate, exacerbated
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by changes in land use and recent increases in drainage. However, these relative impacts of and
interactions between climate and land-use drivers have yet to be quantified.

Although the impacts of drainage on terminal wetland size may be most easy to observe during
a wet period (Figure 7), we found the effects of short-duration flood events could persist well past
the event (Figure 7). Short pulses of extra water become multiplicative when many upland wetlands
are drained directly into the terminal wetland. This effect can be seen in Figure 8, where the wetland
area remains very elevated across years of varied climate in the drained scenario as compared to the
undrained scenarios. Extreme precipitation events are projected to increase under climate change
in the PPR [83], and our findings suggest these larger events can have multi-decadal hydrological
impacts that are greatly magnified when extensive consolidation exists on the landscape.

Other mechanistic and statistical models have been developed to generate hypotheses and project
future impact of climate on prairie-pothole wetlands as well. These approaches include an examination
of wetland bird geographic ranges and how they may expand, contract, or shift regionally, under
future climates [7,84]. Other approaches are to use remote sensing techniques to measure and project
the response of wetland numbers and area across the PPR to current and future climates [85,86] and to
determine how connections among wetlands may be altered by climate change [87]. Overall, modeling
efforts agree that a warmer climate without increased precipitation would have a negative impact on
the sustainability of prairie-pothole wetlands [36,88]. A more widely distributed application of our
approach will help further the understanding of how synergistic effects of both climate and land-use
change propagate on a landscape scale. This broader understanding will help land managers plan for
a future that includes both climate and land-use change.

With growing recognition of the existence of interactions between global change drivers,
conservation strategies and biodiversity projections that only address a single driver are inadequate.
Future research needs to understand and quantify the major mechanisms by which global change drivers
interact, in order to minimize risks and increase opportunities for the conservation of biodiversity [2].
Our findings show one example of using a process-based mechanistic model and historical aerial
imagery to quantify impacts of both climate and land-use change on wetlands and watershed hydrology.
A broader application of this methodology can help land managers understand the hydrological
implications of future changes in climate on watersheds that contain drained wetlands.

5. Conclusions

• We successfully developed and validated a modeling framework for quantifying the relative
effects of both climate and land-use change on a watershed in the PPR.

• Wetland hydrology responds best to the impacts of consolidation drainage during wet
climate periods.

• Sustained wet periods can impact a terminal wetland similarly with or without drainage. However,
drainage increased the rate at which the terminal wetland reached its spill point by years, and
excess spill from a terminal wetland can have down-stream flooding implications.
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