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Abstract

Depressional wetlands of the extensive U.S. and Canadian Prairie Pothole Region afford numerous 

ecosystem processes that maintain healthy watershed functioning. However, these wetlands have 

been lost at a prodigious rate over past decades due to drainage for development, climate effects, 

and other causes. Options for management entities to protect the existing wetlands, and their 

functions, may focus on conserving wetlands based on spatial location vis-à-vis a floodplain or on 

size limitations (e.g., permitting smaller wetlands to be destroyed but not larger wetlands). Yet the 

effects of such management practices and the concomitant loss of depressional wetlands on 

watershed-scale hydrological, biogeochemical, and ecological functions are largely unknown. 

Using a hydrological model, we analyzed how different loss scenarios by wetland size and 

proximal location to the stream network affected watershed storage (i.e., inundation patterns and 

residence times), connectivity (i.e., streamflow contributing areas), and export (i.e., streamflow) in 

a large watershed in the Prairie Pothole Region of North Dakota, USA. Depressional wetlands 

store consequential amounts of precipitation and snowmelt. The loss of smaller depressional 

wetlands (<3.0 ha) substantially decreased landscape-scale inundation heterogeneity, total 

inundated area, and hydrological residence times. Larger wetlands act as hydrologic 

“gatekeepers,” preventing surface runoff from reaching the stream network, and their modeled loss 

had a greater effect on streamflow due to changes in watershed connectivity and storage 

characteristics of larger wetlands. The wetland management scenario based on stream proximity 

(i.e., protecting wetlands 30 m and ~450 m from the stream) alone resulted in considerable 

landscape heterogeneity loss and decreased inundated area and residence times. With more 

snowmelt and precipitation available for runoff with wetland losses, contributing area increased 

across all loss scenarios. We additionally found that depressional wetlands attenuated peak flows; 

the probability of increased downstream flooding from wetland loss was also consistent across all 

loss scenarios. It is evident from this study that optimizing wetland management for one end goal 

(e.g., protection of large depressional wetlands for flood attenuation) over another (e.g., protecting 

of small depressional wetlands for biodiversity) may come at a cost for overall watershed 

hydrological, biogeochemical, and ecological resilience, functioning, and integrity.
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Introduction

In belated acknowledgement of the myriad benefits provided by wetlands (Zedler and 

Kercher 2005), the United States established a “no net loss” wetland policy in 1989 

(Salzman and Ruhl 2005). This came far too late for much of the United States, as an 

overwhelming abundance (>50%) of the nation’s wetlands had been previously lost (e.g., 

ditched, drained, filled; Dahl 1990). This is particularly true for a large subset of wetlands 

outside of the floodplain and completely surrounded by uplands, often termed 

geographically isolated wetlands (GIWs; Tiner 2003, Leibowitz 2015), non-floodplain 

wetlands (Lane et al. 2018, U.S. EPA 2015), or upland-embedded wetlands (Mushet et al. 

2015). Under recent federal U.S. policies, many of these wetland systems require a clear 

demonstration of their individual or cumulative effects on downstream waters to be 

specifically considered for management (Alexander 2015). Here, we focus on the effects of 

such wetlands on both watershed and downstream functions in the North American Prairie 

Pothole Region (PPR), where spatially distributed, small depressional wetlands (i.e., prairie 

potholes) punctuate the landscape (e.g., Shook and Pomeroy 2011, Shaw et al. 2012, Van 

Meter and Basu 2015).

Although wetland losses have slowed in some areas as a result of management activities, 

losses continue unabated in some regions and these systems continue to be vulnerable 

(Creed et al. 2017). Such continued and substantive losses are particularly acute for 

depressional wetlands in the PPR, which covers approximately 800,000 km2 of Canada and 

the United States. In the PPR of North and South Dakota, ~5,000 to 6,000 ha/yr of wetlands 

have been lost since the ~1980s largely due to land use transitions to agriculture (Johnston 

2013). These losses are projected to continue due to land use change and variations in future 

climate conditions (Sofaer et al. 2016).

The cumulative watershed-scale effect of depressional wetland losses and alterations is 

substantive (Lane et al. 2018, Cohen et al. 2016, Golden et al. 2016). Wetlands are 

frequently intimately intertwined with local surface and groundwater hydrology 

(McLaughlin et al. 2014, Rains et al. 2016). They temporarily store and subsequently release 

surface runoff, direct precipitation, and snowmelt (i.e., via a lag function; Rains et al. 2016), 

regulating landscape inundation patterns and attenuating potential downstream flood 

conditions. Depressional wetlands are also important biogeochemical reactors distributed 

across watersheds (Marton et al. 2015). Because of their surface areas, volumes, and 

extended residence times, they intercept, transform, and remove pollutants (via sink and 

transformation functions; Marton et al. 2015, Cohen et al. 2016) that would otherwise be 

transported to the stream (Lane et al. 2018, Leibowitz et al. 2008). They thereby improve or 

mediate potential threats to local and downstream water quality.
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Further, depressional wetlands influence biological diversity both within the watershed and 

downstream aquatic habitats (Schofield et al. 2008). They regulate extent and distribution of 

inundation across the watershed, affecting habitat mosaics for migratory waterfowl 

(Niemuth and Solberg 2003, Skagen and Thompson 2007), invertebrates (Anderson and 

Vondracek 1999, Jenkins and Boulton 2003, Euliss et al. 2004), and amphibians (Mushet et 

al. 2012, 2013). Through water storage and biogeochemical functions, wetlands also affect 

downstream habitat integrity via influences to flow regimes, benthic substrates, and water 

quality (Marton et al. 2015, Cohen et al. 2016).

Both localized and downstream functions are largely regulated via hydrologic connections 

(and disconnections) among depressional wetlands and the drainage network. Hydrologic 

connectivity of depressional wetlands can be defined by the degree to which they are linked 

to one another and other water bodies (e.g., streams, rivers) by surface, shallow subsurface, 

and/or deep groundwater flowpaths (Golden et al. 2017). In the PPR, the dominant mode of 

hydrologic connectivity between depressional wetlands is via overland flows (van der Kamp 

and Hayashi 2009). For this surface-water connectivity to occur, depressional wetlands must 

fill until a critical water depth or volume threshold is reached. Once reached, the wetlands 

then “spill” and generate surface flows (i.e., “fill-and-spill”; Spence and Woo 2003), 

whereby wetlands can become hydrologically connected to another water body, including 

other wetlands or stream systems (e.g., Shook and Pomeroy 2011, Evenson et al. 2016, 

Leibowitz et al. 2016, Vanderhoof et al. 2016, 2017). During the period of “filling,” a 

wetland remains hydrologically disconnected from other waters, thereby providing critical 

lag, sink, and transformation functions (Lane et al. 2018). At the watershed scale, the spatial 

distribution and cumulative storage capacity of depressional wetlands can thus regulate 

overall watershed connectivity and associated downstream flows, where disconnected 

wetlands reduce the total area contributing surface runoff to the drainage network (Shaw et 

al. 2012, Cohen et al. 2016).

Quantifying the extent to which depressional wetlands impact watershed hydrology is 

challenging and requires abundant watershed-scale data and robust modeling methods 

(Golden et al. 2017). Recent work has begun to examine questions about watershed-scale 

effects of depressional wetlands via in situ measurements of surface water connections 

across the landscape (McDonough et al. 2015) and remote sensing approaches to understand 

wetland inundation dynamics (Vanderhoof et al. 2016, 2017, DeVries et al. 2017). 

Increasingly, models are being developed and applied to quantify cumulative effects of 

depressional wetlands on groundwater (McLaughlin et al. 2014) and surface water systems 

via hybrid (Golden et al. 2016) or process-based watershed modeling approaches (Shook et 

al. 2013, Pomeroy et al. 2014, Evenson et al. 2015, 2016, Fossey et al. 2016). These models 

provide an approach to expand beyond the spatial and temporal boundaries of measured data 

to better predict how loss of depressional wetlands affects overall watershed integrity 

(Golden et al. 2014).

In the PPR, as in other wetland-rich landscapes, smaller wetlands have frequently been 

preferentially destroyed via filling or ditching. For example, in parts of North Dakota, many 

depressional wetlands with smaller surface areas have been combined to form fewer yet 

larger depressional wetlands as a consequence of drainage activities (McCauley et al. 2015). 

Evenson et al. Page 3

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



In the Des Moines Lobe (Iowa, USA), preferential loss of smaller wetlands has led to 

general homogenization of wetland size distributions (Le and Kumar 2014, Van Meter and 

Basu 2015, Serran and Creed 2016). In response to these and other wetland alterations, 

regulatory protections have been proposed for wetlands most likely to have surface water 

connections with downgradient waterways (e.g., wetlands that are proximate to streams; see 

Alexander 2015). As such, there is critical need to better understand how wetland losses that 

vary by wetland size and/or watershed position affect watershed hydrologic, 

biogeochemical, and biological functions.

Here, we evaluated how depressional wetlands that are potentially vulnerable to destruction 

(e.g., small wetlands, those farther from streams) influence watershed functions in the PPR. 

We did this by quantifying the extent to which depressional wetlands regulate watershed-

scale storage (inundation patterns and residence times), connectivity (streamflow 

contributing areas), and export (streamflow) under different loss scenarios. We applied a 

watershed-scale hydrologic model of the ~1,700 km2 Pipestem River watershed in the PPR 

of North Dakota, USA, and explored three categories of loss scenarios:

1. Complete (i.e., 100%) loss of depressional wetlands.

2. Loss of depressional wetlands based on surface area extent (i.e., preferential loss 

by different size classes).

3. Loss of depressional wetlands based on stream proximity (i.e., complete losses 

outside specified distances from stream networks).

Across these scenarios, we discuss the implication of the changes in storage and export for 

watershed hydrological, biogeochemical, and ecological functions.

Methods

Study area

The Pipestem River watershed is located in the southeastern portion of the North American 

PPR (Fig. 1). The watershed includes two physiographic regions, with the Missouri Coteau 

to the west and the Drift Plain to the east. The watershed is dominated by agriculture 

(~43%), herbaceous grasslands (~26%), and pastures and hay production (~15%; Homer et 

al. 2015). The annual hydrograph at the watershed’s outlet (USGS gage #06469400) is 

characterized by consistently high flows during spring months (via snowmelt) and 

occasional rain-event-driven flows of lesser magnitude during the rest of the year. The 

Pipestem River drains to the Pipestem Lake, a human-made reservoir ~10 km downstream of 

the USGS gage. Below the Pipestem Lake, the Pipestem River drains to the James River and 

then to the Missouri River.

The Pipestem River watershed contains a large number of prairie pothole depressional 

wetlands (see Fig. 1). These wetlands range in storage capacities, degree of surface 

connectivity, and inundation dynamics (e.g., from perennial to ephemeral; LaBaugh et al. 

1998). Pothole water levels typically increase during spring snowmelt and then gradually 

decrease via evapotranspiration (ET) and groundwater losses during the summer and autumn 

months, with intermediate rain-induced increases. During periods of increased water levels, 
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snowmelt and rainfall can induce temporally variable inter-wetland hydrologic connections 

where some upgradient wetlands fill and then spill (i.e., “fill-spill”) to downgradient 

wetlands and drainage networks (Tromp-van Meerveld and McDonnell 2006).

Preliminary data processing

We conducted preliminary data preparation and analyses to characterize the watershed’s 

depressional wetlands for our model. First, we identified depressional wetlands using the 

National Wetland Inventory (NWI; U.S. FWS 2015) and the National Hydrology Dataset 

(NHD; Simley and Carswell 2009, accessed 2016) following Lane et al. (2012) and Lane 

and D’Amico (2016). In short, depressional wetlands were delineated based on distance to 

stream as a floodplain proxy; any NWI wetland that was >10 m from an NHD feature was 

considered a depressional wetland (see Lane and D’Amico 2016 for additional information). 

Second, we estimated each depressional wetland’s maximum storage capacity (volume, m3) 

using a digital elevation model (DEM) and a storage estimation tool in ArcGIS (v. 10.2; 

ESRI 2012) following Lane and D’Amico (2010). These estimates were used to specify 

water storage and spillage depth thresholds for individual depressional wetlands. 

Depressional wetlands with storage capacities <100 m3 were excluded from our analysis to 

decrease the computational complexity of our model. Lastly, we delineated the watershed’s 

depressional wetland fill-spill network, which we define as the upgradient to downgradient 

network of depressional wetlands through which surface water may flow before reaching a 

stream. To do so, we used the DEM and a topographic flow analyses as described by 

Evenson et al. (2016). The resultant network delineation was used to direct surface water 

(i.e., fill and spill) flows within our hydrologic model. The preliminary analysis identified 

~13,000 depressional wetlands with storage capacities >100 m3 (our minimum) to be 

included in our hydrologic model (Table 1).

Modeling approach

In previous work, we constructed and calibrated a hydrologic model for the Pipestem River 

watershed by modifying the Soil and Water Assessment Tool (SWAT; Evenson et al. 2016). 

Here, we briefly discuss model improvements, data inputs, and calibration; see Evenson et 

al. (2016) for complete model information, which also includes a detailed section on model 

assumptions and limitations. SWAT is a watershed hydrologic model operating at a daily 

time step that is commonly applied to evaluate land management strategies in agriculturally 

dominated landscapes (Arnold et al. 2012) but is limited in its representation of individual 

wetland hydrologic processes (Evenson et al. 2016). As such, we constructed a modified 

SWAT model, as described in Evenson et al. (2016), to represent watershed’s depressional 

wetlands as individual simulation units (i.e., hydrologic response units, HRUs) that 

conformed to the spatial boundaries of identified depressional wetlands. Our model also 

identified upland (i.e., non-wetland) simulation units that drained to each depressional 

wetland. If water volume within a depressional wetland exceeded its maximum storage 

capacity, the excess (i.e., spillage) was routed to the next immediately downgradient wetland 

or the stream if no such depressional wetland simulation unit existed. In this way, our model 

simulated daily water storage and fill-spill connections of depressional wetlands, and their 

impact on watershed water storage (inundation areas and residence time) and streamflow 

generation.
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We constructed the Pipestem River watershed model using spatially continuous data for 

elevation (Gesch et al. 2002), soils (Schwarz and Alexander 1995), and land use (Homer et 

al. 2015), as well as daily precipitation and temperature observations (Thornton et al. 2014). 

We calibrated the model to daily streamflow observations at USGS gage #06469400 at 

Pingree, North Dakota, USA as described by Evenson et al. (2016). We utilized a calibration 

period of three years (1 January 2009 to 31 December 2011); a verification period of two 

years (from 1 January 2012 to 31 December 2013); and a three-year model spin-up period (a 

period of time to stabilize the model to the initial conditions and the forcing functions, such 

a precipitation and temperature inputs; 1 January 2006 to 31 December 2008). Based on 

precipitation records from 1990 to 2013, the calibration period included “average” (2009, 

2011) and “wet” (2010) years; the verification period included average (2013) and “dry” 

(2012) years (“dry” was less than one standard deviation from the mean [<428.9 mm]; 

“average” was within one standard deviation of the mean; and “wet” was greater than one 

standard deviation of the mean [>611.7 mm]).

The model’s calibration was executed using an uncertainty fitting algorithm (Sequential 

Uncertainty Fitting v.2; Abbaspour et al. 2007). The objective of the calibration procedure 

was the discovery of a suite of model parameter combinations that produced acceptable 

performance with respect to the replication of observed streamflow values at the watershed 

outlet. We used this approach to capture the uncertainty surrounding simulated model 

outputs, which differed from traditional calibration procedures that identify a single 

“optimal” set of parameters for the model. Specifically, our procedure resulted in 250 

parameter combinations that produced Nash-Sutcliffe Efficiency (NSE) values >0.5 (NSE is 

a commonly used performance metric and NSE values >0.5 imply acceptable model 

performance; Moriasi et al. 2007). The model was then executed once for each of the 250 

parameter combinations; the range of simulation outputs across the combinations 

represented uncertainty with respect to model outputs. While these 250 parameter 

combinations met or exceeded performance threshold criteria, the model verification 

indicated that the model could not replicate variability in streamflow at streamflow 

magnitudes less than ~4 m3/s (see Evenson et al. 2016 for additional information).

Scenarios of depressional wetland loss and management

Our modified model (including ~13,000 depressional wetlands) and its 250 different 

parameter combinations constituted the baseline model. We then developed three categories 

of scenarios that removed depressional wetlands from the baseline model to assess how 

wetlands vulnerable to loss and subject to potential management efforts affect watershed 

functions. The first scenario (ALLWETX; Table 1) sought to evaluate the cumulative effects 

of depressional wetlands via 100% removal of the watershed’s depressional wetlands. The 

second set of scenarios aimed to assess effects of the preferential loss of wetlands by surface 

area extent. Here, we evaluated two cases: loss of depressional wetlands with surface areas 

above and below a 3.0-ha threshold (WET > 3 haX and WET < 3 haX; Table 1), which 

corresponded to a natural break in the distribution of depressional wetland surface areas. Our 

third set of scenarios were intended to evaluate management strategies that protect 

depressional wetlands according to their proximity to streams. These scenarios removed 

depressional wetlands via measures of Euclidean distance to National Hydrology Dataset 
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(NHD) flow lines (approximate mid-point of the stream system) and included two cases: 

loss of wetlands that are 30 m (WET > 30 mX) and 457 m (WET > 457 mX) from the 

stream. The distances selected (i.e., 100 feet and 1,500 feet, respectively [1 foot = 0.30 m) 

approximate those for which managers may establish thresholds for wetland protection, as 

discussed by Alexander (2015).

Scenario analysis

For each scenario, depressional wetlands were removed from the baseline model, and the 

model was executed once for each of the 250 parameter combinations to assess uncertainty 

in model outputs. We evaluated three daily outputs for each scenario: (1) wetland inundated 

area and residence times across the watershed, (2) watershed area contributing surface runoff 

to the stream, and (3) streamflow. Wetland inundated area was determined using each 

wetland’s simulated daily storage volume (m3), assuming an inverted conic reservoir with 

DEM-delineated slopes as described by Evenson et al. (2016). Wetland residence times were 

calculated as the quotient of each wetland’s simulated daily storage volume (m3) to total 

simulated daily outflows (m3/d). Areas contributing surface runoff to the stream (hereafter 

referred to as contributing area) on any given day were identified as (1) upland areas that 

drained directly to the stream (i.e., not to a wetland) and had either snowmelt or received 

precipitation on that day, (2) upland areas that drained to a wetland that was hydrologically 

connected to the stream on that day, or (3) wetland areas that were hydrologically connected 

to the stream on that day. We considered a wetland to be hydrologically connected to the 

stream on any given day if the depressional wetland either spilled directly to the stream or to 

a network-path of spilling depressional wetlands that were terminally connected to the 

stream. Simulated daily streamflow at the watershed outlet (USGS gage #06469400, see Fig. 

1) was also tracked across scenarios to assess how changes in watershed storage and 

connectivity influenced cumulative water export.

Results

Watershed storage: wetland inundation and residence times

As we removed depressional wetlands from the model, cumulative wetland inundated area 

and residence time decreased (Table 2). The larger depressional wetlands had a greater 

impact on cumulative simulated inundated area relative to the smaller depressional wetlands. 

Removal of the larger wetlands (>3.0 ha) resulted in a mean daily cumulative inundated area 

of ~1,745 ha (~48% decrease relative to the baseline). Notably, the larger wetlands (>3.0 ha) 

accounted for just ~5% of wetlands within the baseline simulation. Conversely, we observed 

that the smaller depressional wetlands had a greater effect on cumulative simulated 

residence times. The model predicted a cumulative residence time of ~238 × 104 d (~2.9% 

decrease relative to baseline) following removal of the larger wetlands (>3.0 ha) compared 

to ~25 × 104 d (~90% decrease relative to baseline) following removal of the smaller 

wetlands (<3.0 ha).

The largest decreases in watershed-scale inundated area and residence times resulted from 

scenarios that removed wetlands according to their proximity to a stream (WET > 30 mX 

and WET > 457 mX; Table 2). These scenarios unsurprisingly created the largest decrease in 
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wetlands as few depressional wetlands were found in the areas proximate to stream. Less 

than 1% and ~20% of the wetlands were preserved after removing wetlands >30 m and >457 

m from the stream, respectively. Concordantly, the model predicted large decreases in 

cumulative inundated area (~98% and ~85% declines relative to the baseline for WET > 30 

mX and WET > 457 mX, respectively) and residence time (~99% and ~75% declines 

relative to the baseline for WET > 30 mX and WET > 457 mX, respectively; Table 2).

Model simulations also highlight effects of loss scenarios on the watershed distribution of 

wetland inundation and residence times. The numerous small depressional wetlands (<3.0 

ha) played an important role in maintaining landscape heterogeneity for inundation patterns 

and residence times. Discontinuous concentrations of inundated area and residence time 

developed as we removed the smaller depressional wetlands (Figs. 2A, B, 3A, B; WET < 3 

haX), whereas removal of larger wetlands resulted in a more continuous spatial distribution 

(Figs. 2C, 3C; WET > 3 haX). Removing wetlands by their proximity to the stream resulted 

in inundated area and residence time concentrations adjacent to the stream with the majority 

of the watershed devoid of wetlands (Figs. 2D,E, 3D,E, WET > 30 mX, WET > 457 mX).

Watershed connectivity and export: contributing areas and streamflow

Depressional wetlands acted as “gatekeepers” that decreased overall watershed connectivity 

by preventing surface runoff from reaching the stream network. As wetlands were removed 

from the model, overland runoff otherwise intercepted and stored within the wetlands 

instead entered the stream network. Hence, runoff contributing area increased across all 

scenarios (Table 2). However, we observed that larger depressional wetlands played a greater 

role in regulating watershed connectivity relative to smaller wetlands. When removing large 

wetlands, mean daily cumulative contributing area increased to ~17.1% of the watershed, 

which represented a ~54% increase in connected area relative to the baseline (Table 2). 

Removal of small wetlands resulted in a mean contributing area of ~14.0% of the watershed 

(~26% increase relative to the baseline; Table 2). Evaluation of the spatial distribution of 

contributing areas across the scenarios further highlighted the role of larger depressional 

wetlands in decreasing watershed connectivity (Fig. 4). The probability of streamflow 

contribution was markedly higher in portions of the watershed following removal the larger 

wetlands (Fig. 4C) relative to removal of the smaller wetlands (Fig. 4B) in a significant 

portion of the watershed.

Loss of wetlands distant from stream (WET > 30 mX and WET > 457 mX) induced a 

striking increase in overall watershed connectivity. These scenarios resulted in ~175% (WET 

> 30 mX) and ~133% (WET > 457 mX) increases (relative to the baseline simulation) in 

runoff contributing area (Table 2). Further, these scenarios predicted distinct spatial patterns 

of runoff contribution relative to the baseline, with probabilities of contribution exceeding 

~40% in significant portions of the watershed (Fig. 4D, E).

Wetland loss that resulted in increased watershed connectivity was reflected downstream by 

increases in peak flows. These results were particularly pronounced during the spring 

snowmelt period as indicated by comparing baseline and ALLWETX spring hydrographs for 

the 2009–2011 simulation period (Fig. 5). For example, the median simulated streamflow for 

14 April 2009 (arbitrarily chosen as a representative day during the spring snowmelt period) 
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was 144 m3/s for the baseline simulation but 169 m3/s for the ALLWETX scenario, a 17% 

increase. Wetland effects on peak streamflow were also evident across the simulation period 

as indicated by divergent baseline and ALLWETX probabilities of exceedance (PE) for all 

magnitudes of streamflow (Fig. 6A). These plots showed that PE at high flows was 

consistently higher following depressional wetland removal. Importantly, our observation 

that depressional wetlands attenuate peak streamflow was robust: 241 of the 250 (~96%) 

parameter combinations showed this effect (see Fig. 5). In contrast, we found that 

depressional wetlands did not have a sizable impact on baseflow (i.e., PE for low flow 

events; Fig. 5).

Larger depressional wetlands had a greater impact on peak streamflow relative to smaller 

depressional wetlands. The resultant increase in PE from removing the larger depressional 

wetlands (WET > 3 haX) was approximately twice the increase that resulted from removing 

only the smaller depressional wetlands (WET < 3 haX; Fig. 6B). The smaller depressional 

wetlands (<3.0 ha) constituted ~95% of the watershed’s depressional wetlands population 

but just ~35% of the watershed’s cumulative storage capacity (i.e., the sum of maximum 

storage capacity across all depressional wetlands). Thus, through greater storage capacity, 

larger depressional wetlands (>3.0 ha) had a more substantive impact on PE, though the 

larger wetlands represented a smaller portion of the wetland population.

Scenarios of loss by distance from stream resulted in near-identical and significant increases 

in peak streamflow (Fig. 6C). These scenarios (WET > 30 mX and WET > 457 mX) resulted 

in ~99% and ~80% depressional wetland losses, respectively, and resulted in peak 

streamflow increases approaching the increase projected by ALLWETX (for which all 

depressional wetlands were removed). Thus, protecting depressional wetlands based on 

proximity to stream (delimited via 30-m or 457-m stream buffers) in our study area was not 

associated with maintaining or reducing peak streamflow compared to the baseline model.

Discussion

Depressional wetlands demonstrate a clear capacity to modify landscape hydrological 

functions (McLaughlin et al. 2014, Evenson et al. 2015, Rains et al. 2016). Anthropogenic 

influences, such as drainage ditches, human-mediated climate change, and land management 

activities have and will lead to potential variations or losses in depressional wetlands, 

particularly in specific regions (Johnston 2013, Sofaer et al. 2016), and of different wetland 

size classes (Le and Kumar 2014, Van Meter and Basu 2015, Serran and Creed 2016). Here, 

we project the consequent implications on watershed functions resulting from preferential 

depressional wetland losses and potential management efforts in the Prairie Pothole Region 

(PPR) of North Dakota. We also assess the potential applications of this work and highlight 

future research needs.

Depressional wetlands affect watershed storage: hydrological, biogeochemical, and 
ecological implications

Our simulation results confirmed that depressional wetlands affect watershed water storage, 

with associated influences on inundation area and residence times. Specifically, we found 

that loss of small wetlands resulted in changes to the spatial distribution of wetlands across 
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the watershed and greater reductions in cumulative inundated area and residence times 

(Table 2, Figs. 2, 3). Notably, preservation of only those wetlands proximate to stream 

resulted in a substantive loss of inundated area and residence times across the entire 

watershed (Figs. 2, 3).

The spatial distribution of depressional wetlands plays a significant role in maintaining 

landscape heterogeneity and thus biological connectivity and provisioning of vital habitat for 

numerous species (Gibbs 1993, Schofield et al. 2008). This role is particularly strong for 

small wetlands. As small depressional wetlands (<3 ha) were removed in our scenario 

analyses, a discontinuous, low density patchwork of large wetlands with large surface areas 

remained (Fig. 2B). If large depressional wetlands (>3 ha) were removed, a more spatially 

contiguous network of small wetlands remained, providing increased potential for inundated 

habitat and biological connectivity for wetland-dependent species (Fig. 2C). Niemuth and 

Solberg (2003), for example, describe a strong positive correlation between the number of 

prairie pothole wetlands and the density and distribution of regional waterfowl populations. 

Uden et al. (2014) suggest that managers should promote shorter migratory pathways (via 

maintenance of numerous small wetlands) to promote native anurans (types of frogs and 

toads) and increase overall system resilience. Similarly, Mushet et al. (2012, 2013) indicate 

that shorter migratory pathways promote genetic diversity and thereby system resilience in 

amphibian populations such as the northern leopard frog (Lithobates pipiens). Collectively, 

studies suggest that if the wetland management target is biological connectivity, a dense 

network of small depressional wetlands with short pathways between them is preferable 

(Schofield et al. 2008). This highlights the importance of protection and restoration of small 

wetlands for ecological targets.

Water quality maintenance or improvement across the watershed may also be mediated by 

depressional wetlands (Marton et al. 2015, Cohen et al. 2016). Water residence times in 

depressional wetlands exert considerable control over a watershed’s potential for nutrient, 

metal, and other pollutant transformation, retention, and removal (Powers et al. 2012, 

Marton et al. 2015, Cohen et al. 2016). Long water residence times, which can be 

cumulatively extensive across a network of depressional wetlands, allow kinetically limited 

reactions to complete (Holland et al. 2004). Our scenarios highlight that depressional 

wetland loss decreases the cumulative watershed residence times and, by extension, the 

watershed’s biogeochemical processing potential. Our scenarios also highlight that smaller 

depressional wetlands account for a significant portion of the watershed’s cumulative 

residence time. Removal of the smaller wetlands (<3 ha) resulted in a ~90% reduction in 

cumulative residence time relative to the baseline (Table 2). Small depressional wetlands can 

be bioreactor hotspots due to their high perimeter-to-area ratios (Marton et al. 2015, Cohen 

et al. 2016), which provide variation (over space and time) in soil moisture, redox 

conditions, and associated biogeochemical processes (Hefting et al. 2013). Finally, our 

scenarios also highlight that loss of depressional wetland distant from the stream resulted in 

complete loss of depressional wetlands in headwater areas (Fig. 2D,E). Headwater wetlands 

are often the most efficient biogeochemical processors (e.g., for sediment and phosphorus 

removal; Cohen and Brown 2007), highlighting potential consequences of prioritizing 

protection of near-stream wetlands.
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Depressional wetlands affect watershed connectivity and export: hydrological, 
biogeochemical, and ecological implications

Depressional wetlands regulate watershed hydrologic connectivity, where disconnected 

wetlands reduce areas that contribute surface runoff to the stream. Loss of depressional 

wetlands across all scenarios resulted in increased watershed connectivity and attendant 

increases in peak streamflow magnitudes (Table 2; Figs. 4–6). These effects were greatest 

when larger wetlands or ones distant from stream were removed (Figs. 4D,E, 5B,C). This 

was particularly evident during the spring snowmelt season, and is consistent with large 

depressional wetlands serving as “gatekeepers” for watershed-scale water storage and flood 

prevention in the PPR (Pomeroy et al. 2014). Our findings concur with previous studies that 

demonstrate the role of depressional wetlands in attenuating peak streamflow in the PPR 

(Vining 2002, Shook and Pomeroy 2011, Pomeroy et al. 2014) and more broadly (Evenson 

et al. 2015, Fossey et al. 2016, Golden et al. 2016). Therefore, limited protection of 

depressional wetlands in this system may contribute to flood events in the larger James and 

Missouri Rivers, which exist downstream of the study watershed.

Increased peak flow magnitudes with depressional wetland loss can have consequential 

impacts on in-stream ecological structure and functions. It is well recognized that alterations 

in aquatic flow regimes can affect physical habitat structure, which modifies the biotic 

composition of the stream, alters species viability, and enhances the introduction and 

invasion of new species (Bunn and Arthington 2002, Poff and Zimmerman 2010, Poff et al. 

2010). High stream flows can maintain some critical ecological functions in streams (e.g., 

sediment mobilization and habitat enhancements on floodplains; Doyle et al. 2005). 

However, increased peak flow magnitudes as a result of depressional wetlands losses 

(Records et al. 2014) can negatively impact the biological integrity of the stream by shifting 

it to a new hydrologic regime (Arkle et al. 2010, Poff and Zimmerman 2010). For example, 

peak flows that increase in magnitude and frequency can lead to stream bank scour, which 

modifies the material transported to downstream habitats and thereby the structure and 

function of the aquatic ecosystem (Doyle et al. 2005). Increases in magnitude and frequency 

can also lead to stream down-cutting, which decreases stream–floodplain interactions to 

further increase peak flows (stream–floodplain disconnection indicates decreased residence 

time) and negatively affect baseflow (decreased residence times in floodplains indicates 

decreased contributions to the hyporheic zone). Our predictions of increased peak flows with 

depressional wetland loss is akin to the shift in hydrology and associated aquatic ecological 

impacts of an urbanizing watershed. For example, streams in urbanizing systems that 

transition to more frequent and higher magnitude peak flow conditions often convert to 

having low biodiversity, simple trophic structures, and dominance by a few taxa (Konrad and 

Booth 2005).

Increased watershed connectivity and associated peak flow magnitudes from depressional 

wetland removal can also impact stream water quality by elevating solute and particulate 

transport and downstream loads. This is particularly true if sources are readily available at 

surface and/or in upper soil layers (e.g., as with forms of nitrogen; Bechtold et al. 2003, 

Secchi et al. 2011). Elevated transport of dissolved nutrients and sediment during peak flow 

periods may lead to eutrophication, decreased water clarity, and shifts in the trophic 
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structure of receiving streams (Biggs and Close 1989). Consequences of depressional 

wetland loss would also extend to loading of other contaminants (e.g., pesticides, road salts) 

present in the watershed, highlighting the broad role of these systems to reduce runoff, store 

water, and improve water quality.

Broader applications and future research

Our work provides both scientific insights and a general modeling framework to advance 

adaptive approaches for the wise management of depressional wetland resources (e.g., Creed 

et al. 2017). Our results suggest that substantial watershed hydrological, ecological, and 

biogeochemical functions may be compromised by continued depressional wetland losses in 

the PPR. As such, we conclude that PPR depressional wetlands in the study watershed have 

both quantifiable hydrologic connections to and aggregate hydrological, ecological, and 

biogeochemical effects on downgradient waters. Therefore, local, tribal, state, or regional 

resource management entities may consider targeting remaining PPR depressional wetlands 

to limit the functional losses and deleterious effects on downstream systems associated with 

limited wetland protections (e.g., Lane et al. 2018, U.S. EPA 2015). More broadly, our 

modeling approach explicitly represents individual depressional wetlands and explores 

specific scenarios of their loss, providing a general framework that can be applied in other 

depression-rich landscapes to inform specific management actions. Such applications, 

however, would require requisite data inputs, calibration, and verification of our refined 

model or use of an alternative model that explicitly represents depressional wetlands.

Both empirical and modeling research should continue to evaluate the extent to which 

wetland losses affect attendant watershed functions under diverse scenarios across different 

physiographic regions to better understand the potential range of impacts. Such efforts are 

particularly important as loss of these vulnerable waters continues across the globe (Creed et 

al. 2017). Wetlands and wetland networks in other physiographic regions may function 

differently and have distinct impacts on watershed functioning, requiring region-specific 

data inputs and approaches.

Advances in research are also needed to assess the sensitivity of our model and other 

modeling approaches to variations in input data, such as those used to identify depressional 

wetlands and potential wetland fill-spill relationships. For example, we used the National 

Wetland Inventory (NWI) to identify depressional wetlands. NWI wetlands may exist within 

larger, merged depressions that have high storage capacities, which may result in potential 

overestimates in the simulated rates of wetland spillage. Similarly, DEM resolution may 

have an effect on how wetland fill-spill drainage networks are derived in the model, an area 

of study that should be further pursued.

Conclusions

Effective landscape-scale management requires consideration and optimization of trade-offs 

in specific ecosystem functions. Collectively, our results point to large depressional wetlands 

regulating runoff generation and thereby streamflow. However, the historical loss of small 

wetlands in the PPR deserves critical examination because this creates problematic shifts in 

landscape inundation patterns and associated biodiversity in the region (Van Meter and Basu 
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2015) and alters processes related to the retention of nutrients and pollutants (Marton et al. 

2015, Cohen et al. 2016). Therefore, optimizing one management goal (e.g., protection of 

large depressional wetlands for flood attenuation) over another (e.g., protecting of small 

depressional wetlands for biodiversity) may come at a cost for overall watershed resilience 

and integrity. Moreover, focusing protection on wetlands proximate to stream may have 

large consequences for a full suite of wetland functions distributed across the watershed.

We conclude that depressional wetlands have a substantial impact on PPR watershed 

functions. Our work provides supportive evidence and a general modeling approach for 

informed management of depressional wetlands aimed at limiting the depletion of 

watershed-scale functions. Our results suggest that management strategies based solely on 

the size of depressional wetlands or their distance to the stream will not preserve the suite of 

beneficial functions these systems confer on a watershed (i.e., peak flow attenuation, aquatic 

habitat mosaics that contribute to biodiversity, and ample biogeochemical processing 

potential). Therefore, as wetland losses and modifications across a range of size classes and 

stream proximities continue from encroaching threats (e.g., hydrologic alterations from 

variations in precipitation and temperature patterns, ditching or drainage for development), a 

concomitant decline in PPR watershed functions may be expected.
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Acknowledgments

We appreciate helpful suggestions from Melanie Vanderhoof, Micah Bennett, Rose Kwok, and from anonymous 
journal reviewers. This paper has been reviewed in accordance with the U.S. Environmental Protection Agency’s 
peer and administrative review policies and approved for publication. Mention of trade names or commercial 
products does not constitute endorsement or recommendation for use. Statements in this publication reflect the 
authors’ professional views and opinions and should not be construed to represent any determination or policy of 
the U.S. Environmental Protection Agency.

References

Abbaspour KC, Yang J, Maximov I, Siber R, Bogner K, Mieleitner J, and Srinivasan R. 2007 
Modelling hydrology and water quality in the pre-alpine/alpine Thur watershed using SWAT. 
Journal of Hydrology 333:413–430.

Alexander LC 2015 Science at the boundaries: scientific support for the Clean Water Rule. Freshwater 
Science 34:1588–1594.

Anderson DJ, and Vondracek B. 1999 Insects as indicators of land use in three ecoregions in the prairie 
pothole region. Wetlands 19:648–664.

Arkle RS, Pilliod DS, and Strickler K. 2010 Fire, flow and dynamic equilibrium in stream 
macroinvertebrate communities. Freshwater Biology 55:299–314.

Arnold JG, Moriasi DN, Gassman PW, Abbaspour KC, White MJ, Srinivasan R, and Kannan N. 2012 
SWAT: Model use, calibration, and validation. Transactions of the ASABE 55:1491–1508.

Bechtold JS, Edwards RT, and Naiman RJ. 2003 Biotic versus hydrologic control over seasonal nitrate 
leaching in a floodplain forest. Biogeochemistry 63:53–72.

Biggs BJF, and Close ME. 1989 Periphyton biomass dynamics in gravel bed rivers: the relative effects 
of flows and nutrients. Freshwater Biology 22:209–231.

Bunn SE, and Arthington AH. 2002 Basic principles and ecological consequences of altered flow 
regimes for aquatic biodiversity. Environmental Management 30:492–507. [PubMed: 12481916] 

Evenson et al. Page 13

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Cohen MJ, and Brown MT. 2007 A model examining hierarchical wetland networks for watershed 
stormwater management. Ecological Modelling 201:179–193.

Cohen MJ, et al. 2016 Do geographically isolated wetlands influence landscape functions?Proceedings 
of the National Academy of Sciences USA 113:1978–1986.

Creed IF, et al. 2017 Enhancing protection for vulnerable waters. Nature Geosciences 10:809.

Dahl TE (1990). Wetlands losses in the United States, 1780’s to 1980’s. Report to the Congress (No. 
PB-91-169284/XAB). National Wetlands Inventory, St. Petersburg, Florida, USA.

DeVries B, Huang C, Lang MW, Jones JW, Huang W, Creed IF, and Carroll ML. 2017 Automated 
quantification of surface water inundation in wetlands using optical satellite imagery. Remote 
Sensing 9:807.

Doyle MW, Stanley EH, Strayer DL, Jacobson RB, and Schmidt JC. 2005 Effective discharge analysis 
of ecological processes in streams. Water Resources Research 41:W11411.

ESRI. 2012 ArcGIS Resource Center Desktop 10 Help. http://resources.arcgis.com/en/help/

Euliss NH, LaBaugh JW, Fredrickson LH, Mushet DM, Laubhan MK, Swanson GA, Winter TC, 
Rosenberry DO, and Nelson RD. 2004 The wetland continuum: A conceptual framework for 
interpreting biological studies. Wetlands 24:448–458.

Evenson GR, Golden HE, Lane CR, and D’Amico E. 2015 Geographically isolated wetlands and 
watershed hydrology: A modified model analysis. Journal of Hydrology 529:240–256.

Evenson GR, Golden HE, Lane CR, and D’Amico E. 2016 An improved representation of 
geographically isolated wetlands in a watershed-scale hydrologic model. Hydrological 
Processes30:4168–4184.

Fossey M, Rousseau AN, and Savary S. 2016 Assessment of the impact of spatio-temporal attributes of 
wetlands on stream flows using a hydrological modelling framework: a theoretical case study of a 
watershed under temperate climatic conditions. Hydrological Processes 30:1768–1781.

Gesch D, Oimoen M, Greenlee S, Nelson C, Steuck M, and Tyler D. 2002 The national elevation 
dataset. Photogrammetric Engineering and Remote Sensing 68:5–32.

Gibbs JP 1993 Importance of small wetlands for the persistence of local populations of wetland-
associated animals. Wetlands 13:25–31.

Golden HE, Lane CR, Amatya DM, Bandilla KW, Kiperwas HR, Knightes CD, and Ssegane H. 2014 
Hydrologic connectivity between geographically isolated wetlands and surface water systems: a 
review of select modeling methods. Environmental Modelling and Software53:190–206.

Golden HE, Sander HA, Lane CR, Zhao C, Price K, D’Amico E, and Christensen JR. 2016 Relative 
effects of geographically isolated wetlands on streamflow: a watershed-scale analysis. 
Ecohydrology 9:21–38.

Golden HE, et al. 2017 Integrating geographically isolated wetlands into land management decisions. 
Frontiers in Ecology and the Environment 15:319–327. [PubMed: 30505246] 

Hefting MM, van den Heuvel RN, and Verhoeven JTA. 2013 Wetlands in agricultural landscapes for 
nitrogen attenuation and biodiversity enhancement: Opportunities and limitations. Ecological 
Engineering 56:5–13.

Holland JF, Martin JF, Granata T, Bouchard V, Quigley M, and Brown L. 2004 Effects of wetland 
depth and flow rate on residence time distribution characteristics. Ecological Engineering23:189–
203.

Homer CG, Dewitz JA, Yang L, Jin S, Danielson P, Xian G, and Megown K. 2015 Completion of the 
2011 National Land Cover Database for the conterminous United States—representing a decade of 
land cover change information. Photogrammetric Engineering and Remote Sensing81:345–354.

Jenkins KM, and Boulton AJ. 2003 Connectivity in a dryland river: Short-term aquatic 
microinvertebrate recruitment following floodplain inundation. Ecology 84:2708–2723.

Johnston CA 2013 Wetland losses due to row crop expansion in the Dakota Prairie Pothole Region. 
Wetlands 33:175–182.

Konrad CP, and Booth DB. 2005 Hydrological changes in urban streams and their ecological 
significance. American Fisheries Society Symposium 47:157–177.

LaBaugh JW, Winter TC, and Rosenberry DO. 1998 Hydrologic functions of prairie wetlands. Great 
Plains Research 8:17–37.

Evenson et al. Page 14

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

http://resources.arcgis.com/en/help/


Lane CR, and D’Amico E. 2010 Calculating the ecosystem service of water storage in isolated 
wetlands using LiDAR in North Central Florida, USA. Wetlands 30:967–977.

Lane CR, and D’Amico E. 2016 Identification of putative geographically isolated wetlands of the 
conterminous United States. Journal of the American Water Resources Association 52:705–722.

Lane CR, D’Amico E, and Autrey B. 2012 Isolated wetlands of the southeastern United States: 
abundance and expected condition. Wetlands 32:753–767.

Lane CR, Leibowitz SG, Autrey BC, LeDuc SD, and Alexander LC. 2018 Hydrological, physical, and 
chemical functions and connectivity of non-floodplain wetlands to downstream waters: a review. 
Journal of the American Water Resources Association 56:1–26.

Le PV, and Kumar P. 2014 Power law scaling of topographic depressions and their hydrologic 
connectivity. Geophysical Research Letters 41:1553–1559.

Leibowitz SG 2015 Geographically isolated wetlands: why we should keep the term. Wetlands35:997–
1003.

Leibowitz SG, Mushet DM, and Newton WE. 2016 Intermittent surface water connectivity: Fill and 
spill vs. fill and merge dynamics. Wetlands 36:323–342.

Leibowitz SG, Wigington PJ, Rains MC, and Downing DM. 2008 Non-navigable streams and adjacent 
wetlands: addressing science needs following the Supreme Court’s Rapanos decision. Frontiers in 
Ecology and the Environment 6:364–371.

Marton JM, Creed IF, Lewis DB, Lane CR, Basu NB, Cohen MJ, and Craft CB. 2015 Geographically 
isolated wetlands are important biogeochemical reactors on the landscape. BioScience 65:408–
415.

McCauley LA, Anteau MJ, van der Burg MP, and Wiltermuth MT. 2015 Land use and wetland 
drainage affect water levels and dynamics of remaining wetlands. Ecosphere 6:1–22.

McDonough OT, Lang MW, Hosen JD, and Palmer MA. 2015 Surface hydrologic connectivity 
between Delmarva Bay wetlands and nearby streams along a gradient of agricultural alteration. 
Wetlands 35:41–53.

McLaughlin DL, Kaplan DA, and Cohen MJ. 2014 A significant nexus: geographically isolated 
wetlands influence landscape hydrology. Water Resources Research 50:7153–7166.

Moriasi DN, Arnold JG, Van Liew MW, Bingner RL, Harmel RD, and Veith TL. 2007 Model 
evaluation guidelines for systematic quantification of accuracy in watershed simulations. 
Transactions of the ASABE 50:885–900.

Mushet DM, Calhoun AJ, Alexander LC, Cohen MJ, DeKeyser ES, Fowler L, and Walls SC. 2015 
Geographically isolated wetlands: rethinking a misnomer. Wetlands 35:423–431.

Mushet DM, Euliss NH Jr, Chen Y, and Stockwell CA. 2013 Complex spatial dynamics maintain 
northern leopard frog (Lithobates pipiens) genetic diversity in a temporally varying landscape. 
Herpetological Conservation and Biology 8:163–175.

Mushet DM, Euliss NH Jr, and Stockwell CA. 2012 A conceptual model to facilitate amphibian 
conservation in the northern. Great Plains Research 22:45–58.

Niemuth ND, and Solberg JW. 2003 Response of waterbirds to number of wetlands in the prairie 
pothole region of North Dakota, U.S.A. Waterbirds 26:233–238.

Poff NL, and Zimmerman JKH. 2010 Ecological responses to altered flow regimes: a literature review 
to inform the science and management of environmental flows. Freshwater Biology 55:194–205.

Poff NL, et al. 2010 The ecological limits of hydrologic alteration (ELOHA): a new framework for 
developing regional environmental flow standards. Freshwater Biology 55:147–170.

Pomeroy JW, Shook K, Fang X, Dumanski S, Westbrook C, and Brown T. 2014 Improving and testing 
the prairie hydrological model at Smith Creek Research Basin. Center for Hydrology, University 
of Saskatchewan, Saskatchewan, Canada.

Powers SM, Johnson RA, and Stanley EH. 2012 Nutrient retention and the problem of hydrologic 
disconnection in streams and wetlands. Ecosystems 15:435–449.

Rains MC, Leibowitz SG, Cohen MJ, Creed IF, Golden HE, Jawitz JW, Kalla P, Lane CR, Lang MW, 
and McLaughlin DL. 2016 Geographically isolated wetlands are part of the hydrological 
landscape. Hydrological Processes 30:153–160.

Evenson et al. Page 15

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Records RM, Arabi M, Fassnacht SR, Duffy WG, Ahmadi M, and Hegewisch KC. 2014 Climate 
change and wetland loss impacts on a western river’s water quality. Hydrology and Earth System 
Science 18:4509–4527.

Salzman JE, and Ruhl JB. 2005 “No net loss”—instrument choice in wetlands protection Pages 1–24 
in Freeman J and Kolstad C, editors. Moving to markets in environmental regulation: twenty years 
of experience. Duke Science, Technology & Innovation Paper No. 1. Oxford University Press, 
Oxford, UK.

Schofield KA, et al. 2008 Biota connect aquatic habitats throughout freshwater ecosystem mosaics. 
Journal of the American Water Resources Association 11:257–271.

Schwarz GE, and Alexander RB. 1995 State soil geographic (STATSGO) data base for the 
conterminous United States (No. 95-449) U. S. Geological Survey, Reston, Virginia, USA.

Secchi S, Gassman PW, Jha M, Kurkalova L, and Kling CL. 2011 Potential water quality changes due 
to corn expansion in the Upper Mississippi River Basin. Ecological Applications21:1068–1084. 
[PubMed: 21774414] 

Serran JN, and Creed IF. 2016 New mapping techniques to estimate the preferential loss of small 
wetlands on prairie landscapes. Hydrological Processes 30:396–409.

Shaw DA, Vanderkamp G, Conly FM, Pietroniro A, and Martz L. 2012 The fill–spill hydrology of 
prairie wetland complexes during drought and deluge. Hydrological Processes 26:3147–3156.

Shook KR, and Pomeroy JW. 2011 Memory effects of depressional storage in Northern Prairie 
hydrology. Hydrological Processes 25:3890–3898.

Shook K, Pomeroy JW, Spence C, and Boychuk L. 2013 Storage dynamics simulations in prairie 
wetland hydrology models: evaluation and parameterization. Hydrological Processes 27:1875–
1889.

Simley JD, and Carswell WJ Jr. 2009 The national map—hydrography U.S. Geological Survey Fact 
Sheet 2009–3054. U.S. Geological Survey, Reston, Virginia, USA.

Skagen SK, and Thompson G. 2007 Northern Plains/Prairie Potholes regional shorebird conservation 
plan US Shorebird Conservation Plan. U. S. Geological Survey, Reston, Virginia, USA

Sofaer HR, Skagen SK, Barsugli JJ, Rashford BS, Reese GC, Hoeting JA, and Noon BR. 2016 
Projected wetland densities under climate change: habitat loss but little geographic shift in 
conservation strategy. Ecological Applications 26:1677–1692. [PubMed: 27755694] 

Spence C, and Woo MK. 2003 Hydrology of subarctic Canadian shield: soil-filled valleys. Journal of 
Hydrology 279:151–166.

Thornton PE, Thornton MM, Mayer BW, Wilhelmi N, Wei Y, Devarakonda R, and Cook R. 2014 
Daymet: daily surface weather data on a 1-km grid for North America, Version 2. Oak Ridge 
National Laboratory (ORNL), Oak Ridge, Tennessee, USA.

Tiner RW 2003 Geographically isolated wetlands of the United States. Wetlands 23:494–516.

Tromp-van Meerveld HJ, and McDonnell JJ. 2006 Threshold relations in subsurface stormflow: 2. The 
fill and spill hypothesis. Water Resources Research 42:W02411.

Uden DR, Hellman ML, Angeler DG, and Allen CR. 2014 The role of reserves and anthropogenic 
habitats for functional connectivity and resilience of ephemeral wetlands. Ecological Applications 
24:1569–1582. [PubMed: 29210223] 

U.S. EPA. 2015 Connectivity of streams and wetlands to downstream waters: a review and synthesis of 
the scientific evidence (final report). EPA/600/R-14/475F. U.S. Environmental Protection Agency, 
Washington, D.C., USA.

U.S. FWS. 2015 National Wetlands Inventory website. U.S. Department of the Interior, Fish and 
Wildlife Service, Washington, D.C., USA.

van der Kamp G, and Hayashi M. 2009 Groundwater-wetland ecosystem interaction in the semiarid 
glaciated plains of North America. Hydrogeology Journal 17:203–214.

Van Meter KJ, and Basu NB. 2015 Signatures of human impact: size distributions and spatial 
organization of wetlands in the Prairie Pothole landscape. Ecological Applications 25:451–465. 
[PubMed: 26263667] 

Vanderhoof MK, Alexander LC, and Todd MJ. 2016 Temporal and spatial patterns of wetland extent 
influence variability of surface water connectivity in the Prairie Pothole Region, United States. 
Landscape Ecology 31:805–824.

Evenson et al. Page 16

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Vanderhoof MK, Christensen JR, and Alexander LC. 2017 Patterns and drivers for wetland 
connections in the Prairie Pothole Region, United States. Wetlands Ecology and 
Management25:275–297. [PubMed: 32025096] 

Vining KC 2002 Simulation of streamflow and wetland storage, Starkweather Coulee subbasin, North 
Dakota, water years 1981–98. Series number 2002-4113. United States Geological Survey, Reston, 
Virginia, USA.

Zedler JB, and Kercher S. 2005 Wetland resources: status, trends, ecosystem services, and restorability. 
Annual Review of Environment and Resources 30:39–74.

Evenson et al. Page 17

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 1. 
Project study site. The Pipestem River watershed, located in the Prairie Pothole Region 

(PPR) in North Dakota, USA, is ~1,700 km2. Depressional wetlands were identified using 

National Wetland Inventory and are shown on a 30-m digital elevation model (DEM) along 

with the DEM-delineated stream network.
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Figure 2. 
Simulated median daily inundated area (ha) under the baseline model and scenario 

conditions. Median daily inundated areas for each depressional wetland were calculated for 

the full simulation period and the 250 different model parameter combinations. Estimates 

were then aggregated to a 0.5-km grid-resolution to improve map readability.
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Figure 3. 
Simulated median daily wetland residence times under baseline model and scenario 

conditions. Median daily surface areas for each depressional wetland were calculated for the 

full simulation period and the 250 different model parameter combinations. Estimates were 

then aggregated to a 0.5-km grid-resolution to improve map readability.

Evenson et al. Page 20

Ecol Appl. Author manuscript; available in PMC 2020 December 09.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 4. 
Simulation results demonstrating the temporal probability of watershed runoff or wetland 

spillage reaching the stream network (via direct upland overland flow or surface flow among 

hydrologically connected wetlands) under baseline and scenario conditions. Each probability 

calculation on the map represents the median value for the full simulation period (2009–

2011) across the 250 different model parameter combinations.
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Figure 5. 
Hydrograph of the baseline and ALLWETX simulations during the spring snowmelt periods 

of 2009, 2010, and 2011. The left y-axis shows the median and interquartile range (IQR) of 

daily simulated streamflow (m3/s; for the baseline and ALLWETX) across the 250 different 

model parameter combinations. The right y-axis shows the median and IQR of the change in 

daily simulated streamflow (ALLWETX minus baseline; m3/s) for the 250 different model 

parameter combinations. The lateral dashed line for “flooding” threshold denotes the 
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National Weather Service flooding threshold (76.5 m3/s; estimated using USGS observed 

streamflow values). Note the change in left and right y-axis values among figure panels.
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Figure 6. 
Probability of streamflow exceedance for each set of scenarios. The plots show the 

simulated median daily streamflow across the 250 different model parameter combinations. 

Note log scale of y-axes.
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Table 1.

Descriptive statistics for the input depressional wetland data used for the baseline model and each scenario

Count Maximum volume (104 m3) Surface area (ha) Distance to stream (m)

Baseline 12,921 0.04 (2.4) 0.3 (2.6) 1,633 (2760)

ALLWETX 0 NA NA NA

WET < 3 haX 616 2.5 (9.5) 5.0 (9.1) 2,430 (2973)

WET > 3 haX 12,305 0.04 (0.3) 0.3 (0.5) 1,599 (2742)

WET > 30 mX 120 0.03 (3.0) 0.2 (6.6) 18.4 (10.0)

WET > 457 mX 2,668 0.04 (1.2) 0.2 (1.8) 219.3 (124)

Notes - Values are medians with SD in parentheses. NA, not applicable.
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Table 2.

Descriptive statistics for the simulation outputs

Inundated area (ha) Residence time (104d) Runoff contributing area (percentage of watershed area)

Meana SDa Sumb Meana SDa Sumb Sumb

Baseline 0.26 0.09 3351 0.73 2.59 245 11.1

WET < 3 haX 2.98 0.73 1835 1.20 4.56 25 14.0

WET > 3 haX 0.14 0.06 1745 0.69 2.51 238 17.1

WET > 30 mX 0.43 0.15 52 0.37 1.64 3 30.5

WET > 457 mX 0.19 0.06 508 0.74 2.95 62 25.9

a
Calculated as the per wetland mean or standard deviation across all days and all parameter sets.

b
Calculated as the mean daily sum across all wetlands and all parameter sets.
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