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Abstract

Numerous wetlands in North America’s Prairie Pothole Region (PPR) provide important ecosystem services to surrounding

areas, yet are threatened by climate and land-use changes. Understanding the impacts of climate change on prairie wetlands

is critical to effective conservation planning. In this paper, we construct a wetland model with surface water balance (soil

water content) and ecoregions and apply it to predict future wetland distribution under a climate change scenario. The future

climate forcing is from a dynamical downscaling approach of a high-resolution convection-permitting regional climate model.

The results show that the impacts of climate change on wetland extent are spatially heterogeneous and seasonally varied. The

future wetter climate in the western PPR will favor increased wetland abundance in both spring and summer. In the eastern

PPR, particularly in the moist mixed grassland and aspen parkland, the wetland area will increase in spring but experience

enhanced declines in the summer due to strong evapotranspiration. When combined with historical patterns of anthropogenic

drainage, results suggest that diverse conservation and restoration strategies will be needed. The outcomes of this study will

be useful to conservation agencies to ensure that current investments will continue to provide good conservation returns in the

future.
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Abstract 20 

Numerous wetlands in North America’s Prairie Pothole Region (PPR) provide important 21 

ecosystem services to surrounding areas, yet are threatened by climate and land-use changes. 22 

Understanding the impacts of climate change on prairie wetlands is critical to effective 23 

conservation planning. In this paper, we construct a wetland model with surface water balance 24 

(soil water content) and ecoregions and apply it to predict future wetland distribution under a 25 

climate change scenario. The future climate forcing is from a dynamical downscaling approach 26 

of a high-resolution convection-permitting regional climate model. The results show that the 27 

impacts of climate change on wetland extent are spatially heterogenous and seasonally varied. 28 

Future wetter climate in the western PPR will favor increased wetland abundance in both spring 29 

and summer. In the eastern PPR, particularly in the moist mixed grassland and aspen parkland, 30 

wetland area will increase in spring but experience enhanced declines in the summer due to 31 

strong evapotranspiration. When combined with historical patterns of anthropogenic drainage, 32 

results suggest that diverse conservation and restoration strategies will be needed. The outcomes 33 

of this study will be useful to conservation agencies to ensure that current investments will 34 

continue to provide good conservation returns in the future. 35 

  36 
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1 Introduction 37 

The Prairie Pothole Region (PPR) contains millions of small wetlands within topographic 38 

depressions (also known as prairie potholes) across five states in the U.S. (Iowa, Minnesota, 39 

North Dakota, South Dakota, Montana) and three provinces in Canada (Alberta, Saskatchewan, 40 

Manitoba). The Canadian portion of the PPR is also referred as the Canadian Prairies. These 41 

prairie pothole wetlands provide important ecosystem services, including improving water 42 

quality, water regulation, and supporting biodiversity, especially as crucial habitat for a large 43 

proportion of North America’s waterfowl (Gleason et al., 2008; Johnson et al., 2010; Niemuth et 44 

al., 2014; Hayashi et al., 2016). As a result, the PPR is the focus of conservation programs in 45 

both Canada and the U.S. However, wetlands in the PPR face threats from land-use conversion 46 

to cropland and possible threats from climate change-related drying.  47 

 48 

In the PPR, prairie wetlands exist because of key interactions among topographic, geological, 49 

and climatic conditions in this region (van der Kamp and Hayashi, 2009; Hayashi and van der 50 

Kamp, 2016). These local depressions, with large areas of hummocky landscapes, were formed 51 

by clay-rich glacial till deposition from the continental ice sheet during Pleistocene glaciation. 52 

The local topographic variation (hollow and hummock) favors the convergence of surface and 53 

shallow groundwater runoff in local depressions. On the other hand, cold winters allow snow 54 

accumulation on the ground and sub-surface soil freezing, strongly affecting the water storage in 55 

the next year’s spring (Ireson et al., 2013). The PPR also has a semi-arid climate and wetlands 56 

are most abundant in May, with basins drying out through the summer. Some wetlands remain 57 

inundated longer if they are connected with shallow groundwater and/or receive water from 58 

summer precipitation. Consequently, the water balance of prairie wetlands is highly sensitive to 59 

the variability of shallow groundwater and precipitation (Hayashi et al., 2016). However, the 60 

exchanges between shallow groundwater and sub-surface soil have often been neglected in 61 

previous observation and modeling studies. 62 

 63 

Given the importance of prairie wetlands to wildlife habitats and biodiversity, it is necessary to 64 

understand the impacts of future climate change on prairie wetlands, especially for designing 65 

conservation policies and prioritizing management (Moilanen et al., 2009; Ando and Mallory, 66 

2012). For this purpose, a common research method is to link spatial wetland distribution, from 67 

wetland surveys, with long-term climatic conditions, such as temperature, precipitation, and soil 68 

moisture, etc. (Herfindal et al., 2012; Niemuth et al., 2014; Garries et al., 2015; Sofaer et al., 69 

2016).  Statistical relationships are often constructed to explore the environmental factors’ 70 

influence on wetland distributions on a yearly basis. The major variation in wetland distribution 71 

can be explained by these climatic records and is sensitive to surface water balance, the wetness 72 

conditions on surface. However, many of these statistical methods used precipitation and 73 

temperature, but not directly the surface water balance, to imply surface wetness condition. A 74 

more physical-based approach is needed to consider the complex hydrometeorological 75 

interactions within prairie wetlands.  76 

 77 

Studying the impacts of climate change on wetland distribution depends heavily on reliable 78 

climate projections from general circulation models (or global climate models, GCMs). 79 

However, the coarse resolution of GCM outputs (50~100 km) is not suitable for modelling 80 

prairie wetlands owing to their fine scale (10~1000 m). Additionally, GCM-projected future 81 

precipitation forecasts are highly uncertain depending on the choice of convection 82 
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parameterizations, a mathematical description of the convection processes within each model 83 

grid cell (Prein et al., 2015; Kendon et al., 2017). This is problematic as precipitation is the key 84 

water input for prairie wetlands. Furthermore, shallow groundwater dynamics are strongly 85 

connected to wetlands in the PPR, but this process has been simplified or even neglected in many 86 

coarse-resolution GCMs, and could result in overprediction of dry surface conditions in the 87 

wetland-abundant landscape of the PPR.  88 

 89 

Detailed studies of the impact of climate change on prairie wetlands require downscaling of 90 

GCM outputs. A convection-permitting regional climate model (CPRCM, resolution < 5-km) has 91 

the advantages of improved precipitation forecast as well as detailed representation of surface 92 

properties. In such high resolution, convection parameterization can be switched off and the 93 

CPRCM can improve precipitation simulation, in terms of diurnal cycle, frequency and intensity 94 

(Prein et al., 2015; Kendon et al., 2017). Furthermore, the high spatial resolution also benefits the 95 

representation of surface properties, such as topography, land-use and soil properties, which are 96 

beneficial to representing fine-scale prairie wetlands. 97 

 98 

The purpose of this study is to investigate the impacts of climate change on the future 99 

abundance and distribution of wetlands in the PPR. For this purpose, we used the 100 

meteorological forcing from a long-term high-resolution CPRCM in the Contiguous U.S. 101 

(CONUS, Liu et al., 2017) to drive a physically-based land surface model, Noah-MP (Niu et al., 102 

2011; Yang et al., 2011), with detailed groundwater dynamics (GW, Miguez-Macho et al, 2007; 103 

Zhang et al., 2020). The study has two parallel simulations for both current and future climate 104 

scenarios. The hydrological outputs from Noah-MP are used to construct a wetland model that 105 

reflects the spatial and temporal variation of prairie wetlands, validated using wetland datasets 106 

and remote sensing products. Then, we are able to investigate the impacts of hydrological shifts 107 

on future prairie wetland abundance and spatial distribution, and the contributions from different 108 

water balance components. Finally, we compare the spatial concordance of future wetland 109 

distribution and historical wetland drainage in the PPR, demonstrating the potential hazards 110 

arising from the combination of climate change and anthropogenic drainage. Results of this study 111 

have important implication for wetland conservation, especially for decision-making on 112 

prioritizing conservation investments across the PPR. 113 

  114 
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2 Data and Models 115 

In this study, we model the relationship between variation in water balance and wetland area. 116 

First, we constructed a statistical wetland model using Ducks Unlimited Canada’s (DUC) 117 

Canadian Wetland Inventory (CWI). We modelled wetland area as a function of a physically 118 

based variable, soil water content (SWC), which is an indicator for surface water balance. SWC 119 

was simulated by the coupled land-groundwater model (Noah-MP-GW), forced by dynamical 120 

downscaling of a CPRCM. We use the hydrological simulation from current climate, from 121 

October 2000 to September 2013, in the PPR as the baseline of our study, hereafter CTRL 122 

simulation. CTRL is contrasted with a Pseudo Global Warming (PGW) scenario to predict 123 

changes to wetland abundance and distribution under climate change. The wetland fraction from 124 

CTRL was evaluated against another spatial wetland dataset, a model-based wetland product - 125 

the Adjusted CanVec (Adj_CanVec). For temporal validation of the wetland model, we use a 126 

wetland area time-series derived from the Landsat satellites using Multiple Endmember Spectral 127 

Mixture Analysis (MESMA).  128 

 129 

2.1 Available wetland datasets 130 

The CWI classifies wetlands according to the Canadian Wetland Classification System (National 131 

Wetlands Working Group, 1997) and, in the prairies, delineates wetland basins from stereo pairs, 132 

with a minimum mapping unit of 0.02 ha. In the protocol used, the wetland extent spans the wet 133 

meadow vegetation zone to the deepest point of the basin and represents the depressional area 134 

capable of holding water. Shapefiles from the CWI were compiled into a high-resolution single 135 

geodatabase for the PPR to represent wetland fractional area in 4-km grid cells (𝐹𝑤𝑒𝑡,Fig. 1(a)). 136 

Given the challenges in mapping small wetland features, the CWI represents the best available 137 

map of prairie wetlands, though it has incomplete coverage of the Canadian prairies. 138 

 139 

For a product with prairie-wide coverage, we used a modelled spatial layer, Adj_CanVec (Fig. 140 

1(b)). CanVec is a vector dataset developed by Natural Resources Canada (Natural Resources 141 

Canada, 2008). It has good spatial coverage but does not capture all small wetlands and has 142 

variable scale (1:10000~1:50000) and accuracy. DUC used CanVec hydrography and water 143 

saturated soils features, Soil Landscape of Canada data (Soil Landscapes of Canada Working 144 

Group, 2007), and CWI to generate predictive equations to scale CanVec 3.0 data to the high-145 

resolution CWI data in the prairies. Because it is difficult to separate out wetlands and lakes in 146 

the CanVec data, the Adj_CanVec includes some non-wetland waterbodies such as shallow 147 

prairie lakes. A layer of MODIS-derived water mask was applied to remove large water bodies at 148 

4-km grid scale (n = 174 grid cells). 149 

 150 

Fig. 1(a&b) shows the distribution of 𝐹𝑤𝑒𝑡 from CWI and Adj_CanVec in the Canadian Prairies. 151 

The Adj_CanVec shows a high wetland fraction close to the northern boundary of PPR in the 152 

aspen parkland. Fig. 1(c) is a scatter plot of 𝐹𝑤𝑒𝑡 from these two datasets with their histogram on 153 

the top. The majority of the data points are below 0.3, while Adj_CanVec has a longer tail of 154 

high 𝐹𝑤𝑒𝑡. And Fig. 1(d) takes a closer look at the two datasets of 𝐹𝑤𝑒𝑡 from 0 to 0.4. It is evident 155 

that most data points are smaller than 0.3 and Adj_CanVec has a tendency for higher 𝐹𝑤𝑒𝑡 than 156 

the CWI.  157 

 158 
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 159 
Figure1 (a) 𝐹𝑤𝑒𝑡 spatial distribution from the Canadian Wetland Inventory (CWI); (b) 𝐹𝑤𝑒𝑡 spatial distribution from 160 

Adj_CanVec, a modelled wetland dataset; (c) scatter plot (bottom) and histogram (top) of 𝐹𝑤𝑒𝑡 of the CWI (blue) 161 

and Adj_CanVec (red) and (d) a 2D histogram of 𝐹𝑤𝑒𝑡 from 0 to 0.4.  162 

Due to the strong wet-dry cycles in the prairies, wetland extent varies both through space and 163 

time. However, the CWI and Adj_CanVec are both static products meant to represent long-term 164 

conditions and are thus not suitable for evaluating the temporal performance of the statistical 165 

model.  We investigated temporal changes in wetland fraction in the Smith Creek watershed 166 

(5050’N 10134’W ) in the PPR. This 414 km
2
 watershed is a long-term established research 167 

site for wetland hydrology in the PPR (Dumanski et al., 2015; Pattison-Williams et al., 2018). To 168 

study the temporal dynamics of 𝐹𝑤𝑒𝑡 in the Smith Creek watershed, we used Multiple 169 

Endmember Spectral Mixture Analysis (MESMA) to estimate annual changes in wetland extent 170 

(see Appendix 1 for a detailed description of the MESMA method). A time series from 1984-171 

2019 is presented in this study and used to evaluate the wetland model 𝐹𝑤𝑒𝑡 dynamics for CTRL 172 

simulation from 2001 to 2013 (see section 3.3).  173 

 174 

2.2 Climatic and hydrological data  175 
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The climatic conditions in this study are derived from two parallel regional climate simulations 176 

for current and future climate conditions (Liu et al., 2017). Both simulations were dynamically 177 

downscaled using the Weather Research and Forecast model (WRF, Skamarock et al., 2008) in 178 

convection-permitting resolution (4-km) in the Contiguous U.S. and southern Canada. The 179 

CTRL simulation spins from 2000 October to 2013 September, and uses the 6-hr ERA-Interim 180 

reanalysis data as the boundary condition. In the PGW simulation, the boundary forcing was 181 

created by adding a delta climate change signal, derived from an ensemble of GCM output by the 182 

end of 21st century in RCP8.5 emission scenario, upon the ERA-Interim reanalysis. Therefore, 183 

the scientific assumption in PGW is that the atmospheric circulation pattern is similar to the 184 

current climate, while the climate background is warmer and moister. The two parallel CPRCM 185 

outputs are important for our study, as they provide not only high-resolution output but 186 

consistency in attributing the differences in climate forcing, hydrological factors, and wetland 187 

distributions to climate change.  188 

 189 

To characterize variation in weather, we derived hydrological covariates from gridded output 190 

from the Noah-MP-GW model (ver 4.0.1). Noah-MP was originally developed to improve the 191 

representation of land surface in climate models and can be used in the stand-alone mode to 192 

simulate energy and water for hydrological impact studies (Niu et al., 2011; Yang et al., 2011). 193 

The Noah-MP-GW model was forced with hourly data, including temperature, precipitation, 194 

humidity, wind, pressure, short and long-wave radiation. It simulated major storage and flux 195 

terms of energy and water, including snow water equivalent, sublimation, evaporation, soil 196 

moisture, and groundwater recharge (Barlage et al., 2015; Zhang et al., 2020).  197 

 198 

In this study, we applied the soil water content (SWC) from a previous groundwater study in the 199 

PPR (Zhang et al. 2020). The model-simulated SWC is a good indicator of surface water 200 

balance: 201 

𝑆𝑀 = 𝑃 − 𝐸𝑇 − 𝑆𝑅 − 𝐺        (1) 

𝑆𝑊𝐶 =
𝑆𝑀

𝑆𝑀𝑚𝑎𝑥
                (2) 

The net change of soil moisture (SM) is the combination of precipitation (P), evapotranspiration 202 

(ET), surface runoff (SR) and groundwater recharge (G). And SWC takes a standardized form 203 

divided by the maximum soil water holding capacity, which is a parameter dependent on the soil 204 

type. Note that in the eastern and northern PPR, groundwater is close to the surface and the two-205 

way exchange between soil water and groundwater should be considered. This two-way 206 

exchange is characterized by G: positive G means underground drainage and negative G means 207 

groundwater supplies soil moisture.  208 

 209 

2.3 Ecoregions in the Canadian Prairies 210 

Wetland density varies across the PPR, influenced by both geographic and climatic factors. 211 

Figure 2 shows 8 major ecological regions in the Canadian Prairies, as defined by the Ecological 212 

Land Classification (Statistics Canada, 2017). Ecoregions categorize broad landscapes based on 213 

distinctive regional ecological factors including climate, physiography, vegetation, and soil, and 214 

thus have the potential to explain spatial variation in wetland area not covered by hydrological or 215 

climatological variables. Ecoregion was therefore used as a categorical factor in the wetland 216 

fraction statistical model. The ecoregions only include those where there was overlapping 217 

coverage with the CWI. Ecoregions not represented in the CWI were either excluded from 218 
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analysis (Lake Manitoba Plain) or recoded to an adjacent ecoregion (Cypress Upland reclassified 219 

as Mixed Grassland, Wabasca Lowlands and Interlake Plain recoded as Mid-Boreal Uplands). 220 

Reclassified grid cells represent less than 1% of all grid cells. 221 

 222 

 223 
Figure 2. Ecoregions in the Canadian Prairies. Black contour outlines the Prairie Pothole Region and the filled colors 224 

represent the 8 ecoregions as used in the wetland model. The area where Adj_CanVec data are unavailable are 225 

blank. 226 

 227 

2.4 Statistical model  228 

In this study, we used a generalized additive model (GAM) to analyze the relationship between 229 

wetland fraction and hydrological and ecological covariates. GAMs accommodate a variety of 230 

response distributions/link functions and allow for flexible, additive effects of predictor variables 231 

(Hastie and Tibshirani, 1990). In this study, we fit the following statistical model: 232 

𝑔(𝐸(𝐹𝑤𝑒𝑡)) = 𝑠(𝑆𝑊𝐶) + 𝐸𝑅                (3) 

We used a binomial distribution and logistic link of wetland fraction (i.e., g(p) = ln(p/(1-p)), a 233 

smooth function of soil water content (𝑠(𝑆𝑊𝐶)) , and intercept-adjustments for each of eight 234 

ecoregions (ER). The fitted model was used to predict current wetland fraction (Fwet_CTRL), 235 

which was evaluated against Adj_CanVec data in the Canadian Prairies. Finally, to study the 236 

impacts of future climate change, we substituted SWC from the future climate model scenario 237 

(PGW) to predict future wetland fraction (Fwet_PGW). The difference between Fwet_PGW and 238 

Fwet_CTRL can be attributed to the impacts of climate change.  239 

 240 

2.5 Model evaluation and sensitivity 241 

Fig. 3 shows the evaluation results from Fwet_CTRL, predicted by the GAM model, and the 242 

mean Adj_CanVec, at the grid scale histogram (Fig. 3(a)) and ecoregion scale scatter plot (Fig. 243 

3(b)), respectively. We see that the average ecoregion Fwet_CTRL tends to be lower than 244 

average Adj_CanVec, but they covary positively, with both indices similarly ranking the 245 

ecoregions with respect to wetland fraction. The root-mean-square-error of the model prediction 246 

in current climate is 0.1020 and for 89% of the grids, abs (Fwet_CTRL - Adj_CanVec)| < 0.1.    247 
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 248 
Figure 3. (a) Histogram of the model bias (Fwet_CTRL-Adj_CanVec), y axis label is the relative frequency density 249 

of the whole grid cells in the Canadian Prairies; (b) scatter plot of mean Fwet_CTRL compared with mean 250 

Adj_CanVec by ecoregion. Point sizes are proportional to the square root of sample sizes. 251 

 252 

As the soil water content and ecoregions are the two predictors in our statistical model, wetlands 253 

in different ecoregions may respond differently to perturbed climate conditions. Figure 4 shows 254 

the aggregated change in Fwet in eight ecoregions in the Canadian Prairies with perturbed SWC, 255 

to illustrate the sensitivity of Fwet to changes in SWC. Given that the statistical model fitted is 256 

additive in the effects of ecoregion and s(SWC), perturbed change of 1% in SWC may translate 257 

into non-linear responses to Fwet, depending on the ecoregion. For the whole domain, the 258 

model-predicted Fwet increased at twice the rate of the perturbed change in SWC in the 259 

Canadian Prairies. There is a clear gradient in the response of wetland fraction to SWC, with a 260 

weaker response in the moist southwest Manitoba uplands and aspen parkland compared with 261 

strong responses in drier regions including the western Alberta uplands, mid-boreal uplands, and 262 

fescue grassland.  263 

 264 

 265 
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Figure 4. Bar plot of change in Fwet relative to a 1% increase in SWC for the entire domain and eight ecoregions.  266 

3 Results – Wetland changes in future climate 267 

In this section, we describe wetland change in the future climate scenario (PGW), including both 268 

spatial distribution and temporal variation. The spatial distribution of annual mean wetland 269 

fraction is shown for CTRL and PGW. Then, to illustrate the strong intra-seasonal variation, we 270 

contrast wetland fraction in spring and summer. Finally, to demonstrate the model’s performance 271 

to capture inter-annual variation, a timeseries analysis of Smith Creek watershed in 272 

Saskatchewan is compared with the timeseries of open water fraction derived from the MESMA 273 

method.  274 

 275 

3.1 Spatially heterogeneous wetland changes 276 

The model results from CTRL and PGW show a similar spatial pattern. There exists a spatial 277 

gradient of wetland fraction from the wetland-dense areas in the aspen parkland to relatively 278 

lower wetland fraction in the mixed grassland in the southwest PPR. This gradient generally 279 

agrees with the soil moisture gradient, as it reflects the surface wetness. However, the climate 280 

change impacts on wetland fraction show strong spatial heterogeneity. Here we present the 281 

impacts on Fwet between current and future climate as the relative change between Fwet _CTRL 282 

and Fwet _PGW, calculated as ((Fwet _PGW- Fwet _CTRL)/Fwet _CTRL). For the area in 283 

southwest mixed grassland in Alberta and Saskatchewan, projected 𝐹𝑤𝑒𝑡 increases by more than 284 

30% (Fig. 5(c&d)). In contrast, for the moist mixed grassland and mid-boreal uplands regions in 285 

Manitoba, which is a wetland-dense area under current climate, a decline in wetland fraction of 286 

about 20% is evident (Fig. 5(e)).  287 

 288 

Fig. 5(d&e) shows the water balance components in the areas circled in blue and red in Fig. 5(c), 289 

where significant wetland losses appear due to climate change. They are corresponding to mixed 290 

grassland and mid-boreal upland, respectively. In the mixed grassland (d), the total available 291 

water (P-ET) is projected to decrease for a minimal amount (-1 mm), compared to significant 292 

amount reduced (-11 mm) in mid-boreal uplands. The net loss of available water is common to 293 

all ecoregions (see Fig. S1). It is noteworthy that the sign of groundwater contribution is 294 

different in these two regions: in negative sign (-7 mm) in mixed grassland shows soil water 295 

drains downwards to recharge groundwater, while the positive sign (2 mm) in mid-boreal 296 

uplands shows groundwater supplies upper soil water through capillary rise. This means 297 

groundwater aquifer is acting as a buffer that absorbs excessive water when upper soil is wet and 298 

sustain upper soil moisture and the wetlands when it’s dry. The change in surface runoff is not 299 

significant in these regions. A complete water balance analysis for all eight ecoregions is 300 

provided in the supplemental information.  301 
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 302 
Figure   5.  Mean Fwet from (a) current climate (Fwet_CTRL), (b) future climate (Fwet_PGW), and (c) their relative change 303 
(Fwet_PGW- Fwet_CTRL)/ Fwet_CTRL. The blue and red circle in (c) highlights the wetland gain in mixed grassland and loss 304 
in mid-boreal uplands. Their water balance (mm) figure from spring through summer (March-August) are shown in (d&e). Three 305 
bars of each water balance component (precipitation-evapotranspiration [P-ET], groundwater [G], surface runoff [SR]) are 306 
shown, the first one is for CTRL, the second one is for PGW, and the third one is for the change of PGW-CTRL, and dSM 307 
represents the net change in soil moisture.  308 

  309 
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3.2 Temporally fluctuating wetland changes 310 

In addition to spatially heterogenous changes in the future wetland distribution, climate change 311 

will also alter the hydrological cycle, which leads to temporally fluctuating wetland abundance at 312 

both intra- and inter-annual scales. Figure 6 separates the climate change impacts on wetland 313 

fraction in two seasons, spring (March-April-May, MAM) and summer (June-July-August, JJA) 314 

and the changes in water balance components in these two seasons between CTRL and PGW 315 

(PGW-CTRL). The yellow and green symbols in Fig. 6(c&d) corresponds to the mixed grassland 316 

and mix-boreal uplands in Fig.5 (c-e). The mixed grassland always has the highest available 317 

water value in spring and summer (PGW-CTRL) in all ecoregions, while in mid-boreal uplands 318 

the available water is much less than other ecoregions.  319 

 320 
Figure 6. (a) Seasonal Fwet changes in spring (MAM), and (b) summer (JJA) between future and current climate 321 

(PGW-CTRL), relative to the CTRL values; (c) scatter plot of water balance change (PGW-CTRL) in MAM and (d) 322 

JJA for eight ecoregions. The x-axis is the available water (P-ET) and the y-axis is the contribution of groundwater.   323 

 324 

In the western PPR, wetland fraction under PGW is greater in both spring and summer when 325 

compared with CTRL, though the trend is more pronounced in the spring. On the other hand, in 326 

the eastern PPR, wetland fraction changes little in spring and declines ~20% in summer. The 327 

areas which are most vulnerable and impacted by climate change lie along the mid-boreal 328 

uplands ecoregion at the northern edge of the PPR, showing consistent drying in both spring and 329 

summer. In a semi-arid region like the PPR, there is a drying signal from spring to summer, due 330 

to strong evapotranspiration. This drying signal is stronger and extends over larger regions in the 331 

projected future climate. Intensified drying, and associated loss of wetland area, is projected to 332 

be especially strong in areas that are currently more humid, such as southeast Saskatchewan and 333 

southwest Manitoba.   334 
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 335 

Fig. 6(c) and (d) represent the change in water balance (PGW-CTRL), in eight ecoregions in 336 

MAM and JJA. A significant shift in available water (P-ET) is evident, from positive (surplus) in 337 

spring to negative (deficit) in summer. On the other hand, the change in G (PGW-CTRL) 338 

represents net contribution from groundwater to soil moisture, with positive values indicating 339 

less  underground drainage and negative values more underground drainage. There is an almost 340 

linear relationship between the change in available water and groundwater contributions in these 341 

eight ecoregions from PGW-CTRL indicating that the more water is available for partitioning, 342 

the more that will be lost due to underground runoff. Two ecoregions, southwest Manitoba 343 

uplands and mid-boreal uplands, stand out in the water balance analysis, as the net groundwater 344 

contribution is always positive through spring and summer. This again highlights the important 345 

buffer effect of groundwater in maintaining surface water balance in regions where the water 346 

table is shallow, further reinforcing why this process should not be neglected in land surface 347 

hydrological models.  348 

 349 

Fig. 7 shows the timeseries of 𝐹𝑤𝑒𝑡 in the Smith Creek watershed, in southeast Saskatchewan. 350 

The average values for 𝐹𝑤𝑒𝑡 from April to September are shown for MESMA and model-351 

simulated 𝐹𝑤𝑒𝑡 under CTRL and PGW climate (annual average plus seasonal range for spring 352 

and summer). The MESMA timeseries from 1984 to 2019 reflects the fluctuations in 𝐹𝑤𝑒𝑡 353 

through wet-dry cycles, showing that wetland fraction in the watershed has fluctuated by more 354 

than 5% over the last couple decades (equivalent to wetland area varying by 21.7 km
2
 between 355 

the wettest and driest years). The modeled 𝐹𝑤𝑒𝑡 from CTRL often underestimates the absolute 356 

value, but generally matches an increasing trend of the 𝐹𝑤𝑒𝑡  from the MESMA method, for the 357 

13-year period The underestimate of CTRL is less than 0.01 (𝐹𝑤𝑒𝑡_CTRL- 𝐹𝑤𝑒𝑡_𝑀𝐸𝑆𝑀𝐴) of the 358 

4-km grid cell and could be due to differences in resolutions and methods. MESMA detects open 359 

water portion within 30-m pixels, whereas the GAM-derived 𝐹𝑤𝑒𝑡 from CTRL climate is a 360 

function of soil water content at the 4-km grid scale, reflecting the original CWI depressions. 361 

The tendency for modelled𝐹𝑤𝑒𝑡 to under-predict wetland extent is also evident compared to the 362 

Adj_CanVec data in Fig. 3. The trend of increasing wetland extent observed in both datasets 363 

(MESMA and CTRL) from 2001 to 2013 is confirmed by field observations of increasing pond 364 

(wetland) counts by the Waterfowl Breeding Population and Habitat Survey(Ballard et al., 2014). 365 

 366 

 367 
Figure 7. 𝐹𝑤𝑒𝑡 timeseries in current (CTRL) and future (PGW) climate in the Smith Creek watershed, Saskatchewan. 368 

The MESMA method represents annual wetland fraction from April to September. The red and blue shading 369 

represent the seasonal range of 𝐹𝑤𝑒𝑡 within the spring [MAM] and summer [JJA] for CTRL and PGW climate. 370 

 371 
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The seasonal variation in 𝐹𝑤𝑒𝑡 is represented by the blue and red shading for CTRL and PGW 372 

climate, respectively. The range of 𝐹𝑤𝑒𝑡 is driven by the filling in spring due to snowmelt 373 

(surface runoff) and drying in summer due to evapotranspiration, indicating strong intra-annual 374 

variation. Therefore, it is important to investigate 𝐹𝑤𝑒𝑡 at the seasonal scale. This is especially 375 

evident in the spring of 2011, when a record-breaking intensive precipitation event occurred and 376 

induced flooding (Dumanski et al., 2015; Pattison-Williams et al., 2018). This results in the 377 

highest 𝐹𝑤𝑒𝑡 value since 1996 and is well captured by CTRL. The 𝐹𝑤𝑒𝑡 peak in spring and 378 

summer in 2011 in PGW is even larger than in current climate, indicating the potential 379 

intensification of the hydrological cycle in these wetlands. Higher predicted spring 𝐹𝑤𝑒𝑡 is driven 380 

by greater precipitation and stronger surface runoff from snowmelt. In contrast, drying trends in 381 

the summer are owed to higher temperatures and more variable summer precipitation.  382 
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4 Discussion 383 

4.1 Climate change studies in the PPR 384 

Several studies have projected climate change impacts on wetland densities in the PPR,  ranging 385 

from local-scale (Johnson et al., 2005; Liu et al., 2012) to regional-scale (Niemuth et al., 2014; 386 

Garris et al., 2015; Sofaer et al., 2016) investigations. Variable study scales and data sources 387 

have made linking wetland spatial distribution and climatic conditions a challenge. The most 388 

common approach has been to statistically relate different climatic variables, landscape 389 

management types, and human footprints with wetland abundance (Herfindal et al., 2015, 390 

Niemuth et al. 2014, Sofaer et al., 2015, Garris et al., 2015). Typically, the key variable in these 391 

studies has been water balance (P-PET, Herfindal et al., 2015). On the other hand, physical 392 

process-based hydrology or land surface models have been also applied in wetland studies 393 

(Johnson et al., 2005; Capehart et al., 2011; Fan et al., 2012). These studies attempted to simulate 394 

the hydroperiod, soil wetness, and shallow water table, to represent the dynamics of wetlands in 395 

PPR. Importantly, these variables are analogous to the surface water balance, as represented by 396 

the soil water content (SWC) in this study.  397 

 398 

Conclusions about climate change’s impacts on wetlands in the PPR vary. Wetland distribution 399 

under climate change reflects the change in climate forcing and thus may be sensitive to 400 

methodological differences, including the choice of GCMs and whether and how the GCMs are 401 

downscaled. For example, Johnson et al. (2005) applied three climate change scenarios 402 

uniformly across the entire PPR (18 study sites) and concluded that the region with greatest 403 

productivity in the central PPR will shift east- and southwards. However, climate change signals 404 

from GCM models are far from uniform. In contrast, Sofaer et al. (2016) and Garris et al. (2015) 405 

applied statistically downscaled climate forcings from an ensemble of GCMs and found the 406 

wetlands in the American portion of the PPR are projected to decline but with little shift in the 407 

regions with highest wetland densities.  408 

 409 

In our study, dynamical downscaled results from an ensemble of GCMs show that wetlands in 410 

the western Canadian PPR may benefit from wetter conditions under future climate. On the other 411 

hand, the eastern Canadian PPR will experience higher risk of wetland loss, especially due to 412 

intensified ET demand in summer. In this approach, critical hydrological processes at local and 413 

watershed scales, such as blowing snow and fill-and-spill, are underrepresented in our model. 414 

However, these processes, which occur at sub-grid resolution (4-km), may be not as important as 415 

changes in precipitation, ET, and recharge at large (regional) scales (Shaw et al., 2012).  416 

 417 

4.2 The impacts of land use change on wetland fraction 418 

In addition to impacting wetlands via change in the surface water balance, climate change may 419 

have indirect effects on wetlands via land use change. Wetland conservation strategies should 420 

take into account these direct and indirect climate effects. For example, Beaman (2016) found 421 

that climate change may alter agricultural economics such that annual-seeded crops increase at 422 

the expense of natural and semi-natural landcovers. Given that drainage for agriculture has been 423 

the historical driver of wetland loss on the prairies, with ongoing losses of ~ 3% of wetland area 424 

per decade, land use change could augment or offset direct climate effects on wetlands (PHJV 425 

2014).  426 

 427 
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Because our modelled 𝐹𝑤𝑒𝑡 was constrained by the CWI data, it necessarily reflects the results of 428 

historical drainage (i.e., the CWI does not map drained wetland basins). Drainage is not 429 

otherwise incorporated into our model. Figure 8 shows a qualitative wetland drainage score, 430 

based on the density of agricultural surface ditches as detected through aerial photography and 431 

high-resolution satellite imagery, in the PPR (for detailed methods and score descriptions see 432 

Appendix 11 in PHJV, 2014). Low drain score areas show minimal evidence of anthropogenic 433 

drainage whereas high drain scores exhibit extensive ditching and related drainage (Fig. 8).  434 

Three examples of drain score photos are included in Fig. 8: in a low drain score, most wetlands 435 

remain intact; in a medium drain score, many small wetlands have been drained; in a high drain 436 

score, most prairie potholes are drained and converted to cropland.  437 

 438 
Figure 8. (a) A qualitative drain score map from the Prairie Habitat Joint Venture (PHJV 2014), (b-d) are examples 439 

of the three drain scores (photos are from the Saskatchewan Geospatial Imagery Collaborative). 440 

 441 

4.3 Prioritizing wetland conservation in an uncertain future  442 

The spatial heterogeneity of climate change impacts on wetland fraction in the PPR is a 443 

challenge to conservation decision-makers, especially under extreme climate conditions and 444 

uncertainties associated with anthropogenic drainage. Considering extreme climate conditions 445 

(droughts and floods) can constrain the magnitude of possible wetland area change; including 446 

anthropogenic drainage can help spatially prioritize conservation efforts by revealing both areas 447 

that may remain robust to climate change and areas where wetland ecosystem services may be 448 

imperilled by climate change and drainage.  449 

 450 

Fig. 9 shows the concordance of future climate change impacts and the drainage score in extreme 451 

drought and flood conditions. The change of extreme dry and wet conditions (PGW-CTRL) are 452 

characterized by the Fwet values at 5
th 

and 95
th 

percentile, i.e. (Fwet_PGW_95
th

-453 

Fwet_CTRL_95
th

 and Fwet_PGW_5
th

-Fwet_CTRL_5
th

). A threshold value of ∆𝐹𝑤𝑒𝑡=0.1 is 454 



manuscript submitted to Water Resources Research 

 

selected and overlaid with the qualitative drain score shown in Fig.8.  The wetland loss and gain 455 

under extreme conditions complements the average climate projections (Fig. 5) and suggests the 456 

need for a diversified approach to distributing conservation efforts. For example, the consistent 457 

wetland gain in the western PPR, under both wet and dry extremes, suggests conservation and 458 

restoration are viable under climate change. The wetland basins in the western PPR will have 459 

available water to fill wetlands to maintain wildlife habitats even in relatively dry summers. 460 

Current conservation efforts in this area should continue to provide a valuable return on 461 

investment under extreme climate conditions.  462 

 463 

 464 
Figure 9. Combined effect of climate change and drainage in extreme (a) dry and (b) wet conditions. Drainage 465 

intensity is from the PHJV drainage score (PHJV, 2014). The drought and flooding conditions are selected from the 466 

5th and 95th percentile of the monthly wetland fraction results from CTRL and PGW climate. 467 

 468 

On the other hand, highly drained areas in eastern Saskatchewan will be challenged under 469 

fluctuating hydrological conditions. The combination of high wetland loss and intensified 470 

drought conditions under climate change will mean a shortage of wildlife habitat in dry years. In 471 

contrast, extreme wet conditions may lead to flooding in spring snowmelt season, exacerbated by 472 

wetland loss. Therefore, conserving wetlands in the Aspen Parkland and Boreal transition 473 

regions in eastern Saskatchewan may buffer against flooding during intensified future wet 474 

periods. Other areas of the Canadian prairies, like western Manitoba, could become challenged 475 

by moisture deficits (even in the wettest years) that will not favour the inundation and 476 

persistence of wetlands. Historically, the cost of restoring drained wetlands has been several 477 

times that of conserving existing wetlands (Loesch et al., 2012; Pomeroy et al., 2015). However, 478 

the combination of the drainage score and predicted wetland changes from this study can be used 479 

to identify areas with both numerous restoration opportunities and suitable future climate to 480 

maximize the benefits of investments in restoration.    481 
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5 Conclusions 482 

Conservation of prairie wetlands is crucial to protect the many values they provide including 483 

regulating water, improving water quality, and supporting biodiversity. Knowing that climate 484 

change poses a threat to wetland habitats through alteration of the hydrological cycle, it is 485 

necessary to consider the impacts of climate change in conservation planning.  Previous studies, 486 

especially those covering the Canadian portion of the PPR, used GCM-scale climate and 487 

hydrological covariates, which are less informative and more uncertain. Therefore, in this study, 488 

we used a dynamical downscale from a CPRCM, which has better representation of land surface 489 

properties and less uncertainty in precipitation forecast, as our climate projection. We linked the 490 

physically modeled soil water content (SWC) with a statistical model to predict the wetland 491 

fraction in a 4-km resolution grid and showed the impacts on wetlands under climate change.  492 

 493 

Overall, the climatic change is projected to be wetter, but with strong spatial heterogeneity and 494 

seasonal variation. For the western PPR, wetland fraction is shown to increase in future climate 495 

in both the spring and summer seasons. However, in the eastern PPR, wetlands are expected to 496 

increase in spring while decrease in summer, due to intensified ET demand. Groundwater has an 497 

important buffer effect to sustain wetland ecosystems, especially in mid-boreal uplands and 498 

southern Manitoba uplands in the eastern PPR. The heterogeneous change in projected climatic 499 

and hydrological conditions may alter the current wetland distribution, where natural wetlands 500 

are more abundant in the eastern PPR.  501 

 502 

Loss of future wetland ecosystem services may be especially pronounced in the eastern PPR 503 

owing to challenges from both climatic drying and anthropogenic land-use change. The areas 504 

expected to experience extended summer drying coincide with areas with high density of 505 

drainage ditches (and thus, presumably, already high wetland loss).  The western PPR, with 506 

moisture conditions conducive to wetland persistence through the spring and summer, will 507 

remain a safe choice for wetland conservation efforts. Assessments of the effects of climate 508 

change on wetland conservation must fully consider ecological, economic, and social realities 509 

along with the potential for climate-induced changes to determine the most effective spatial 510 

targeting of wetland conservation and restoration. 511 

  512 
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Figures 644 

 645 
Figure1 (a) 𝐹𝑤𝑒𝑡 spatial distribution from the Canadian Wetland Inventory (CWI); (b) 𝐹𝑤𝑒𝑡 spatial distribution from 646 

Adj_CanVec, a modelled wetland dataset; (c) scatter plot (bottom) and histogram (top) of 𝐹𝑤𝑒𝑡 of the CWI (blue) 647 

and Adj_CanVec (red) and (d) a 2D histogram of 𝐹𝑤𝑒𝑡 from 0 to 0.4.   648 
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 649 
Figure 2. Ecoregions in the Canadian Prairies. Black contour outlines the Prairie Pothole Region and the 650 

filled colors represent the 8 ecoregions as used in the wetland model. The area where Adj_CanVec data are 651 

unavailable are blank.   652 
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 653 
Figure 3. (a) Histogram of the model bias (Fwet_CTRL-Adj_CanVec), y axis label is the relative frequency 654 

density of the whole grid cells in the Canadian Prairies; (b) scatter plot of mean Fwet_CTRL compared with 655 

mean Adj_CanVec by ecoregion. Point sizes are proportional to the square root of sample sizes.  656 
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 657 
Figure 4. Bar plot of change in Fwet relative to a 1% increase in SWC for the entire domain and eight ecoregions.   658 
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 659 
Figure   5.  Mean Fwet from (a) current climate (Fwet_CTRL), (b) future climate (Fwet_PGW), and (c) their relative 660 
change (Fwet_PGW- Fwet_CTRL)/ Fwet_CTRL. The blue and red circle in (c) highlights the wetland gain in mixed 661 
grassland and loss in mid-boreal uplands. Their water balance (mm) figure from spring through summer (March-662 
August) are shown in (d&e). Three bars of each water balance component (precipitation-evapotranspiration [P-ET], 663 
groundwater [G], surface runoff [SR]) are shown, the first one is for CTRL, the second one is for PGW, and the third 664 
one is for the change of PGW-CTRL, and dSM represents the net change in soil moisture.   665 
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 666 
Figure 6. (a) Seasonal Fwet changes in spring (MAM), and (b) summer (JJA) between future and current 667 

climate (PGW-CTRL), relative to the CTRL values; (c) scatter plot of water balance change (PGW-CTRL) 668 

in MAM and (d) JJA for eight ecoregions. The x-axis is the available water (P-ET) and the y-axis is the 669 

contribution of groundwater.    670 
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 671 

 672 
Figure 7. 𝐹𝑤𝑒𝑡 timeseries in current (CTRL) and future (PGW) climate in the Smith Creek watershed, 673 

Saskatchewan. The MESMA method represents annual wetland fraction from April to September. The red 674 

and blue shading represent the seasonal range of 𝐹𝑤𝑒𝑡 within the spring [MAM] and summer [JJA] for 675 

CTRL and PGW climate.  676 
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 677 
Figure 8. (a) A qualitative drain score map from the Prairie Habitat Joint Venture (PHJV 2014), (b-d) are 678 

examples of the three drain scores (photos are from the Saskatchewan Geospatial Imagery Collaborative).  679 
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  680 
Figure 9. Combined effect of climate change and drainage in extreme (a) dry and (b) wet conditions. 681 

Drainage intensity is from the PHJV drainage score (PHJV, 2014). The drought and flooding conditions are 682 

selected from the 5th and 95th percentile of the monthly wetland fraction results from CTRL and PGW 683 

climate. 684 


