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Introduction  
Text S1 contains an introduction to the Multiple Endmember Spectral Mixture Analysis 

(MESMA) method used in this study to derive temporal wetland fraction in the Smith Creek 

watershed in Saskatchewan.  

Text S2, Table S1 and Figure S1 provide additional details about the statistical analysis. 

Figure S2 is a complete water balance analysis for all eight ecoregions in the Canadian Prairies. 

Figure S3 is an evaluation of snow water equivalent against the Canadian Meteorological Centre 

gridded distributed snow product in the eight ecoregions in the Canadian Prairies. 

Figure S4 is a flowchart for the modeling procedure in this study. 

Text S3 is a description of an additional analysis for the GAM modeled 𝐹𝑤𝑒𝑡 compared with the 

MESMA method in the Smith Creek watershed. 

Figure S5 is an evaluation figure for the GAM model 𝐹𝑤𝑒𝑡 and the ponding water depth from St. 

Denis National Wildlife Area (SDNWA).  

Figure S6 is a detailed water balance analysis for the mixed grassland and mid-boreal upland 

ecoregions for the CTRL and PGW simulations.  
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Text S1. An introduction to the MESMA method 

Three Landsat satellite sensors (Landsat 5 Thematic Mapper [1984 – 2011], Landsat 7 Enhanced 

Thematic Mapper + [1999 – 2019], and Landsat 8 Operation Land Imager [2013 – 2019]) imaged 

the Smith Creek watershed over the study period at a 30 m pixel resolution with a repeat interval 

of 16 days (8 days if two sensors were active). We used Multiple Endmember Spectral Mixture 

Analysis (MESMA) to estimate the proportion of open water cover in each pixel through time. The 

MESMA process allows endmembers to vary on a per pixel basis by selecting from multiple 

endmembers for one or more cover types enabling spectral variability of cover types to vary in 

space and time. In order to estimate the fractional water cover, MESMA iteratively models each 

pixel’s reflectance spectrum as linear combinations of three ‘open water’ and three ‘dry vegetation’ 

spectral endmembers, for a total of nine different combinations. The best model is selected based 

on minimizing the root mean squared error between the actual and modelled spectrum. ‘Open water’ 

and ‘dry vegetation’ spectral endmembers were selected as pixels from Landsat images with low 

probabilities of habitat mixing. These represent spectrally ‘pure’ pixels containing different ‘open 

water’ (clear, turbid, and water with sun glint) and ‘dry vegetation’ (live and dry vegetation, forest) 

types commonly seen in the imagery. We used six spectral bands spanning the visible to short wave 

infrared regions of the reflectance spectrum in the MESMA analysis corresponding to bands 1 - 5 

and 7 for Landsat 5 and 7, and bands 2 – 7 for Landsat 8. The summed fractional cover estimates 

of ‘open water’ and ‘dry vegetation’ were constrained to equal one to remove the effect of shade. 

All cloud contaminated pixels were removed from each image using the quality assessment band 

supplied with each Landsat image. 

 

To focus our analysis on wetland areas within the Smith Creek watershed and exclude the effects 

of anthropogenic water features in agricultural fields, we employed a two-step classification 

process.  All atmospherically corrected Landsat Level 2 Surface Reflectance image products 

acquired between April and September from 1984 – 2019 were collected from the United States 

Geological Survey Earth Explorer website (earthexplorer.usgs.gov). We then calculated the 

normalized difference vegetation index (NDVI) for all pixels across all images and a produced 

histogram of NDVI for each pixel. One thousand pixels of each class (‘wetland’ and ‘dry 

vegetation/agriculture’) were randomly selected from the study area and class type was confirmed 

using high resolution imagery in Google Earth. A random forest classifier was then trained (Matlab 

function ‘treebagger’) and each NDVI pixel time histogram was then classified as either ‘wetland’ 

or ‘dry vegetation/agriculture’. Pixel classifications were then compared to a DUC CWI-standard 

wetland layer and correctly classified ‘wetland area’ with 88% accuracy and ‘dry 

vegetation/agriculture’ with 77% accuracy. Because there was an order of magnitude greater ‘dry 

vegetation/agriculture’ pixels within the Smith Creek watershed versus ‘wetland’ pixels we 

employed a secondary classification step to further exclude agricultural pixels. Since we would 

expect ‘wetland’ areas to be completely inundated at various points in the time series, we excluded 

pixels where the MESMA ‘open water’ fraction never exceeded 0.7. The overall accuracy of the 

model was similar with ‘wetland area’ classified with 77% accuracy and ‘dry vegetation/agriculture’ 

with 87% accuracy, however many additional ‘dry vegetation/agriculture’ pixels were excluded 

from further analysis. The fractional cover of ‘open water’ within each pixel was assessed for all 

images using MESMA and the 90th percentile ‘open water’ fractional value was recorded for each 

pixel across each year. Total wetland area was then calculated by summing the ‘open water’ area 

for all ‘wetland’ pixels within the Smith Creek watershed for each year from 1984 to 2019. 

 

  

https://earthexplorer.usgs.gov/
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Text S2. Additional details about the Generalized Additive Model of wetland fraction 

as a function of soil water content and ecoregion. 

In this study, we fit the following statistical model: g(E(Fwet)) = s(SWC) + ER. We used 

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

smooth function of soil water content (𝑠(𝑆𝑊𝐶)), and included ecoregion (ER) as a factor 

predictor variable in the model to allow for different baseline wetland fractions (or 

intercepts) among the eight ecoregions. The smooth function of soil water content 

(𝑠(𝑆𝑊𝐶)) had 4.89 effective degrees of freedom, which remained stable with increasing 

basis dimensions (k), and the effect was significant (chi-squared value = 16.36 and p = 

0.014). Table S1 provides the parameter estimates and standard errors for the different 

ecoregions. Figure S2 plots predicted values of wetland fraction over the full range of 

SWC for each ecoregion, including 95% confidence intervals. 

 

Table S1. Parameter estimates (and standard errors) for the effect of different ecoregions 

in a General Additive Model of wetland fraction as a function of ecoregion and soil water 

content. The Aspen Parkland ecoregion is the reference category in the model and so has 

no associated parameter estimate. 

Ecoregion β (Standard error) 

Boreal Transition 0.20 (0.15) 

Fescue Grassland -1.14 (0.32) 

Mid-Boreal Uplands 0.24 (0.34) 

Mixed Grassland -0.17 (0.12) 

Moist Mixed Grassland 0.085 (0.090) 

Southwest Manitoba Uplands 0.64 (0.36) 

Western Alberta Uplands -2.88 (2.74) 
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Figure S1. Predicted values of wetland fraction, from a General Additive Model, over a range of soil water 

content for eight Canadian ecoregions. 

 

 

 
Figure S2. Water balance components (mm) for eight ecoregions in the Canadian Prairies for spring and 

summer (from MAM to JJA). Three columns in each term are for CTRL, PGW, and their change (PGW-

CTRL). P is precipitation, ET is evapotranspiration, SR is surface runoff, G is groundwater recharge, and 

dSM is the net change of soil moisture. 

  



 

 

5 

 

 
Figure S3. Monthly snow water equivalent (mm/month) from CMC snow data (black dots) and 

Noah-MP simulation (blue lines) from 2000 winter to 2013 summer, averaged over eight 

ecoregions in the study domain (ecoregions as in Figure 2) in the manuscript.  

 

 

 
Figure S4. Flowchart of the method and models used in this study. Two rows represent two paralleled climate 

scenarios, CTRL and PGW. Four columns represent the boundary and initial conditions for WRF, dynamical 

downscaling on convection permitting scale using WRF, land-surface hydrology model Noah-MP, and the 

statistical GAM model.  
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Text S3. Additional analysis for the Smith Creek watershed, comparing the GAM 

model 𝑭𝒘𝒆𝒕 results with the MESMA method. 

Figure S5 shows the annual timeseries of 𝐹𝑤𝑒𝑡 in the Smith Creek watershed, in southeast 

Saskatchewan. The average values for 𝐹𝑤𝑒𝑡  from April to September are shown for 

MESMA and model-simulated 𝐹𝑤𝑒𝑡 under CTRL and PGW climate (mean plus seasonal 

range for spring and summer). The PGW simulation, which represents the pseudo global 

warming scenario by the end of the 21st century, is plotted upon the simulation period from 

2001-2013 for direct comparison with CTRL. The MESMA timeseries from 1984 to 2019 

reflects the fluctuations in 𝐹𝑤𝑒𝑡 through wet-dry cycles, showing that wetland fraction in 

the watershed has fluctuated by more than 5% over the past 36 years (equivalent to wetland 

area varying by 21.7 km2 between the wettest and driest years). The modeled 𝐹𝑤𝑒𝑡 from 

CTRL often underestimates the MESMA 𝐹𝑤𝑒𝑡 , but generally matches the increasing trend 

observed from the MESMA method for the 13-year period. The underestimate of CTRL is 

less than 0.01 (𝐹𝑤𝑒𝑡_CTRL- 𝐹𝑤𝑒𝑡_𝑀𝐸𝑆𝑀𝐴) of the 4-km grid cell and could be due to 

differences in resolutions and methods. MESMA detects the fractional open water portion 

within 30-m pixels, whereas the GAM-derived 𝐹𝑤𝑒𝑡 from CTRL climate is a function of 

soil moisture content at the 4-km grid scale, reflecting the original CWI depressions. The 

trend of increasing wetland extent observed in both datasets (MESMA and CTRL) from 

2001 to 2013 is confirmed by field observations of increasing pond (wetland) counts by 

the Waterfowl Breeding Population and Habitat Survey (Ballard et al., 2014). 

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

PGW climate, respectively. The range of 𝐹𝑤𝑒𝑡 is driven by the snowmelt infiltration to the 

soil moisture and filling of the surface water storage in spring and the drying in summer 

due to evapotranspiration, indicating strong intra-annual variation. Therefore, it is 

important to investigate 𝐹𝑤𝑒𝑡 at the seasonal scale. This is especially evident in the spring 

of 2011, when a record-breaking intensive precipitation event occurred and induced 

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

𝐹𝑤𝑒𝑡 value since 1996 and is well captured by CTRL. The 𝐹𝑤𝑒𝑡 peak in 2011 in PGW is 

even larger than in current climate, indicating the potential intensification of the 

hydrological cycle in these wetlands. 
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Figure S5. 𝐹𝑤𝑒𝑡  timeseries in current (CTRL) and future (PGW) climate in the Smith Creek watershed, 

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

and blue shading represent the seasonal range of 𝐹𝑤𝑒𝑡  within the spring (MAM) and summer (JJA) for CTRL 

and PGW climate. 

 

 

 
Figure S6. Water balance analysis for the mixed grassland and the mid-boreal upland region, including 

precipitation – evapotranspiration (first row), groundwater and surface runoff (second row), change of snow 

by month (third row), and change of soil moisture (bars, left axis) and SMC (lines, right axis) (fourth row). 

Blue and red correspond to the CTRL and PGW simulation. The increase of SMC over winter can be 

explained by the net results of precipitation – ET – G – SR - ∆𝑆𝑁𝑂𝑊. That is to say, possible snowmelt 

events through winter contribute to soil moisture increase.  


