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ABSTRACT  

Wetlands in the Prairie Pothole Region (PPR) support numerous biological communities, and the 

composition of these communities depends on the length of time ponded water is present (i.e., 

hydroperiod or permanence class). There is consensus in the literature that land cover/land use 

and climate dictate ponded water amounts in prairie pothole wetlands. While terrain is 

understood to be an important factor in determining ŀ ǿŜǘƭŀƴŘΩǎ hydroperiod, this metric is 

seldom included in models forecasting the impact of climate and land cover/land use on 

hydroperiod. To understand how the habitat of these wetland biota will change under a warmer 

climate, we must study the relative importance of each hydroperiod driver (i.e., climate, land 

cover/land use and terrain). Also, to best predict how the structure of these wetland biota will 

be affected by habitat changes, we must study the role hydroperiod plays in their community 

assembly. My thesis is centered on two major themes: 1) what is the relative importance of 

climate, land cover/land use and terrain on wetland permanence class and 2) what is the role of 

hydroperiod in the assembly of three wetland biota: birds, aquatic macroinvertebrates and 

plants? First, I investigate the relative importance of the major factors influencing wetland 

permanence ς climate, land cover/land use and terrain. Using 19 metrics representing climate, 

land use/land cover and terrain, each of which literature suggests could explain permanence, I 

predicted wetland permanence class in the Boreal, Parkland and Grassland Natural Regions. 

Climate was most important in predicting wetland permanence class in all three Natural Regions. 

However, in the Boreal and Parkland, terrain was the second most important driver of 

permanence class. Based on my findings, I believe that while it is important to consider climate 

and land cover/land use in forecasting the impact of climate change in PPR models, terrain 
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metrics can provide additional insight into how PPR wetlands will be affected by climate change. 

Second, I determined whether short- and long-hydroperiod wetlands differed in the relative 

influence of biological and environmental filtering on community abundances. My findings 

suggest that: 1) biological interactions had an equivalent role in shaping community abundances 

across the hydroperiod gradient and 2) hydroperiod alone could not explain community 

abundances because cross-taxon relationships were stronger (77% ±SE 12%) than taxon-

hydroperiod relationships. Third, I determined whether hydroperiod had a more important role 

in the functional dispersion (i.e., how species abundances vary in trait space) of wetland biota. I 

conclude that:  1) there is a direct influence of hydroperiod on functional dispersion of all taxa; 

2) both bird and aquatic macroinvertebrate functional dispersion is causally related to the 

functional dispersion of plants;  and 3) hydroperiod had a more important role in structuring 

functional dispersion than cross-taxon interactions. Fourth, I sought to understand how sensitive 

wetland biota would be to an inter-year change in hydroperiod that was driven by a change in 

precipitation timing, which occurred between the two years my wetlands were surveyed. I found 

that for birds and aquatic macroinvertebrates, there was a change in community composition 

between years, which I could attribute to a change in hydroperiod.  For birds and aquatic 

macroinvertebrates, I found that this change in hydroperiod resulted in wetlands supporting taxa 

that were weakly associated with wetland permanence or those being able to reproduce/survive 

these drier conditions. I posit that if the delay in precipitation became a sustained climatic 

pattern, we would eventually see changes in the community structure of plants similar to the 

changes we observed among birds and aquatic macroinvertebrates after a single year of delayed 

precipitation.     



ix 
 

DEDICATION 

 

 

 

 

 

 

To those gone, but pivotal in steering me towards this academic path. 

Χ Lyril Miller, my grandmother. 

ΧΦ Larry Daniel, my father.   



x 
 

Table of Contents  

1. BACKGROUND & LITERATURE REVIEW .........................................................................................1 

1.1. BACKGROUND ..............................................................................................................................1 

1.1.1. THESIS OVERVIEW ................................................................................................................................ 1 

1.1.1.1. Manuscripts & Author Contributions ................................................................................. 2 

1.2. REVIEW OF LITERATURE ..................................................................................................................3 

1.2.1. HISTORY OF PPR WETLANDS .................................................................................................................. 3 

1.2.1.1. Geological History............................................................................................................... 3 

1.2.1.2. History of Land Use Practices ............................................................................................. 3 

1.2.2. HYDROLOGY OF PPR WETLANDS ............................................................................................................ 5 

1.2.2.1. Hydroperiod ....................................................................................................................... 6 

1.2.2.1.1. Groundwater .............................................................................................................................. 7 

1.2.2.1.2. Wetland Topographic Variation and Landscape Position .......................................................... 8 

1.2.3. PAST AND FORECAST EFFECTS OF CLIMATE CHANGE & LAND USE ................................................................. 9 

1.2.3.1. Effects of Climate Change on Hydroperiod ........................................................................ 9 

1.2.3.2. Effects of Land Use on Hydroperiod ................................................................................. 10 

1.2.3.3. Wetland Biota in the PPR ................................................................................................. 11 

1.2.3.3.1. Effects of Climate Change and Agriculture on Wetland Birds ................................................. 11 

1.2.3.3.1.1. Bird Assembly in the PPR ...................................................................................................... 11 

1.2.3.3.1.2. Climate Change Influences Birds .......................................................................................... 12 

1.2.3.3.1.3. Land Use Influences on Birds ................................................................................................ 13 

1.2.3.3.2. Effects of Climate Change and Agriculture on Aquatic Macroinvertebrates........................... 14 

1.2.3.3.2.1. Aquatic Macroinvertebrate Assembly in the PPR ................................................................. 14 

1.2.3.3.2.2. Climate Change Influences on Aquatic Macroinvertebrates ................................................ 15 

1.2.3.3.2.3. Land Use Influences on Aquatic Macroinvertebrates........................................................... 15 

1.2.3.3.3. Effect of Climate Change and Agriculture on Vegetation ........................................................ 16 

1.2.3.3.3.1. Plant Assembly in the PPR .................................................................................................... 16 

1.2.3.3.3.2. Climate Change Influences on Plants .................................................................................... 17 

1.2.3.3.3.3. Land Use Influences on Plants .............................................................................................. 17 

1.2.4. SUMMARY: CLIMATE & LAND USE IMPACTS ON WETLAND BIOTA .............................................................. 18 

2. CLIMATE AND TOPOGRAPHY: THE TWO ESSENTIAL INGREDIENTS IN PREDICTING WETLAND 

PERMANENCE. ................................................................................................................................. 19 

2.1. INTRODUCTION .......................................................................................................................... 19 

2.2. METHODS ................................................................................................................................. 21 

2.2.1. STUDY AREA ...................................................................................................................................... 21 

2.2.2. WETLAND LOCATIONS & EXTENTS ......................................................................................................... 24 

2.2.3. SELECTING METRICS............................................................................................................................ 24 

2.2.3.1. Climate .............................................................................................................................. 26 

2.2.3.2. Land Cover & Land Use ..................................................................................................... 27 

2.2.3.3. Terrain .............................................................................................................................. 27 

2.2.4. DATA ANALYSIS .................................................................................................................................. 28 



xi 
 

2.2.4.1. Predicting Wetland Permanence Class............................................................................. 30 

2.2.4.2. Fitting Model .................................................................................................................... 30 

2.3. RESULTS ................................................................................................................................... 32 

2.3.1. METRIC REDUCTION & EXPLORATION .................................................................................................... 32 

2.3.2. MODEL PERFORMANCE ....................................................................................................................... 32 

2.3.1. PREDICTING PERMANENCE CLASS WITHIN OBSERVED RANGE OF EACH METRIC ............................................ 33 

2.3.2. RELATIVE IMPORTANCE OF METRICS IN PREDICTING WETLAND PERMANENCE CLASS AMONG NATURAL REGIONS

 33 

2.3.3. PREDICTING WETLAND PERMANENCE CLASS IN THE BOREAL NATURAL REGION ............................................ 37 

2.3.4. PREDICTING WETLAND PERMANENCE CLASS IN THE PARKLAND NATURAL REGION ........................................ 40 

 41 

2.3.5. PREDICTING WETLAND PERMANENCE CLASS IN THE GRASSLAND NATURAL REGION ...................................... 42 

2.4. DISCUSSION .............................................................................................................................. 44 

2.5. CONCLUSION ............................................................................................................................. 47 

3. WETLAND HYDROPERIOD INFLUENCES COMMUNITY ABUNDANCES, BUT NOT THE MAGNITUDE 

OF CROSS-TAXON CONGRUENCE. ..................................................................................................... 48 

3.1. INTRODUCTION .......................................................................................................................... 48 

3.2. MATERIALS AND METHODS ........................................................................................................... 53 

3.2.1. STUDY AREA ...................................................................................................................................... 53 

3.2.2. STUDY DESIGN ................................................................................................................................... 54 

3.3. BIOLOGICAL SURVEYS .................................................................................................................. 55 

3.3.1. BIRDS ............................................................................................................................................... 55 

3.3.2. AQUATIC MACROINVERTEBRATES .......................................................................................................... 55 

3.3.3. PLANTS ............................................................................................................................................. 57 

3.3.4. HYDROPERIOD ................................................................................................................................... 57 

3.4. STATISTICAL ANALYSIS ................................................................................................................. 58 

3.4.1. CONGRUENCE .................................................................................................................................... 58 

3.4.2. RAREFICATION ................................................................................................................................... 60 

3.5. RESULTS ................................................................................................................................... 61 

3.5.1. CONGRUENCE .................................................................................................................................... 61 

3.6. DISCUSSION .............................................................................................................................. 62 

3.7. CONCLUSION ............................................................................................................................. 66 

4. FUNCTIONAL DISPERSION OF WETLAND BIRDS, INVERTEBRATES AND PLANTS MORE STRONGLY 

INFLUENCED BY HYDROPERIOD THAN EACH OTHER. ......................................................................... 68 

4.1. INTRODUCTION .......................................................................................................................... 68 

4.2. METHODS ................................................................................................................................. 73 

4.2.1. STUDY AREA ...................................................................................................................................... 73 

4.2.2. STUDY DESIGN ................................................................................................................................... 74 

4.2.3. BIOLOGICAL SURVEYS .......................................................................................................................... 75 

4.2.3.1. Birds .................................................................................................................................. 75 

4.2.3.2. Aquatic Macroinvertebrates ............................................................................................ 75 

4.2.3.3. Plants ................................................................................................................................ 76 



xii 
 

4.2.4. CHARACTERIZING PRAIRIE POTHOLE PERMANENCE................................................................................... 77 

4.2.5. STATISTICAL ANALYSIS ......................................................................................................................... 78 

4.2.5.1. Calculating Functional Dispersion .................................................................................... 78 

4.2.5.2. Partitioning the Influences of Community Composition into Environmental and Biological 

Components 79 

4.3. RESULTS ................................................................................................................................... 80 

4.3.1. PARTITIONING THE INFLUENCES OF COMMUNITY COMPOSITION INTO ENVIRONMENTAL AND BIOLOGICAL 

COMPONENTS ................................................................................................................................................. 80 

4.4. DISCUSSION .............................................................................................................................. 82 

4.5. CONCLUSION ............................................................................................................................. 85 

5. CONSISTENT BUT DELAYED TIMING OF PRECIPITATION AFFECTS COMMUNITY COMPOSITION OF 

PRAIRIE POTHOLE BIRDS AND AQUATIC MACROINVERTEBRATES, BUT NOT WETLAND PLANTS. ......... 87 

5.1. INTRODUCTION .......................................................................................................................... 87 

5.2. METHODS ................................................................................................................................. 91 

5.2.1. STUDY REGION ................................................................................................................................... 91 

5.2.2.  INTERANNUAL VARIATION IN PRECIPITATION TIMING ............................................................................... 92 

5.2.3. STUDY DESIGN ................................................................................................................................... 93 

5.3. SURVEYS OF BIOLOGICAL COMMUNITIES & SAMPLING OF WETLAND SOIL AND WATER CHEMISTRY ................ 93 

5.3.1. BIRDS ............................................................................................................................................... 93 

5.3.2. AQUATIC MACROINVERTEBRATES .......................................................................................................... 94 

5.3.3. PLANTS ............................................................................................................................................. 95 

5.3.4. ENVIRONMENTAL CONDITIONS ............................................................................................................. 95 

5.4. STATISTICAL ANALYSIS ................................................................................................................. 96 

5.4.1. VISUALIZING COMMUNITY COMPOSITION BETWEEN YEARS ....................................................................... 96 

5.4.2. QUANTIFYING CHANGE IN COMMUNITY COMPOSITION ............................................................................ 97 

5.5. RESULTS ................................................................................................................................... 99 

5.5.1. CHANGES IN HYDROPERIOD FROM 2014 TO 2015 ................................................................................... 99 

5.5.2. VISUALIZING COMMUNITY COMPOSITION BETWEEN YEARS ....................................................................... 99 

5.5.3. QUANTIFYING CHANGE IN COMMUNITY COMPOSITION .......................................................................... 102 

5.6. DISCUSSION ............................................................................................................................ 104 

5.7. CONCLUSION ........................................................................................................................... 108 

6. SUMMARY, RESEARCH IMPLICATIONS & FUTURE WORK .......................................................... 109 

6.1. SUMMARY .............................................................................................................................. 109 

6.1.1. HOW IMPORTANT ARE CLIMATE, LAND COVER/LAND USE AND TERRAIN IN PREDICTING WETLAND PERMANENCE 

CLASS? 109 

6.1.2. DOES CONGRUENCE DIFFER BETWEEN SHORT- AND LONG-HYDROPERIOD WETLANDS? .................................. 110 

6.1.3. IS HYDROPERIOD MORE IMPORTANT IN EXPLAINING COMMUNITY STRUCTURE THAN CROSS-TAXON RELATIONSHIPS?

 111 

6.1.4. ARE WETLAND BIOTA SENSITIVE TO AN INTER-YEAR CHANGE IN WETLAND HYDROPERIOD? ............................ 112 

6.2. RESEARCH IMPLICATIONS ............................................................................................................ 114 

6.2.1. TERRAIN CONTEXT IS THE MISSING ELEMENT IN PPR CLIMATE FORECASTS. ................................................. 114 



xiii 
 

6.2.2. PREDICTIONS ON THE INFLUENCE OF CLIMATE CHANGE ON PERMANENCE CLASS MAY BE ERROR PRONE IN NATURE.

 114 

6.2.3. WETLAND RESTORATION SHOULD USE THE TERRAIN CONTEXT TO SET THE PERMANENCE CLASS TARGET. .......... 115 

6.2.4. CHANGES IN HYDROPERIOD CAN HAVE LARGE IMPACTS ON PPR WETLAND BIOTA. ....................................... 116 

6.2.5. CHANGES IN HYDROPERIOD MAY NOT IMPACT THE STRENGTH OF BIOLOGICAL INTERACTIONS OF WETLAND BIOTA.

 116 

6.3. FUTURE WORK ......................................................................................................................... 117 

6.3.1. WOULD TERRAIN BE MORE IMPORTANT WITH A FINER-SCALE DEM? ......................................................... 117 

6.3.2. ARE LONGER-HYDROPERIOD WETLANDS SPATIALLY AGGREGATED BECAUSE OF CLIMATE OR TOPOGRAPHY? ...... 117 

6.3.3. WOULD SOIL MAPPING AND GEOGRAPHICAL HISTORY IMPROVE PREDICTIONS OF PERMANENCE CLASS IN THE PPR?

 119 

6.3.4. IS CONSOLIDATION DRAINAGE THE TRUE DRIVER OF HIGHER PERMANENCE WETLANDS BEING POSITIONED LOWER IN 

THE LANDSCAPE? ........................................................................................................................................... 119 

6.3.5. HOW DIFFERENT WOULD PLANT COMMUNITY STRUCTURE BE WITH A CHANGE IN SEEDBANK? ........................ 120 

6.3.6. WHAT IS THE TIPPING POINT FOR PLANT COMMUNITIES WHEN HYDROPERIODS HAVE DECLINED? ................... 121 

6.3.7. WHAT IS THE RELATIVE INFLUENCE OF PERMANENCE VERSUS HYDROPERIOD ON BIRDS AND PLANTS? .............. 122 

6.3.8. IS THERE A DIFFERENCE IN THE PRODUCTIVITY OF BIRDS ACROSS THE HYDROPERIOD GRADIENT? ..................... 122 

6.4. CONCLUSION ........................................................................................................................... 123 

REFERENCES .................................................................................................................................. 125 

APPENDICES .................................................................................................................................. 152 

Appendix 1. Waterfall plots showing predicted probabilities derived from extreme gradient boosting 

models for wetlands delineated in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland (totaling 12,000 

wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Regions. Probabilities below 0.5 suggest 

that at this measured value of the metric, observing that permeance class is unlikely. I show 95 % 

confidence intervals and used a generalized additive model-based trend line. ...................................... 152 

 Contribution to predicted probability of wetlands classified as temporary, seasonal, semi-

permanent and permanent based on precipitation metrics. ................................................................... 152 

 Contribution to predicted probability of wetlands classified as temporary, seasonal, semi-

permanent and permanent based on temperature metrics. ................................................................... 153 

 Contribution to predicted probability of wetlands classified as temporary, seasonal, semi-

permanent and permanent based on land use and land cover metrics. .................................................. 154 

  Contribution to predicted probability of wetlands classified as temporary, seasonal, 

semi-permanent and permanent based on four of eight terrain metrics. ............................................... 155 

 Contribution to predicted probability of wetlands classified as temporary, seasonal, semi-

permanent and permanent based on four of eight terrain metrics. ........................................................ 156 

Appendix 2. List of taxa/species included in analyses. ....................................................................... 157 

 Code, scientific name, and common name of bird taxa observed at the 96 wetland sites.

 157 

 A list of all aquatic macroinvertebrate taxa identified with taxonomic resolution. ...... 160 

 Code, scientific name, and common name of plant taxa observed at the 96 wetland sites.

 162 



xiv 
 

Appendix 3. Measures of congruence for n = 3 to 40 randomly selected sites, averaged across 100 

iterations. 169 

Appendix 4. Results from my Procrustes Analysis. ............................................................................. 170 

 Results from my balanced, rarefied dataset for the 1000 iterations. This includes cross-

taxon comparisons. ................................................................................................................................... 170 

 Results from my balanced, rarefied dataset for the 1000 iterations. This includes 

comparisons between each taxon and our proxies for hydroperiod. ...................................................... 206 

Appendix 5. Three-dimensional nonmetric multidimensional scaling (NMDS) analysis of birds, 

macroinvertebrates and plants at our 96 study wetlands, with sites grouped by permanence class. .... 242 

Appendix 6. Trait descriptions used in estimating total abundance of species/families by functional 

traits. 244 

 List of bird functional traits; traits values are reported in Anderson (2017). ................ 244 

 List of aquatic macroinvertebrates functional traits; traits values are reported in Gleason 

(2017). 246 

 List of plant functional traits; traits values are reported in Bolding (2018). .................. 247 

 

  



xv 
 

List of Figures  

Figure 2.1. Extents of the Central and Southern Wetland Inventories used to delineate wetlands 

in the study, which are in the prairie pothole region (inset map)................................................ 22 

Figure 2.2. Principle Components Analysis for wetlands delineated in the 1) Boreal (totaling 

12,000 wetlands), 2) Parkland (totaling 12,000 wetlands) and 3) Grassland (totaling 16,000 

wetlands) Natural Regions. ........................................................................................................... 29 

Figure 2.3. Metrics ranked by their importance in the extreme gradient boosting models for 

wetlands delineated in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland (totaling 12,000 

wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Regions. ................................... 34 

Figure 2.4. Metrics ranked by their importance in the extreme gradient boosting models for 

wetlands delineated in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland (totaling 12,000 

wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Regions. ................................... 35 

Figure 2.5. Frequency distribution of the top four climate, land cover and land use and terrain 

metrics by Natural Region. ........................................................................................................... 36 

Figure 2.6. Metrics ranked by their importance in the extreme gradient boosting models for 

wetlands delineated in the 1) Boreal (totaling 12,000 wetlands) by permanence class. ............ 39 

Figure 2.7. Metrics ranked by their importance in the extreme gradient boosting models for 

wetlands delineated in the Parkland (totaling 12,000 wetlands). ............................................... 41 

Figure 2.8. Metrics ranked by their importance in the extreme gradient boosting models for 

wetlands delineated in the Grassland (totaling 16,000 wetlands). .............................................. 43 

Figure 3.1 Hypothesized measures of congruence if cross-taxon congruence (A) was best 

explained by the influence of wetland hydroperiod (B), or if cross-taxon congruence was best 

explained by biological interactions (C) and not solely the influence of wetland hydroperiod (D).

....................................................................................................................................................... 51 

Figure 3.2 Map of the study region, situated in the northern prairie pothole region (inset map).

....................................................................................................................................................... 54 

Figure 3.3 Congruence among horizontal communities(A) and between each horizontal 

community and hydroperiod (B) using a Procrustes Analysis. ..................................................... 62 

Figure 4.1 Six candidate structural equation model to evaluate the relative influence of biological 

interactions and hydroperiod on community functional dispersion. ........................................... 70 

Figure 4.2 Map of the study region, situated in the northern prairie pothole region (inset map).

....................................................................................................................................................... 74 

Figure 4.3 Measurement model for the best fitting of the six candidate structural models (there 

is a direct influence of permanence on the functional dispersion of birds, aquatic 

macroinvertebrates and plants, and plants directly structure birds and aquatic 

macroinvertebrates functional dispersion) .................................................................................. 81 

file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580595
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580595
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580596
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580596
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580596
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580597
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580597
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580597
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580599
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580599
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580600
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580600
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580601
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580601
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580602
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580602
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580603
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580603
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580603
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580603
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580604
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580604
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580605
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580605
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580606
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580606
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580607
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580607
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580608
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580608
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580608
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580608


xvi 
 

Figure 5.1. Cumulative precipitation in the Grassland (A) and Parkland (B) under the climate 

normal (1981-2010), in the year with typical summer precipitation (2013-2014) and the year with 

delayed summer precipitation (2014-2015). ................................................................................ 90 

Figure 5.2. A map of the study region in the northern prairie pothole region (inset map). ........ 92 

Figure 5.3. Non-metric multidimensional scaling showing the change in community composition 

from 2014 to 2015. Vectors indicate the magnitude and direction of change in community 

composition from 2014 to 2015. ................................................................................................ 101 

Figure 6.1. Spatial cross-correlograms, measuring spatial autocorrelation in each Natural Region.

..................................................................................................................................................... 118 

 

  

file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580609
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580609
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580609
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580610
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580611
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580611
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580611
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580612
file:///C:/Users/jodyn/Google%20Drive/PhD%20Thesis/Dissertation/Thesis/Jody%20Daniel-Simon_Thesis_PhD_25-APR-2020.docx%23_Toc39580612


xvii 
 

List of Tables  

Table 1.1. Descriptions of the seven permanence classes as described by Stewart and Kantrud 

(1971).  ............................................................................................................................................ 5 

Table 2.1. Descriptions of the four permanence classes included in this study. ......................... 23 

Table 2.2. List of climate, land cover and land use and terrain metrics used to predict wetland 

permanence class. ........................................................................................................................ 25 

Table 2.3. List of parameters tuned for the extreme gradient boosting model, a description of 

these parameters, their ranges and the ranges evaluated in the cross-validation. ..................... 31 

Table 2.4. Value of parameters used in extreme gradient boosting models for the three datasets, 

the misclassification error rates and number of trees for our models. ....................................... 32 

Table 4.1. Performance of six candidate structural equation models predicting the relative 

influence of biological interactions and hydroperiod on community congruence. ..................... 80 

Table 5.1. Indicator values for indicator species of both years for birds and aquatic 

macroinvertebrates; 2014, where precipitation timing was normal and 2015, where summer 

precipitation was delayed. .......................................................................................................... 103 

  

  



xviii 
 

List of Acronyms  

AIC  Akaike Information Criterion 

DEM Digital Elevation Model  

ISA Indicator Species Analysis 

PPR Prairie Pothole Region 

PERMANOVA Permutational Multivariate Analysis of Variance 

NMDS Non-metric Multidimensional Scaling 

SEM Structural Equation Model 

  

  



1 
 

1. BACKGROUND & LITERATURE REVIEW 

1.1.  Background 

Wetlands in the Prairie Pothole Region (PPR) support numerous biological communities 

(Gibbs 1993; Loesch et al. 2012; Sundberg et al. 2016), and the composition of these communities 

depends on the length of time ponded water is present (i.e., hydroperiod or permanence class) 

(e.g., Gleason and Rooney 2017a; Daniel et al. 2019).  These prairie pothole wetlands may differ 

in their hydroperiods because of land use activities (White and Fennessy 2005), the topography 

of their surrounding landscape (Shaw et al. 2013), climate (Schneider 2013) or geographical 

history (Wright 1972; Wolfe et al. 2019). Of these hydroperiod drivers,  climate and land use 

activities explain much of the change in ponded water duration in the last decade(Werner et al. 

2013; McCauley et al. 2015). To understand how habitat for biological communities may change, 

we must understand the relative influence of each driver on ponded water duration. Additionally, 

to understand how changes in hydroperiod will influence these communities, we must also 

understand the role of hydroperiod in the assembly of wetland biota.  

1.1.1. Thesis Overview 

My thesis is centered on understanding 1) the relative importance of the drivers of wetland 

hydroperiod on permanence class in Albertan PPR marshes and 2) the relationship between 

hydroperiod and community structure of wetland biota.   I investigate these central objectives 

over six chapters, focusing on three key wetland indicator taxa: wetland dependent birds, aquatic 

macroinvertebrates and wetland macrophytes (i.e. plants). First, I review the literature on the 

drivers of wetland hydroperiod in the northern PPR. Second, I use predictive modeling to 

evaluate the relative importance of climatic, land cover/land use and terrain-based drivers of 
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wetland permanence class. I conclude with a summary of the preceding chapters and identify 

areas in need of future research to better elucidate the relationship between wetland biota and 

hydroperiod. Third, I evaluate how congruence in the relative abundance of my three wetland 

indicator taxa are sensitive to wetland hydroperiod. Fourth, I test the alternate hypotheses about 

the relative importance of hydroperiod in determining the functional dispersion of the wetland 

taxa. Fifth, I take advantage of a change in the temporal pattern of annual precipitation between 

2014 and 2015 to test how consequent reductions in hydroperiod might shift the diversity and 

composition of my indicator taxa in prairie potholes. In this final chapter, I also discuss the way 

in which prairie pothole wetland permanence is likely to change as a result of cumulative human 

impacts in the northern PPR.  

1.1.1.1. Manuscripts & Author Contributions  

From this thesis, I will co-author four manuscripts. Chapter 2 will be submitted to Nature and 

Climate Change with two additional authors ς Dr. Derek Robinson (internal-external committee 

member) and Dr. Rebecca Rooney (supervisor). Dr Robinson provided early feedback on Chapter 

2, post-processed the digital elevation model and advised on estimating terrain metrics. Dr. 

Rooney, as for all data chapters, designed the study, oversaw data collection (biological and 

environmental), advised on research questions and provided feedback on the manuscripts. 

Chapter 3 is under review in Scientific Reports and is co-authored with Dr. Rebecca Rooney. 

Similar to Chapter 3, Chapter 4 is under review (Ecosphere) and is co-authored with Dr. Rebecca 

Rooney. Chapter 5 is co-authored with Dr. Rebecca Rooney and will be submitted to Wetlands. 
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1.2. Review of Literature 

1.2.1. History of PPR Wetlands 

1.2.1.1. Geological History 

Prairie potholes were formed in the last glacial period. During the  Pleistocene era, ending ~ 

10,000 years ago, northern North America was dominated by large ice sheets; and at the ends of 

these sheets, there were ice lobes that protruded into periglacial bedrock in lowland areas 

(Wright 1972). These protrusions formed glacial depressions or sloughs, and the type of bedrock 

determined their shape and depth  (Wright 1972). Also during the Pleistocene period, the climate 

was cold and dry, which fostered a tundra-like-vegetated landscape, dominated by ice sheets for 

~100,000 years (Schneider 2013). Then, with a shift to a warmer, wetter climate, upland 

vegetation communities altered to shrub, tree, and grasslands, as sloughs and depressions filled 

with ponded water (Schneider 2013). Initially, sediment run-off as glaciers melted modified the 

shape and depth of these glacial depressions (Wright 1972). While some recent agricultural 

activities have accelerated sedimentation rates όDƭŜŀǎƻƴ ŀƴŘ 9ǳƭƛǎǎ мффуΤ [ǳƻ Ω et al. 1999; 

DeKeyser et al. 2009; Skagen et al. 2016), consequently shortening hydroperiods (Stewart and 

Kantrud 1971; van der Kamp et al. 2016), others have led to a lengthening in hydroperiods 

(McCauley et al. 2015; Anteau et al. 2016; Haque et al. 2018). 

1.2.1.2. History of Land Use Practices 

Agriculture is a main driver of wetland loss and degradation in the PPR. Between  2006 ς 

2011, in the US PPR, nearly 530, 000 hectares of grassland was converted to cropland, often in 

proximity to wetlands (Wright and Wimberly 2013). In Manitoba, the loss of PPR wetlands was 

accelerated by a ~40 % discount on lands intended for cropping between 1990 and 2009 (Lawley 
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2014). Within the Beaverhill subwatershed of Alberta, an area that is likely representative of 

activities within the entire Province as argued by the authors, agriculture contributed to the  

highest proportional losses of wetland area (39 %) between 1999 and 2009 (Clare and Creed 

2014). Interestingly, 48% of the Beaverhill subwatershed was used by the agriculture sector in 

2009 (Clare and Creed 2014). Also within the Beaverhill subwatershed, Serran and Creed (2016) 

estimated historical wetlands losses up to 2009. The authors reported that agriculture activities 

resulted in losses of 16.7% in wetland numbers and 2.7% of wetland area; they also report that 

smaller wetlands were removed disproportionately for agriculture. Interestingly, Bethke et al. 

(1995) hypothesized that within the eastern Canadian PPR, up to 90% of wetland habitat was lost 

to agriculture prior to the 1950s because losses post-1951 were negligible. The authors similarly 

hypothesized that losses of wetland habitat in the western Canadian PPR were likely extensive in 

that same time period. Thus, estimates within the past half-century may vastly underestimate 

historical wetland losses due to reliance on a contemporary baseline that misses that majority of 

historic wetland loss (but see Serran and Creed 2016).  

Prairie pothole wetlands are disproportionately affected by agriculture. Prairie potholes have 

a high organic content in the upper layers of soil because inundation slows decomposition rates 

(Bedard-Haughn 2011).  Because of the rich, fertile soils that result, and because wetland 

presence and flooding decreases crop profits (Verhoeven and Setter 2010), many PPR wetlands 

are drained illegally in Canada (Clare and Creed 2014). There have been declines in the loss of 

prairie pothole wetlands in the past few decades (Oslund et al. 2010; Withey and Van Kooten 

2013). However, because of increases in the demand for corn and soybean (Johnston 2014), 
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many of the remaining prairie pothole wetlands are at risk to be converted to cropland (Higgins 

et al. 2002; Rashford et al. 2010).  

1.2.2. Hydrology of PPR Wetlands 

Based on extensive work by Stewart and Kantrud (1971), PPR wetlands have been grouped 

by their hydroperiod, soils and vegetation zones into seven permanence classes. Typically, 

smaller, shallower wetlands will have shorter hydroperiods and fewer vegetation zones (Table 

1.1). Larger, deeper wetlands, however, will typically have longer hydroperiods and more 

vegetation zones (Table 1.1).  

Table 1.1. Descriptions of the seven permanence classes as described by Stewart and Kantrud 

(1971). 1 

# Class Name Subclass Hydroperiod Vegetation Zones & Notes 

I Ephemeral None 
Ponded water during 
snowmelt 

Low-prairie (prairie-affiliated 
plants), highest seepage 

II Temporary Fresh 
Ponded water until 
early spring 

Wet-meadow (wet-meadow 
emergent), low-prairie, high 
seepage 

III Seasonal 
Fresh ς Slightly 
Brackish 

Ponded water past 
three weeks 

Shallow-marsh, (from shallow to 
deep ς emergent plants, 
submerged aquatic plants), wet-
meadow, low prairie  

IV 
Semi-
permanent 

Slightly Brackish 
Ponded water 
retained, except in 
drought years 

Deep-marsh (emergent 
vegetation, open-water with 
bare-soil), shallow-marsh, wet-
meadow, low- prairie  

V Permanent Slightly Brackish Ponded water always 
No vegetation, deep marsh, 
shallow-marsh, wet-meadow, 
low-prairie 

 

1 I describe the typical length of time that these prairie pothole wetlands contain ponded water, their 

subclass and associated vegetation zones. 
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# Class Name Subclass Hydroperiod Vegetation Zones & Notes 

VI Alkali None 
Ponded water for a 
few weeks to months 

No plants in the intermittent 
alkaline zone (high 
conductivity/salinity), shallow-
marsh, wet-meadow, low-prairie, 
no deep-water phase, preferred 
by shore birds 

VII Fen None Ponded water always 

Fen (fen-associated plants, with 
sparse, peripheral to central high-
dominance), wet-meadow, low-
prairie, no deep-water phase 

1.2.2.1. Hydroperiod 

 Permanence class, though often diagnosed by patterns of vegetation, is ultimately the 

ǇǊƻŘǳŎǘ ƻŦ ŀ ǿŜǘƭŀƴŘΩǎ hydroperiod,  which is influenced by all water sources ς precipitation, 

surface run-off and degree of groundwater connection (van der Kamp and Hayashi 2009; Shaw 

et al. 2012). Typically, snowmelt contributes the largest quantity of water to prairie pothole 

wetland water budgets (Hayashi et al. 1998b; Tangen and Finocchiaro 2017) because frozen soil 

does not permit infiltration, allowing all the melted snowpack ŦǊƻƳ ǘƘŜ ǿŜǘƭŀƴŘΩǎ ŎŀǘŎƘƳŜƴǘ to 

run-off into the wetland (van der Kamp et al. 2003). However, due to more recent changes in 

weather patterns, precipitation from early spring and summer thunderstorms may make larger 

contributions to wetland water budgets than snowmelt (McKenna et al. 2017). Regardless, in 

summer, when the soil is no longer frozen, much of the precipitation infiltrates into the 

catchment soils or is evapotranspired by upland vegetation; the amount that reaches the wetland 

will depend on the degree to which the water-holding capacity of the soil is surpassed during 

rainfall events (LaBaugh et al. 2018). Usually, precipitation run-off that does reach the wetland 

may contribute to subsurface/lateral groundwater flow (Heagle et al. 2007). Contributions to 

ponded water amounts from groundwater is minimal, with the exception of low-lying sites 
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(Eisenlohr 1972; Euliss et al. 2014). Also influencing ponded-water amounts from precipitation, 

run-off, and groundwater is the size of the wetland catchment (Novikmec et al. 2016), 

permeability of the wetland soil (van der Kamp et al. 2003), and the extent of vegetation 

interception within the catchment (Miller et al. 2009). Mechanisms of ponded-water loss, 

however,  include evaporation, transpiration and groundwater recharge from the wetland 

(Eisenlohr 1972).  Ponded-water from summer precipitation is completely lost through 

evapotranspiration (Heagle et al. 2007), even when heightened summer precipitation 

contributes to extensive flooding (Poiani et al. 1995; Brooks et al. 2018). Thus, the ratio of rainfall 

run-off, snowmelt run-off, and groundwater discharge into a wetland will vary from site to site, 

depending on climate, landscape position, basin morphology and soil type (Anteau et al. 2016). 

1.2.2.1.1. Groundwater 

Groundwater is the main contributor of solutes in ponded water (Goldhaber et al. 2014), and 

it may connect  otherwise geographically-isolated prairie pothole wetlands (Tiner 2003). 

However, it is generally agreed that groundwater does not significantly influence water levels in 

pothole wetlands (Hayashi et al. 1998b; Hayashi et al. 1998a). Generally, higher-elevation 

wetlands contribute to groundwater (recharge), mid-elevation wetlands neither contribute or 

remove ground water (flow-through), and lower-elevation wetlands remove groundwater 

(discharge) (Toth 1963; LaBaugh et al. 1998; Euliss et al. 2004b; Euliss et al. 2014). Groundwater 

flow can be deep (downward), contributing to regional groundwater that feeds local wetlands, 

or lateral/subsurface, used by neighboring plants (Hayashi et al. 1998b; van der Kamp and 

Hayashi 2009). Deep groundwater flow, however, is slow, occurring over hundreds of years, as 

minerals are transported from upland to lowland areas (Krasnostein and Oldham 2004; 
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Goldhaber et al. 2014). Thus, the volume of water contributed to prairie pothole wetlands via 

discharge of deep groundwater flow is never a large component of the ǿŜǘƭŀƴŘΩǎ ǿŀǘŜǊ ōǳŘƎŜǘΦ 

Lateral/Subsurface groundwater flow peaks when soil saturation is high, or when ponded water 

levels are near to the maximum storage capacity of the wetland (Krasnostein and Oldham 2004). 

The groundwater flows effectively balance surrounding shallow groundwater with ponded water 

in the wetland (Krasnostein and Oldham 2004). Because shallow groundwater flows more rapidly, 

ƛǘ Ŏŀƴ ōŜ ŀ ƳƻǊŜ ǎƛƎƴƛŦƛŎŀƴǘ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ŀ ǿŜǘƭŀƴŘΩǎ ǿŀǘŜǊ ōǳŘƎŜǘ ǘƘŀƴ ŘŜŜǇ Ŧƭƻǿing 

groundwater.   

1.2.2.1.2. Wetland Topographic Variation and Landscape Position 

The magnitude of difference in elevation around a wetland can influence its pond 

permŀƴŜƴŎŜΦ ¢Ƙƛǎ ǘƻǇƻƎǊŀǇƘƛŎ ǾŀǊƛŀǘƛƻƴ Ŏŀƴ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ǿŜǘƭŀƴŘΩǎ ǿŀǘŜǊ ōǳŘƎŜǘ ōȅ ŘƛŎǘŀǘƛƴƎ 

the rate and volume of surface and subsurface water flows (Frei et al. 2012); this variation can 

influence wetlands at two scales ς local  (inclusive of areas immediately around the wetland) or 

regional (inclusive of an entire watershed). Most landscapes in the PPR have low local and 

regional topographic relief, resulting in gentle slopes (Neff and Rosenberry 2017; Wolfe et al. 

2019). In landscapes with gentle slopes, surface water flow toward a wetland is limited, and the 

acceleration of this surface water flow is low, except during intense precipitation events (Neff 

and Rosenberry 2017; Wolfe et al. 2019). In landscapes with more local topographic variation, 

precipitation may be funneled from the catchment into the wetland (Neff and Rosenberry 2017; 

Wolfe et al. 2019).  This surface water run-off contribution will be greater in wetlands situated in 

regional topographic depressions. 
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1.2.3.  Past and Forecast Effects of Climate Change & Land Use  

1.2.3.1. Effects of Climate Change on Hydroperiod 

Wetlands in the PPR are sensitive to changes in climate, even when these changes are 

irregular (Johnson et al. 2004). In South Dakota, drought conditions changed water-table 

elevations in temporary wetlands by as much as 4 m (Johnson et al. 2004), highlighting the 

importance of climate on wetland hydroperiod.  As described above, precipitation is an important 

source of water to PPR potholes, but temperature and humidity also play a role. Both 

temperature and humidity determine evaporation and transpiration rates, which are a major 

pathway of water out of PPR potholes.  Unfortunately, as the climate is changing, a historical 

normal may no longer yield accurate predictions of future water budgets in PPR wetlands (Zhang 

et al. 2011; Werner et al. 2013; Fay et al. 2016). 

With respect to climate change, there is a consensus that summer temperatures will increase, 

shortening hydroperiods, but the magnitude of change in summer precipitation is uncertain 

(Schneider 2013). Flood-causing rainfall events could, hypothetically, increase wetland water 

budgets, just as with flash-snow melts (Garris et al. 2015). However, a general increase in summer 

precipitation would not likely offset increased evaporative losses, as rainfall run-off is more likely 

to infiltrate the soils of wetland catchments  (Poiani et al. 1995; Johnson et al. 2010b; van der 

Valk et al. 2015; van der Kamp et al. 2016). Fay et al. (2016) reported that the magnitude of 

change in hydroperiod increases with permanence class, regardless of how wet or dry the 

climate. This is because less permanently-ponded wetlands dry out before peak 

evapotranspiration rates in mid-summer.  Consequently, more permanently-ponded wetlands 

are expected to experience a greater change in hydroperiod than more ephemeral wetlands, 
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likely shifting the frequency distribution of wetland permanence classes in the PPR (Fay et 

al.2016). Further, since the southern and western portions of the PPR have drier climates, 

warmer summer temperatures could be particularly influential on wetlands in these areas (Fay 

et al.2016). Interestingly, a trend of shortened hydroperiod, overall,  has been  observed in the 

PPR in last few decades (Werner et al. 2013).  

1.2.3.2. Effects of Land Use on Hydroperiod 

Land use may cause both increases and decreases in wetland hydroperiods.  For example, 

roads may block snow melt and rainfall run-off (Shaw et al. 2012), producing greater ponding on 

one side and drier conditions on the other. /ƻƴǎƻƭƛŘŀǘƛƻƴ ŘǊŀƛƴŀƎŜ Ŏŀƴ ŀƭǎƻ ƛƴŎǊŜŀǎŜ ŀ ǿŜǘƭŀƴŘΩǎ 

hydroperiod; this involves directing water to wetlands positioned lower in the landscapes from 

those full/partially draining at higher positions in the landscape (McCauley et al. 2015). 

Consequently, wetlands receiving this redirected water have longer hydroperiods (McCauley et 

al. 2015; Krapu et al. 2018; Haque et al. 2018). The way a particular land use may influence the 

hydroperiod of wetlands in a catchment is not always straight forward. Cattle grazing can reduce 

snow accumulation, as short vegetation is less effective in trapping snow (Willms and Chanasyk 

2013), which will reduce snowmelt inputs and may therefore reduce wetland permanence. 

Conversely, grazing and tillage may compact soils and reduce evapotranspiration, thereby 

increasing rainfall run-off inputs and increasing wetland permanence (Voldseth et al. 2007; 

Collins et al. 2014).   Similarly, van der Kamp et al. (2003) reported shortened hydroperiods when 

croplands were revegetated with natural plants in southern Saskatchewan. The reduction in 

hydroperiod was attributed to the stronger snow-trapping abilities of native vegetation and the 

larger infiltration of snowmelt in frozen, vegetated soil (van der Kamp et al. 2003). Though the 
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ways in which croplands and grazing affect surface run-off and snow accumulation can differ, 

changes in snow accumulation will have larger impacts on hydroperiod than changes in 

summertime precipitation.  

1.2.3.3. Wetland Biota in the PPR 

We can study birds, aquatic macroinvertebrates and plants in the PPR to better understand 

how sensitive wetland biota are to hydroperiod and determine the ecological significance of 

hydroperiod in the assembly processes of these communities. Though studying fish communities 

can be equally valuable in understanding the sensitivity of wetland biota to hydroperiod (e.g., 

Maurer et al. 2014), this taxon has not been observed in the Albertan PPR; consequently, they 

will not be discussed. One reason that these taxa are  useful in studying assembly processes is 

that they are sensitive to wetland characteristics, and this is inclusive of wetland hydroperiod 

(Daniel et al. 2019). Second, they are widely used bioindicators in studying wetlands (Adamas 

1996) .Third, they are likely to interact in a diversity of ways including competition, predation, 

parasitism, and facilitation (Klaassen and Nolet 2007; Reynolds and Cumming 2016; Gleason et 

al. 2018). Finally, these taxa represent a range of motility, with birds being highly mobile ς 

travelling between hemispheres, Natural Regions and landscapes (Naugle et al. 2001; Oslund et 

al. 2010), inverts being intermediate ς travelling to neighboring wetlands (Panov and Caceres 

2007; Mabidi et al. 2017), and plants being fairly sessile.  

1.2.3.3.1. Effects of Climate Change and Agriculture on Wetland Birds 

1.2.3.3.1.1. Bird Assembly in the PPR 

Birds in the PPR may differ in their reliance on wetland habitat for feeding and reproduction 

(Vanausdall and Dinsmore 2019). As much as half of the birds that use PPR wetlands are typically 
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categorized as terrestrial/facultative (Anderson and Rooney 2019), using wetlands for foraging 

and pairing, but nesting in upland habitat (Johnson et al. 2010a).  While wetland-dependent 

birds, such as shorebirds, waterbirds and waterfowl, also forage in wetlands, some of these 

wetland species may nest in upland habitat adjacent to wetlands (Greenwood et al. 1995; 

Reynolds et al. 2001), and others may nest in the wetland proper (Kantrud and Stewart 1984). Of 

these wetland-dependent birds, Murkin et al. (1997) reports that waterbirds, in addition to 

selecting wetlands with longer hydroperiods for nesting,  require wetland complexes throughout 

their breeding season. In support of this requirement for wetland complexes, Naugle et al. (1999) 

found that though Black Terns (Chlidonias niger) nest in permanent-classified wetlands, they 

forage in wetlands of lower permanence up to 4 km from their nesting site.  

Wetland hydroperiod can influence the abundance, richness and diversity of birds, where 

wetlands with longer hydroperiods do support more species (Ruwaldt Jr et al. 1979; Kantrud and 

Stewart 1984; Bartzen et al. 2017).  Daniel et al. (2019) observed more diverse bird communities 

in wetlands with longer hydroperiods, and they attribute this higher diversity to the greater 

habitat heterogeneity in permanently-ponded wetlands. Though alpha diversity may be lower in 

wetlands with shorter hydroperiods, Niemuth et al. (2006) reported that temporarily-ponded 

wetlands are integral foraging grounds, and that they do provide critical habitat for migrant 

shorebirds. 

1.2.3.3.1.2. Climate Change Influences Birds 

Wetland-dependent birds in the PPR are sensitive to climate change-driven changes in 

wetland hydroperiod. Because shortened hydroperiods are forecasted with a warmer climate, 

shifts in distribution of birds are expected in the PPR, especially in areas where the climate is 
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more arid (Johnson et al. 2005; Polan 2016; Reese and Skagen 2017). Observations in these more-

arid regions, which are in the south and west PPR, confirm that a larger proportion of birds now 

breed in the northern and eastern PPR  (Janke et al. 2017; Steen et al. 2018). 

A warmer climate can also influence PPR birds nesting initiation dates. Raquel et al. (2019) 

reported that when spring and winter temperatures were warmer, the first day that birds 

initiated nesting was earlier. When winters were cooler with warmer springs, birds nested later 

(Raquel et al. 2019). While there was no direct influence of temperature on nest survival, delays 

in first nest date have been associated with lower reproductive successes because birds may have 

fewer opportunities for re-nesting (Devries et al. 2008), and the probability of nesting failure 

increases with additional attempts (Harriman et al. 2017). Because we expect warmer winters 

and earlier spring start dates due to climate change, birds in the PPR could undergo increases in 

reproductive success as there are more re-nesting opportunities.   

1.2.3.3.1.3. Land Use Influences on Birds  

Increasing cropland cover and grazing will further lower abundances and species diversity of 

birds in the PPR (Austin et al. 2001). One explanation for this influence of agriculture is that 

increases in cropland activity result in increased predator activity, preying on eggs, chicks and 

nesting females (Greenwood et al. 1995; Sherfy et al. 2018). Alternatively, increases in 

agricultural activities may eliminate the habitat required by birds that forage or nest in upland 

habitat. This loss of upland habitat could explain why disturbance-insensitive bird species are 

more abundant within wetlands in agricultural landscapes (Anderson and Rooney 2019).  More, 

Popotnik and Giuliano (2000), in investigating trends in waterbird abundances within riparian 

zones of pastures in southwest Pennsylvania, found lower abundances in areas with high-grazing 
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intensity. For some species, like the Lesser Scaup (Aythya affinis), it appears that reductions in 

abundance with agricultural disturbance are due to the effects of farming on macroinvertebrate 

prey abundance (Lindeman and Clark 1999; Anteau and Afton 2011).  

1.2.3.3.2. Effects of Climate Change and Agriculture on Aquatic 

Macroinvertebrates 

1.2.3.3.2.1. Aquatic Macroinvertebrate Assembly in the PPR 

Several authors have reported lower abundance, diversity, and richness of 

macroinvertebrates in wetlands with lower pond permanence (Brooks 2000; Hall et al. 2004; 

Whiles and Goldowitz 2005). Fritz and Dodds (2004) suggested that  draw downs in wetlands can 

lead to  large declines in macroinvertebrate abundance and richness because taxa lacking 

desiccation strategies are eliminated. Further,  Daniel et al. (2019), Gleason and Rooney (2017a) 

and McLean et al. (2019) reported that shorter-hydroperiod wetlands contain only a subset of 

the macroinvertebrate taxa pool that occupy permanently-ponded wetlands. In these short-

hydroperiod wetlands, macroinvertebrates typically possess desiccation avoidance or tolerance 

strategies. Consequently, they hypothesize that the community structure of macroinvertebrates 

in shorter-hydroperiod wetlands are less subject to interspecific interactions and more strongly 

structured by the environmental filter of periodic drying compared with more permanent 

wetlands. Further, in these short-hydroperiod wetlands, colonization from neighboring, longer-

hydroperiod wetlands sustains macroinvertebrate communities  (Whiles and Goldowitz 2005).  

Whiles and Goldowitz (2005) hypothesize that colonization is critical to sustaining populations in 

short-hydroperiod wetlands because draw-down events eliminate most species. Thus, if 
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wetlands are disconnected from their complexes,  macroinvertebrate communities in short-

hydroperiod wetlands are particularly vulnerable (Sim et al. 2013). 

1.2.3.3.2.2. Climate Change Influences on Aquatic Macroinvertebrates 

Though changes in the diversity and composition of aquatic macroinvertebrates are likely 

with climate change, studies assessing the impacts of climate change on wetland biota have 

focused more on other taxa (but see McLean et al. 2016). Because aquatic macroinvertebrates 

require ponded water and aquatic vegetation to feed and reproduce (Gleason et al. 2018), we 

could expect shorter-hydroperiod wetlands to support only taxa able to reproduce or develop 

under drier conditions (e.g., Huang et al. 2006; Rowbottom et al. 2017). Taxa unable to tolerate 

these drier conditions, either because they have larval stages that require continuous standing 

water or consume smaller aquatic macroinvertebrates by diving (e.g., Applegate and Kieckhefer 

1977), will survive only if they are able to disperse to neighboring wetlands (Whiles and Goldowitz 

2005; Gleason and Rooney 2017a). Because plants play and integral role in the feeding and 

reproduction of some functional groups of aquatic macroinvertebrates (Davis et al. 1999), a 

change in plant community composition (discussed below in 1.2.3.3.3.2) due to changes in 

wetland hydroperiod (Euliss et al. 2004) could amplify the impacts of climate change on aquatic 

macroinvertebrate communities.  

1.2.3.3.2.3. Land Use Influences on Aquatic Macroinvertebrates 

The effects of agricultural activities on the abundance and diversity of wetland 

macroinvertebrates appear variable. While some studies indicate that there is a positive effect 

of grazing on macroinvertebrate diversity and abundance όaŀǊǘȅ нллрΤ hΩbŜƛƭƭ et al. 2016), others 

find lower abundances and richness in wetlands with cropping or tilling in the surrounding 
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landscape (Euliss and Mushet 1999; Euliss et al. 2002).  Still other studies find little to no 

measured effect of agriculture in the catchment on the abundance, richness and diversity of 

macroinvertebrates in a wetland  (Tangen et al. 2003; Davis et al. 2006; Meyer et al. 2015; 

Sundberg et al. 2016; Gleason and Rooney 2017b). Authors of a  study in South African wetlands 

with similar hydroperiods and surface connectivity as those in the PPR reported that cropland 

cover may have little influence on aquatic macroinvertebrate diversity or abundance (Bird et al. 

2013). The authors hypothesized that  environmental conditions that typically influence aquatic 

macroinvertebrate abundance or diversity (e.g., turbidity and nutrient concentrations) (Meyer et 

al. 2015) are unaffected by surrounding land use.  I hypothesize that these geographically-

isolated wetlands may be unaffected by cropland activities because there is a delay in when 

surface water affected by agricultural activities reaches the wetland. This mechanism may explain 

why studies in the PPR found no effect of agriculture on aquatic macroinvertebrate diversity in 

PPR wetlands (Meyer et al. 2015; Sundberg et al. 2016; Gleason and Rooney 2017b). Regardless, 

changes in water and sediment quality do affect aquatic macroinvertebrate diversity and 

composition (Johns et al. 2012) and changes in wetland sediment and water chemistry can be 

related to land cover within about 500 m of PPR wetlands (e.g., Silver et al. 2012; Kraft et al. 

2019).  

1.2.3.3.3. Effect of Climate Change and Agriculture on Vegetation  

1.2.3.3.3.1. Plant Assembly in the PPR 

Wetland plant assemblages are influenced by hydroperiod (Hargiss et al. 2008; Tsai et al. 

2012a), which drives natural cycles in vegetation (Stewart and Kantrud 1971). As summarized in 

Euliss et al. (2004b), during draw-down periods, litter from macrophytes is quickly decomposed 
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aerobically, which provides nutrients for aquatic plants when the wetlands are re-flooded. When 

the mudflats are exposed during draw-down periods, however,  seeds from both upland and 

aquatic plants germinate (Euliss et al. 2004b). The sustained presence of ponded water allows 

submerged and emergent plants to outcompete upland vegetation and the characteristic 

wetland vegetation zones to develop (Euliss et al. 2004b). In shallower areas, wet meadow plants 

establish, while submerged and floating aquatic vegetation establish in areas of deeper water 

(Casanova and Brock 2000). Euliss et al. (2004b) also explain that groundwater contributions also 

influence plant assemblages, both directly ς by lengthening hydroperiod in discharge wetlands, 

and indirectly ς by ecologically filtering which plants can persist because of their salinity 

tolerances.   

1.2.3.3.3.2. Climate Change Influences on Plants 

Because climate change forecasts predict a warmer climate, and subsequently higher rates 

of evaporative loss in pothole wetlands, plant communities are possibly vulnerable. Aquatic plant 

cover will likely decline in wetlands as hydroperiods shorten and wetlands shrink (Johnson et al. 

2010). Besides shifts in flowering dates (Munson and Long 2017), less-dynamic vegetation cycles 

have been observed within the last century (Werner et al. 2013). With less-dynamic vegetation 

cycles, there are smaller differences in water depths between draw-down and re-flooding, 

eliminating some vegetation assemblages, particularly in semipermanently-ponded wetlands. 

(Werner et al. 2013; Fay et al. 2016). 

1.2.3.3.3.3. Land Use Influences on Plants 

Plant communities, within and around wetlands, can mitigate the impacts of surrounding land 

use on water quality, but agriculture can directly influence plant assemblages. Main et al. (2017) 



18 
 

reported lower ponded-water contamination from pesticides, herbicides, and fungicides, which 

plants incorporated into their tissue, in wetlands exhibiting vegetation patterns of natural, 

undisturbed sites. Similarly, Rickerl et al. (2000) found the natural vegetation around wetlands 

can lower sedimentation rates and nutrient runoff into wetlands. Conversely, when wetlands are 

drained, the seedbank community composition is changed (Wetzel et al. 2001), as the 

congruence between the living biomass and seedbank is lost (Craft and Casey 2000). Thus, 

disturbed wetlands have lower species richness, higher cover of exotic species, and fewer 

perennial species than undisturbed wetlands (Bolding et al. 2020 ; Smith and Haukos 2002; 

Vodseth et al. 2009; Tsai et al. 2012b).  

1.2.4. Summary: Climate & Land Use Impacts on Wetland Biota 

Both climate change and land use will shape PPR wetland communities, with shorter 

hydroperiods, lower water quality and higher sedimentation rates affecting plant, birds and 

macroinvertebrate communities. With increasing cropland cover in the PPR and a warmer, drier 

climate, the prevalence of short-hydroperiod wetlands will increase (Fay et al.2016). Such short-

hydroperiod wetlands in the Grassland ecoregion may have weaker cross-taxon congruence 

because there is a negative effect of increasing non-natural cover (Rooney and Azeria 2014).  

Similarly, if within- (Gleason 2017) or between-taxon congruence is stronger with longer-

hydroperiod wetlands (Chapter 2), we may observe weakened congruence among birds, plants, 

and macroinvertebrates communities with climate change. Thus, to adequately prepare for 

climate change, we must understand the mechanisms and processes driving cross-taxon 

congruence and community structure.  

 



19 
 

2. CLIMATE AND TOPOGRAPHY: THE TWO ESSENTIAL INGREDIENTS IN PREDICTING 
WETLAND PERMANENCE. 

2.1. Introduction 

Wetlands provide habitat for diverse communities of flora and fauna (Gibbs 1993; Loesch et 

al. 2012; Sundberg et al. 2016) as well as a disproportionate amount of ecosystem services 

relative to the area they occupy compared to other ecosystems (Mitsch et al. 2015). The diversity 

and abundance of flora and fauna in wetland ecosystems is dictated by the availability of ponded 

water (Gleason and Rooney 2017a; Daniel et al. 2019), which is forecast to decline in amount and 

duration of presence (i.e., hydroperiod) across the prairie pothole region of North America due 

to climate change (Euliss et al. 2004; Steen et al. 2014; Fay et al. 2016; Steen et al. 2016). In this 

region, the majority of wetlands are ponded non-permanently and they support resident 

biological communities (Stewart and Kantrud 1971; Daniel et al. 2019) that are sensitive to 

climate change (Johnson et al. 2010b; Fay et al. 2016). Therefore, understanding the relative 

influence of climate on wetland water levels is critical to improving our understanding of how 

biological communities in the PPR will respond to climate change.  

DƛǾŜƴ ǘƘŜ ttwǎΩ ǎŜƳƛ-arid climate, a decline in wetland hydroperiod is expected because of 

increases in wetland water deficits (Schneider 2013; Werner et al. 2013). Most sensitive to 

climate change are wetlands that contain ponded water year-round; we expect up to a 20% 

decline in the hydroperiods of such wetlands (Fay et al. 2016). Some  forecasts suggest that many 

of the wetlands in the southern and western PPR may be lost completely, driven by drier climate 

conditions in these areas (Johnson et al. 2005; Johnson et al. 2010b; Reese and Skagen 2017). 

Conversely, observational studies in the southern and western PPR suggest there have been 
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increases in pond permanence, which are attributed to changes in land use practices (McCauley 

et al. 2015; Anteau et al. 2016; McKenna et al. 2017; McKenna et al. 2019). Regardless, 

simulations for the PPR suggest that the magnitude of change in climatic conditions between 

1946 and 2005 were vast enough to drive declines in pond permanence (Werner et al. 2013).  

In addition to climate, land use activities can also affect hydroperiods in PPR wetlands 

(Johnson et al. 2010b; Tsai et al. 2012a; McCauley et al. 2015).  Landscapes with a higher 

proportion of agricultural activities have longer hydroperiods due to the combination of 

increased surface run-off and decreased soil infiltration (van der Kamp et al. 2003; Voldseth et 

al. 2007). Agricultural activities can also influence ponded water levels through consolidation 

drainage ς fully or partially draining  wetlands in the upper watershed and directing this water to 

wetlands lower in the watershed (McCauley et al. 2015). This is typically done to lower the 

probability that neighboring croplands are flooded (Schindler and Donahue 2006; Verhoeven and 

Setter 2010), which increases farming efficiency (Wiltermuth and Anteau 2016). To date, many 

studies modelling the impacts of climate change on PPR wetlands have incorporated land use 

(Vodseth et al. 2009; Anteau et al. 2016), and there is resounding evidence that wetlands exposed 

to the same climate regime, but situated among different land use activities, differ in their 

sensitivity to climate change (McCauley et al. 2015; Wiltermuth and Anteau 2016).  

Though we understand that terrain is important in predicting pond permanence (Shaw et al. 

2013; Wiltermuth and Anteau 2016; Hayashi et al. 2016; Neff and Rosenberry 2017), few studies 

have included this metric (but see Wolfe et al. 2019). Models for the PPR that predict pond 

permanence in response to climate often omit terrain, but typically include land use/cover (e.g., 

WETSIM (Poiani and Johnson 1993a), WETLANDSCAPE(Johnson et al. 2010b). Quantifying the 
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individual and combined contribution of climate, land use/cover and terrain to wetland 

permanence is necessary to improve wetland and waterfowl population management across the 

PPR (Fay et al. 2016). For example, differences in terrain may cause wetlands belonging to the 

same permanence class to differ in their sensitivity to climate change. To ameliorate this scientific 

gap, I analyzed data collected across multiple field projects. I used these spatial data, comprising 

thousands of wetlands across the PPR in Alberta (Canada), to predict wetland permanence class.  

2.2.  Methods 

2.2.1. Study Area 

The wetlands in my study are in the south-Albertan extent of the Prairie Pothole Region (PPR) 

(Figure 2.1).  Wetlands in this region are called potholes because they are depressions filled with 

ponded water, each formed in the last glacial period (Wright 1972). Potholes can differ in the 

length of time they contain ponded water, which can range from just a few weeks after snowmelt 

to the entire year (Stewart and Kantrud 1971).  
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I acquired data on two wetland inventories (Government of Alberta 2014) that delineated the 

ƭƻŎŀǘƛƻƴΣ ōƻǳƴŘŀǊȅ ŀƴŘ ǇŜǊƳŀƴŜƴŎŜ Ŏƭŀǎǎ ōŀǎŜŘ ƻƴ {ǘŜǿŀǊǘ ŀƴŘ YŀƴǘǊǳŘΩs classification of PPR 

wetlands (Table 2.1; Stewart and Kantrud 1971).  

  

Figure 2.1. Extents of the Central and Southern Wetland Inventories used to delineate wetlands 
in the study, which are in the prairie pothole region (inset map). ¶I selected wetlands from three 
Natural Regions ς Boreal (12,0000), Parkland (12,0000) and Grassland (16,0000). These wetlands 
are within the southern-Albertan Prairie Pothole Region. There are 356,246 wetlands delineated 
in the Southern Inventory and 253,873 in the Central Inventory. 
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Table 2.1. Descriptions of the four permanence classes included in this study.¶ I describe the 
typical length of time that these prairie pothole wetlands will contain ponded water, their 
associated vegetation zones, as described by Stewart and Kantrud (Stewart and Kantrud 1971), 
and the number of wetlands belonging to each class in the Alberta Merged Wetland Inventory 
(Government of Alberta 2014) that were within the extent of our 25-m digital elevation model.  

Permanence class 
Typical 

hydroperiod 
Vegetation zones 

Natural Region 

Boreal Parkland Grassland 

Temporary Until mid-spring, 
typically for four 
weeks 

Wet-meadow (includes 
wet-meadow emergent), 
low-prairie, high seepage 

40461 51062 153872 

Seasonal Late spring to 
early summer for 
approximately 
two months 

Shallow-marsh 
(vegetation zones from 
shallow to deep: 
emergent plants, 
submerged aquatic 
plants), wet-meadow, 
low prairie  

30890 43836 108924 

Semi-permanent Dries fully in 
drought years 
only 

Deep-marsh (vegetation 
zones from shallow to 
deep: emergent 
vegetation, open-water 
with bare-soil), shallow-
marsh, wet-meadow, 
low-prairie  

39375 47075 12240 

Permanent Open water 
year-round 

Open water, deep marsh, 
shallow-marsh, wet-
meadow, low-prairie 

5704 10785 4952 

The two wetland inventories differ in their accuracy, but they collectively span three Natural 

Regions (Grassland, Parkland and Boreal). The Grassland, comprising mixed-grass prairie, and the 

Parkland, comprising deciduous trees and grasses, are semi-arid regions with potential 

evapotranspiration rates that are greater than annual precipitation (Downing and Pettapiece 

2006). The Parkland, however, experiences more precipitation than the Grassland (Downing and 

Pettapiece 2006). While the Boreal Natural Region is dominated by decided and coniferous trees, 

and annual precipitation amounts typically exceed evapotranspiration rates (Downing and 

Pettapiece 2006), PPR wetland in the Boreal experience semi-arid to humid climate conditions 

(Devito et al. 2005; Brown et al. 2010).  
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2.2.2. Wetland Locations & Extents 

For my analyses, I selected a subset of wetlands from the Merged Albertan Wetland 

Inventories within each Natural Region. After excluding wetlands with buffered (500m) 

boundaries that overlapped with more than one Natural Region, I randomly selected 12,000 

wetlands in the Boreal and Parkland Natural Regions (3,000 per permanence class) and 16,000 in 

the Grassland (4,000 per permanence class).  

2.2.3. Selecting Metrics 

To select metrics representative of climate, land cover/land use and terrain that would be 

useful in testing the relative contribution of these three factors in predicting prairie pothole 

wetland permanence class, I conducted a literature review.  I used Web of Science to conduct 

this review, limiting the search to papers published between 1950 to 2018, and key words for: 1)  

the PPR: Prairie Pothole Region, Northern Great Plains, Alberta, Saskatchewan, Manitoba and 

Dakota; 2) weather:  climate, temperature and precipitation; 3) disturbance: land use, 

agriculture, disturbance, oil and gas, grazing and roads and 4) pond permanence: watershed, 

hydroperiod, permanence class, catchment and wetland. L ǳǎŜŘ άhwέ ƻǇŜǊŀǘƻǊǎ ōŜǘǿŜŜƴ ƪŜȅ 

ǿƻǊŘǎ ǳƴŘŜǊ ǘƘŜ ǎŀƳŜ Ŏƭŀǎǎ ŀƴŘ ά!b5έ ƻǇŜǊŀǘƻǊǎ ōŜǘǿŜŜƴ ŜŀŎƘ ƪŜȅ ǿƻǊŘ ŎƭŀǎǎΦ For the terrain 

metrics, I used selected metrics that are commonly used to describe topographic variations, 

based on a previous review (Branton and Robinson 2019). Details and results from this review 

are reported in a Table 2.2. 
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Table 2.2. List of climate, land cover and land use and terrain metrics used to predict wetland 
permanence class.¶ In this table, I include a description of the significance of each metric for 
wetland hydroperiod and the proxy metrics I selected. For the purpose of my analysis, winter 
months range from November to February, spring April to May and summer June to August 

Category Variable 
Significance for Wetland 
Hydroperiod/Formula 

Proxy/Class2 

Climate 
 

Snowpack/Winter 
precipitation 

Snowpack accounts for 30-60% of 
ponded water amounts(Hayashi et 
al. 1998a; Tangen and Finocchiaro 
2017b) 
Longer hydroperiods with higher 
winter precipitation (Collins et al. 
2014) 

Total Spring Precipitation 
Total Winter Precipitation 
Total Precipitation in Winter & Spring 
Total Spring Snowpack 
Total Winter Snowpack 
Total Snowpack in Winter & Spring 

Sumer Precipitation Longer hydroperiods from increased 
summer precipitation (Eisenlohr 
1972; Leibowitz and Vining 2003; 
Euliss et al. 2014; Clare and Creed 
2014)  

Total Summer Precipitation 

Summer Temperature Evapotranspiration rates/water 
losses higher in summer (from June) 
(Heagle et al. 2007) 

Average Maximum Temperature in 
June 
Average Maximum Temperature in 
July 
Average Maximum Temperature in 
Summer 

Winter/Spring/Summer 
Temperature 

Snowpack may melt too fast with 
warmer conditions (Crosbie et al. 
2013),13] 

Average Maximum Temperature in 
Spring  
Average Maximum Temperature in 
Winter  
Average Maximum Temperature in 
Spring & Winter  

Precipitation Timing Fewer wetlands dry up when 
summer precipitation is earlier in 
the summer (Polan 2016; Meyers 
2018) 

Proportion of Summer Precipitation in 
June 

Land Use 
& Land 
Cover 
 

Natural Vegetation Loss of natural cover increases 
surface runoff (Clare and Creed 
2014) 

% Natural Cover 

Cropland Cover Because soil is less porous (more 
compacted), much of the 
accumulated water, either from the 
snowpack or spring/summer 
precipitation, flows into the wetland 
ς this increases water levels (van 
der Kamp et al. 2003; Voldseth et al. 
2007)  

% Cropland Cover 

 

2 This differentiates terrain metrics by global (estimated using a 100 × 100-m moving window and mean 

value within 500-m buffer recorded) and local (estimated within a 500-m buffer of the wetland.  
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Category Variable 
Significance for Wetland 
Hydroperiod/Formula 

Proxy/Class2 

Urban Cover Longer hydroperiods in urban 
landscapes, mostly because of 
higher runoff (when compared to 
those in croplands (Fossey and 
Rousseau 2016) 

% Urban Cover & Bare Ground 

Grazing Grazing lowers snow accumulation 
(Willms and Chanasyk 2013), which 
can increase runoff and hydroperiod 
(Niemuth et al. 2010; Collins et al. 
2014) 

% Pastureland 

Culverts/Roads Lowers hydroperiods by blocking 
surface runoff (Shaw et al. 2012) 

Distance to Road 

Tilling 

Can lower pond area/depth, and by 
extent hydroperiod, as increases in 
sedimentation can in fill ponds 
(Skagen et al. 2016) 

% Cropland Cover 

Terrain 
Metrics 

Mean Elevation (DEM) 
- Deviation 

μ9ƭŜǾŀǘƛƻƴπ 9ƭŜǾŀǘƛƻƴƳŜŀƴμ
н (Lindsay et 

al. 2015) 

Local  

 
Elevation (DEM) - 
Standard Deviation 

Вό9ƭŜǾŀǘƛƻƴπ9ƭŜǾŀǘƛƻƴƳŜŀƴύ

ƴ
  (Grohmann et 

al. 2011) 

Local 

 
Profile Curvature (PC) - 
Standard Deviation 

ВόtǊƻŦƛƭŜ /ǳǊǾŀǘǳǊŜπtǊƻŦƛƭŜ /ǳǊǾŀǘǳǊŜƳŜŀƴύ

ƴ
  

(Olaya 2009) 

Local 

 Slope - Standard 
Deviation 

Вό{ƭƻǇŜπ{ƭƻǇŜƳŜŀƴύ

ƴ
 (Olaya 2009) 

Local 

 
Terrain Surface 
Convexity 

Percentage of upwardly-convex 
cells within the moving window 
(Iwahashi and Pike 2007) 

Global 

 
Terrain Surface Texture 

Relative frequency of pits and peaks 
in a 100 × 100-m moving window 
(Iwahashi and Pike 2007) 

Global 

 Topographic Position 
Index 

9ƭŜǾŀǘƛƻƴƳŜŀƴπ 9ƭŜǾŀǘƛƻƴƳƛƴ

9ƭŜǾŀǘƛƻƴƳŀȄπ 9ƭŜǾŀǘƛƻƴƳƛƴ
  (De Reu et al. 

2013) 

Local 

 
Slope Variability 

{ƭƻǇŜƳŀȄπ {ƭƻǇŜƳƛƴ    (Grohmann et 

al. 2011) 

Local 

 

2.2.3.1. Climate  

I acquired 2013-2014 daily weather data from the AgroClimatic Information Service of Alberta 

to calculate climate metrics. These data comprised of precipitation and temperature 

measurements from 7,914 weather stations across the province, observed from October 2013 to 

August 2014. I calculated seasonal precipitation totals and temperature averages from a 
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compilation of proxy variables (Table 2.2) at each station. Then, using a simple inverse distance 

weighting (Tarroso et al. 2019), I interpolated climate metrics at the center of each wetland in R 

(R Core Team 2019).  

2.2.3.2. Land Cover & Land Use  

Prior worked identified strong concordance between landcover within 500-m of wetlands and 

wetland psychochemical conditions (Kraft et al. 2019), indicating this was an appropriate buffer 

width for prairie pothole wetlands in Alberta. Within this distance, I used landcover data from 

Agriculture and Agri-CƻƻŘ /ŀƴŀŘŀΩǎ ό!!C/ύ !ƴƴǳŀƭ /ǊƻǇ LƴǾŜƴǘƻǊȅ ŦƻǊ нлмп (Agriculture and Agri-

Food Canada 2014) and road network data from the Government of Canada (Statistics Canada 

2010) to estimate land cover and land use metrics. I used the proportion of area within the 500 

m buffer for each land cover class to measure percentage cover. Next, I measured the percentage 

cover of each land cover class reported under Table 2.2. I used the road layer for Alberta to 

measure the distance of each wetland center to the nearest road. I estimate these land 

cover/land use metrics in ArcMap 10.4.1 (ESRI 2012). 

2.2.3.3. Terrain 

I quantified topographic characteristics using a 25-m digital elevation model (DEM) for 

southern and central Alberta (Figure 5.1; Yang et al. 2014). I estimated eight terrain metrics (Table 

2.2)  using ArcMap 10.4.1 (ESRI 2012) and SAGA 2.3.2 (Conrad et al. 2015). These metrics may be 

grouped as those with local (e.g., standard deviation of slope) versus global (e.g., terrain surface 

convexity) application. For local metrics, I applied the formula to areas only within 500 m of the 

wetland boundary. With global metrics, I applied a 100 × 100-m moving window and computed 

the mean value within the 500 m buffers.   
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2.2.4. Data Analysis 

I aimed to quantify the relative contribution of climate, land cover/land use and terrain for 

different wetland permanence classes and determine the ability of these drivers for predicting 

wetland permanence class. Achieving these two outcomes involved four steps: reducing the 

number of metrics to an orthogonal and parsimonious set for application; visualizing if wetlands 

could be partitioned based on their permanence class (Figure 2.2); parametrizing and calibrating 

a predictive model; and then predicting permanence class and assessing model fit. These analyses 

were performed in R (R Core Team 2019).   
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Figure 2.2. Principle Components Analysis for wetlands delineated in the 1) Boreal (totaling 
12,000 wetlands), 2) Parkland (totaling 12,000 wetlands) and 3) Grassland (totaling 16,000 
wetlands) Natural Regions.¶  PCAs apply an orthogonal transformation to summarize the data into 
axes that explain the variance between two correlation matrices. Our data were scaled before 
implementing the PCA. Vectors on climate (A-C), land use and land cover (D-F) and terrain 
roughness (G-I) show correlations with both axes. Axis two, for all datasets, represents a 
hydroperiod gradient and terrain roughness is represented on axis 1. The ellipses are 90 % 
confidence intervals, assuming a multivariate t-distribution.  
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2.2.4.1.  Predicting Wetland Permanence Class 

I used an extreme gradient boosting model to predict wetland permanence class. Extreme 

gradient boosting is considered a more robust predictive tool than random forest (Sheridan et al. 

2016). Like random forest, extreme gradient boosting creates an ensemble of decision trees that 

partition data based on a specified grouping (McCune et al. 2002; Hastie et al. 2009); in my case, 

this is wetland permanence class. In the first decision tree, all observations are equally weighted  

(Cutler et al. 2007). The second decision tree attempts to correct the misclassifications of the first 

tree, assigning a higher weight to observations that were difficult to classify. Each subsequent 

tree are attempts to minimize the model error by classifying these error-prone observations  

(Cutler et al. 2007). The use of the minimum error to build a model ensemble makes extreme 

gradient boosting models prone to overfitting (Cutler et al. 2007). To correct for overfitting, 

extreme gradient boosting models include a regularized object that penalizes more complex 

trees (Chen and Guestrin 2016).  

2.2.4.2. Fitting Model 

After parametrizing the three models, I predicted wetland permanence class in the 1) Boreal, 

2) Parkland and 3) Grassland Natural Regions using a combination of climate, land cover/land use 

and terrain metrics (see Table 2.3 for information on these parameters). For each model, I also 

assessed its performance using the test data (70:30 training to test ratio) to determine the 

misclassification error rate, comparing results between the training and test data. I also evaluated 

the relative importance of each metric in predicting permeance class by comparing gain values 

and assessed under which ranges of each metric a permanence class was more likely to occur 

with waterfall plots.   
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Table 2.3. List of parameters tuned for the extreme gradient boosting model, a description of 

these parameters, their ranges and the ranges evaluated in the cross-validation. 

Parameter Description Range 

Learning rate Used to control the contribution of each tree to 
model. Lower values result in the model being 
more robust to overfitting.  

Typical: 0-1 
Model: 0-0.3 
Boreal (0.01), 
Parkland (0.1); 
Grassland (0.05) 

Gamma This controls the complexity of the model. It 
determines how much loss (difference between 
prediction and observation) allowable for the 
formation of a new node.  

Typical: 0-20 
Model: 0-10 
Boreal (8),  
Parkland (4); 
Grassland (10) 

Maximum depth of 
a tree 

This sets the maximum number of nodes that can 
exists between the tree root and leaves. The larger 
the value, the more likely a tree is to overfit. 

Typical: 1-7 
Model: 1-7 
Boreal (5),  
Parkland (7); 
Grassland (7) 

Minimum sum of 
instance weight 
needed in a child 

This sets a minimum weight/purity of data (e.g., 
number belonging to a given group) for splitting to 
create a new node in a tree. The higher this number 
is, the more conservative the algorithm will be.  

Typical: 1-7 
Model: 1-7 
Boreal (5), 
Parkland (3); 
Grassland (7) 

Subsample ratio of 
the training instance 

This sets the number of rows (fractional) that 
should be included in building a tree. 

Typical: 0-1 
Model: 0.6-1 
Boreal (0.8), 
Parkland (0.65); 
Grassland (0.7) 

Subsample ratio of 
columns when 
constructing each 
tree 

This sets the number of predictors (fractional) that 
should be considered in each tree.  

Typical: 0-1 
Model: 0.6-1 
Boreal (0.8), 
Parkland (1); 
Grassland (0.9) 
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2.3. Results 

2.3.1. Metric Reduction & Exploration 

Before using a combination of metrics representing 1) climate, 2) land cover/land use and 3) 

terrain to predict wetland permanence class in the Boreal, Parkland and Grassland of the 

Albertan Prairie Pothole Region (PPR), I eliminated correlated metrics within each of these three 

conceptual categories. The process started with 30 metrics (Table 5.1, 15 climate, 6 land use, and 

8 terrain metrics), which were reduced through correlation analysis to 19 (7 climate, 4 land use, 

and 8 terrain).    

2.3.2. Model Performance 

I built an extreme gradient boosting model for each Natural Region ς Boreal, Parkland and 

Grassland. I selected 19 metrics that reflected climate, land cover/land use and terrain. The 

parameters and misclassification error rates among Natural regions differed slightly (Table 2.4). 

Table 2.4. Value of parameters used in extreme gradient boosting models for the three datasets, 
the misclassification error rates and number of trees for our models. 

Parameter 
Natural Region 

Boreal  Parkland  Grassland 

Learning rate 0.01 0.1 0.05 

Gamma 4 6 8 

Maximum depth of a tree 5 5 7 

Minimum sum of instance 
weight needed in a child 

5 5 7 

Subsample ratio of the training 
instance 

0.8 0.90 0.70 

Subsample ratio of columns 
when constructing each tree 

0.8 
1.0 0.90 

Misclassification error rate 49.6 (training) 
56.3 (test) 

52.6 (training) 
59.7 (test) 

45.3 (training) 
50.1 (test) 

Number of decision trees  37 52 46 
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2.3.1. Predicting Permanence Class Within Observed Range of Each Metric 

Though I also visualized the range in which each permanence class is more likely to be 

predicted across all three regions, there were few consistencies among the models for the three 

Natural Regions. Regardless, figures demonstrating the relationships between each metric and 

predicted probability of each permanence class (waterfall plots) are reported in Appendix 1. 

2.3.2. Relative Importance of Metrics in Predicting Wetland Permanence Class Among 

Natural Regions 

In each Natural Region, climate explained the greatest amount of variance in wetland 

permanence class based on relative gain values (Figure 2.3).  
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Among the climate variables included in my analyses, spring temperature explained the highest 

magnitude of variance in predicting permanence class in the Boreal and Grassland (Figure 

2.4A;1C). 

Figure 2.3. Metrics ranked by their importance in the extreme gradient boosting models for wetlands 
delineated in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland (totaling 12,000 wetlands) and 3) 
Grassland (totaling 16,000 wetlands) Natural Regions. ¶These metrics were proxies for climate (A-C), 
land cover and land use (D-F) and terrain (G-I). 
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Figure 2.4. Metrics ranked by their importance in the extreme gradient boosting models for 
wetlands delineated in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland (totaling 12,000 
wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Regions. ¶These metrics were 

proxies for climate (A-C), land cover and land use (D-F) and terrain roughness (G-I). 

 
In the Parkland, however, winter snowpack depth was most important climate metric (Figure 

2.4B); I hypothesize that this may be because precipitation metrics delineated permanently-

ponded wetlands. Among the climate metrics, permanently-ponded wetlands were most 

sensitive precipitation metrics ς winter snowpack pack depth, proportion of summer 

precipitation in June and total summer precipitation (Appendix 1AAppendix 1B). These 
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precipitation metrics that permanently-ponded wetlands showed the strongest sensitivity to 

(Appendix 1B) were the same metrics that were most important in predicting wetlands in the 

Parkland (Figure 2.4). The Grassland model showed this sensitivity to semi-permanently-ponded 

wetlands (Appendix 1AAppendix 1B; Figure 2.4); in the Boreal model, this trend was observed 

with both seasonal and  semi-permanently-ponded wetlands (Appendix 1AAppendix 1B; Figure 

2.4 A;C;F). Regardless, climate conditions did differ among Natural Regions (Figure 2.5A-D).  

 

Figure 2.5. Frequency distribution of the top four climate, land cover and land use and terrain 

metrics by Natural Region. 
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Landcover/land use was the second most important variable affecting Grassland wetlands 

(Figure 2.3F). Notwithstanding, land cover did influence Boreal and Parkland wetlands (Figure 

2.4) ς shorter-hydroperiod wetlands were predicted in Boreal landscapes with higher agricultural 

activities (Figure 2.3D) and closer to roads in the Parkland (Figure 2.4E).  However, these land use 

activities were less important than terrain in determining permanence class. Also, wetlands in all 

regions had similar in extents of land cover (Figure 2.5E-H). 

Terrain was the second most important variable in predicting Boreal and Parkland wetlands 

(Figure 2.3G; H). In the Boreal and Parkland, the order of importance for the terrain metrics were 

nearly the same (Figure 2.3). Shorter-hydroperiod wetlands were predicted in landscapes with 

higher abundances of pits and peaks; the opposite was true for wetlands with longer 

hydroperiods (Figure 2.4G; H). In the Grassland, terrain was the least important variable (Figure 

2.3I). However, only seasonally-ponded wetlands showed sensitivity to the most important 

terrain metric, occurring in landscapes with lower deviations from mean elevation (Figure 2.4I). 

Interestingly, terrain metrics overlapped in all three regions (Figure 2.5I-L).  

2.3.3. Predicting Wetland Permanence Class in the Boreal Natural Region 

 Boreal wetlands, ranging in pond permeance classes from temporary to semi-permanent, 

are most strongly predicted by climate and terrain (Figure 2.6). Permanently-ponded wetlands, 

however, are most strongly predicted by land cover/land use (Figure 2.6F), with lower sensitivity 

to climate (Figure 2.6C) and terrain (Figure 2.6I). Generally, seasonal and temporarily-ponded 

wetlands were situated in landscapes with similar climate conditions (Appendix 1A-Appendix 1B) 

and land cover/land use (Appendix 1C). However, temporarily-ponded wetlands were positioned 

much higher in the landscape than seasonally-ponded wetlands (Appendix 1E I; V; VII). Similarly, 
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semi-permanently- and permanently-ponded wetlands were similarly situated in the landscape; 

they were predicted in landscapes with similar land cover/land use (Figure 2.4; Appendix 1C). 

However, the model was unable to identity which terrain conditions one is likely to observe a 

permanently-ponded wetland. Regardless, semi-permanently-ponded wetlands were situated 

near topographic lows (Appendix 1E I; V; VII). 
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Figure 2.6. Metrics ranked by their importance in the extreme gradient boosting models for wetlands delineated 
in the 1) Boreal (totaling 12,000 wetlands) by permanence class. ¶These metrics were proxies for climate (A-D), 
land cover and land use (E-H) and terrain roughness (I-L). 
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2.3.4. Predicting Wetland Permanence Class in the Parkland Natural Region 

Land cover/land use was important in delineating between wetlands that are 

temporarily/seasonally ponded versus those that are semi-permanently/ permanently ponded in 

the in the Parkland. The extent of urban cover in the landscape was important in delineating 

temporarily-ponded from seasonally-ponded wetlands; for the longer-hydroperiod wetlands, 

distance to road delineated wetlands. Of all the permanence classes, seasonally- and semi- 

permanently-ponded wetlands were most sensitive to terrain and climate (Figure 2.7). Generally, 

temporarily/seasonally-ponded wetlands were situated similarly in the landscape, sharing 

climate, land cover/land use and terrain context (Appendix 1A-Appendix 1E). Semi-permanently-

ponded wetlands, however, were situated closer to peaks, while permanently-ponded wetlands 

were position in and around topographic lows (Appendix 1E II;VIII). 
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Figure 2.7. Metrics ranked by their importance in the extreme gradient boosting models for wetlands delineated in 
the Parkland (totaling 12,000 wetlands). ¶These metrics were proxies for climate (A-C), land cover and land use (D-F) 
and terrain (G-I). 
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2.3.5.  Predicting Wetland Permanence Class in the Grassland Natural Region 

Temporarily- and seasonally-ponded wetlands in the Grassland occurred in similar situations 

in the landscape. In support of this hypothesis, temporary and seasonally-ponded wetlands were 

predicted by the same climate, land cover/land use metrics, in nearly same relative order of 

importance (Figure 2.8). Also is support of this hypothesis is the fact that these wetlands were 

predicted in landscapes with nearly identical climate conditions (Appendix 1AAppendix 1B) and 

surrounding land cover/land use (Appendix 1C). These wetlands were also situated in landscapes 

closer to peaks (Appendix 1D-Appendix 1E) but temporarily-ponded wetlands were situated 

higher in the landscape than seasonally-ponded wetlands (Appendix 1E IX).   

Semi-permanently-ponded wetlands were situated similarly in landscape to permanently-

ponded wetlands. In support of this hypothesis, both wetland classes were congruent in the 

relative importance of each metric associated with the climate, land cover/land use and terrain 

(Figure 2.8; Appendix 1DAppendix 1E). Additionally, semi-permanently-ponded and 

permanently-ponded wetlands were predicted in landscapes with similar land cover/land uses 

(Appendix 1C). Though both wetland classes were situated in the landscape where variance in 

surrounding elevation and slope was low (Appendix 1D XI;XII), permanently-ponded wetlands 

were situated in and around topographic lows (Appendix 1E III; VI; IX) and were exposed to 

warmer temperatures (Appendix 1A).  
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Figure 2.8. Metrics ranked by their importance in the extreme gradient boosting models for wetlands delineated in 
the Grassland (totaling 16,000 wetlands). ¶These metrics were proxies for climate (A-C), land cover and land use (D-F) 
and terrain roughness (G-I).  
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2.4. Discussion 

As with other studies, I do find support for the assertion that a warmer climate could affect 

wetland hydroperiods in the PPR (Johnson et al. 2005; Johnson et al. 2010b; Werner et al. 2013; 

Fay et al. 2016; Johnson and Poiani 2016; Reese and Skagen 2017); however, failure to consider 

terrain context could limit our understanding on how wetland permanence classes may change. 

Even with the use of a relatively poor-resolution DEM, my models detect a strong importance of 

terrain in even undulating landscapes. While I would recommend the use of finer-scale elevation 

models in forecasting climate impacts, future studies forecasting the impacts of climate change 

on wetland water levels and or biological communities in the PPR should include terrain metrics.    

As with other studies, I do find support for the assertion that topography is a useful proxy in 

wetland mapping (Los Huertos and Smith 2013; Branton and Robinson 2019). One major 

influence of terrain on wetland hydrology is that topographic variation influences surface runoff 

generating processes, including spring melt water volumes, which dictates ponded water 

amounts (Hayashi et al. 2016; Mushet et al. 2018).  Notably, simulations predicting the influence 

of climate change on the area size and isolation of PPR wetland have focuses on climate and land 

cover/land use (Conly et al. 2001; Voldseth et al. 2007; Chasmer et al. 2012; McCauley et al. 2015; 

Anteau et al. 2016; Johnson and Poiani 2016; Steen et al. 2016). Consequently, there is a lack of 

research quantifying terrain characteristics of wetland and the landscapes within which they 

reside. Links between terrain, vegetation and wetland condition have not been rigorously studied 

and regulations on the creation or restoration of wetlands prescribe width-to-length ratios and 

slopes that are uniform (Environmental Partnerships and Education Branch Alberta 2007). 

Consequently, permanently-ponded,  open-water wetlands that are not representative of the 
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ŘƛǾŜǊǎƛǘȅ ŀƴŘ ŦǊŜǉǳŜƴŎȅ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǿŜǘƭŀƴŘ ǇŜǊƳŀƴŜƴŎŜ ŎƭŀǎǎŜǎ ŀŎǊƻǎǎ !ƭōŜǊǘŀΩǎ ttw have 

come to dominate the Canadian PPR (Serran et al. 2017). If we had a better understanding of 

how terrain structure determines wetland hydrology/function, we revise regulations governing 

wetland restoration and creation to ensure we better match natural landscapes in their 

frequency and distribution of wetland permanence classes.   

Existing literature identified land cover/land use as the second greatest driver of wetland 

conditions following climate (Anteau et al. 2016). I hypothesize that differences in topography 

and land use-driven surface runoff could explain why land cover/land use was least important in 

delineating permanence class in the Boreal and Parkland.  In the Grassland, the terrain is 

relatively flat compared to the Boreal and Parkland (Alberta Tourism Parks and Recreation 2015), 

which suggests that there may be overlaps in the terrain context that each permanence class 

occurs; this was generally the case for land cover/land use metrics. Consequently, climate, 

evidenced by shorter-hydroperiod wetlands being more prevalent in the more arid south 

(Government et al. 2014), and land cover/land use, which is largely pastureland and cropland 

(Alberta Tourism Parks and Recreation 2015), would be stronger delineators of permanence class 

than terrain. Secondly, the percentage cover of natural vegetation can influence wetland 

permanence class(van der Kamp et al. 2003), and this is more pronounced in the Grassland. 

Wetlands surrounded by natural vegetation may have shorter hydroperiods, and this is because 

upland vegetation lowers surface runoff to wetlands (van der Kamp et al. 2003; Voldseth et al. 

2007; Anteau 2012). Thus, wetlands within landscapes with extensive natural vegetation may 

come to have shorter hydroperiods because snow-sourced surface runoff, which can account for 

up 27% of ponded water amounts(van der Kamp et al. 2003), are captured by upland plants. 
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 Because some landscapes in the PPR are flatter than others (Schneider 2013), and land 

use activities can modify the terrain (Anteau 2012; Wiltermuth and Anteau 2016; Anteau et al. 

2016), my findings do highlight the importance of considering land use in forecasting the impacts 

of climate change on PPR wetlands. Boreal and Parkland wetlands have stronger overlaps in 

terrain metrics and climate; and, as a result, differences in land use within these regions may be 

integral in determining future shifts in the frequency distribution of permanence classes.  

Forecasts for the province of Alberta suggest there will be expansions in the agricultural industry 

within the next decade (Government of Alberta 2015), and this suggests that climate impacts on 

Albertan PPR wetlands will be compounded by land use activities.    

My models had moderate to high error rates, which suggests that climate, land use/cover and 

terrain are not sufficient variables in predicting permanence class. I hypothesize that my inability 

to account for soil characteristics (Schneider 2013) could explain these high error rates. Schneider 

(2013) stated that within Natural Regions, both elevation (which I did account for) and soil 

characteristics can vary across a landscape. As such, wetlands situated similarly in the landscape 

may not have the same soil characteristics, and soil characteristics are understood to influence 

wetland hydrology by dictating the proportion of surface run of that is infiltrated (Hayashi et al. 

2016). Though Schneider (2013) also mentioned an influence of disturbance history on 

ecosystems, prior work in my study region reported no temporal lag in wetland environmental 

conditions and surrounding land cover (Kraft et al. 2019). 

Though my findings suggest differences in the topographic position of wetlands by 

permanence class, I am unable to ascertain whether this is driven by geological history or land 

cover/land use. Across the three Natural Regions, wetlands with shorter hydroperiods (i.e., 
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temporary and seasonal) were situated in landscapes with higher cropping activity. One 

explanation for this trend could be consolidation drainage, where wetlands situated higher in the 

landscapes are drained and the water is redirected to wetlands positioned lower in the landscape 

(McCauley et al. 2015; Wiltermuth and Anteau 2016). Thus, we may come to observe wetlands 

with higher pond permanence in these areas because they have received ponded water from 

drained temporary/seasonal wetlands situated higher in the landscape. Alternately, we may 

observe semi-permanent/permanently-ponded wetlands situated lower in the landscape 

because they 1) can hold larger volumes of ponded water (i.e., larger pond size/volume ς 

Novikmec et al. 2016) and 2) receive higher volumes of water inputs from the surrounding 

landscape (e.g.,  surface run-off, groundwater ς Toth 1963; LaBaugh et al. 1998; Euliss et al. 

2004b; Euliss et al. 2014). Because I did not aim to predict permanence class in a vacuum, my 

analyses could not account for influence of terrain on permanence class in the absence of 

agricultural activities. Therefore, I am unable to ascertain which factor largely explains this 

finding. Future work should seek to investigate the role of topographic position on permanence 

class, in the absence of human disturbance. 

2.5. Conclusion 

My results demonstrated that for Parkland and Boreal Natural Regions, terrain characteristics 

explained more of the variance in permanence class than land cover and land use. This revealed 

the importance of terrain in determining wetland hydroperiods. My results also emphasize the 

importance of terrain in wetland hydrology and the interrelationship between climate, land 

ŎƻǾŜǊκƭŀƴŘ ǳǎŜ ŀƴŘ ǘŜǊǊŀƛƴ ŦŀŎǘƻǊǎ ƛƴ ŘŜǘŜǊƳƛƴƛƴƎ ŀ ǿŜǘƭŀƴŘΩǎ ǇŜǊƳŀƴŜƴŎŜ Ŏƭŀǎǎ ƛƴ ǘƘŜ ǇǊŀƛǊƛŜ 

pothole region of Alberta.  



48 
 

3. WETLAND HYDROPERIOD INFLUENCES COMMUNITY ABUNDANCES, BUT NOT 
THE MAGNITUDE OF CROSS-TAXON CONGRUENCE.  

3.1. Introduction 

Understanding the mechanisms that explain the composition of biological communities is a 

major focus of community ecologists. Both environmental conditions and interactions among 

biological communities are known to dictate which species will establish in a given habitat (Kraft 

et al. 2015; Cadotte and Tucker 2017; Pearson et al. 2018), and thus numerous studies have 

attempted to partition those relative influences on community composition (Duan et al. 2016; 

Robertson and Avilés 2019; Uboni et al. 2019; Vleminckx et al. 2019). However, apart from 

examination of the stress gradient hypothesis among plants (Maestre et al. 2010; He et al. 2013; 

Scherrer et al. 2019) and predation-permanence gradient model with aquatic 

macroinvertebrates and their predators (Wellborn et al. 1996), only a few studies have explored 

whether the strength of biological interactions among multiple taxa is influenced by 

environmental conditions along a gradient (Chamberlain et al. 2004; Pennings and Silliman 2005; 

Chamberlain et al. 2014) beyond simply gradients in space or time (Kissling et al. 2012; Rudolf 

2019). Questions arising from this gap include: 1) do relationships among taxa change along 

environmental gradients, and 2) does the strength of cross-taxon relationships vary with 

environmental conditions?  By investigating whether the strength of cross-taxon relationships 

change across environmental gradients, we could better understand how communities assemble.  

 Because species differ in which environmental conditions are optimal for their growth 

and development, we may observe changes in the strength of interspecific cross-taxon 

interactions (herein referred to as non-stationarity) across environmental gradients (Thompson 
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1988; Hengeveld 1994; Bar-Massada and Belmaker 2017). Non-stationarity in cross-taxon 

relationships are widely reported in geographic space and across time (Osborne et al. 2007; Clark 

et al. 2018), and we would expect non-stationarity in cross-taxon relationships along 

environmental gradients to be explained by similar mechanisms. Indeed, such studies often 

attribute the spatial or temporal pattern to a correlated pattern in environmental conditions, 

though without explicitly quantifying those conditions. Across geographic space, we can attribute 

non- stationarity in plant-plant relationships to differences in environmental conditions under 

which species were able to establish (Bar-Massada and Belmaker 2017); the rate at which 

established species increased their abundances determined whether there was space for later-

arriving species to also establish. The influence of differential tolerances and requirements 

among species on population structures has also been observed in predator-prey interactions. 

For instance, authors of one study argued that predation rates are lower in wetlands with shorter 

hydroperiods because fewer predators are able to sustain populations under these stressful 

conditions when the diversity and abundance of prey is lower (Wellborn et al. 1996). Non-

stationarity across environmental gradients could also be explained by species requiring 

additional defenses to combat new predators or competitors. For example,  Alaska paper birch 

species in nutrient-poor environments used carbon-vs nitrogen-based defenses to herbivory, 

which resulted in them differing in their palatability to Snowshoe hare species across a gradient 

in soil chemistry (Bryant et al. 1981). More recent examinations of  cross-taxon relationships 

across environmental gradients demonstrate non-stationarity between zooplankton and 

fish(Post et al. 2008), plants and insect herbivores (Agrawal et al. 2006) and numerous other 

pairwise interactions (Chamberlain et al. 2014). Given these observations of non-stationarity of 
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interspecific interaction outcomes along environmental gradients, we wanted to determine 

whether congruence between horizontal communities would be consistent across an 

environmental gradient.  Or alternatively, whether one end of an environmental gradient might 

exhibit weaker relationships between taxon than is evident at the other end of that gradient.  

Congruence/concordance is a measure of the correlation between two multivariate matrices 

(Lisboa et al. 2014). Typically, these comparisons are often made between the relative abundance 

patterns evident in species belonging to different horizontal communities [(i.e., άa set of species 

sharinƎ ŎƻƳƳƻƴ ƴŜŜŘǎ ƛƴ ǘŜǊƳǎ ƻŦ ǊŜǎƻǳǊŎŜǎ ƻǊ ǎǇŀŎŜέ ς  Vellend (2016)]  to estimate the 

strength of inter/cross-taxon interactions (Kraft et al. 2019). In other cases, comparisons are 

made between the pattern of relative abundances in one horizontal community and 

environmental conditions (Toranza and Arim 2010; Rooney and Bayley 2012) to estimate the 

strength of the dependency of a particular horizontal community on a given set of 

physicochemical factors.  

While strong congruence between a taxon and some measure of environmental conditions 

in its habitat indicates a structuring role of abiotic factors on community composition, strong 

cross-taxon congruence could be explained by either biological interactions (Larsen et al. 2012),  

horizontal communities responding similarly to a gradient in environmental conditions (Heino et 

al. 2005; Corte et al. 2017), or a common biogeographic history among taxa (Cracraft and Prum 

1988; Moritz et al. 2001). If there was support for the hypothesis that cross-taxon agreement 

among matrices  of speciesΩ ǊŜƭŀǘƛǾŜ abundances was explained by  horizontal communities 

responding similarly to a gradient or sharing a common biogeographic history, we would expect 

that the strength of cross-taxon congruence would be near equivalent to that between each 



51 
 

horizontal community and a matrix describing the environmental condition (Figure 3.1A-B). In 

contrast, if there was support for the hypothesis that biological interactions are largely 

responsible for cross-taxon agreement among matrices  of speciesΩ ǊŜƭŀǘƛǾŜ abundance, we would  

expect that the strength of cross-taxon congruence would be much higher than that between 

each taxon and a matrix describing the environmental condition (Figure 3.1C-D).  

Figure 3.1 Hypothesized measures of congruence if cross-taxon congruence (A) was best explained 
by the influence of wetland hydroperiod (B), or if cross-taxon congruence was best explained by 
biological interactions (C) and not solely the influence of wetland hydroperiod (D). ¶When the strength 
of cross-taxon relationships is similar in magnitude to that between each horizontal community and 
hydroperiod, we would expect that high cross-taxon congruence is explained by each horizontal 
community responding similarly to wetland hydroperiod (A-B).  However, when cross-taxon 
relationships are much stronger than that between each horizontal community and hydroperiod, we 
would expect that high cross-taxon congruence is mostly explained by biological interactions (C-D).   
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This approach to evaluating the relative importance of cross-taxon interactions and 

environmental filtering on community abundances is best implemented in a system that is largely 

structured by a single environmental gradient, e.g., a moisture-aridity gradient such as that 

created by variation in inundation time in wetlands or precipitation in desert ecosystems. Along 

such a gradient, the availability of water can act as a clear environmental filter, excluding taxa 

that lack adaptations to persist under either dry or inundated conditions (Gleason and Rooney 

2017a). This results in the emergence of distinct communities, dependent on moisture availability 

(Brock et al. 2003; Clark et al. 2009). Prairie pothole wetlands, for example, differ in the diversity 

and community composition of birds, aquatic macroinvertebrates and plants along a gradient in 

hydroperiod from ephemeral to permanently-ponded(Daniel et al. 2019). Hydroperiod in these 

wetlands influence whether a wetland supports only wet meadow species or includes more 

water-loving robust emergent species like cattails and bulrushes or even submersed aquatic and 

floating vegetation (Stewart and Kantrud 1971). Hydroperiod also dictates if a wetland will 

support aquatic macroinvertebrates that cannot survive dry-down events or if such taxa will be 

excluded (Gleason and Rooney 2017a). Since the foraging and nesting opportunities of migratory 

birds are determined by wetland vegetation characteristics and the availability of aquatic 

macroinvertebrate prey, hydroperiod also indirectly dictates bird community composition (Euliss 

et al. 2004). Given these three taxa exhibit distinct communities at different positions along the 

hydroperiod gradient, we can test whether the strength of cross-taxon congruence differs 

between short and long-hydroperiod prairie potholes.  

In an earlier study, beta diversity was inversely correlated with wetland hydroperiod for 

wetland birds, aquatic macroinvertebrates and plants (Daniel et al. 2019). The authors speculated 
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that species in wetlands with longer hydroperiods had more time to progress toward community 

equilibrium through interspecific interactions, whereas community composition in wetlands with 

brief hydroperiods was more a product of ecological drift.  If this hypothesis were correct, I expect 

to see weaker cross-taxon congruence in short-hydroperiod than long-hydroperiod prairie 

pothole wetlands (i.e., non-stationarity). I consequently asked three questions, using relative 

abundances of three horizontal communities (birds, aquatic macroinvertebrates and plants):  

examining species from prairie potholes ranging from short- to long-hydroperiods 1) is there 

significant congruence among these three horizontal communities; and 2) if so, does a common 

response to the dominant environmental gradient (hydroperiod) alone explain the observed 

cross-taxon congruence; then, after partitioning the dataset into long- and short-hydroperiod 

prairie potholes, 3) is there evidence of non-stationarity in cross-taxon congruence between 

prairie potholes of long vs. short-hydroperiod wetlands?  

3.2. Materials and Methods 

3.2.1. Study Area 

This study took place in the Grassland and Parkland Natural Regions of Alberta, Canada 

(Figure 3.2). Wetlands in the region are called prairie potholes and comprise  water-filled 

depressions that were formed in the last glacial period (Wright 1972). The climatic conditions are 

semi-arid since annual precipitation exceeds evapotranspiration rates (Sauchyn et al. 2004). 
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While mixed-grass prairie dominates the Grassland Natural Region, both deciduous trees and 

grasses are widespread in the Parkland Natural Region(Downing and Pettapiece 2006). 

3.2.2. Study Design 

The 96 study sites spanned a gradient in hydroperiod, i.e., they ranged in pond permanence 

from temporary to permanent (Stewart and Kantrud 1971). Further, they were selected to 

represent the size-frequency distribution of wetlands within their respective sub-watersheds, 

based on the Alberta Merged Wetland Inventory (Government of Alberta 2014). As such, most 

were small (mean size 0.81 ± SE 0.12 ha).  

Figure 3.2 Map of the study region, situated in the northern prairie pothole region (inset map).¶ 
The 96 wetland sites covered the Grassland and Parkland Natural Regions, and represented 
temporary (n = 28), seasonal (n = 35), semi-permanent (n = 17) and permanent (n = 14) ponded-
water permanence classes. 
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3.3. Biological Surveys 

3.3.1. Birds 

Birds were surveyed using both visual and auditory surveys, twice during the peak breeding 

season (May-June in either 2014 or 2015). Importantly, the abundances of each species were 

summed between both visits, rather than averaged, to account for the staggered breeding 

seasons among species. More details on these bird surveys are provided in another study 

(Anderson and Rooney 2019). In brief, surveys commenced half an hour before sunrise and went 

no later than six hours thereafter. Surveys were rescheduled if weather conditions were 

unfavorable to bird activity (e.g., rain, traffic sounds, or wind enough to rustle field notes). First, 

10-minute long visual surveys from a vantage point that covered the entire open water zone were 

undertaken to record any foraging or nesting birds before the site was entered, as observers 

entering the site can flush waterfowl. Next, observers conducted auditory surveys that were 8-

minute long, 100 m fixed-radius point counts, typically carried out at the center of the wetland. 

In larger wetlands (> 3 ha), multiple auditory surveys were carried out, spaced >100 m from any 

wetland edge and >200 m from any other point count location to ensure independence. Counts 

across multiple auditory point counts within a wetland were summed to reflect differences in 

wetland size. The identity and abundance of species detected by visual and auditory survey 

techniques was recorded (species list in Appendix 2A). The same technician conducted both the 

visual and audio point counts, which reduced the chance that individuals were double counted. 

3.3.2. Aquatic Macroinvertebrates 

 Aquatic macroinvertebrates were sampled using the quadrat-column-core method 

(Meyer et al. 2013), which was revised (Gleason and Rooney 2017b) for use in this study region( 
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May-June in either 2014 or 2015). Sampling was stratified between the open-water zone 

(submersed and floating vegetation) and the emergent zone (cattail, bulrush, or other robust 

perennial sedges), presuming both zones were present. Two replicates of each sample type were 

collected in each wetland zone: 1) a 0.25 m2 vegetation sample, clipped from the emergent or 

submersed vegetation and then washed vigorously to remove clinging invertebrates; 2) two, 10 

cm diameter water column samples and 3) a 10 cm deep, 4.8 cm diameter sediment core, 

collected using a steel corer obtained using a tube-sampler inserted to just above the sediment. 

Ultimately, sediment core sample fractions were excluded from analysis because: 1) densities 

were low and 2) there were no taxa in the sediment cores that were novel to the combined water 

column and vegetation samples. The replicates of each sample type were composited, yielding a 

single water column and vegetation sample per wetland vegetation zone (open water and 

emergent). These were then sorted to remove aquatic macroinvertebrates so they could be 

identified to the lowest practical taxonomic level (typically Family) (Clifford 1991; Merrit et al. 

2008). For vegetation samples, technicians used a Marchant box to sub-sample based on the 

protocol of the Canadian Aquatic Biomonitoring Network (Environment Canada 2014), where the 

taxon abundances were area-weighted to estimate density per meter-squared. Similarly, counts 

from water samples were scaled to the meter squared and then the densities were summed 

within  each wetland zone. Next, samples were averaged across zones to obtain wetland-level 

data on invertebrate relative abundances. A comprehensive taxonomic list of taxa observed is 

provided in Appendix 2B.  
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3.3.3. Plants 

 Plant surveys occurred in late July to August in 2014 and 2015, which coincided with peak 

aboveground biomass and when most herbaceous species could be confidently identified. First, 

the extent of each plant assemblage was mapped, and this was based on their vegetation 

structure (e.g., deciduous tree, coniferous tree, dead deciduous, dead coniferous, deciduous 

shrub, coniferous shrub, robust emergent, narrow-leaved emergent, forb, broad-leaved 

emergent, floating-leaved vegetation) and then by co-dominant or dominant species. These 

extents were determined in the field by mapping the assemblage boundaries with a GPS/GNSS 

unit with sub-meter real-time accuracy (SX Blue II receiver, by Geneq Inc., Montreal, Canada). For 

each 100-5000 m2 sized community, the identity and percentage cover (modified Braun-

Blanquette approach) of each vascular plant species within five, 1 m2 quadrats were recorded. 

For communities larger than 5000 m2, an additional quadrat was surveyed per 1000 m2 of 

community area over the 5000 m2 threshold. In addition to vascular plants, the identity and 

percentage cover of the following classes were also included: algae, bare ground, litter, moss, 

rock, seedling/unidentified forb, standing dead litter, and open water (species list in Appendix 

2C). Note, only the percent cover of vascular plants was included in subsequent analyses. More 

details on these plant surveys are provided in another study (Bolding et al. 2020).  

3.3.4. Hydroperiod 

I consider hydroperiod a latent variable that is indicated by several measurable variables. At 

each wetland, technicians installed a staff gauge in May at the deepest point of the open water 

zone.  Technicians then collected water depth measurements from these staff gauges every 3-5 

weeks between May and September.  If the wetland dried out entirely, technicians recorded the 
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date that this was first observed.  If the wetland remained flooded until September, then I 

considered it to possess ponded water for 365 days.  The difference between the deepest and 

ǎƘŀƭƭƻǿŜǎǘ ǿŀǘŜǊ ŘŜǇǘƘ ƳŜŀǎǳǊŜƳŜƴǘ ǿŀǎ ǘƘŜ ǿŜǘƭŀƴŘΩǎ ŀƳǇƭƛǘǳŘŜΦ  [ŀǎǘƭȅΣ technicians collected 

30 mL water samples from each wetland in May, which was later used to estimate evaporative 

loss. For details on the stable isotopes analysis, see (Meyers 2018). From these data, I used four 

variables to describe hydroperiod - the approximate number of days the wetland contained 

ponded water, the maximum water depth, the ratio of water amplitude to the maximum water 

depth, or an index of evaporative loss based on stable isotope analysis.   

3.4. Statistical Analysis 

 The analyses were centered on three main objectives. First, I investigated whether it was 

possible to detect cross-taxon congruence and if this cross-taxon congruence could be attributed 

to an environmental gradient (hydroperiod). Second, I determined whether there was a 

difference in the strength of biological interactions when there was a stronger influence of the 

environmental driver. Third, I tested for non-stationarity in cross-taxon congruence between 

prairie potholes with short vs long hydroperiods.  I describe these analyses below, which were all 

conducted in in R (R Core Team 2017). 

3.4.1. Congruence 

To determine if I could 1) detect cross-taxon congruence, 2) attribute cross-taxon congruence 

to a dominant environmental gradient (hydroperiod) and 3) detect a difference in the strength 

of congruence in short vs long-hydroperiod wetlands, I used a Procrustes analysis. In terms of my 

general approach, I first measured the strength of congruence between each pair of horizontal 

communities (i.e., relative abundance matrices): 1) birds and plants, 2) birds and aquatic 
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macroinvertebrates, and 3) plants and aquatic macroinvertebrates.  Next, I measured 

congruence between each horizontal community individually and the four measures of wetland 

hydroperiod (i.e., matrix on approximate number of days the wetland contained ponded water, 

the maximum water depth, the ratio of water amplitude to the maximum water depth, or an 

index of evaporative loss based on stable isotope analysis). Then, I compared cross-taxon 

congruence and congruence between each horizontal community and measures of wetland 

hydroperiod to determine whether a common response to variation in hydroperiod could explain 

any observed cross-taxon congruence (Figure 1C-D). Next, to test for non-stationarity in any 

observed cross-taxon congruence in short vs. long-hydroperiod wetlands,  I sub-divided the 

dataset into wetlands of low (temporary and seasonal) permanence class and wetlands of high 

(semi-permanent and permanent) permanence class and then recalculated both cross-taxon 

congruence and congruence between each horizontal community and the matrix of hydroperiod 

indicators.  I then compared the strength of these congruence measures between the low and 

high permanence class wetland subgroups.  

Though the Mantel test is popularly used to measure congruence in ecology (Lisboa et al. 

2014), Peres-Neto and Jackson (2001) showed that Procrustes analysis is better at detecting 

significant relationships (lower risk of type II errors). Additionally, in a majority of studies testing 

for multivariate correlations, Procrustes analysis can be substituted for a Mantel test (Lisboa et 

al. 2014), apart from when the aim is to test for a relationship between community dissimilarity 

and geographic distance (Nekola and White 1999).  Given my aim to assess how congruence 

changes with pond permanence, I was confident that Procrustes analysis was most appropriate 

for this study, which was implemented using the protest function in the vegan package (Oksanen 
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et al. 2017). For each horizontal community, I applied a Hellinger transformation to our relative 

abundance matrices to make the data suited for projection in Euclidean space (Lisboa et al. 2014), 

as required by the Procrustes analysis.  

3.4.2. Rarefication  

 Sample size can influence estimates of congruence (Broadbooks and Elmore 1987). To 

ensure sites were representative of the frequency distribution of permanence classes in the 

wetland inventory, surveys were done at an unequal number of wetlands across permanence 

classes (Figure 2). Unequal treatments and small sample sizes can cause: 1) higher than expected 

estimates of congruence for classes with spatially-aggregated wetlands (e.g. permanently-

ponded wetlands), or 2) an inability to detect congruence in classes with fewer wetlands. To 

determine if sample size influenced my ability to detect congruence, or the magnitude of 

congruence, I rarefied my data to identify the sample size threshold at which the sensitivity to 

sample size plateaued. First, I subsampled the Hellinger-transformed relative abundance 

matrices, increasing n from 3 to 40 and selecting the same sites from each horizontal community 

in the cross-taxon comparison (birds versus macroinvertebrates, birds versus plants, 

macroinvertebrates versus plants). Then, for each subsample and cross-taxon comparison, I 

measured congruence. Since congruence can be influenced by this random subsampling, I 

repeated the rarefication 100 times. I repeated these sensitivity tests in analyzing congruence 

between each horizontal community and the matrix describing hydroperiod. I found the mean 

and standard error across iterations for the 3 to 40 subsampled sites (Appendix 3). On average, 

congruence was stable with >23 sites. Thus, I combined the temporary and seasonally-classified 
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wetlands (short hydroperiod: n = 65) and the semi-permeant and permanently-classified 

wetlands (long hydroperiod: n = 31) into separate groups, such that this threshold was exceeded.  

The long-hydroperiod group still constituted fewer sites (n = 31) than the short-hydroperiod 

group (n = 65), which could bias comparisons of congruence between wetland permanence class 

groups. To counter this bias, I stratified the horizontal community relative abundance matrices 

and the matrix describing hydroperiod by permanence class. Using the package a biostatisticians 

toolbox for various activities, including plotting, data cleanup and data analysis: fifer (Fife 2017) 

in R, I then subsampled  and randomly selected 31 sites (without replacement) from the 1) entire 

dataset and 2) short-hydroperiod wetlands (including both seasonally-ponded and temporarily-

ponded wetlands).  I compared this to all 31 long-hydroperiod wetlands (including both semi-

permanently-ponded and permanently-ponded wetlands). I repeated this random sampling 1000 

times, measuring congruence for each iteration.  

3.5. Results 

3.5.1. Congruence  

The strength of cross-taxon congruence (Figure 3.3A) was much larger than that between 

each horizontal community and measures of hydroperiod (Figure 3.3B), when I consider all 

wetlands surveyed. Using the Procrustes pseudo-R value, the strength of bird cross-taxon 

relationships (i.e., bird-aquatic macroinvertebrate, bird-plant) were 84% higher in magnitude 

than that between birds and hydroperiod. With aquatic macroinvertebrates, relationships with 

both birds and plants were 52% larger in magnitude than aquatic macroinvertebrate-hydroperiod 

relationships. Similarly, for plants, cross-taxon relationships were 95% larger in magnitude than 
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that between plants and hydroperiod. For a full list of Procrustes pseudo-R values and the 

associated p-value, see Appendix 4 

Differences in congruence based on permanence class (short hydroperiod: temporary and 

seasonal; long hydroperiod: semi- permanent and permanent) were marginal, contrary to my 

prediction. While birds and macroinvertebrates had marginally-stronger congruence with 

hydroperiod in long-hydroperiod wetlands (Figure3.3B), difference in cross-taxon congruence 

between the long and short hydroperiod wetlands were negligible.    

3.6. Discussion 

Biological interactions are important drivers of community composition  and some argue that 

biological interactions are equally as important in shaping community composition as  are 

Figure 3.3 Congruence among horizontal communities(A) and between each horizontal community and 
hydroperiod (B) using a Procrustes Analysis. ¶I measured congruence for our balanced rarefied datasets 
at 31 sites. Over 1000 iterations, we sampled without replacement: 1) all sites, regardless of permanence 
class (n = 96) and 2) short-hydroperiod wetlands (including both seasonally-ponded and temporarily-
ponded wetlands; n = 65); thus, error bars are 90 % confidence intervals from bootstrapping. Long-
hydroperiod wetlands were inclusive of those that were semi-permanently and permanently ponded; 
άϝέ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ŎƻƴƎǊǳŜƴŎŜ ǿŀǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƎǊŜŀǘŜǊ ǘhan zero (p-value < 0.1). 
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environmental filters (Kraft et al. 2015; Janke 2016; Zimmer et al. 2016; Pearson et al. 2018).  

Without understanding the influence of one horizontal community on another, we have an 

incomplete understanding of how communities assemble. It is difficult to disentangle the 

relative influence of biological interactions and environmental filters on community 

composition in the absence of manipulative experiments (Levine 1999; Maestre et al. 2005), 

especially with the use of natural experiments as opposed to causal-based models (Duan et al. 

2016; Lewis et al. 2017). However, my results confirm that hydroperiod alone cannot explain 

patterns in species relative abundances, despite sampling across a strong hydroperiod 

gradient, since there were stronger relationships among the horizontal communities I 

surveyed than between each horizontal community and my measures of hydroperiod. Similar 

to my findings, another study reported a strong influence of biological interactions on plant 

biomass in alpine grasslands in Norway along a precipitation gradient (Klanderud et al. 2015).  

 Interestingly, though cross-taxon congruence was high compared with the congruence 

between each horizontal community and the matrix of hydroperiod indicators, I did not detect a 

difference in the strength of cross-taxon congruence between wetlands of short and long 

hydroperiods. I attribute my failure to detect this non-stationarity in the strength of cross-taxon 

relationships to two factors. First, out of the three horizontal communities that I studied, 

hydroperiod had the largest influence on aquatic macroinvertebrates, filtering out those 

invertebrates missing the capacity to survive drawdown and desiccation. Therefore, it is likely 

that the influence of vegetation on the abundance of macroinvertebrates is masked by the 

stronger influence of hydroperiod (Gleason and Rooney 2017a). Work by within Australian 

ephemeral wetlands suggests that the influence of hydroperiod on aquatic macroinvertebrates 
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may be similar to that on plants, and this is because they reported that duration of inundation 

and water depth will dictate which plants will establish (Casanova and Brock 2000). 

Consequently, from short to long-hydroperiod wetlands, I should observe plant and aquatic 

macroinvertebrates that are adapted to the same conditions, and this would mean that plants 

will have the same magnitude of influence on aquatic macroinvertebrates across the hydroperiod 

gradient. Second, birds select wetlands based on whether their foraging and nesting needs can 

be met (Murkin et al. 1997), which is typically dependent on vegetation in both short and long-

hydroperiod wetlands. As an example, my long-hydroperiod wetlands were occupied by 

waterbirds, and short-hydroperiod wetlands were more associated with upland birds (Appendix 

5A and D). Thus, while I may observe birds that feed on aquatic plants/insects or nest in reeds in 

long-hydroperiod wetlands, birds in short-hydroperiod wetlands likely had foraging and nesting 

behaviors suitable for the prey and nesting habitat available. In other words, the birds are cueing 

to vegetation in their selection of wetland habitat across the measured hydroperiod gradient.  

  For wetland biota that are active dispersers, cross-taxon biological interactions may be 

more important in shaping their community composition than for sessile species. I demonstrate 

that bird abundances were most strongly tied to plant and aquatic macroinvertebrate 

abundances, and birds were the strongest dispersers of the horizontal communities I studied. 

Birds in the NPPR are migratory, and they are known to choose wetlands for pairing and brood 

rearing based on the vegetation structure within the landscape and wetland-scale vegetation 

characteristics (Naugle et al. 2001). Thus, birds occupying the wetlands in my study actively 

selected these areas because their foraging and nesting needs could be met. For aquatic 

macroinvertebrates, however, some families are able to colonize neighboring wetlands with 
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better-suited hydroperiod regimes; for those invertebrates incapable of moving between 

wetlands, drawdown may extirpate them from a wetland, if they do not have desiccation-

adapted traits (Panov and Caceres 2007; Mabidi et al. 2017). Consequently, because aquatic 

macroinvertebrates are not generally able to select wetlands based on their preferred 

hydroperiods, plants may have a smaller role in structuring their communities than for birds. For 

plants, which are passive dispersers, the water depth gradient may determine which subset of 

the seedbank will germinate at a given location (Casanova and Brock 2000; Faist et al. 2013). 

Because plants in these short-hydroperiod wetlands had seeds that are typically animal dispersed 

(Appendix 5C and F), I can conclude their abundances may be also influenced by birds. Seed 

dispersal by birds is widely reported to influence wetland plant abundances (DeVlaming and 

Proctor 2006; Klaassen and Nolet 2007a; Reynolds and Cumming 2016; Kleyheeg et al. 2017); 

cyclic drying increases seedbank diversity as the sediment is frequently exposed (Poiani and 

Johnson 1989; Ma et al. 2014). However, the authors also argue that seedbank composition and 

richness are congruent along the water depth gradient; when comparing seedbanks between 

wetlands, they are often indistinguishable. This would suggest that while seed dispersal by birds 

can influence seedbank diversity, it is hydroperiod that determines which plants within the 

seedbank establish (Casanova and Brock 2000). Though plant abundances are influenced by seed 

dispersal by birds, the strong filtering of hydroperiod on their abundances results in birds being 

more sensitive to cross-taxon interactions as they can select which wetland meets their foraging 

and nesting needs.  

There are two gaps in my study design that could explain the weaker congruence between 

each horizontal community and hydroperiod than among the horizontal communities. First, 
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submerged plants were not surveyed in either year, and this plant assemblage is typical of 

wetlands with longer hydroperiods (i.e., semi-permanently-ponded and permanently-ponded 

wetlands ς  Stewart and Kantrud 1971). Thus, plants abundance may, in fact, be more strongly 

related to hydroperiod than I detected. Because congruence between hydroperiod and the other 

horizontal communities (i.e., birds and aquatic macroinvertebrates) were similar in magnitude to 

that of plants, I believe that exclusion of submerged plants did not largely affect my results. 

Another factor that could have influenced my measures of congruence between each horizontal 

community and hydroperiod is that the variables I used to measure hydroperiod did not 

accurately represent wetland water levels. I believe that this is unlikely because, generally, 

wetlands with longer hydroperiods were typically classified as semi-permanent and permanent. 

In the few cases where there was poor agreement between hydroperiod and permanence class, 

I believe that this may be explained by annual changes in weather and land use/land cover, which 

are known to affect wetland hydroperiods (Johnson et al. 2005; Voldseth et al. 2007). 

3.7. Conclusion 

Contrary to my predictions, I did not detect non-stationarity in cross-taxon relationships 

across an environmental gradient. This was surprising because I hypothesised that longer 

hydroperiods would facilitate more time for cross-taxon interactions, and my failure to detect 

any differences suggests that horizontal communities in short to long-hydroperiod wetlands are 

Ŝǉǳŀƭƭȅ ƛƴŦƭǳŜƴŎŜŘ ōȅ ŜŀŎƘ ƻǘƘŜǊǎΩ ŀōǳƴŘŀƴŎŜǎΦ {ŜŎƻƴŘƭȅΣ I detected stronger correlations 

between each horizontal community than between each horizontal community and measures of 

hydroperiod, and this was strongest for birds and plants. I hypothesize that these stronger 

correlations suggest that plant and aquatic macroinvertebrate abundances are important in 
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determining whether a bird will occupy a wetland, and birds may influence plant abundances 

wetlands when they disperse their seeds.  
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4. FUNCTIONAL DISPERSION OF WETLAND BIRDS, INVERTEBRATES AND PLANTS 
MORE STRONGLY INFLUENCED BY HYDROPERIOD THAN EACH OTHER. 

4.1. Introduction 

Though there is consensus among community ecologists that abiotic and biotic filters 

structure communities  (Azeria et al. 2009; Qian and Kissling 2010; Chase and Myers 2011; Cabra-

García et al. 2012; Devercelli et al. 2016), the relative role of each filter is widely debated (Kraft 

et al. 2015; Duan et al. 2016). Poff (1997) presented a nested filter conceptual model of 

community assembly. The author argued that species within the regional species pool must first 

pass through the coarse filter of abiotic conditions; species with functional traits adapted to the 

range of conditions set by the abiotic filter would survive. Next, these surviving species can then 

ƛƴŦƭǳŜƴŎŜ ŜŀŎƘ ƻǘƘŜǊΩǎ ŀōǳƴŘŀƴŎŜǎ ǘƘǊƻǳƎƘ ōƛƻƭƻƎƛŎŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎ ς a more fine-scaled filter. 

There are several other authors that find support for this nested filter model (e.g., Ackerly and 

Cornwell 2007; Williams et al. 2009; Aronson et al. 2016). Though manipulative experiments 

should prove useful in understanding the relative role of abiotic and biotic filters (Tiunov and 

Scheu 2005; Wardle 2006; Maynard et al. 2018), I posit that studying taxonomic groups exposed, 

largely, to a single environmental filter could help in partitioning their relative role in the 

assembly of communities.  

We can study the dispersion of functional groups (i.e., organisms that share 

characteristics/behaviors in a community) in wetlands of the northwestern Prairie Pothole 

Region (PPR), which differ in their exposure to an environmental filter, to evaluate Poff's (1997) 

model of community assembly. Wetlands in the PPR differ in the length of time ponded water is 

present (i.e., hydroperiod), some containing ponded water year-round and others drying up a 
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few weeks after spring snowmelt (Stewart and Kantrud 1971; Leibowitz and Vining 2003). While 

the diversity and community structure of birds, aquatic macroinvertebrates and plants in PPR 

wetlands are directly impacted by hydroperiod (Ruhí et al. 2014; Daniel et al. 2019),  interactions 

are evident among these taxa: 1) birds forage on plants and disperse their seeds  (e.g., Soons et 

al. 2016); 2) birds consume aquatic macroinvertebrates and can influence their egg bank (e.g., 

van Leeuwen et al. 2017); and 3) plants provide habitat for aquatic macroinvertebrates (e.g., 

Gleason et al. 2018).  Evaluating the relative role of these filters can be pursued using a causal 

framework, which require univariate proxies of community composition; functional dispersion ς 

a measure of how species abundances vary based on their traits (Schleuter et al. 2010) ς is argued 

as a reliably proxy for community structure in studying community assembly processes (Gerhold 

et al. 2015). Dispersion is preferred when studying these assembly processes because it captures 

how abiotic and biotic filtering can influence community structure; species with similar functional 

ǘǊŀƛǘǎ ǿƛƭƭ  άǇŀǎǎŜǎ ǘƘǊƻǳƎƘέ ŀƴ ŀōƛƻǘƛŎ ŦƛƭǘŜǊΣ ǿƘile biotic filtering will encourage species with 

different functional traits to establish to minimize competition for resources (Gerhold et al. 

2015). I would expect, therefore, that if there is support for PoffΩs nested filter model, then the 

ƛƴŦƭǳŜƴŎŜ ƻŦ ƘȅŘǊƻǇŜǊƛƻŘ ƻƴ ŀ ǘŀȄƻƴΩǎ ŦǳƴŎǘƛƻƴŀƭ ŘƛǎǇŜǊǎƛƻƴ ǿƻǳld be stronger than the 

correlation in functional dispersion between taxa. 

Though unlikely, functional dispersion of taxanomic groups in the PPR may be unrelated the 

functional dispersion of co-ƻŎŎǳǊǊƛƴƎ ǘŀȄŀΤ ǘƘƛǎ ǿƻǳƭŘ ƳŜŀƴ ǘƘŀǘ tƻŦŦΩǎ ƘȅǇƻǘƘŜǎƛǎ ǘƘŀǘ ōƛotic 

filters are of lesser importance would be unsupported.  Instead, hydroperiod may limit common 

resources that each taxon requires, and their functional dispersion may simply be dictated by 

hydroperiod (Figure 4.1A). For example, hydroperiod may determine which plants in the 
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seedbank will germinate (Casanova and Brock 2000; Tsai et al. 2012b). Hydroperiod may also 

filter out macroinvertebrates lacking desiccation adaptations (Gleason and Rooney 2017a). Birds 

also show sensitivity to hydroperiod; it can dictate which terrestrial birds, shorebirds and 

waterfowl can establish (Niemuth et al. 2006; Morissette et al. 2013). Thus, any apparent 

ǊŜƭŀǘƛƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘŀȄƻƴΩǎ ŦǳƴŎǘƛƻƴŀƭ ŘƛǎǇŜǊǎƛƻƴ ŎƻǳƭŘ ōŜ the result of a common response to 

hydroperiod. 

!ƴ ŀƭǘŜǊƴŀǘƛǾŜ ƳŜŎƘŀƴƛǎƳ ǘƘŀǘ ŎƻǳƭŘ ŜȄǇƭŀƛƴ ǇƻƻǊ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƘȅǇƻǘƘŜǎƛǎ ƻŦ ŀ finer-

scale biotic filter could be that community functional dispersion may be mediated rather than a 

ŘƛǊŜŎǘ ǊŜǎǇƻƴǎŜ ƻŦ ōƛƻǘŀΩǎ ŦǳƴŎǘƛƻƴŀƭ ŘƛǎǇŜǊǎƛƻƴ ǘƻ ƘȅŘǊƻǇŜǊƛƻŘΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ŀƴȅ ŎƻǊǊŜƭŀǘƛƻƴǎ 

in community functional dispersion could be simply attributed to a joint, indirect influence of 

Figure 4.1 Six candidate structural equation model to evaluate the relative influence of biological 
interactions and hydroperiod on community functional dispersion. 
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hydroperiod.  I have three possible pathways that could explain this mediated effect. My first 

mediated-effect model posits that hydroperiod structures the functional dispersion of 

communities through its effect on the functional dispersion of plants (Figure 4.1B). Here, I 

hypothesized that because plants determine whether birds can nest or forage (Klaassen and 

Nolet 2007b; Austin and Buhl 2011; Fox et al. 2011; Ayers et al. 2015) and act as substrate for 

numerous aquatic macroinvertebrate families (Campeau et al. 1993), they shape resource 

availability for the other taxa and hydroperiod directly dictates their resource availability. For my 

second mediated-effect model, I posit that hydroperiod structures macroinvertebrate functional 

dispersion directly, while plants are structured by stochastic factors (i.e., seed dispersal) and both 

taxa structure bird functional dispersion (Figure 4.1C). Aquatic macroinvertebrates are the most 

sensitive to wetland hydroperiod, while plants are the least sensitive (see Chapter 3). 

Additionally, because wetland plants are largely wind dispersed (Guarino et al. 2005), the 

abundance of plants may be not be strongly predicted by hydroperiod and may be random with 

respect to ecological selection pressures like hydroperiod. Since plants and aquatic 

macroinvertebrates structure the availability of nesting habitat and foraging opportunities for 

birds (e.g., Gurney et al. 2017; Vanausdall and Dinsmore 2019) functional dispersion for birds 

may only be related to plants and aquatic macroinvertebrates with no direct influence of 

hydroperiod.  My final mediated model posits that hydroperiod structures both birds and plants 

functional dispersion, which in turn structures aquatic macroinvertebrates functional dispersion 

(Figure 4.1D). In support of this direct influence of birds on aquatic macroinvertebrates functional 

dispersion, a Hungarian study reported that wetlands supporting waterbirds typically support 

smaller species of aquatic macroinvertebrates, which are not easily consumed by birds (Horváth 



72 
 

et al. 2012). Similarly, vegetation, whether upland or within the wetland, are reported to 

influence the diversity and abundance and diversity aquatic macroinvertebrates (Davis et al. 

1999; Meyer et al. 2015). 

Cǳƭƭ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ ŦƛƭǘŜǊ ƳƻŘŜƭ ŎƻǳƭŘ ōŜ ŜǾidenced by both hydroperiod and cross-

taxon interactions influencing community functional dispersion directly, and I would expect a 

stronger influence of hydroperiod. I have two competing hypotheses on these direct effects. My 

first direct-influence model posits that the functional dispersion of all communities is structured 

by wetland hydroperiod and that plants structure the functional dispersion of birds and aquatic 

macroinvertebrates (Figure 4.1E). While numerous studies demonstrate that plants and aquatic 

macroinvertebrate communities are structured by hydroperiod (e.g., Gleason and Rooney 

2017a), I believe that birds may be sensitive to wetland hydroperiod because the percentage of 

open water has a direct influence on the number of waterbirds that can establish όhΩbŜŀƭ et al. 

2008). Also, bird and aquatic macroinvertebrate abundances are strongly related to plants 

(Gallardo et al. 2011; García 2016). My final direct-influence model posits that the functional 

dispersion of all communities is structured by hydroperiod, but it is bird functional dispersion 

that is structured by aquatic macroinvertebrates and plants (Figure 4.1F). I believe that this model 

may explain community functional dispersion because birds are the most transient of these taxa, 

and they can select wetlands for foraging and nesting based on whether their preferred habitat 

is present.  

In Chapter 3, I showed that biological interactions played an important role in shaping 

community abundances, but unclear from this finding is whether biological interactions are of 

lesser or greater importance in structuring the abundances of different functional groups. I tested 
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hypotheses on how the functional dispersion values of birds, plants, and aquatic 

macroinvertebrates relate to hydroperiod and the functional dispersion of co-occurring taxa.  I 

asked 1) whether functional dispersion is driven by hydroperiod alone or by both hydroperiod 

and the functional dispersion of co-occurring taxonomic groups, 2) whether the influence of 

hydroperiod on each taxonomic group was primarily direct or indirect; and 3) whether 

hydroperiod had a stronger influence on the functional diversity of taxonomic groups than the 

functional dispersion of co-occurrƛƴƎ ǘŀȄƻƴƻƳƛŎ ƎǊƻǳǇǎ όƛΦŜΦΣ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ ŦƛƭǘŜǊ 

model). I used structural equation modelling and AIC to evaluate the support for my six 

alternative hypotheses (Figure 4.1).  I predicted that there would be ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ 

filter model, which would be evidenced by 1) the influence of wetland hydroperiod exceeding 

that of the functional dispersion of co-occurring taxonomic groups, as this theory dictates that 

abiotic filters like hydroperiod should take precedence over biological filters like the functional 

dispersion of co-occurring taxa and 2) a direct influence of both hydroperiod and cross-taxon 

interactions on community functional dispersion.  

4.2. Methods 

4.2.1. Study Area 

My wetlands are prairie potholes in the Grassland and Parkland Natural Regions of Alberta, 

Canada (Figure 4.2). They are called prairie potholes because they are depressions filled with 

ponded water, which were formed in the last glacial period (Wright 1972). Also in this region, the 

climate is semi-arid, as the rate of potential evapotranspiration exceeds that of annual 

precipitation (Hayashi et al. 2016). In the Grassland Natural Region, the dominant vegetation is 
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mixed-grass prairie. Conversely, in the Parkland Natural Region, deciduous trees and grasses 

dominate (Downing and Pettapiece 2006).   

4.2.2. Study Design 

96 wetlands were surveyed in my study, and they ranged in pond permanence class (sensu 

Stewart and Kantrud 1971) from temporary with a hydroperiod on the order of weeks to 

permanent with ponded water year-round, even in dry years. Sites selected in my study mirror 

the frequency distribution of permanence classes in Alberta Merged Wetland Inventory 

(Government of Alberta 2014), and so included an unequal number of wetlands per permeance 

Figure 4.2 Map of the study region, situated in the northern prairie pothole region (inset map). 
¶The 96 wetland sites covered the Grassland and Parkland Natural Regions, and represented 
temporary (n = 28), seasonal (n = 35), semi-permanent (n = 17), and permanent (n = 14) 
ponded-water permanence classes. 
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class category.  Generally, most of the wetlands were small (mean size 0.81 ± SE 0.12 ha), 

reflecting the dominance of small prairie pothole wetlands in the region, independent of their 

permanence class.  

4.2.3. Biological Surveys 

4.2.3.1. Birds 

Both visual and auditory point counts were used to survey birds twice during the peak 

breeding season (May-June in either 2014 or 2015). In summary, visual surveys commenced first; 

they lasted for 10 minutes and were carried out from a vantage that allowed a clear view of the 

open water zone. We next conducted an 8-minute auditory survey. These surveys were 100-m, 

fixed-radius point counts, occurring at the center of the wetland (>3 ha). When a wetland was 

larger than 3 ha, technicians conducted multiple auditory surveys; each point-count location was 

at least 100 m from the wetland end and 200 m from any other point-count location. I summed 

abundances across the multiple auditory point counts to account for differences in wetland size. 

For both visual and auditory counts, technicians recorded the identity and abundance of species 

(species list in Appendix 2A). Importantly, species abundances were summed across visits, rather 

than averaged, to account for the staggered breeding seasons among species. Additional details 

on the bird surveys are reported in Anderson and Rooney (2019). 

4.2.3.2. Aquatic Macroinvertebrates 

A revised version (Gleason and Rooney 2017a) of the quadrat-column-core method (Meyer 

et al. 2013) was used to survey aquatic macroinvertebrates. Technicians sampled aquatic 

macroinvertebrates in both the open water (submersed and floating vegetation) and the 

emergent (cattail, bulrush, or other robust perennial sedges) zones, when both were present. In 
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each zone, technicians collected three replicates of a: 1) vigorously washed and clipped 0.25 m2 

vegetation sample, from the emergent or submersed aquatic vegetation; 2) two, 10-cm diameter 

water column sample; and 3) a 10 cm deep, 4.8 cm diameter sediment core, which was collected 

using a steel corer that was inserted to just above the sediment. The sediment core sample 

fractions were excluded for two reasons. First, densities were low. Second, there were no taxa in 

the sediment cores that were novel to the combined water column and vegetation samples.  

Technicians composited the replicates of each sample type; this yielded one water column, 

sediment core, and vegetation sample in each wetland vegetation zone (open water and 

emergent). Following, for water column samples, technicians sorted aquatic macroinvertebrates 

to identify them to the lowest practical taxonomic level (typically Family), following Clifford 

(1991) and Merrit et al. (2008). Technicians used a Marchant box to sub-sample the vegetation 

sample, which was based on the protocol of the Canadian Aquatic Biomonitoring Network 

(Environment Canada 2014). Here, taxon abundances are area-weighted to estimate density per 

meter-squared. For both vegetation and water column samples, aquatic invertebrates were 

scaled to the meter squared. Next, technicians summed densities to represent each wetland 

zone, and subsequently averaged across zones for wetland-level invertebrate relative 

abundances. Additional information on the aquatic macroinvertebrates sampling are reported in 

Gleason and Rooney (2017a), and a comprehensive taxonomic list is provided in Appendix 2B.  

4.2.3.3. Plants 

Technicians conducted plant surveys during peak aboveground biomass (late July to August). 

During peak biomass, the presence of inflorescences allows for herbaceous plants to be 

confidently identified and cover values are at their maximum. After mapping the extent of each 
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plant assemblage based on their vegetative structure (e.g., deciduous tree, forb, floating-leaved 

vegetation), technicians then mapped them by which species were co-dominant or dominant. 

We used a GPS/GNSS unit (SX Blue II receiver, by Geneq Inc., Montreal, Canada) to map these 

assemblages. For communities sized between 100-5000 m2, technicians identified the 

percentage cover (modified Braun-Blanquette approach) of each vascular plant species within 

five, 1 m2 quadrats. When communities were larger than 5000 m2, technicians surveyed an 

additional quadrat per 1000 m2 of plant community area. Technicians also recorded the 

percentage cover of algae, bryophytes, bare ground, litter, rock, seedling/unidentified forb, 

standing dead litter, and open water (species list in Appendix 2C), but these cover classes were 

not included in subsequent analyses of vascular plant cover. For more details on plant survey 

methods, see Bolding et al. (2020). 

4.2.4. Characterizing Prairie Pothole Permanence 

Wetland permanence is a latent variable that cannot be directly measured but can be 

quantified nonetheless by a set of correlated indicators within a structural equation modelling 

framework (Grace et al. 2010).  I used four proxies for wetland permanence, all related to the 

concept of hydroperiod. I used a matrix including the approximate number of days a wetland 

contained ponded water, the maximum water depth observed, the ratio of water amplitude to 

maximum water depth and an index of evaporative losses to the atmosphere relative to water 

inputs based on stable isotopes analysis. For details on the stable isotope analysis, see Meyers 

(2018) 
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4.2.5. Statistical Analysis 

4.2.5.1. Calculating Functional Dispersion 

I used functional dispersion as a proxy for community structure in studying community 

assembly process.  Generally, when functional dispersion is high, some functional traits are more 

abundant than others; if functional abundances are equal, I would expect low functional 

dispersion (Finke and Snyder 2008; Comte et al. 2016). To measure the functional dispersion of 

each taxon, I ǳǎŜŘ wŀƻΩǎ ǉǳŀŘǊŀǘƛŎ ŜƴǘǊƻǇȅ ǿƛǘƘ ǘƘŜ Ř.C ŦǳƴŎǘion in the functional diversity (FD) 

package (Laliberte et al. 2014) in R (R Core Team 2019). This functional dispersion index uses the 

weighted mean distance of each species to the group centroid, where weights are based on 

species relative ŀōǳƴŘŀƴŎŜǎΦ ¢ƘǳǎΣ ŦǳƴŎǘƛƻƴŀƭ ŘƛǎǇŜǊǎƛƻƴ ƛǎ ǘƘŜ ǾŀǊƛŀƴŎŜ ƛƴ ŀ ǎǇŜŎƛŜǎΩ ǘǊŀƛǘǎ ŀƴŘ 

where they are located in trait space (Schleuter et al. 2010), and it uses both species relative 

abundances and the pairwise functional differences to summarize functional diversity. 

Importantly, this index is not influenced by richness (Rao 1982). 

The traits one selects for functional diversity indices can have profound effects on our 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ŀ ŎƻƳƳǳƴƛǘƛŜǎΩ ŜŎƻƭƻƎȅ (Zhu et al. 2017); this suggests that our trait selection 

can affect our interpretation of the relative influence of permanence and cross-taxon interactions 

on functional dispersions. Because I aimed to capture as many assembly processes as possible, 

and not bias our analyses to traits related to abiotic filtering (Spasojevic and Suding 2012), I 

selected a wide range of traits and not simply those likely to be sensitive to wetland hydroperiod. 

For birds, I selected functional traits indicative of feeding behavior (e.g., ground gleaner, dabbler) 

nesting ecology (e.g., bank, reed), primary habitat (e.g., shoreline, grassland), wetland status 

(e.g., obligates versus facultative) and migratory status (e.g., neo-tropical migrant). With 
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macroinvertebrates, I used traits on feeding (e.g. filter feeder), behavior class (e.g., climbers) and 

desiccation strategy (e.g., disperser). For plants, however, I used wetland indicator status (e.g., 

emergent), dispersal (e.g. wind), reproduction (e.g. vegetative), and nativity (e.g., native vs 

exotic). A comprehensive functional traits list is provided in Table within Appendix 6.  

4.2.5.2. Partitioning the Influences of Community Composition into Environmental 

and Biological Components   

I used structural equation models to evaluate the pathways that could explain the relative 

influence of abiotic and biotic filters on functional dispersion. I compared the fit of six candidate 

models. My first model examined whether functional dispersion was explained by permanence 

alone, my second to forth models assessed whether there was a direct or indirect influence of 

permanence and my fifth to sixth models were assessments of the relative influence of 

permanence and biological interactions. 

I implemented the structural equation models in the latent variable analysis (lavaan) package 

(Rosseel 2012) of R (R Core Team 2019). Before implementing each model, I relativized each 

variable by their respective maximum values because they differed in range and scale. I was 

confident that my relativized data did not violate the assumption of multivariate normality, which 

is required for structural equation models, based on results of a Mardia's multivariate kurtosis of 

multiple variables test (z = -0.325, p-value = 0.774), implemented using the mardiaKurtosis 

function in the useful tools for structural equation modeling (semTools) package (Jorgensen et 

al. 2018) in R (R Core Team 2019). For each model, I set the endogenous covariances to zero, 

fixed the factor loading of the approximate number of days that a wetland contained ponded 

water to 1.0 and used an unbiased estimator (wishart) for maximum likelihood estimation. To 
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rank the candidate models, I used AICc and model fit statistics. Finally, I standardized all 

parameter estimates, to ensure that I could compare the relative influence of hydroperiod and 

ōƛƻƭƻƎƛŎŀƭ ƛƴǘŜǊŀŎǘƛƻƴǎ ƻƴ ŜŀŎƘ ǘŀȄƻƴƻƳƛŎ ƎǊƻǳǇΩǎ ŦǳƴŎǘƛƻƴŀƭ ŘƛǎǇŜǊǎƛƻƴΦ  

4.3. Results 

4.3.1. Partitioning the Influences of Community Composition into Environmental and 

Biological Components   

I compared the fit of six structural equation models (Figure 4.1), each representing a different 

hypothesis about the relative influence of co-occurring taxonomic groups and ponded-water 

permanence on the functional dispersion of birds, aquatic macroinvertebrates and vascular 

plants in my study wetlands.  

My best model hypothesized a direct influence of permanence and plant functional 

dispersion on the functional dispersion of birds and aquatic macroinvertebrates (Table 4.1).  

Table 4.1. Performance of six candidate structural equation models predicting the relative 
influence of biological interactions and hydroperiod on community congruence. ¶Direct influence 
of permanence and plants ǿŀǎ ǘƘŜ ōŜǎǘ ƳƻŘŜƭ ǿƛǘƘ ǘƘŜ ҟ!L/ ƻŦ ŀƭƭ ƻǘƘŜǊ ƳƻŘŜƭǎ ōŜƛƴƎ Ҕ ф ǳƴƛǘǎΦ 

Model Chi-square p-value AIC ЎAIC 
AIC 
weight 

A: Hydroperiod alone structures taxon 30.983 0.006 -231.165 14.291 0.077 

B: Mediated influence of hydroperiod 
through plants 

42.022 0.000 -219.990 25.465 0.000 

C: Mediated influence of hydroperiod 
through inverts on birds 

24.093 0.020 -234.134 11.321 0.341 

D: Mediated influence of hydroperiod 
on birds through plants and inverts 

24.745 0.025 -235.475 9.980 0.667 

E: Direct influence of hydroperiod and 
plants 

12.902 0.376 -245.455 0.000 98.034 

F: Direct influence of hydroperiod, and 
birds are structured by plants and 
inverts 

22.220 0.035 -236.030 9.426 0.880 
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 Because no models were within two ЎAIC units of this top-performing model (Arnold 2010), 

I conclude that there is strong support for this model. More, the AIC weights indicate that a direct 

influence of permanence and plant functional dispersion on the functional dispersion of birds 

and aquatic macroinvertebrates was substantially more likely (AIC weight = 98), given the data, 

than the other five models (Table 4.1; Wagenmakers and Farrell 2004). Based on the p-value and 

chi-square statistic for this model (Table 4.1), I am confident there is strong support for this 

model, and it fit my data well. The standardized regression coefficients for this model are 

presented in Figure 4.3. 

Figure 4.3 Measurement model for the best fitting of the six candidate structural models (there is 
a direct influence of permanence on the functional dispersion of birds, aquatic macroinvertebrates 
and plants, and plants directly structure birds and aquatic macroinvertebrates functional 
dispersion)¶. Unidirectional lines are standardized regression slopes while bi-directional lines are 

standardized variances. The dashed, unidirectional line indicates which exogenous variable was 

fixed to a factor loading of one. Lines in black indicate that there was a positive relationship, while 

red lines indicate that the relationship was negative. Line thickness reflects the magnitude of the   

standardized regression slopes.  
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While permanence alone did not explain functional dispersion of our three wetland taxa 

(research question one), there was a direct influence of permanence on the functional dispersion 

of each taxon (research question two).  Interestingly, the relative influence of permanence and 

the functional dispersion of plants on the functional dispersion of birds and invertebrates differed 

(research question three). Ponded-water permanence had the strongest influence on aquatic 

macroinvertebrate functional dispersion, with plant functional dispersion being less influential. 

However, bird and plant functional dispersion were less strongly sensitive to permanence (Figure 

4.3), and plants were the only taxon that was not influenced by the functional dispersion of 

another taxon. 

4.4. Discussion 

Using the functional dispersion of co-occurring taxonomic groups in PPR wetlands, I evaluated 

ǿƘŜǘƘŜǊ ǘƘŜǊŜ ǿŀǎ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ ŦƛƭǘŜǊ ƳƻŘŜƭ ƛƴ ŘŜǎŎǊƛōƛƴƎ ŎƻƳƳǳƴƛǘȅ ŀǎǎŜƳōƭȅ 

processes. I ŀǎǎǳƳŜŘ ǘƘŀǘ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƳƻŘŜƭ ǿƻǳƭŘ ōŜ ŜǾƛŘŜƴŎŜŘ ōȅ ŀ ǎǘǊƻƴƎŜr direct 

influence of hydroperiod on functional dispersion than cross-taxon interactions. I find support 

ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ ŦƛƭǘŜǊ ƳƻŘŜƭ ς abiotic filtering primarily influences functional dispersion and 

biotic filters are of lesser importance.  Importantly, in evaluating the pathways that could explain 

the assembly of birds, aquatic macroinvertebrates and plants, and simultaneously evaluate if 

ǘƘŜǊŜ ǿŀǎ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƳƻŘŜƭΣ I asked three questions: 1) does the abiotic filter of ponded-

water permanence alone structure prairie pothole wetland communities, 2) is the influence of 

this abiotic filter primarily direct or indirect and mediated through biological interactions, 3) what 

is the relative influence of this abiotic filter and the biological filtering of co-occurring 

communities?  
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To address my first question, if hydroperiod alone explained functional dispersion, I report 

that the structural equation model with the strongest support incorporated both hydroperiod-

taxon and cross-taxon pathways influencing functional dispersion.  Hence, my model confirms 

that both the functional dispersion of co-occurring taxa and hydroperiod are important 

determinants of functional dispersion in these wetlands. This conclusion is supported by both 

observational studies and manipulative experiments, which report that biological interactions 

and environmental conditions structure resource availability for establishing taxa (Tiunov and 

Scheu 2005; Wardle 2006; Maynard et al. 2018). Environmental conditions can influence 

resource availability for primary producers by limiting whether nutrients necessary for growth 

are present (Fourqurean and Zieman 1992; Bowman et al. 1993; Guignard et al. 2017); and for 

consumers, environmental conditions determine whether energy gained (i.e., from feeding) (e.g., 

Schoo et al. 2012) is lower than the energetic costs to establish (e.g., from maintaining optimal 

body temperature, or time and effort placed into foraging) (Magnuson et al. 1979; Reid and 

Sprules 2018). Biological interactions, however, can influence resource availability through prey 

availability (for consumers) (Spivak et al. 2009; Groendahl and Fink 2017) or habitat provisioning 

(Thompson et al. 1996; Jackson et al. 2008). Thus, in predicting environmental change (Urban et 

al. 2016) or even species ranges (Dormann et al. 2018; Palacio and Girini 2018), we must also 

consider biological interactions.  

To address my second question, whether the influence of hydroperiod was mainly direct or 

was mediated through the functional dispersion of co-occurring taxa, I find that the influence of 

hydroperiod was primarily direct. The functional dispersion of plants was driven exclusively by 

hydroperiod (standardized regression coefficient = 0.13).  The functional dispersion of birds and 



84 
 

aquatic macroinvertebrates included both a direct influence of hydroperiod (standardized 

regression coefficient = 0.25 and -0.52, respectively) and a much smaller indirect component. 

This mediated effect was through the influence of plant functional dispersion on birds (indirect 

standardized regression coefficient = 0.0377) and on aquatic macroinvertebrates (indirect 

standardized regression coefficient = 0.0390).  Consequently, I conclude that taxon community 

structure in prairie pothole wetlands is mainly influenced by hydroperiod directly, even where 

indirect pathways of influence are supported by the data. 

In terms of my ǘƘƛǊŘ ǉǳŜǎǘƛƻƴΣ ƛŦ ǘƘŜǊŜ ǿŀǎ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ ŦƛƭǘŜr model of community 

assembly, wherein abiotic filters take primacy over secondary biological filters, I find moderate 

support for PoffΩǎ ƳƻŘŜƭ. Hydroperiod had a much stronger influence on aquatic 

macroinvertebrate functional dispersion than plant functional dispersion; for birds, the influence 

of hydroperiod was moderately weaker than that of plants. This suggests that the abiotic filter of 

hydroperiod is more influential of functional dispersion in each of our wetland taxa than the 

functional dispersion of co-occurring taxa. Indeed, the magnitude of influence of hydroperiod on 

both birds and aquatic macroinvertebrate functional dispersion was 31% greater than the 

ƛƴŦƭǳŜƴŎŜ ƻŦ Ǉƭŀƴǘǎ ƻƴ ŜƛǘƘŜǊ ǘŀȄƻƴΩǎ ŦǳƴŎǘƛƻƴŀƭ ŘƛǎǇŜǊǎƛƻƴΦ ¢Ƙƛǎ ǎǳǇǇƻǊǘǎ tƻŦŦΩǎ ƳƻŘŜƭ ǿƘŜǊŜƛn 

abiotic resources and environmental conditions first filter out species from the regional species 

pool, which lack the necessary adaptations or tolerances to persist, and only subsequently do 

biological interactions constrain community assembly. I can conclude that biotic filters may be 

less influential than abiotic filters in community assembly processes.   

Though my model fit our data well, I could not account for some community assembly 

processes. Unknown is whether my hypothesized direct effects are not, in fact, mediated effects 



85 
 

that I have categorized as direct effects. For instance, wetlands with longer hydroperiods may 

come to have higher bird functional dispersion because they are larger and some microhabitats 

are more abundant (Kantrud and Stewart 1984). If microhabitat availability is the direct pathway 

influence bird functional dispersion, the influence of hydroperiod would be best described as 

indirect, contrary to my findings. An additional missing link in my model is intra-taxon 

interactions. Widely debated before Poff's (1997) nested filter model was introduced is 

Diamond's (1975) ŀǎǎŜǊǘƛƻƴ ǘƘŀǘ ǘƘŜ άŎƘŜŎƪŜǊŜŘέ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ǎǇŜŎƛŜǎ Ŏƻǳƭd be explained by 

competition-driven assembly. Though Diamond's (1975) hypothesis sparked debates lasting 

several decades (e.g., Connor and Simberloff 1979, Gotelli 2000), some authors have found 

support for this model (e.g., Gotelli and McCabe 2002, Gotelli and Rohde 2002, Maestre et al. 

2008). Because my models focused on cross-taxon interactions, I was unable to incorporate the 

influence of competition as community assembly process, which should be included in future 

studies.  

4.5. Conclusion 

Using structural equation modelling, I demonstrate that the functional dispersion of birds, 

aquatic macroinvertebrates and plants are explained by both hydroperiod and the functional 

dispersion of co-occurring taxa. Because hydroperiod generally had a stronger influence, even if 

indirect effects are considered, I ŦƛƴŘ ǎǳǇǇƻǊǘ ŦƻǊ tƻŦŦΩǎ ƴŜǎǘŜŘ ŦƛƭǘŜǊ ƳƻŘŜƭ ƛƴ ǘƘŜ ŎƻƳƳǳƴƛty 

assembly of co-occurring birds, vegetation and invertebrates in PPR wetlands.  

Because hydroperiod plays an important role in the functional dispersion of birds and aquatic 

macroinvertebrates, I anticipate that these taxa will be more sensitive to the impacts of climate 

change. Based on forecasts for the Canadian Prairie Pothole Region, we expect that wetlands in 
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the Grasslands and Parklands will undergo declines in their hydroperiods (Schneider 2013). Due 

to this shortening in wetland hydroperiod, I would expect that wetlands will shift from supporting 

nearly equal abundances of various functional groups to being dominated by only a few 

functional groups. I would expect that for birds and plants, however, that functional groups with 

traits adapted to these drier conditions will become equally abundant.  
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5. CONSISTENT BUT DELAYED TIMING OF PRECIPITATION AFFECTS COMMUNITY 
COMPOSITION OF PRAIRIE POTHOLE BIRDS AND AQUATIC 
MACROINVERTEBRATES, BUT NOT WETLAND PLANTS. 

5.1. Introduction 

 A warmer climate is forecast to increase losses of ephemeral wetlands in the Prairie 

Pothole Region (PPR) (Johnson et al. 2010b; Fay et al. 2016), but uncertainty in precipitation 

forecasts make it difficult to estimate the true magnitude of wetland losses (Zhang et al. 2011) 

or the impacts on wetland biota. Precipitation forecasts for the NPPR differ among climate 

scenarios, some forecasting increases and others declines in cumulative annual and seasonal 

amounts (Zhang et al. 2011; Paimazumder et al. 2013; Schneider 2013). Because winter 

precipitation is the largest contributor to ponded water amounts in PPR wetlands (van der Kamp 

et al. 2003), a simple change in precipitation timing could also impact wetland hydroperiods 

(Zhang et al. 2011), even if the cumulative amount of precipitation were to remain consistent. 

Since the composition of biological communities in these PPR wetlands depend on hydroperiod 

(e.g., Daniel et al. 2019), understanding how sensitive taxa are to changes in hydroperiod can 

help us predict the impacts of climate change on ephemeral wetlands.  

 There is high uncertainty in how precipitation-driven changes in hydroperiod will affect 

PPR wetlands.  Forecasts from numerous studies suggest that PPR precipitation will either: 1) 

increase (Zhang et al. 2011; Paimazumder et al. 2013) or reduce (Johnson et al. 2010b; Schneider 

2013; McIntyre et al. 2019; Mushet and McKenna 2019) in the winter and spring; or 2) increase 

(Zhang et al. 2011) or reduce (Paimazumder et al. 2013) in the summer. Depending on which 

scenario occurs, we could observe either an increase or decrease in wetland water budgets, and 

this could leave wetlands in higher aridity regions of the PPR (i.e., prairies) with a smaller 
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magnitude of changes in hydroperiods than we anticipate (Withey and Van Kooten 2013; Fay et 

al. 2016). Regardless, a warmer climate will increase evapotranspiration rates (Viglizzo et al. 

2015), which means that for hydroperiods to remain unchanged or increase, winter and summer 

precipitation must be high enough to combat this additional loss of water (Fay et al. 2016).  Based 

on past climate and hydroperiod trends in the PPR, however, regions where there have been 

increases in precipitation amounts do show evidence of increases in wetland water deficits 

(Werner et al. 2013). This decline in wetland water budgets is driven by net increases in 

evapotranspiration rates because of a much warmer climate (Schneider 2013). Thus, regardless 

of the precipitation scenario, we are likely to observe declines in hydroperiod (Schneider 2013).  

 The community composition of wetlands   forecast to change with a shortening in wetland 

ƘȅŘǊƻǇŜǊƛƻŘΦ  CƻǊ ōƛǊŘǎΣ ŀǉǳŀǘƛŎ ƳŀŎǊƻƛƴǾŜǊǘŜōǊŀǘŜǎ ŀƴŘ Ǉƭŀƴǘǎ ƛƴ !ƭōŜǊǘŀΩǎ ttwΣ ŘƛǾŜǊǎƛǘȅ 

increases with a lengthening hydroperiod (Daniel et al. 2019). Thus, because wetlands with 

longer hydroperiods are expected to have the largest magnitude of decline in hydroperiod with 

climate warming (Johnson et al. 2010b), birds, aquatic macroinvertebrates and plants are likely 

to undergo changes in their abundances and distribution in the PPR. For birds, northern and 

eastern shifts in breeding waterbird distributions are expected with the losses in wetland 

complexes in the south and west PPR, and species reliant on ponded water for 

reproduction/feeding may undergo large declines in their abundances within the PPR (Johnson 

et al. 2005; Polan 2016; Reese and Skagen 2017). The diversity in life history traits of aquatic 

macroinvertebrates, which is likely sustained in shorter-hydroperiod wetlands by individuals 

colonizing from longer hydroperiod wetlands  (Fritz and Dodds 2002; Whiles and Goldowitz 2005; 

Sim et al. 2013), could be reduced as wetland hydroperiods decline. Similarly, for plants, species 
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that require consistent inundation (e.g., submerged and floating plants) may have much lower 

abundances as wetlands that previously contained ponded water year-round begin to draw-

down annually (Johnson et al. 2010b; Werner et al. 2013).    

I observed a inter-year change in precipitation timing between 2014 and 2015 in the 

Alberta PPR, which I anticipated influenced wetland hydroperiods and the community structure 

of bird, aquatic macroinvertebrates and plant communities. Though cumulative precipitation 

amounts were near equivalent in 2014 and 2015, the timing of precipitation differed between 

the two years.  In 2014, precipitation followed the climate normal, apart from the slightly lower 

precipitation amounts in spring. Similarly, in 2015, spring precipitation was slightly lower than 

the climate normal, but this precipitation deficit was even lower than that of the previous year. 

Thus, the precipitation offset in the late summer of 2015 was proportionally higher than that in 

2014, both occurring when there was peak aboveground biomass (Figure 5.1).    
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Because prairie pothole wetlands primarily obtain their water from snowmelt runoff (Hayashi 

et al. 1998b; Tangen and Finocchiaro 2017a), I hypothesized that 1) this change in precipitation 

timing would have a meaningful effect on wetland hydroperiods even though cumulative 

precipitation was near equal.  Secondly, since the magnitude of influence of hydroperiod on 

wetland biota differs among taxa (Daniel et al. 2019; Chapter 3 & 4), I anticipated that the 

community composition of taxa more sensitive to hydroperiod (i.e., birds and aquatic 

macroinvertebrates) would be more responsive to a change in wetland hydroperiod than less-

sensitive taxa (i.e., plants) (see Chapter 3 & 4). I test these hypotheses using a natural experiment; 

Figure 5.1. Cumulative precipitation in the Grassland (A) and Parkland (B) under the climate 
normal (1981-2010), in the year with typical summer precipitation (2013-2014) and the year with 
delayed summer precipitation (2014-2015).¶ The solid, purple line represents mean cumulative 
precipitation between 1981 to 2010. The dashed, aqua-blue line shows 2013-2014 cumulative 
precipitation. The orange, dotted line shows cumulative precipitation between 2014 and 2015.  
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24 wetlands were surveyed in 2014 and again in 2015. I 1) compared community composition 

between years, 2) examined the extent to which a change in community composition could be 

attributed to change in wetland hydroperiod and 3) explored how the identity of indicator 

species/families were influenced by this change in wetland hydroperiod.   

5.2. Methods 

5.2.1. Study Region 

The wetlands in this natural experiment are in the Grassland and Parkland Natural 

Regions of Alberta, Canada (Figure 5.2). Wetlands in this southern Alberta region are called 

prairie potholes, mainly because they were formed in the last glacial period and are now 

depressions filled with ponded water (Wright 1972). Wetlands in this region experience a semi-

arid climate ς the rate of evapotranspiration is higher than that of annual precipitation. Wetlands 

in the Grasslands are surrounded by mixed-grass prairie, while Parkland wetlands are surrounded 

by a mix of deciduous trees and grasses.   
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5.2.2.  Interannual Variation in Precipitation Timing 

I compared mean total precipitation amounts among weather stations from the Alberta 

Climate Information Service (see Meyers 2018) in the study region (Figure 4.2).  I made this 

comparison to ensure I could attribute a change in hydroperiod to inter-year variation in 

precipitation timing, and not differences in annual precipitation amounts.  

I also compared hydroperiod measured among wetlands (Figure 5.2) surveyed in 2014 

and 2015. I used this comparison to determine whether changes precipitation timing led to 

change in wetland hydroperiod. I compared the following values between years ς the 

Figure 5.2. A map of the study region in the northern prairie pothole region (inset map).¶ The 
24 wetland sites occupied both the Grassland and Parkland Natural Region, and they differed 
in permanence class ς temporary (n=6), seasonal (n=9), semi-permanent (n=7), and permanent 
(n=2). 
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approximate number of days the wetland contained ponded water, the maximum water depth, 

the ratio of water amplitude to the maximum water depth, or an index of evaporative loss based 

on stable isotope analysis. See Hydroperiod in Chapter 3, for additional descriptions on these 

variables.  

5.2.3. Study Design 

In 2014, 24 study wetlands were surveyed, and they were revisited in 2015.  The 24 study 

wetlands replicated the frequency distribution of permanence classes in the Alberta Merged 

Wetland Inventory (Government of Alberta 2014), ranging from temporarily-ponded to 

permanently-ponded (sensu Stewart and Kantrud 1971) and resulting in an unequal number of 

wetlands per permeance class category. The 24 wetlands also captured a range in land cover 

types, ranging in the percentage cover of non-natural cover within 500-m of the wetland. Non-

natural cover included maily crop or pasture, but also built-up and bare ground covers. In addition 

to grassland, wetland, and open water, natural covers included aspen forest in the Parkland 

Natural Region.   

5.3. Surveys of Biological Communities & Sampling of Wetland Soil and Water Chemistry 

5.3.1. Birds 

Birds were surveyed twice during peak breeding season (May-June in 2014 and 2015) 

using visual and audio surveys. The identity and abundance of species (species list in Table within 

Appendix 1) were recorded in both audio and visual surveys. Visual surveys were conducted for 

10 minutes, each time at a location that allowed a clear view of the open water zone. Thereafter, 

the 8-minute auditory surveys commenced, within 100 m at the wetland center (>3 ha). If a 

wetland was larger than 3 ha, multiple auditory surveys were conducted. These point counts 
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were a minimum of 1) 100 m from the wetland-upland boundary and 2) 200 m from any other 

point-count location. Abundances were summed across the auditory point counts within each 

wetland to account for the differences in the size of wetlands. Species abundances were also 

summed across visits to account for the staggered breeding seasons among species. For, 

additional information on the birds surveys, see Anderson and Rooney (2019). A comprehensive 

taxonomic list is provided in Table within Appendix 2A. 

5.3.2. Aquatic Macroinvertebrates 

 Aquatic macroinvertebrates were surveyed using a revised version (Gleason & Rooney 

2017) of the quadrat-column-core method (Meyer et al. 2013). These aquatic 

macroinvertebrates were surveyed in the open water and the emergent zones, if both zones 

were present. Two replicates were collected in each zone: one 0.25 m2 vegetation sample, two 

10-cm diameter water column samples and a sediment core sample. The sediment core sample 

was excluded because densities were low and no novel taxa were recorded to this sample, when 

compared to the vegetation and water samples.  Later, composites were made of the two 

replicates, which yielded one sample from the vegetation and water column in each vegetation 

zone. To identify individuals in the water column sample, the aquatic macroinvertebrates were 

sorted to the lowest practical taxonomic level (typically Family), following Clifford (1991) and 

Merrit et al. (2008). For the vegetation sample, individuals were placed in a Marchant box for 

sub-sampling. For both water and vegetation samples, the abundances of each taxon were area-

weighted; this was based on the Canadian Aquatic Biomonitoring Network protocol 

(Environment Canada 2014). Next, the abundances were scaled to the meter squared, densities 

summed to represent each wetland zone. If both an emergent and an open water zone were 
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present, abundances were averaged across zones to summarize the invertebrate community at 

the wetland level. For additional information on the sampling of aquatic macroinvertebrates, see 

Gleason and Rooney (2018). A comprehensive taxonomic list is provided in Table within Appendix 

2B. 

5.3.3. Plants 

 Plant surveys were conducted between during July and August, when the presence of 

inflorescence allows for herbaceous plants to be confidently identified. First, the extent of each 

plant assemblage is mapped, and this was based on their vegetative structure (e.g., deciduous 

tree, floating-leaved vegetation). Next, assemblages were further mapped based on which 

species were co-dominant or dominant. A GPS/GNSS unit (SX Blue II receiver, by Geneq Inc., 

Montreal, Canada) was used for this mapping. If an assemblage was between 100-5000 m2, 

measures of the percentage cover (modified Braun-Blanquette approach) included each vascular 

plant species within five, 1 m2 quadrats. If an assemblage was larger than 5000 m2, surveys 

included an additional quadrat per 1000 m2 of plant community area. The following cover classes 

were identified but not included in analyses: algae, bare ground, litter, moss, rock, 

seedling/unidentified forb, standing dead litter, and open water (species list in Table within 

Appendix 2C). See Bolding et al. (2020) for more information on these plant surveys. 

5.3.4. Environmental Conditions 

Environmental conditions were measured during the biological surveys. In-situ 

measurements on water depth, turbidity and soil and water conductivity were taken on each 

visit. From this in-situ sampling, I included the following in the later-described analysis: ratio of 

amplitude to maximum depth, maximum depth, mean turbidity and mean soil and water 
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conductivity. In addition to the in-situ measurements, soil cores were taken on the first visit to 

each site ς three per vegetation assemblage, and a bulk water sample. Both the soil cores and 

bulk water samples were sent to the University of Alberta Biogeochemical Analytical Services 

Laboratory for analysis. I incorporated measurements of total carbon (water), total nitrogen 

(water), total phosphorus (water), sodium (water), potassium (water and soil), calcium (water 

and soil), magnesium (water and soil), total suspended solids (water), bulk density (soil), 

gravimetric and volumetric soil water content (soil) and loss on ignition (soil) in the analyses 

described below. See Kraft et al. (2019) for further information on how water and soil chemistry 

was measured. Also collected on the first visit to each site was a water sample for isotopic 

characterization of the water to determine the atmospheric losses of water to evaporation. This 

atmospheric losses of water to evaporation was also included in the analyses described below; 

see (Meyers 2018) for more information on this stable isotopes analysis. 

5.4. Statistical Analysis 

 I implemented all data analyses in R (R Core Team 2019). Before commencing the 

analyses, I first removed rare species (birds and aquatic macroinvertebrates: species with fewer 

than 2 occurrences; plants: species with less than 1% total percentage cover among all sites), as 

recommended by McCune et al. (2002) for analyses of community data. Unless stated otherwise, 

I used raw abundance matrices for my analyses.  

5.4.1. Visualizing Community Composition Between Years 

 I used a nonmetric multidimensional scaling (NMDS) to both ascertain and visualize how 

community composition changed between 2014 and 2015. Before implementing the NMDS, I 

transformed species abundances (counts of birds and aquatic macroinvertebrates: square root; 
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plant percent covers: arcsine square root) and relativized the data by their column maximums to 

improve multivariate normality.  I converted the transformed, relativized community abundances 

to a Bray-Curtis dissimilarity matrix. I used the metaMDS function in the vegan package (Oksanen 

et al. 2017) to implement the NMDS. To determine the optional number of axes for the NMDS, I 

ran the NMDS 50 times, increasing the number of axis from two to ten and allowing a maximum 

of 100 iterations for convergence. The final NMDS was allowed 100 attempts before 

convergence.   

 I used vectors estimated from species abundances and environmental conditions, as well 

as sites symbolized by permanence class, disturbance class and natural region to help interpret 

the resulting NMDSs. Species vectors were estimated from the transformed, relativized 

abundances, while environmental vectors were from relativized water chemistry, soil chemistry 

and wetland hydroperiod data. I included vectors with correlations greater than 0.2 with one or 

more axes. I plotted a final NMDS with vectors connectiƴƎ ŜŀŎƘ ǎƛǘŜǎΩ Ǉƻsition in ordination space 

in 2014 with its position in ordination space in 2015 to visualize the year-to-year change in 

composition and related this to correlations between wetland hydroperiod, climate, and 

chemistry with each ordination axis.  

5.4.2. Quantifying Change in Community Composition 

I determined the magnitude of change in community composition between 2014 and 

2015, using a Permutational multivariate analysis of variance (PERMANOVA) on plant cover, bird 

and aquatic macroinvertebrate count matrices with the adnois function in the vegan package 

(Oksanen et al. 2017). Next, I investigated whether observed differences in community 

composition were due to a subset of species (nestedness in beta diversity) or to a unique 
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assemblage (turnover in beta diversity) of taxa occupying these wetlands in 2015. I used the 

braypart function in the partitioning beta diversity (betapart) package to partition beta diversity 

(Baselga et al. 2017).  Next, I compared nestedness, turnover and overall beta diversity between 

2014 and 2015; I used a PERMANOVA to ascertain whether differences were significantly 

different from zero. 

 When significant differences in community composition were detected between years, I 

assessed which species were strong indicators of normal (2014) versus delayed precipitation 

(2015) conditions. I used indicator species analysis (ISA) to determine which families/species 

were both faithfully and exclusively associated with one year vs the other year (Dufrêne and 

Legendre 1997).  I implemented the ISA using on transformed, relativized counts (birds and 

invertebrates) or percent covers (plants). The ISA was implemented using indval function in the 

ordination and multivariate analysis for ecology (labdsv) package (Roberts 2016). Species with p-

values lower than 0.1 were assumed to reliable indicators.   

I examined whether I could attribute any changes in community composition between 

2014 and 2015 to a change in hydroperiod.  I determined whether the magnitude of change in 

community composition along the hydroperiod gradient (identified in the NMDS) differed from 

that along the other gradients/axes. To do so, I found the difference in site scores (from the 

NMDS) for each site between 2014 and 2015 and compared mean change in site scores with a 

repeated measures ANOVA. When a significant difference was detected, I used an estimated 

marginal means to determine whether these differences lie with the emmeans function in the 

estimated marginal means (emmeans) package of R (Lenth 2019) in R studio.  
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5.5. Results 

5.5.1. Changes in Hydroperiod from 2014 to 2015 

Winter precipitation was near equivalent in 2014 and 2015 (Figure 1). Based on a 

comparisons between climate normal (1981-2010) and each sampling year, any difference in 

mean annual precipitation in the Grassland (2013-2014 ς paired t-test: t =  1.833, p-value = 0.652, 

df = 9; 2014-2015 ς  paired t-test: t = 1.833, p-value = 0.878 , df = 9) or Parkland (2013-2014 ς t-

test: t =  1.833, p-value = 0.344, df = 9; 2014-2015 ς  t-test: t = 1.833, p-value = 0.315 , df = 9) is 

negligible. Summer precipitation in 2015 was delayed to July through August (Figure 1), which I 

hypothesized led to a decline in wetland hydroperiod. 

To test the hypothesis that a change in precipitation timing led to a decline in wetland 

hydroperiod, I compared hydroperiod between years. Though wetland amplitude did not differ 

between years (paired t-test: t =  - 0.0753, p-value = 0.9406, df = 23), hydroperiods were generally 

shorter in 2015 (maximum water depth ς paired t-test: t =  2.17, p-value = 0.04059, df = 23;   the 

ratio of water amplitude to the maximum water depth ς  paired t-test: t =  -2.777, p-value = 

0.0107, df = 9; index of evaporative loss based on stable isotope analysis ς paired t-test: t =  -

4.068, p-value < 0.001, df = 23). Thus, I conclude that a higher number of wetlands drying in 2015 

(2014: n = 12, 2015; n = 18) could be attributed to the change in precipitation timing rather than 

an overall reduction in precipitation in 2015.  

5.5.2. Visualizing Community Composition Between Years 

I used a NMDS to visualize how community composition differed between years and 

varied across the hydroperiod gradient. For all taxa, stress was low (birds: 16.350, aquatic 

macroinvertebrates:15.364, plants: 16.195) and the NMDSs converged in fewer than 75 attempts 
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(birds: 20, aquatic macroinvertebrates: 73, plants: 28). For birds, axis 1 differentiated sites by 

Natural Region, axis two reflected a hydroperiod gradient and axis 3 partitioned sites by the 

percentage cover of cropland within 500-m of the wetland (Figure 5.3A-B).  The hydroperiod 

gradient for both aquatic macroinvertebrates and plants was aligned with axis 1 (Figure 5.3C-F).  

Axis 2 for aquatic macroinvertebrates, however, reflected an increasing preference for benthic 

habitat, while axis 3 reflected a decreasing reliance on ponded water for reproduction (Figure 

5.3C-D). Axis 1 for plants, in addition to the hydroperiod gradient, also partitioned sites by Natural 

Region, and axis 2 reflected a nutrient availability gradient (Figure 5.3E-F). As for with birds, axis 

3 for plants also reflected a disturbance gradient (higher proportion of agricultural activities 

upland the wetland) (Figure 5.3F). Generally, along the hydroperiod gradient for birds and aquatic 

macroinvertebrates, sites changed in community composition between years such that they 

reflected communities with shorter hydroperiods. However, for plants, the magnitude of change 

was marginal.  
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Figure 5.3. Non-metric multidimensional scaling showing the change in community 
composition from 2014 to 2015. Vectors indicate the magnitude and direction of change in 
community composition from 2014 to 2015.¶ Along each axis, I show which gradients 
(indicated by *) and taxa were negatively and positively associated with the axis ς these 
correlations were greater than 0.1. 
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5.5.3. Quantifying Change in Community Composition 

I determined whether there was a difference in community composition between years. 

There was no significant difference in plant community composition between 2014 and 2015 

(PERMANOVA: F1,47 = 1.080, p-value = 0.341), but there was a statistically significant difference 

for birds and aquatic macroinvertebrates (PERMANOVA: birds ς  F1,47 = 2.644, p-value = 0.001; 

aquatic macroinvertebrates ς  F1,33 = 2.983, p-value = 0.003).  

I also partitioned beta diversity in counts of birds and aquatic macroinvertebrates to 

identify whether the community dissimilarities between sites in 2014 and in 2015 that I detected 

with the PERMANOVAs were due more to nestedness or to turnover in community composition. 

For birds, community composition differed because of higher turnover in 2015 (PERMANOVA: 

F1,47 = 3.600, p-value = 0.002) and not nestedness (PERMANOVA: F1,47 = -3.554, p-value = 0.994). 

For aquatic macroinvertebrates, I found that the differences in community composition could be 

attributed to higher nestedness in 2015 (PERMANOVA: F1,47 = 9.900, p-value = 0.002) and not 

turnvover (PERMANOVA: F1,47 = -1.55, p-value = 0.993).  

To identify bird and aquatic macroinvertebrate taxa or traits that were indicative of 

normal (2014) or delayed precipitation timing (2015) I used indicator species analysis (Dufrêne 

and Legendre 1997). For birds, I found that ground nesting species were associated with 2014, 

while upland species were indicative of 2015 (Table 5.1). Aquatic macroinvertebrates in 2014 

were of diverse feeding behaviors, desiccation strategies and life histories, though most were 

reliant on ponded water for reproduction; 2015 aquatic macroinvertebrates belonged to families 

that are able to reproduce in non-wetland areas [e.g., Mosquitos can also reproduce in moist soil; 

Minakawa et al.  (2009)] or could suspend metabolic activities until conditions are favorable [e.g., 
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Fairy shrimp can become dormant until the wetland rewets; Bohonak and Whiteman (1999)] 

(Table 5.1).  

Table 5.1. Indicator values for indicator species of both years for birds and aquatic 
macroinvertebrates; 2014, where precipitation timing was normal and 2015, where summer 
precipitation was delayed.¶ The associated p-value indicates the probability that an indicator value 
that large could be obtained from the data by chance alone. 

Taxon Common Name 
Species Name1        
Lowest Practical 
Taxonomic Level2 

Indicator Value 
p-value 

2014 2015 

Birds 

Blue-winged Teal Anas discors 52.925 11.049 0.009 

Horned Lark Eremophila alpestris 32.413 1.130 0.011 

Savannah Sparrow 
Passerculus 
sandwichensis 11.165 61.002 0.001 

Song Sparrow Melospiza melodia 1.398 27.741 0.046 

Vesper Sparrow 
Pooecetes 
gramineus 0.000 33.333 0.003 

Aquatic 
Macroinvertebrates 

Worms Oligochaeta 65.841 32.150 0.024 

Biting Midges Ceratopogonidae 65.234 28.631 0.015 

Roundworms Nematoda 64.777 22.791 0.010 

Leeches Hirudinea 64.198 29.484 0.025 

Seed Shrimp Ostracoda 62.683 37.317 0.007 

Water Boatmen Corixidae 62.467 17.804 0.003 

Water Scavenger 
Beetles Hydrophilidae 60.738 36.953 0.018 

Phantom Midges Chaoboridae 59.511 8.158 0.002 

Non-Biting Midges Chironomidae 59.501 40.499 0.024 

Predaceous Diving 
Beetles Dytiscidae 59.497 40.503 0.034 

Crawling Water Beetles Haliplidae 59.281 16.480 0.014 

Springtails Collembola 54.527 19.876 0.046 

Hydra Hydrachnidia 53.514 18.539 0.067 

Crane Flies Tipulidae 47.796 15.195 0.085 

Shore Flies Ephydridae 46.705 9.819 0.055 

Horse & Deer Flies Tabanidae 29.412 0.000 0.036 

Mosquitos Culicidae 5.664 62.529 0.003 

Fairy Shrimp Anostraca 0.323 33.359 0.019 
1 Species name is shown for birds; 2 Lowest practical taxonomic level is shown for aquatic 

macroinvertebrates.  

I determined whether changes in community structure and composition could be 

attributed to change in hydroperiod. First, I quantified the change in NMDS axis scores for sites 
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between 2014 and 2015 along the axis most associated with hydroperiod and compared this to 

change in scores on other axes. For both birds and aquatic macroinvertebrates, the mean change 

in site scores between 2014 and 2015 differed among the three NMDS axes (Repeated measures 

ANOVA: birds ς F2,32 = 7.316, p-value = <0.001aquatic macroinvertebrates ς F2,69 = 10.34, p-value  

<0.001). Interestingly, changes in community composition of both birds and aquatic 

macroinvertebrates could be explained by a change in hydroperiod between 2014 and 2015 

(Estimated marginal means: birds ς Region NMDS 1- Hydroperiod NMDS 2 p-value <0.001, 

DisturbanceNMDS 3- HydroperiodNMDS 2 p-value =  0.0732; aquatic macroinvertebrates ς 

HydroperiodNMDS 1- Benthic HabitatNMDS 2 p-value  <0.001, Hydroperiod NMDS 1- Ponded Water for 

ReproductionNMDS 3 p-value =  0.01203). For plants, the change in site scores between 2014 and 

2015 did not occur along one axis more or less than the others, indicating that no systematic 

change in plant community composition associated with the change in hydroperiod between 

years was evident (Repeated measures ANOVA: F2,69 = 0.241, p-value = 0.787).   

5.6. Discussion 

 As a natural experiment, I sought to understand whether a change in precipitation timing 

could lead to 1) a decline in wetland hydroperiod and 2) changes in the community composition 

of wetland birds, aquatic macroinvertebrates and plants in 24 NPPR wetlands between 2014 and 

2015. Because precipitation amounts were equivalent in both years, I conclude that the reduction 

in hydroperiod I observed in 2015 was due to a delay in precipitation to late July-August in 2015, 

which is when evapotranspiration rates are highest in the summer. Further, I observed a change 

in the community composition of birds and aquatic macroinvertebrates associated with this 

reduction in hydroperiod between 2014 and 2015. With shortened hydroperiods, I observed and 
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increase in the abundance of 1) upland birds and 2) aquatic macroinvertebrates that can either 

survive periodic drying or that are able to reproduce in non-aquatic habitat. Since the emergent 

plants surveyed are able to utilize below ground resources to subsidize growth and persistence 

during periods of poor growing conditions, I postulate that priority effects (Van der Valk and Davis 

1980; Wetzel and Howe 1999) explain why they were less sensitive to an inter-annual change in 

wetland hydroperiod.  

 A shortening of wetland hydroperiod, either due to a change in precipitation timing or a 

decline in wetland water budgets, could change which bird functional groups a PPR wetland 

supports. Because plants showed little sensitivity to this one-year change in precipitation timing, 

I suspect that the change in bird community composition was driven a decline in food availability 

and nesting habitat for waterbirds.  Prior work suggests that both upland and wetland-dependent 

birds use PPR wetlands (e.g., Anderson and Rooney 2019). However, in longer-hydroperiod 

wetlands (Puchniak Begley et al. 2012; Tsai et al. 2012a; Morissette et al. 2013), and the longer-

hydroperiod year,  we are more like to observe waterbirds, likely because aquatic 

macroinvertebrates are more abundant (Appendix 5). Conversely, in both shorter-hydroperiod 

wetlands (Appendix 5), and the shorter-hydroperiod year, we are more likely to observe upland 

birds. Because aquatic macroinvertebrates that are adapted to draw-down events are more 

abundant when hydroperiods are shorter, and this functional group represents a only a fraction 

of the taxon included in these analyses (Appendix 5),  we can presume that food availability for 

waterbirds is lower under drier conditions. Similarly, birds with nesting behaviors tied to the 

availability of wetland habitat (e.g., pond/reed nesters) are more abundant in longer-

hydroperiod wetlands (Appendix 5) and the longer-hydroperiod year (e.g., Blue Winged Teals). 
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We can conclude that these waterbirds are more abundant in the longer-hydroperiod year 

because the expanse of ponded water preferred for foraging and nesting is readily available.  

Thus, unsurprisingly, numerous studies have forecasted that with climate change, we will observe 

a decline in habitat for waterbirds in the PPR (Forcey et al. 2007; Loesch et al. 2012; Steen and 

Powell 2012; Steen et al. 2014). For example, Steen et al. (2016) demonstrated that of the 29 

species of wetland-dependent birds they forecasted future ranges for, 28 would experience 

restricted ranges with declines in wetland hydroperiod due to climate change. Consequently, as 

recommended by Steen and Powell (2012), restoration of wetlands in the northeastern PPR could 

benefit waterbirds, since the high aridity in landscapes with more-abundant, less-disturbed 

wetlands (Schneider 2013; Withey and Van Kooten 2013) may become more favorable for upland 

birds.    

 Because aquatic macroinvertebrates functional diversity depends on ponded water 

amounts (Gleason et al. 2018b), a shortening in wetland hydroperiod can exclude taxa reliant on 

ponded water for reproduction and or foraging. Daniel et al. (2019) hypothesized that each 

spring, the communities in these temporarily-ǇƻƴŘŜŘ ǿŜǘƭŀƴŘǎ άǊŜǎŜǘέΣ ŀƴŘ ǿƘƛŎƘ ǘŀȄŀ 

establishes depends on the egg bank and the tolerance of colonizing taxa to cyclic drying. Thus, 

with an inter-year change in precipitation timing, wetlands that previously had hydroperiods that 

were favorable to taxa that require deeper water depths are subsequently inhospitable to these 

taxa because they lack the functional traits that allow them to persist in shallower wetlands; taxa 

that are able to disperse (e.g., water boatman) can migrate to neighboring wetlands with longer 

hydroperiods (Gleason and Rooney 2017a). For instance, in the longer-hydroperiod year, 

wetlands were associated with taxa that deposit eggs on submerged rocks, plants and sticks, may 
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forage by diving for smaller aquatic macroinvertebrates (i.e., water boatman) (Applegate and 

Kieckhefer 1977) or have larval stages that require aquatic habitat (i.e., crane flies) (Freeman 

1968). Following a decline in hydroperiod in the next year, these wetlands were associated with 

taxa that were either able to survive cyclic drying by producing eggs that have suspended growth 

and development (i.e., Anostraca: fairy shrimp) (Alekseev and Starobogatov 1996; Fryer 1996) or 

can reproduce in the absence of ponded water by ovipositing on damp soil (i.e., Culicidae: 

mosquitos) (Huang et al. 2006; Rowbottom et al. 2017).  Thus, delayed precipitation, resulting in 

shortened hydroperiods, changes the composition of aquatic macroinvertebrates by excluding 

ponded-water reliant taxa.  

Of all taxa I surveyed, plants may be the most resilient to changes in wetland hydroperiod. 

Biennial and perennial wetland plants, particularly rhizomatous species capable of clonal subsidy, 

are likely resilient to delayed precipitation in a single growing season. However, prolonged 

changes to precipitation timing leading to a sustained change in hydroperiod regime should result 

in altered community composition. For submerged plants, which were not surveyed, a one-year 

decline in hydroperiod can eliminate intolerant species if standing water, needed for them to 

acquire nutrients, is lost (Harris and Marshall 1963). Emergent plants, however, can persist 

following draw-down events, but they often experience declines in growth and reproduction with 

a decreases in soil moisture content (Van der Valk and Davis 1980). These emergent plants are 

forced to use up their carbon stores to persist until water levels return to normal levels  (Van der 

Valk and Davis 1980; Wetzel and Howe 1999). If these draw-down conditions continue in 

subsequent years, these plants are eliminated (Harris and Marshall 1963). Thus,  the higher 

aridity forecasted for the much of the southern Albertan PPR (Schneider 2013) could result in a 
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shift from submerged/emergent vegetation to wet meadow and terrestrial plants as hydroperiod 

declines year-to-year (Euliss et al. 2014). 

5.7. Conclusion 

I observed that a delay in annual precipitation from spring to later summer resulted in a 

significant reduction in wetland hydroperiod between 2014 and 2015, even though the 

cumulative annual precipitation was similar between years. I also observed that this change in 

precipitation timing and consequent reduction in hydroperiod led to immediate changes in the 

community composition of wetland birds and aquatic macroinvertebrates. Because a shortening 

in hydroperiod is forecasted for the Canadian PPR (Schneider 2013), I expect that wetlands that 

previously supported communities of birds and aquatic macroinvertebrates with diverse 

functional traits would be restricted to upland birds and aquatic macroinvertebrates that are able 

to survive cyclic drying. In contrast, plant community composition was more resistant to inter-

year changes in preciǇƛǘŀǘƛƻƴ ƛƴ !ƭōŜǊǘŀΩǎ tǊŀƛǊƛŜ tƻǘƘƻƭŜ wŜƎƛƻƴ. Though plants are less sensitive 

to an inter-year change in hydroperiod, consecutive declines in hydroperiod year-to-year could 

shift vegetation communities to being wet meadow or terrestrial-plant dominated. 
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6. SUMMARY, RESEARCH IMPLICATIONS & FUTURE WORK  

6.1.  Summary 

6.1.1. How important are climate, land cover/land use and terrain in predicting wetland 

permanence class?  

Understanding that wetland hydroperiod is an important driver of community structure, I 

aimed to investigate the relative importance of the major factors influencing wetland 

permanence ς climate, land use/land cover and terrain. Using WETLANDSCAPE models for the 

PPR, numerous authors have shown that PPR wetlands are likely to undergo declines in 

hydroperiod due to climate change (Johnson et al. 2010b; Werner et al. 2013; Rashford et al. 

2016). Authors have also shown that increases in cropland activity have led to changes in wetland 

hydroperiod, though these impacts can be either positive or negative (Voldseth et al. 2007; 

Anteau et al. 2016). Though work in the PPR has shown that the topographical position of 

wetlands in the landscape can also influence their permanence class (Wolfe et al. 2019), few 

studies have accounted for this metric in predicting impacts of climate and land use/land cover. 

Using 19 metrics representing climate, land use/land cover and terrain, each of which literature 

suggests could explain permanence, I predicted wetland permanence class using extreme 

gradient boosting. I used relative gain values and waterfall plots to assess how important climate, 

land use/land cover and terrain were in predicting wetland permanence class in the Boreal, 

Parkland and Grassland. Climate was most important in predicting wetland permanence class in 

all three models. However, in the Boreal and Parkland, terrain was the second most important 

driver of permanence class. Based on my findings, I believe that while it is important to consider 

climate and land use/land cover in forecasting the impact of climate change on PPR models, 
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terrain metrics can provide additional insight into how PPR wetlands will be affected by climate 

change.  

6.1.2. Does congruence differ between short- and long-hydroperiod wetlands? 

Since wetland permanence, and by extension wetland hydroperiod, is influenced by climate, 

land use/land cover and terrain, I next aimed to understand the role of wetland hydroperiod in 

the assembly of wetland biota. I believe that it was important to understand the role of 

hydroperiod in the assembly of these horizontal communities because: 1) diversity and 

community composition of wetland biota are sensitive to hydroperiod (Daniel et al. 2019), and 

2) hydroperiod is forecast to shorten with climate change (Johnson et al. 2010b; Fay et al. 2016). 

My first objective was to understand whether hydroperiod alone influenced abundances of birds, 

aquatic macroinvertebrates and plants. I assumed that stronger correlations in the abundances 

of these horizontal communities than between each horizontal community and hydroperiod 

would be indicative of strong biological interactions. I also sought to determine whether the 

strength of relationships among these horizontal communities differed between wetlands that 

dried up versus those the typically contain ponded water year-round. For this, I assumed that 

changes in the strength of relationships among horizontal communities would be evidenced by 

short- and long-hydroperiod wetlands differing in cross-taxon congruence. I conclude that cross-

taxon relationships were stronger (77% ±SE 12%) than taxon-hydroperiod relationships, and this 

I took to mean that hydroperiod alone could not explain community abundances.  I also conclude 

that there is no significant difference in congruence between short- and long-hydroperiod 

wetlands, and I extrapolate this to mean that biological interactions had an equivalent role in 

shaping community abundances across the hydroperiod gradient.  
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6.1.3. Is hydroperiod more important in explaining community structure than cross-taxon 

relationships? 

Since I understood that the abundances of birds, aquatic macroinvertebrates and plants were 

explained by both hydroperiod and biological interactions, I next aimed to understand their 

relative influence in the abundance of functional groups that a wetland could support. I believe 

that by studying abundances at the species and functional group level, we gain a better 

understanding on how these communities assemble. While we can use species abundances to 

infer the capacity of an environment (i.e., number of individuals that can coexist based on 

available resource in a wetland), studying the abundance of functional groups can tell us how a 

community functions (i.e., what functional traits are favored and in what quantity).   Thus, in 

Chapter 4,  I evaluated the fit of six models hypothesizing mechanisms that could explain the 

functional dispersion of birds, aquatic macroinvertebrates and plants, to ascertain whether the 

abundances of functional groups that a wetland supports is more strongly related to biological 

interactions versus environmental filtering. Past work in ecosystems structured by a dominant 

environmental filter have pointed to a nestedness of filters (i.e., Poff (1997) ς environmental 

conditions act as the first filter eliminating taxa based on their tolerances. If there was support 

for the nested filter model, I would expect support for a model hypothesizing a direct influence 

of both cross-taxon relationships and hydroperiod on communities. I would also expect that the 

relative influence of hydroperiod would be stronger than that of cross-taxon relationships. If 

there was poor support for the nested filter model, I would expect the best model to hypothesize 

either a: 1) direct influence of hydroperiod with no cross-taxon interactions or 2)  direct effect of 

hydroperiod on one or two taxa, which in turn strongly structure the others.  The best fitting 
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model posited that there is a direct influence of hydroperiod on functional dispersion of all taxa 

and that both bird and aquatic macroinvertebrate functional dispersion is causally related to the 

functional dispersion of plants. Because hydroperiod had as much as a 31% higher magnitude of 

influence on both birds and aquatic macroinvertebrates than the influence of plants on their 

functional dispersion, I conclude that environmental filtering may have had a stronger influence 

on community structure in these PPR wetlands, which supports the nested filter model of 

community assembly.  

In Chapter 3, I found that hydroperiod alone could not explain community abundances; and 

support for the nested filter model in Chapter 4 suggests that biological interactions are of lesser 

importance in shaping functional dispersion. I believe that these findings are not contradictory. 

The findings from Chapter 3 ǎǳƎƎŜǎǘ ǘƘŀǘ ŎƻƳƳǳƴƛǘƛŜǎ ƛƴŦƭǳŜƴŎŜ ŜŀŎƘ ƻǘƘŜǊΩǎ ŀōǳƴŘŀƴŎŜǎ ŀǘ ŀ 

stronger degree than hydroperiod. For Chapter 4, however, I can ascertain that hydroperiod also 

influences communities by determining the proportion of taxa with a given functional trait that 

a wetland can accommodate. Thus, while hydroperiod is more important than biological 

interactions in dictating the number and abundance of functional traits, it is less important in 

determining the abundances of species within each taxonomic group.  

6.1.4. Are wetland biota sensitive to an inter-year change in wetland hydroperiod? 

Based on my understanding that hydroperiod is important in shaping community structure in 

Chapter 3 ad 4, I sought to understand how sensitive wetland biota would be to an inter-year 

change in hydroperiod that was driven by a change in precipitation timing. Between 2014 and 

2015, I observed 1) an increase in the number of wetlands that dried up before October, and this 

was despite precipitation totals being near equivalent in both years and 2) a significant decline 
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in wetland hydroperiods. What differed between both years, however, was that summer 

precipitation was delayed to July and August in 2015. To evaluate if this one-year change in 

precipitation timing could influence community structure, I compared the mean change in 

community composition across three NMDS axis (birds ς hydroperiod, Natural Region, 

disturbance; aquatic macroinvertebrates ς hydroperiod, benthic habitat availability, pond area; 

plants ς hydroperiod/Natural Region, disturbance, nutrient availability). I found that for birds and 

aquatic macroinvertebrates, the magnitude of change in community composition across the 

hydroperiod axis differed from that along the other axes; this confirmed my hypothesis that there 

would be a change in community composition because of shortened hydroperiod. Unsurprisingly, 

I found that this change in community structure for birds and aquatic macroinvertebrates 

resulted in wetlands supporting taxa that were weakly associated with wetland permanence or 

those being able to reproduce/survive these drier conditions. I posited that a sustained climatic 

pattern that leads to a shortening of wetland hydroperiod could lead to changes in the 

community structure of plants similar, to the changes we observed among birds and aquatic 

macroinvertebrates after a single year of delayed precipitation.  This is because plants would 

eventually exhaust their below ground resources and be extirpated from sites exhibiting 

unfavorable conditions. These findings led me to conclude that regardless of the mechanisms 

driving a decline in hydroperiod, we are likely to see vast turnover in wetland biota if a shortening 

in hydroperiod were sustained for several years in response to changes in precipitation timing.  
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6.2. Research Implications 

6.2.1. Terrain context is the missing element in PPR climate forecasts. 

Terrain is an important driver of permanence class, and by extension hydroperiod, in PPR 

wetlands. With the increasing availability of high-resolution LiDAR-derived digital elevation 

models, accurately mapping terrain features is feasible even in the relatively flat Grasslands 

Natural Region.  The Albertan PPR extends northward beyond the Grassland into the Boreal and 

Parkland Natural Regions, which possess atypically high topographic variation for a Prairie 

Pothole landscape.  Unsurprisingly, I found that wetland permanence class in these regions was 

strongly associated with terrain metrics. Due to the low topographic variation in the Grassland 

Natural Region, I might have assumed that terrain would be unimportant, but Grassland wetland 

permanence class was also sensitive to terrain metrics. Thus, including terrain metrics in modes 

for climate forecasting in flatter regions could help in improving the accuracy of WETLANDSCAP 

or other PPR models across the PPR.  

6.2.2. Predictions on the influence of climate change on permanence class may be error 

prone in nature. 

The influence of climate change on wetlands within a permanence class category can differ 

within and among Natural Regions. Generally, wetlands with higher pond permanence (i.e., semi- 

permanent and permanent) were situated lower in the landscape than those with lower pond 

permanence (i.e., temporary and seasonal). While this finding would suggest that wetlands 

within the same permanence class will be similarly influenced by climate change, I postulate that 

this may be unsupported. First, wetlands with higher pond permanence differed in their 

relationships with land cover/land use among the Natural Regions. Consequently, two wetlands, 
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situated similarly in the landscape and experiencing the same climatic pattern, could diverge on 

their sensitivity to climate change because their land cover/land use context. Second, within a 

permanence class, there were differences in landscape position. For example, permanently-

ponded wetlands in the Boreal showed sensitivity to land cover/land use. However, the model 

did not predict the terrain context for which we are most likely to observe a permanently-

ponded, suggesting that they occurred under a wide range of terrain positions. As such, while 

these permanently-ponded wetlands may generally be situated lower in the landscape, the 

exceptions to this trend means that we may not be able to confidently predict how their water 

budgets may change with a warmer climate.  

6.2.3. Wetland restoration should use the terrain context to set the permanence class 

target. 

As I mentioned above, wetlands with higher permanence were generally situated lower in 

the landscape. Because wetlands with higher permanence have been the target of wetland 

restoration in the southern Albertan PPR, it would be beneficial to consider the terrain context 

of the restoration site before committing to the identity of the permanence class. For example, 

if a manager plans to restore a wetland, but the restoration site is positioned higher in the 

landscape, it may be beneficial to aim for a temporary or seasonal permanence class. If the 

restoration site is position lower in the landscape, the manager could aim for a semi-permanent 

or permanent permanence class. This practice could increase the likelihood that managers are 

replicating the natural position of these wetlands, based on the regionΩs geological history.  
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6.2.4. Changes in hydroperiod can have large impacts on PPR wetland biota. 

Regardless of the driver, any change in wetland hydroperiod can influence the abundance 

and structure of biota occupying PPR wetlands. The abundances (Chapter 3) and functional 

dispersion (Chapter 4) of birds and aquatic macroinvertebrates are most sensitive to 

hydroperiod, and these taxa are likely to see the largest magnitude of change in their diversity 

and community composition with climate change (Chapter 4). Because general water deficits are 

forecasted, declining across decades (Werner et al. 2013; Fay et al. 2016), I would expect that 

plants will eventually evidence similar changes in their community structure. We could expect 

that as wetland hydroperiods reduce, PPR wetlands will support a larger proportion of upland 

(i.e. non-wetland dependent) birds and plants because these species are better adapted to drier 

conditions (Chapter 4). In terms of aquatic macroinvertebrates, we should expect that species 

with desiccation-tolerant life history strategies, like mosquitoes and fairy shrimps, will become 

more dominant in PPR wetlands (Chapter 4). 

6.2.5. Changes in hydroperiod may not impact the strength of biological interactions of 

wetland biota. 

While it is clear that birds, aquatic macroinvertebrates and plants are sensitive to wetland 

hydroperiod (Chapter 4), biological interactions are consistent across the hydroperiod gradients 

(Chapter 3). As such, while we expect that community structure will change with the shortening 

of hydroperiod forecast for the region, these communities may not change in how strongly they 

influence ŜŀŎƘ ƻǘƘŜǊΩǎ ŀōǳƴŘŀƴŎŜǎΦ  
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6.3. Future Work 

6.3.1. Would terrain be more important with a finer-scale DEM? 

In this work, I used a 25-m DEM to measure terrain metrics, and my results do suggest that 

terrain is important in dictating wetland permanence class. Particularly in the Grassland, where 

this 25-m DEM was not sufficient to capture the micro-topographies needed to delineate 

watersheds, a finer-resolution DEM in my models may have shown terrain to be more important 

than I observed. Thus, I believe that future work should use finer-scaled DEMs to determine if 

terrain may be more important than my models suggest.   

6.3.2. Are longer-hydroperiod wetlands spatially aggregated because of climate or 

topography? 

In the Grassland Natural Region, a larger proportion of the longer-hydroperiod wetlands 

are in closer proximity to the Parkland Natural Region, suggesting spatial autocorrelation in my 

data (Figure 6.1).  
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One explanation for this trend could be that conditions are cooler in Parkland, and this results in 

lower evapotranspiration in the more northern wetlands; hence, higher pond permeance. 

Conversely, regional topographical variation also increases across this latitudinal gradient  

(Alberta Tourism Parks and Recreation 2015), and this could mean that the higher frequency 

distribution of longer-hydroperiod wetlands in the more northern Grassland Region is explain by 

larger regional depressions (i.e., larger volume of water flowing to basins with higher 

Figure 6.1. Spatial cross-correlograms, measuring spatial autocorrelation in each Natural Region. 
¶I used the correlog function in the spatial covariance functions (ncf) package (Bjornstad and Cai 
2020)  for this measure; autocorrelation was significant in each Natural Region (p-value <0.001). 
Autocorrelation values closer to one suggest perfect clustering, where wetlands belonging to the 
same permanence class are aggregated. Autocorrelation values closer to -1 suggest perfect 
dispersion, where we are more likely to observe a wetland belong to different permanence class 
near to a wetland of interest.  As shown on the x axis, as we get further away from a wetland 
(above 1.5 km), we are more likely to observe a wetland belonging to a different permanence 
class. 
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permanence). Because climate is confounded with topography, future work comparing the 

characteristics of wetlands across longitudinal gradients could isolate the impacts of climate and 

terrain. If wetlands belonging to the same permanence class are associated with the same ranges 

of a terrain metric at the same latitude, we could conclude that terrain largely explains this 

northern bias for longer-hydroperiod wetlands. If climate explains this trend, then we would 

expect that longer-hydroperiod wetlands would not be associated with any specific ranges of 

terrain metrics. Instead, we would see increases in wetland permanence as we go northward, 

regardless of topographic variation.   

6.3.3. Would soil mapping and geographical history improve predictions of permanence 

class in the PPR? 

My extreme gradient boosting models had moderately-high error rates, and this may be 

because my model failed to capture other factors that are critical in delineating permanence 

class. Wolfe et al. (2019), in modelling PPR wetlands, found that soil and geological history were 

important in delineating wetlands, and these were drivers I excluded in my models. Perhaps, by 

including these variables in models predicting permanence class, one could see a massive 

reduction error rates in future models. Hence, we could better predict the range of conditions 

under which each permanence class is likely to occur, if future models include soil and geological 

history.  

6.3.4. Is consolidation drainage the true driver of higher permanence wetlands being 

positioned lower in the landscape? 

Prior work in the USPPR suggests that consolidation drainage, which involves draining 

wetlands positioned higher in the landscape and redirecting the water to wetland lower in the 
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landscape, can increase pond permanence (McCauley et al. 2015; Anteau et al. 2016). As such, 

we may observe wetlands with higher pond permanence situated lower in the landscape because 

water within that basin has been re-directed to these wetlands. An alternative explanation could 

be that these higher, pond-permanence wetlands are situated lower in the landscape because 

they have a larger quantity of water inputs. Because I did not partition wetlands based on the 

percentage of surrounding cropland cover, I am unable to ascertain whether this trend is due to 

consolidation drainage or PPR geological history. To answer this research question, future work 

should compare the topographic position (at the local and regional level) of wetlands that are 

surrounded by largely natural cover (<25 %). This work should determine if wetlands positioned 

lower in the landscape are, in fact, typically classified as semi-permanent/permanent.  

6.3.5. How different would plant community structure be with a change in seedbank? 

Competition may be stronger driver of vegetation composition than I anticipated. Plants 

showed the weakest relationship with hydroperiod in my congruence analyses (Chapter 2) and 

in my structural equation model (Chapter 3).  Because my focal wetlands were dominated by 

perennial plants, they may exhibit priority effects. These perennial plants can use rhizomes to 

subsidize young shoots and support their persistence, even in growing seasons with unsuitable 

climates. Thus, if we were to eradicate these perennial plants and their rhizomes, we may 

observe changes in the identity of plants, assuming all species had equal dispersal abilities. The 

assembly of this new vegetation community may be dependent on how competitive species are 

across the water depth gradient and not whether they can establish under some water levels. To 

test this hypothesis, future work could compare growth rates of wetland plants in monocultures 

vs growth rates of species planted in polycultures (e.g.,  Keddy and Ellis 1985; Wetzel and Van 
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Der Valk 1998; Fraser and Miletti 2008). To test whether species differ in their competitiveness 

across this water depth gradient, and not necessarily that they are not able to establish under 

some conditions, this mesocosm (monoculture vs polyculture) should be paired across several 

water depths. This experiment would help us in understanding the relative importance of species 

tolerances (i.e., species would not grow at all water depths in a monoculture) and competition 

(i.e., different species dominate at various water depths) in wetland plant assembly. The benefit 

of this work is that we could better predict how wetland plants in prairie potholes will respond 

to a change in hydroperiod due to climate change, depending on which assortment of plants have 

established.  

6.3.6. What is the tipping point for plant communities when hydroperiods have declined? 

Regardless of the relative influence of competition versus species tolerances on plant 

community composition, there is a point at which species that have established will no longer 

persist when inundation cycles change. It is unclear as to how extreme this change in hydroperiod 

must be to shift community structure. A short term study reported, interestingly, that there were 

changes in wetland plant composition after a one-year manipulation of water levels (Harris and 

Marshall 1963). Thus, a similar manipulative experiment, where ponded water amounts are 

shortened at various intervals and durations, could help in highlighting the stress points of 

wetland plants. With an understanding of what these stress points are, we could better predict 

how prairie pothole wetland plants would respond to changes hydroperiod resulting from 

climate change.  
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6.3.7. What is the relative influence of permanence versus hydroperiod on birds and 

plants? 

Because the plants in these wetlands are perennial, the hydroperiod regime during the survey 

period (2014-2015) could be incongruent with regime that led the current community. In other 

words, the plants that germinated from the seedbank and competed for resources when the 

wetland was colonized may not reflect what the hydroperiod regime is in any given year. Thus, 

there is a legacy effect in these wetlands on plant communities, where in the absence of a 

perturbation (e.g., fire, full draw down), the plant community composition may be resilient to 

interannual variation in weather because they have already established. Thus, permanence class 

will be more strongly related to plant community composition than year-to-year hydroperiod. 

Because birds are cued by vegetation in selecting where they select to forage and nest (Davis 

2005; Madden et al.  2009; Howerter et al.  2014), the influence of permanence class may differ 

from that of hydroperiod on this taxon. Though my SEM in Chapter 4 modeled hydroperiod, it 

did not incorporate permanence class, which can differ in its influence on birds and plants. 

Besides improving model fit, I believe that including permanence class could improve our 

understanding of how these communities assemble. Thus, future work could build on this SEM, 

but include pathways that explain the influence of permanence vs hydroperiod on birds and 

plants.  

6.3.8. Is there a difference in the productivity of birds across the hydroperiod gradient? 

Though it is clear that wetlands with longer hydroperiods support more diverse bird 

communities (e.g., Kantrud and Stewart 1984; Daniel et al.  2019), it is unclear whether birds in 

these wetlands are also more productive. For birds, we often describe productivity in terms of 
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nesting success and clutch size, where birds that are able to produce more fledglings are more 

productive (e.g., Bernath-Plaisted and Koper 2016; Yoo and Koper 2017; Daniel and Koper 2019). 

Often, environments with higher bird abundances may not always produce productive bird 

communities because birds are unable to utilize the local habitat for nesting (Horne 1983; Estades 

2001). Because wetlands with higher pond ǇŜǊƳŀƴŜƴŎŜΩǎ Řƻ support more diverse plant 

communities (e.g., Chapter 4), we can presume that there is a higher abundance of 

microhabitats. These microhabitats may provide better concealment for nests (e.g., Marzluff 

1988; Davis 2005), reducing the chance that fledglings are predated ς the leading cause of nesting 

failure (e.g., Hobson and Bayne 2000; Drever 2006; Klug et al.  2009). Thus, future work could 

compare nesting success and clutch sizes in wetlands that vary in permanence class, though 

having similar surrounding land cover/land use. This work could help us in understanding 

whether these longer-hydroperiod wetlands are truly more productive habitat for bird 

communities.  

6.4. Conclusion 

Wetland permanence class is critically important in determining structure and function of 

biota. My work shows that wetland biota from multiple taxonomic groups are sensitive to 

wetland hydroperiod and that wetland hydroperiod is sensitive to climate.  Even a simple shift in 

the timing of precipitation delivery from spring to summer can have a substantial impact on 

wetland hydroperiod and elicit a rapid response in wetland birds and aquatic 

macroinvertebrates.  But climate does not shape wetland hydroperiod alone.  My work also 

revealed the importance of land use/land cover and terrain in determining hydroperiod.  My 

results will contribute to improved hydroperiod forecasting and raise important questions about 
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the relative importance of interspecific interactions and environmental filters in determining the 

assembly of wetland communities  
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APPENDICES  

Appendix 1. Waterfall plots showing predicted probabilities derived from extreme gradient 

boosting models for wetlands delineated in the 1) Boreal (totaling 12,000 wetlands), 2) Parkland 

(totaling 12,000 wetlands) and 3) Grassland (totaling 16,000 wetlands) Natural Regions. 

Probabilities below 0.5 suggest that at this measured value of the metric, observing that 

permeance class is unlikely. I show 95 % confidence intervals and used a generalized additive 

model-based trend line. 

 Contribution to predicted probability of wetlands classified as temporary, 

seasonal, semi-permanent and permanent based on precipitation metrics.  
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 Contribution to predicted probability of wetlands classified as temporary, 

seasonal, semi-permanent and permanent based on temperature metrics.  
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 Contribution to predicted probability of wetlands classified as temporary, 

seasonal, semi-permanent and permanent based on land use and land cover metrics.  
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  Contribution to predicted probability of wetlands classified as temporary, 

seasonal, semi-permanent and permanent based on four of eight terrain metrics.  
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 Contribution to predicted probability of wetlands classified as temporary, 

seasonal, semi-permanent and permanent based on four of eight terrain metrics.  

  
























































































































































































