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Abstract

Areas with relatively high spatial heterogeneity generally have more biodiversity than spatially 

homogeneous areas due to increased potential habitat. Management practices such as 

controlled grazing also affect the biodiversity in grasslands, but the nature o f this impact is not 

well understood. Therefore this thesis studies the impacts o f variation in grazing on soil 

moisture and biomass heterogeneity. These are not only important in terms o f management of 

protected grasslands, but also for designing an effective grazing system from a livestock 

management point of view. This research is a part o f the cattle grazing experiment underway in 

Grasslands National Park (GNP) o f Canada since 2006, as part o f the adaptive management 

process for restoring ecological integrity o f the northern mixed-grass prairie region. An 

experimental approach using field measurements and remote sensing (Landsat) was combined 

with modelling (CENTURY) to examine and predict the impacts of grazing intensity on the 

spatial heterogeneity and patterns of above-ground live plant biomass (ALB) in experimental 

pastures in a mixed grassland ecosystem. The field-based research quantified the temporal 

patterns and spatial variability in both soil moisture (SM) and ALB, and the influence o f local 

intra-seasonal weather variability and slope location on the spatio-temporal variability of SM 

and ALB at field plot scales. Significant impacts o f intra-seasonal weather variability, slope 

position and grazing pressure on SM and ALB across a range of scales (plot and local (within 

pasture)) were found. Grazing intensity significantly affected the ALB even after controlling for 

the effect of slope position. Satellite-based analysis extended the scale o f interest to full 

pastures and the surrounding region to assess the effects o f grazing intensity on the spatio- 

temporal pattern of ALB in mixed grasslands. Overall, low to moderate grazing intensity
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showed increase in ALB heterogeneity whereas no change in ALB heterogeneity over time was 

observed for heavy grazing intensity. All grazing intensities showed decrease in spatial range 

(patch size) over time indicating that grazing is a patchy process. The study demonstrates that 

cattle grazing with variable intensity can maintain and change the spatial patterns o f vegetation 

in the studied region. Using a modelling approach, the relative degrees to  which grazing 

intensity and soil properties affect grassland productivity and carbon dynamics at longer time- 

periods were investigated. Both grass productivity and carbon dynamics are sensitive to 

variability in soil texture and grazing intensity. Moderate grazing is predicted to be the best 

option in terms o f maintaining sufficient heterogeneity to  support species diversity, as well as 

for carbon management in the mixed grassland ecosystem.



Acknowledgements

I would like to  extend sincere thanks to  my supervisor, Dr. Scott Mitchell, for his guidance and 
valuable feedback throughout my PhD program. Special thanks go to  my advisors Dr. Andrew 
Davidson and Dr. Elyn Humphreys for their time, helpful suggestions and comments.

This thesis was partially funded by a NSERC Discovery research grant awarded to  Dr. Scott 
Mitchell, as well as in-kind contribution o f Parks Canada; special thanks go to Parks Canada for 
providing logistics and data support. I also acknowledge the financial support in the form of 
"Torrance Graduate Scholarship 2008" from the Department of Geography and Environmental 
Studies, Carleton University.

I had substantial support throughout the duration of my PhD program and would like to  make 
special note of all the people who made this journey, both comforting and manageable. I 
would especially like to  acknowledge my friend Sheri Burke for reviewing my initial work and 
giving me valuable advices. I would also like to  thank my field assistant Benjamin Deschamps 
for the long driving hours and assisting me with the collection o f data throughout the field work 
conducted in summer 2008. I would also like to  thank all the people, especially Pat Fargey and 
Rob Sissons at the Grasslands National Park (GNP) in Val Marie, Saskatchewan for providing 
resources, friendly smiles and enthusiasm towards my work; and Melody Mastad from Carleton 
University library for sharing her knowledge o f grazing management in Saskatchewan and her 
support throughout my PhD program. From my colleagues and friend during my work at 
Agriculture Canada, I would like to  thank Kevin Crichlow for providing help w ith ArcGIS. Special 
thanks go to Kristie for all her support especially at the end o f my PhD journey. I am forever 
indebted.

I would like to  thank my family fo r all their support and encouragement towards completion of 
my PhD. My deepest appreciation goes to  my sweetest mom and best friend Ehab who have 
been incredibly supportive emotionally, financially and confident in my ability to accomplish 
what I started.

Finally, I would acknowledge the Carleton University and all the people who have touched my 
life in some way with their friendly smiles and inquisitive nature regarding my completion o f 
thesis, in turning my dream into reality. Big thanks to  all of you.

This thesis is solely dedicated to my mom, w ithout her love and encouragement; it  would have 
been an impossible task.



Table of Contents

Abstract..................................................................................................................................................... ii

Acknowledgements................................................................................................................................. iv

Table of Contents..................................................................................................................................... v

List of Tables............................................................................................................................................ix

List of Figures........................................................................................................................................... x

List o f Appendices.................................................................................................................................. xv

1.0 Introduction....................................................................................................................................... 1

1.1 Heterogeneity: Definition, importance and factors causing heterogeneity.............................. 4

1.2 Importance of grazing-induced heterogeneity in Grasslands National Park, SK, Canada 6

1.3 Why is Research Required?............................................................................................................. 6

1.4 Importance of Scale.......................................................................................................................... 8

1.5 Research Objectives.......................................................................................................................... 8

1.6 Dissertation Structure and Organization......................................................................................11

2.0 Historical Perspective on the Grasslands in North American Great Plains Region..................13

2.1 North-American Great Plains Region............................................................................................ 13

2.1.1 Grasslands in Saskatchewan...................................................................................................18

2.1.2 Grasslands National Park, Saskatchewan.............................................................................. 21

2.2 Dominant factors affecting the formation and maintenance o f grasslands in North America 
................................................................................................................................................................. 24

2.2 1 Climate.......................................................................................................................................24

2.2.2 Water and Nutrient Availability............................................................................................. 26

2.2.3 Fire............................................................................................................................................. 29

2.2.4 Introduction o f exotic or non-native plant species.............................................................. 31

2.2.5 Grazing.......................................................................................................................................31

3.0 Methodology....................................................................................................................................37

3.1 Study Area........................................................................................................................................37

3.2 Field Data, Experimental Design and M ethods........................................................................... 42

3.2.1 Field Experimental design.....................................................................................................43



3.2.2 Soil Moisture: methods and data........................................................................................... 46

3.2.3 Above-ground live plant Biomass: methods and data......................................................... 49

3.2.4 Weather Data........................................................................................................................... 54

3.3 Satellite Data, processing, and sampling design.......................................................................... 55

3.3.1 Image pre-processing.............................................................................................................. 57

3.3.2 Identification o f Grazed and Ungrazed Sites w ith variable grazing intensity (Gl)............ 58

3.3.3 Sampling design for satellite based data analyses................................................................58

3.4 Data analysis and methods............................................................................................................ 59

3.4.1 Geostatistical analysis using semivariograms....................................................................... 60

3.4.2 Moran's I ...................................................................................................................................65

3.4.3 Measures o f Heterogeneity....................................................................................................66

3.5 Modeling.......................................................................................................................................... 68

3.5.1 CENTURY M odel.......................................................................................................................69

3.5.2 Parameterization o f the model and model se t-up .............................................................. 70

3.5.3 Sensitivity Analyses: Grazing Intensity and Soil Texture......................................................75

3.6 Research Contributions...................................................................................................................76

4.0 Detection o f Spatio-temporal Variation and Pattern in Field-based Soil Moisture (SM) and 
Above-ground live plant biomass (ALB): A case study of Experimental Pastures located in East 
Block, GNP, Saskatchewan....................................................................................................................79

4.1 East Block experimental site characteristics................................................................................ 81

4.2. Results............................................................................................................................................. 85

4.2.1 Soil M oisture............................................................................................................................ 85

4.2.1.1 Impact of local Intra-seasonal weather conditions.......................................................85

4.2.1.2 Effect of Slope Location and Time...................................................................................91

4.2.2 Aboveground live plant biomass.......................................................................................... 101

4.2.2.1 Impact o f local Intra-seasonal weather conditions.....................................................101

4.2.2.3 Spatio-temporal variability in ALB between pastures and within pastures 101

4.2.3 Effect o f Grazing on SM and ALB.......................................................................................... 109

4.2.3.1 Soil moisture and Grazing.............................................................................................. 110

4.2.3.2 ALB and Grazing.............................................................................................................. I l l



4.2.4 Spatial patchiness as a result o f grazing disturbance........................................................ 112

4.2.4.1 Soil Moisture....................................................................................................................112

4.2.4.2 ALB....................................................................................................................................114

4.3 Discussion....................................................................................................................................... 115

4.3.1 Spatio-temporal variability in SM and ALB......................................................................... 116

4.3.2 Short-term grazing disturbance on plot-scale SM and ALB...............................................119

4.3.3 Spatial pattern in SM and ALB...............................................................................................121

4.4 Applicability o f results, limitations and research recommendations......................................123

4.5 Conclusions....................................................................................................................................124

5.0 Semivariogram Approach to determine Spatio-temporal Variability in Satellite-based Above
ground Live Plant Biomass (ALB): Case Study o f Grazed and Ungrazed Experimental Pastures 126

5.1 Data Analyses.................................................................................................................................128

5.2 Results............................................................................................................................................ 128

5.2.1 Local Weather Variability...................................................................................................... 128

5.2.2 Effect of different grazing intensities on ALB spatio-temporal heterogeneity................130

5.2.3 Spatial patterns of ALB.......................................................................................................... 140

5.3 Discussion....................................................................................................................................... 143

5.3.1 Spatial heterogeneity in grazed and ungrazed pastures...................................................143

5.3.2 Effects of Grazing Intensity and slope location on ALB...................................................... 147

5.3.3 Spatial patterns of ALB o ve rtim e ........................................................................................ 151

5.4 Applicability o f results, limitations and research recommendations...................................... 152

5.5. Conclusions...................................................................................................................................154

6.0 Modelling productivity and soil carbon dynamics o f a mixed grassland ecosystem under 
variable grazing intensities: A simulation analysis.......................................................................... 155

6.1 Introduction...................................................................................................................................155

6.1.1 Grasslands and modeling................................................................   155

6.1.2 The grazing history o f the Study Area: Grasslands National Park, SK, Canada............... 156

6.1.3 The CENTURY M odel............................................................................................................. 157

6.1.4 Modeled variables o f interest.............................................................................................. 157

6.1.5 Modeling Goals and Hypotheses......................................................................................... 158



6.1.6 Addressing the Hypotheses: Two Modeling Scenarios...................................................... 159

6.1.7 Model Evaluation................................................................................................................... 160

6.2 Results...........................................................................................................................................160

6.2.1 Validation o f the CENTURY m odel....................................................................................... 160

6.2.2 Model Predictions.................................................................................................................. 161

6.2.2.1 Impact of soil texture on the ALB, SOMTC and TOTSYC............................................. 161

6.2.2.2 Impact o f grazing intensity on the grassland productivity and total soil and plant 
system carbon (Scenario 1 )........................................................................................................ 163

(A) Results for predicted SOMTC and TOTSYC...................................................................... 163

(B) Results for predicted annual net primary productivity (above- and below-ground) 165

6.2.2.3 Effect o f light, moderate and heavy grazing intensity on the model predictions for 
ALB.................................................................................................................................................169

6.2.3 Sensitivity analyses.................................................................................................................170

6.2.3.1 Sensitivity to change in soil texture parameterizations............................................. 170

6.2.3.2 Sensitivity to change in fraction o f live shoots (flgrem) per month during a grazing 
event..............................................................................................................................................176

6.3 Effect o f grazing termination (Scenario 2 )..............................................................................181

6.4 Discussion....................................................................................................................................... 187

6.4.1 Effect of soil texture and grazing intensity on model predictions....................................187

6.4.2 Sensitivity analysis..................................................................................................................191

6.5 Applicability o f results, limitations and research recommendations...................................... 194

6.6 Conclusions....................................................................................................................................196

7.0 Summary and Conclusions......................................................................................................... 198

Bibliography......................................................................................................................................... 203

Appendices........................................................................................................................................... 237



List of Tables

Table 3.1 Summary o f number o f experimental plots w ithin each pasture and tota l number of
measurements taken per p lo t..........................................................................................................46
Table 3.2 Landsat TM image acquisition information....................................................................56
Table 3.3 Monthly summaries o f daily data from Environment Canada climate station Mankota
(1970-2007)..................................................................................................................................... 72
Table 4.1 Generalized soil characteristics in experimental plots (extracted from Saskatchewan
Institute o f Pedology (1992).............................................................................................................84
Table 4.2 Summarized May and June 2008 SM semivariogram results......................................97
Table 4.3 Summarized May and June 2008 ALB semivariogram results....................................107
Table 5.1 Summarized sill, range and MSH results fo r different grazing intensities for years
2007, 2008 and 2010.......................................................................................................................138
Table 6.1 Predicted and measured Above-ground live plant Biomass (ALB in g m'2), Grasslands
National Park.....................................................................................................................................160
Table 6.2 Effects of soil texture on ALB (g m 2): An example o f June 2008 ALB under light,
moderate and heavy grazing...........................................................................................................162
Table 6.3 Range o f variability in above-ground- and below-ground NPP (g C m~2 yr"1) fo r low,
moderate and heavy grazing intensity (2006 to 2020)...........................................................168
Table 6.4 ALB sensitivity to  variability within clay loam soil texture during grazed and ungrazed
period............................................................................................................................................. 173
Table 6.5 Effects of grazing intensity and grazing term ination on predicted ALB (g m 2) during
2013-2020 .................................................................................................................................... 182
Table 6.6 Effects of grazing intensity and grazing termination on predicted SOMTC (kg m '2) and 
TOTSYC (kg m 2) for years 2013 to 2020..................................................................................... 184



List of Figures

Figure 2.1 Major Vegetation types within Great Plains region (Sieg e ta l. 1999).........................  14

Figure 2.2: (A): Ecozones o f South-Central Canada illustrating the spatial significance o f the 

Prairies (Source: Vaisey and Strankman 1999). (B): Distribution of grasslands in Prairie ecozone 

of Canada (Source: Gauthier and Wiken 2003). (C): Grasslands in Saskatchewan, showing the

location o f Grasslands National Park (Source: Gauthier and Wiken 2003)....................................  19

Figure 2.3 Grasslands National Park (GNP), Saskatchewan w ith  both West and East Blocks

(Source: Henderson (2006))..................................................................................................................23

Figure 3.1: (A): Location o f the Great Plains region and GNP in North America, (Parks Canada

2002). (B): Location o f GNP and Mankota community pasture in Saskatchewan. (C): Location of 

research sites in the East Block, GNP (PI, P5, P9 = ungrazed pastures; P2 = 20% grazing intensity 

(Gl), P6 = 33% Gl; P7 = 45% Gl; P3 = 57% Gl, P4 and P8 = 70% Gl) and Mankota community

pasture (P10 to  P13 with 50% grazing intensity). DEM source (Stafford 2002).............................38

Figure 3.2: Location of experimental pastures in the East Block, GNP and Mankota community 

pasture (Source: Fargey 2004) (A) with vegetation classification fo r the East Block, experimental

pastures (B) (Source: Michalsky and Ellis 1994; Parks Canada 2005).............................................. 40

Figure 3.3 (A) Biodiversity and grazing experiment photographs fo r East Block, GNP. Cattle 

grazing in pasture 3 of East Block, GNP during June 2008. (B) Wire fence between pasture 8

(grazed) and 9 (ungrazed).....................................................................................................................41

Figure 3.4: (A) East Block, Biodiversity and grazing experiment area (shown in yellow) (Parks 

Canada 2002); (B) Location o f experimental plots (shown in purple) in Pasture 1, 6, 8 and 9 and

location o f tw o weather stations (UM and CU, approx. 4.2 km apart) in blue ovals..................... 43

Figure3.5 Experimental Plot design for Soil Moisture Sampling and Productivity Measurements 

(Transect sampling). Example o f Pasture 6 plots showing transect location (A). Photograph 

showing transects within the plot (B). Experimental plot showing all four transects placed

within the plot (C).................................................................................................................................. 45

Figure 3.6 CropScan measurements in Pasture 9, upslope site (P9U) taken on May 16, 2008... 52 

Figure 3.7 Calibration curve for converting field measured NDVI to area biomass (g m 2) ..........53

x



Figure 3.8: AE50 HOBO Weather Station (Onset Computer Corporation 2007) in pasture 9, East

Block (A). 65cm pit for ECH20  dielectric probes near weather station (B).....................................55

Figure 3.9 Example of an idealized semivariogram curve with spherical model fit (Source: Babish

2006)............................................................................................................................  63

Figure 4.1 Photographs A, B, C, D and E showing vegetation cover in P1U, P1M, P9D and P6U

plots.........................................................................................................................................................82

Figure 4.2 Variability in the local rainfall in the East Block, GNP for summer 2008. (A) Rainfall 

based on the CU weather station installed in the pasture 9, East Block of GNP. (B) Rainfall

based on the UM weather station installed in the pasture 6, East Block of GNP...........................86

Figure 4.3 Comparison of rainfall events between the CU weather station (A) and the UM

weather station (B) during June 2008..................................................................................................87

Figure 4.4 Local weather conditions during June 2008 for the East Block, GNP. (A) Soil moisture

at 5 cm depth in response to  rainfall. (B) Soil and air temperature conditions............................ 88

Figure 4.5 Temporal Variability in the amount of rainfall and SM at different depths, Pasture 9

East Block, GNP...................................................................................................................................... 89

Figure 4.6 Boxplots showing the variability in SM measured on 22 May 2008 from upslope (U),

midslope (M and M2) and downslope (D) plots in pasture PI and P6............................................ 92

Figure 4.7 Temporal variability in SM between pastures PI, P6, P8 and P9 based on slope 

location. Here U = upslope, M and M2 = midslope and D = downslope. Error bars represent

95% Cl for mean. In pasture PI, *-Jun = No data for early June...................................................... 94

Figure 4.8 Example semivariograms for May and June ALB based on ungrazed conditions. Note: 

SM0522 = SM on May 22; SM0528 = SM on May 28; SM0604 = SM on June 04; SM0623 = SM on

June 23. All soil moisture readings were taken at 12 cm depth under ungrazed conditions 96

Figure 4.9 Mean SM and semivariogram parameters, Sill and MSH................................................99

Figure 4.10 Boxplots showing the variability in ALB measured during May 2008 from plots in

pasture PI and P8................................................................................................................................102

Figure 4.11 Temporal Variability in ALB between pastures PI, P9, P6 and P8 based on slope 

location................................................................................................................................................. 104



Figure 4.12 Example semivariograms for May and June ALB based on ungrazed conditions.

Note: 0517 = ALB on May 17; 0529 = ALB on May 29; 0531 = ALB on May 31; 0623 = ALB on

June 23; 0627 = ALB on June 27............................................................................................106

Figure 4.13 Mean ALB and semivariogram parameters, Sill and MSH...........................................109

Figure 4.14 Grazing effects on SM. Error bars represent 95% Cl for mean.................................. 110

Figure 4.15 Semivariograms fo r before and after grazing treatment: An example o f pasture P8

during summer 2008.............................................................................................................. I l l

Figure 4.16 An example o f spatial autocorrelation (Moran's I) in P lc and P6c fo r SM measured 

on May 22. Note: U = upslope, M = midslope and D = downslope. Solid squares indicate 

significant coefficient values at a = 0.05; open squares indicate non-significant coefficient

values after progressive Bonferroni correction................................................................................ 113

Figure 4.17 An example o f spatial autocorrelation (Moran's I) o f ALB in P8bg /  P8ag (A) and P6Bg

/  P6ag (B)................................................................................................................................................115

Figure 5.1 Total monthly rainfall (mm) for growing season in year 2007, 2008, 2009 and 2010.

............................................................................................................................................................... 129

Figure 5.2 Average monthly air temperatures (°C) for year 2007, 2008, 2009 and 2010 in the

study area............................................................................................................................................. 130

Figure 5.3 Spatial variability in ALB between pastures w ith variable grazing intensity. ALB data is

from 29 June 2008 (A) and 26 June 2010 (B).................................................................................... 131

Figure 5.4 Semivariogram results for ALB in ungrazed (P9ug and P5UG) and very light to  light

(20% - 33%) grazing intensity pastures. Note: P22o = pasture P2 with 20% grazing intensity; P633

= pasture P6 with 33% grazing intensity........................................................................................... 134

Figure 5.5 Semivariogram results for ALB in pasture P7 with low-moderate (45 -  50%) Gl;

pasture P3 with high-moderate (57%) Gl and pastures P4 and P8 with heavy (70%) Gl.............135

Figure 5.6 Semivariogram results for ALB in low-moderate grazing intensity (50%) pastures 10 

(P1050) and 13 (P1350) located in Mankota community pasture. Note: Semivariograms fo r years 

2000 and 2007 represent pastures with free range grazing, whereas semivariograms for years 

2008 to 2010 represent pastures with controlled low-moderate grazing.................................... 137



Figure 5.7 Comparison o f mean MSH and mean range o f influence between different grazing 

intensities for no grazing (year 2007), at the start of the grazing (year 2008), after one year of

grazing (year 2009) and after tw o years o f grazing (year 2010).....................................................139

Figure 5.8 Effect of Grazing Intensity and sampling design (Grid VS transect) on the ALB spatial 

pattern (Moran's I): An example of VLL (P22o), HM (P357) and heavy grazing (P870) is provided. 

(Lag distance = 1200 m for transect and Grid; 2400 m fo r Grid only, lag class distance interval =

30 m)......................................................................................................................................................141

Figure 6.1 Effects o f soil texture on ALB (g nrf2): An example of variability under heavy grazing

(flgrem  value = 0.6). Note: Scl = Sandy clay loam.............................................................................162

Figure 6.2 Effect o f light, moderate and heavy grazing intensity on predicted SOMTC (includes

belowground structural and metabolic) from 2006 to  2020.......................................................... 164

Figure 6.3 Effect o f light, moderate and heavy grazing intensity on predicted TOTSYC from 2006

to 2020................................................................................................................................................. 165

Figure 6.4 Effect o f ungrazed (1991 -  2005) and grazed (2006 - 2020) conditions on annual NPP

(CENTURY predicted NPP) variability. Light (A), Moderate (B) and Heavy (C) grazing................166

Figure 6.5 Effect of light, moderate and heavy grazing intensity on the variability in predicted

ALB (g m'2) from 2006 to  2020........................................................................................................... 169

Figure 6.6 ALB sensitivity to  variability in sand, silt and clay proportions within a clay-loam soil 

texture under ungrazed (A and C) and grazed (B and D) conditions. Here, ungrazed period =

1991 -  1994 and grazed period with heavy grazing = 2006 -  2010.............................................. 171

Figure 6.7 Effect o f variability within Clay loam soil texture class on predicted ALB (g m '2)........173

Figure 6.8 Effect o f variability within Clay loam soil texture class on predicted SOMTC (A, C) and

TOTSYC (B, D)........................................................................................................................................175

Figure 6.9 Effect of changed fraction o f live shoots (flgrem) removed per month for heavy

grazing option on predicted ALB........................................................................................................ 177

Figure 6.10 Effect of changed fraction o f live shoots (flgrem) value for heavy grazing option on

predicted SOMTC (A) and TOTSYC (B)................................................................................................180

Figure 6.11 Effect of grazing intensity and grazing termination over time on ALB. Here, BG = 

before grazing; LG = light grazing; MG = moderate grazing; HG = heavy grazing; la  = Scenario 1



& 2 with variable intensity from year 2006 to 2012; lb  = Scenario 1 w ith light, moderate and 

heavy grazing intensity from year 2013 to 2020; 2b = Scenario 2 w ith grazing termination from

year 2013 to 2020. Error bars show 95% Cl for mean......................................................................183

Figure 6.12 Effect o f grazing intensity and grazing termination over time on SOMTC. Here, BG = 

before grazing; LG = light grazing; MG = moderate grazing; HG = heavy grazing; lb  = Scenario 1 

w ith light, moderate and heavy grazing intensity from year 2013 to  2020; 2b = Scenario 2 w ith

grazing termination from year 2013 to  2020. Error bars show 95% Cl for mean.........................185

Figure 6.13 Effect o f grazing intensity and grazing termination over time on TOTSYC. Here, BG = 

before grazing; LG = light grazing; MG = moderate grazing; HG = heavy grazing; lb  = Scenario 1 

with light, moderate and heavy grazing intensity from year 2013 to  2020; 2b = Scenario 2 w ith 

grazing termination from year 2013 to  2020. Error bars show 95% Cl for mean.........................186

xiv



List of Appendices

Appendix 1: Field Analysis (Chapter 4 ) ..............................................................................................237
Appendix 2: Satellite based Analysis (Chapter 5 ) .............................................................................245
Appendix 3: Modeling (Chapter 6)..................................................................................................... 248

xv



"Nearly every acre o f range has other uses and values besides forage production—to protect 
watersheds, give wildlife a home....these are the "other" values o f the range. Each is important- 
on some ranges, indeed the demands o f one or more may dominate or even exclude grazing. If  
grazing is properly managed, however the various uses are usually compatible with the use o f 
forage by livestock."

Connaughton, C.A. (1948, p. 239)

1.0 Introduction

Grassland ecosystems were once mosaics o f many different plant communities and animal 

species, mainly as a result o f interactions o f climate, fire and grazing. However, today little  of 

this diverse ecosystem remains and existing natural grassland diversity is threatened (PCAP

2003). This is due to  modifications such as controlled grazing from domesticated livestock 

(chiefly cattle and sheep) or complete eradication o f grazing, fire suppression, introduction of 

exotic or alien plant species and overuse by human activities, such as conversion of grasslands 

into homogeneous croplands.

Grasslands play important roles in carbon storage, soil organic matter conservation, water 

cycle, and biodiversity at different scales. Therefore, management o f these prized resources 

requires accurate information about their extent and spatial distribution, as well as the factors 

controlling their structure and functioning. Precipitation and temperature are particularly 

important climatic factors that influence grassland structure and functioning (Parton et al. 

1994), since they largely determine the rate at which biological and chemical reactions occur. 

For example, processes involving production o f new organic matter by plants and the 

decomposition of dead organic matter by microbes are temperature and moisture dependent
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(Aber and Melillo 1991). In addition, climate determines what plants will grow and what kind of 

animals will inhabit the region.

A spatially heterogeneous area will have more biodiversity in terms of plants and animals 

compared to spatially homogeneous areas. This is because a heterogeneous area will provide 

habitat for species that prefer various configurations o f grasses, forbs, and shrubs. For 

example, vegetation cover is a strong determinant o f avian abundance during the breeding 

season, when individuals seek out appropriate breeding habitat (Fletcher and Koford 2002).

Vegetation indicators such as vegetation heterogeneity (refers to  spatio-temporal variability in 

the structure and composition of plant communities), vegetation cover and plant productivity 

are important for monitoring biodiversity (Noss 1990). This is because a w ider variety of 

vegetation heights (structure) and cover within a grassland ecosystem will provide a diverse 

suite o f nesting and feeding habitats for grassland birds and animals. Therefore, it is important 

to acquire knowledge of the spatio-temporal patterns and variations in above-ground live plant 

biomass (ALB) and the factors responsible for such variability at multiple scales. This is because 

a multiple scale study will help take into consideration the spatial variability o f vegetation, soils, 

and microclimates for future research and management plans. Additionally, it w ill also help 

track the vegetation response to year-to-year weather variation and management practices 

such as grazing. This is especially essential from a management perspective if the goal is to  

conserve and maintain the native grassland areas and the biodiversity w ithin it.

Plant growth and survival is affected by the amount o f plant available water in the soil, which is 

a function of soil properties such as texture (Breashears and Barnes 1999; Mendez-Barroso et
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al. 2009). Since grazing can alter the soil hydraulic and mechanical properties, which in turn 

affect the plant available water and thus plant productivity, it is important to  understand the 

interaction between soil properties and grazing for better understanding of plant processes 

(Krummelbein et al. 2009).

In this research, a combination o f field data, satellite data and modelling is used to address 

both seasonal and inter-annual temporal effects, varying between three to twenty years, of 

different grazing intensities, and to assess the impacts o f factors such as soil texture and 

weather variability on ALB and soil moisture variability in a mixed-grassland ecosystem at a 

range of scales. Among a variety of potential definitions, grazing intensity in this study refers to 

the cumulative effect grazing animals have on the land during a particular time period, 

expressed as percent utilization (Holechek et al. 2001). I only consider the aboveground 

biomass (field and satellite based analyses) in most o f this study, because o f the difficulty of 

collecting the below-ground biomass data and the difficulty in assessing it using remote sensing 

techniques (Lefsky et al. 2002; Patenaude et al. 2004; Naesset and Gobakken 2008). However, 

we know that grasses, particularly in semi-arid or arid conditions, invest a substantial amount o f 

resources into below-ground productivity (Aber and Melillo 1991). Therefore, I employed a 

modelling approach to examine the impact o f grazing intensity on predicted aboveground and 

belowground biomass data. Additionally, I collected multiple point field measurements at a 

plot scale (30 m x 30 m) to  measure the spatial distribution o f soil moisture and ALB. For larger 

extent (regional) mapping o f soil moisture and ALB, use o f in situ sensors is not practical and 

feasible. This is because a dense network o f point observations would be required to 

accurately map the high spatial variability o f soil moisture and ALB, and this would be very
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expensive (Ujjwal Narayan et al. 2004). Therefore, soil moisture analysis in this study is limited 

to plot scale. Although microwave (radar) remote sensing could be used for the soil moisture 

mapping, it is constrained by spatial and temporal resolutions, cost and the interpretation of 

surface backscatter which is difficult because o f the interactions between vegetation and 

underlying soils (Jackson and Le Vine 1996; Western et al. 1998). Satellite based ALB data was 

used to assess the heterogeneity in ALB at landscape scale.

1.1 Heterogeneity: Definition, importance and factors causing heterogeneity

Heterogeneity is defined as the complexity and/or variability o f a system property, both in 

space and time, due to factors such as grazing, climate and land-use change, where a system 

property can be any factor, including plant biomass, soil moisture, and soil nutrients (Dutilleul 

and Legendre 1993; Li and Reynolds 1995). Since nature is intrinsically variable, variation exists 

everywhere and needs to be taken into account for good management practices. Soil, for 

example, is the product o f highly variable natural processes including inputs, losses, 

transformations and translocations within the soil profile, therefore soil variability also factors 

into the diversity o f both natural and managed environments. Diversity in the soil itself 

supports diverse landscapes, in addition to  a variety o f habitats for living organisms (Slater

2008). Highly variable soil conditions in combination with climatic factors such as precipitation 

also modify the availability o f moisture fo r plants, which is essential for plant growth. In a 

grassland context, grazing associated activities such as trampling and wallowing can also modify 

the soil structure, inadvertently affecting the soil water holding capacity and plant available 

water, which are significant modifications to  controls on plant growth in water-lim ited regions. 

Therefore, it is not surprising that both available soil moisture and primary productivity are



highly variable in both space and time. This creates additional challenges for accurate 

predictions and management o f grassland ecosystems at a range o f scales (local, regional and 

global).

Past research has shown that grazing has been a major driver in the evolution o f the prairies by 

altering the spatial heterogeneity o f vegetation due to  selective grazing patterns, thus affecting 

the biodiversity o f a region (Bock et al. 1993; Hobbs 1996; Collins et al. 1998; Dechant and 

Euliss 2001). For example, a study conducted by Truett et al. (2001) found that the presence of 

large herbivores such as bison increases the faunal diversity, especially among small birds and 

mammals that flourish in vegetation mosaics. As another example, moderate to heavily grazed 

grasslands with clumps or patches o f woody vegetation provides the best habitat fo r both 

scaled (Callipepla squamata) and bobwhite quails (Colinus virginianus) (Saiwana et al. 1998). 

Furthermore, large wallows (depressions in the ground) generally created by large herbivores, 

such as bison, when abandoned, may seasonally hold water and support mesic and even 

aquatic vegetation (Knapp et al. 1999). In contrast, homogeneous tracts o f lands will result in 

habitat suitable for only a subset of plants, birds and animals with preference to particular 

vegetation, such as Sprague's Pipit (Anthus spragueii) which is associated w ith  medium-height 

grasses and moderate litter depth (Fuhlendorf and Engle 2001; Davis 2004).

Both plant and animal biodiversity within grassland ecosystems are not only dependent on the 

level of grazing (or grazing intensity), but are also affected by the tim ing o f grazing and the 

animal species involved (Hulme et al. 1999; Humphrey and Patterson 2000). For example, 

overgrazing may often lead to land degradation by causing severe loss o f soil fe rtility  and the
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loss o f biodiversity, while too little  grazing may lead to  succession from grassland to  woodland 

and the loss o f grassland habitat (Smith et al.2000). Therefore it is important to  explore the 

impacts o f different grazing intensities on plant heterogeneity and spatial patterns, informing 

effective management o f grasslands and grazing systems.

1.2 Importance of grazing-induced heterogeneity in Grasslands National Park, SK, Canada

Grasslands National Park was established in 1988 near the Saskatchewan-Montana border to 

preserve a representative portion o f the remaining native northern mixed grass prairie 

ecosystem, which is rich in biodiversity and habitat to many rare and endangered species. Until 

recently, grazing exclusion from the park was a standard practice. Complete exclusion of 

grazing animals homogenizes the ecosystem; therefore some level of grazing disturbance is 

necessary to maintain ecological integrity in the grassland ecosystem (McCanny et al. 1996; 

Sutter 1997; Vermeire et al. 2004), habitat diversification, and to increase the number of 

species that can be supported (Saab et al. 1995). Therefore, fo r managing species-at-risk, as 

well as conservation o f biological diversity throughout the Grasslands National Park area, Parks 

Canada initiated a biodiversity and grazing experiment w ith variable grazing intensities in 2006.

1.3 Why is Research Required?

When grazing is maintained properly, it can be an excellent management tool for maintaining 

primary production, biodiversity and habitat structure (Hobbs 1996; Collins et al. 1998). In 

contrast, improper grazing, such as overgrazing, can not only negatively affect productivity, but 

also cause severe loss of soil fe rtility  (Lauenroth et al. 1999; Fuhlendorf and Engle 2004). For 

example, large numbers o f livestock can reduce plant biomass and cover due to  surface soil
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compaction through trampling. All this can decrease the soil's water infiltration capacity, 

resulting in increased runoff and soil erosion, along with carbon losses from the soil (Sala and 

Paruelo 1997; Goudie 2000). A compact soil leads to lower moisture holding capacity and 

restricts plant root growth due to  less total pore space and in particular, a reduced proportion 

of macropores (Kristoffersen and Riley 2005). Rhoades et al. (2003) and Kristoffersen and Riley 

(2005) examined the effects o f soil compaction on plant growth and found that soil compaction 

affects plant growth, mainly through restricting root expansion and extension to  depths o f soil 

that could sustain plants during common short-term droughts. Management decisions 

regarding periods (length) o f grazing and rest influence the soil water content, and soil water 

content can vary substantially as a result o f animal impact and the duration o f grazing, despite 

similar vegetation cover and soil type (Weber and Gokhale 2011). This is because grazers can 

change the soil structure through trampling, altering soil porosity and organic matter o f the 

soils. Therefore, one needs to have an understanding o f what level of grazing intensity is good 

for the sustainable management of an ecosystem and the biodiversity within.

In recent years, the study o f soil water dynamics in grasslands has also become more important 

due to growing evidence that increased variability in amount and duration of precipitation 

during the growing season and soil textural differences affect both soil moisture variability and 

grassland productivity (Yang et al. 1998; Knapp et al. 2002; Nippert et al. 2006; Heathman et al.

2009). However, relative impacts o f these causative factors in combination with grazing 

intensity to simultaneously study the variation in soil water content and plant productivity at a 

range of spatio-temporal scales are not well-understood. Some studies have documented the 

effect o f grazing on plant diversity/productivity (M arriott et al. 2009; Cheng et al. 2011) or
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evaluated the effect of grazing on various physical properties of soil (Augustine and Frank 2001; 

Jacobs et al. 2004; Zhao et al. 2010; Weber and Gokhale 2011). However, more information on 

how grazing intensity over time in combination with weather and slope location affects the 

variability in ALB, soil moisture and total soil and plant system carbon in a mixed grassland 

ecosystem is needed to  comprehensively understand the impact o f short-term grazing (within 

one growing season), mid-term grazing (inter-annual; varying between three and twenty years) 

and grazing termination on the plant processes.

1.4 Importance of Scale

For application of results, in particular, towards management decisions, it is critical to choose 

an appropriate spatial scale o f study that is able to capture the spatial dynamics o f the 

grassland processes that are o f interest (Gordon et al. 1997). In grassland ecosystems where 

processes and the effect of disturbances such as grazing on the grassland processes vary across 

spatial scales, multiple scale studies are particularly valuable compared to single scale studies 

(Glenn et al. 1992; Fuhlendorf and Smeins 1999). This is because a multiple scale study has a 

greater potential to capture scale-dependent changes in relationships among ecosystem 

variables (Adler et al. 2001, Vallentine 2001). For example, the process o f grazing can vary 

across spatial scales depending on factors such as water availability, forage depletion, plant 

phenology and diet selection. Laca and Ortega (1996), Bailey et al. (1996) and Vallentine (2001) 

conclude that cattle make foraging decisions at six spatial scales: (a) Home range, which 

represents landscape scale and is generally defined as a collection o f camps (see below) 

demarcated by fences, (b) Camp, which represents a pasture scale and is a spatial foraging 

level defined as a set of feeding sites that share a common point for drinking water, resting and
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seeking cover, (c) Feeding site, which represents a particular area within a pasture, foraged for 

a few hours, (d) Grazing patch, which represents plot scale and is generally defined as a 

collection of feeding stations, (e) Feeding station, which represents a group o f plants that are 

within immediate reach of cattle w ithout moving their front feet, (f) Bite, which represents 

plants ingested by cattle using gripping and severance motions (Laca and Ortega 1996, Bailey et 

al. 1996). Wallace et al. (1995) found that bison foraged more randomly w ithin the patches, 

however they were more selective among the feeding sites within the landscape.

1.5 Research Objectives

The primary objective of this dissertation is to assess the spatio-temporal heterogeneity o f soil 

moisture and ALB in an experimental area of Grasslands National Park at a range of scales (plot, 

pasture and larger regional extents) and under different grazing pressures. Using a modelling 

approach the relative degrees to which grazing intensity and soil properties affect grassland 

productivity and carbon dynamics at longer time-periods are investigated. These objective are 

achieved by investigating the following research questions. Is the spatio-temporal 

heterogeneity in soil moisture and ALB affected by grazing pressure, controlling for known 

factors such as weather variability and soil texture? If yes, then does the heterogeneity vary 

with site location within pastures due to  other factors such as time and treatment? Are 

grassland productivity, total belowground soil carbon (SOMTC in g m 2), and total plant system 

carbon (TOTSYC in g m'2) influenced by variability in grazing intensity in continuously grazed 

pastures and soil texture? What happens to  TOTSYC and SOMTC when grazing is terminated 

after 7 years of grazing at variable intensity?
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It is important to  understand these issues from a management perspective as grasslands play 

an important role in storing carbon both above and below ground and are mainly influenced by 

precipitation and herbivory, in addition to  other factors (Frank and Groffman 1998; Flanagan et 

al. 2002; Knapp et al. 2002; Jones and Donnelly 2004). Additionally, it is more difficult to 

monitor parts of the carbon cycle belowground compared to the ALB using field 

experimentation alone. Hence, a modelling approach is suitable because it allows one to 

acquire knowledge of a given landscape's ecological issues under changing climate and land-use 

management as models can be used w ithout any disturbance to the study area and can be used 

repeatedly.

Field experimentation (Cambardella et al. 1994; Shiyomi et al. 1998; Vieira and Gonzalez 2003; 

James et al. 2003; Zhao et al. 2010), remote sensing techniques (Reed et al. 1994; He et al. 

2006; Tan 2007; Shen et al. 2008) and modelling (Riedo et al. 1998) have been used in grassland 

ecosystems to gain knowledge about the variability in plant productivity and soil properties 

such as soil moisture, soil texture and soil pH and the factors contributing to  this variability 

(Cambardella et al. 1994; Jacobs et al. 2004). Literature shows that any or a combination of 

these can be used depending on the research question being considered. The novelty o f this 

research is that it is using an experimental approach combined with remote sensing (Landsat) 

and modelling (CENTURY model) to  examine and predict the impacts o f grazing intensity on the 

spatial heterogeneity and patterns of ALB in mixed grassland ecosystem undergoing large 

extent (pasture size 300 ha) grazing experiment. Moreover, most grazing studies have been 

conducted within pastures smaller (< 100-ha) than most commercial pastures in southern 

Alberta and Saskatchewan, which have average sizes over 400 ha (Koper et al. 2008). Since
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cattle grazing patterns (example, forage selection) differ among pasture sizes it is important to 

evaluate the ecosystem responses to grazing intensities at spatial scales relevant for range 

managers. It is hoped that the results o f this research will help in the development o f effective 

grazing system designs for management and conservation o f grasslands. Another novel aspect 

of this research is that it examines the sensitivity of the model (CENTURY) predictions to 

changes in soil texture and grazing intensity. The knowledge of how much uncertainty is there 

within an important parameter (example, soil texture) will lead to  better decisions in the long 

run than ones based on ignorance o f uncertainty. This dissertation is divided into three parts: 

field based analysis (plot scale), satellite based analysis (pasture and regional scale), and 

modelling.

1.6 Dissertation Structure and Organization

This dissertation is organized into seven chapters. Chapter one is an introduction to  the context 

of the research problem followed by the importance o f heterogeneity in vegetation and scale o f 

the study in grasslands, research rationale and justification based on the literature and research 

objectives. Chapter two provides a historical perspective o f the grasslands in the North 

American Great Plains region. Dominant factors affecting the formation and maintenance of 

grasslands in North America are explained. Chapter three provides details on the overall 

research methods, including a description of the study area, measurement techniques and data 

analyses. Chapter four presents the results, discussion and conclusions for the field study 

examining the spatial heterogeneity o f ALB and soil moisture in grazed and ungrazed pastures. 

Chapter five presents the results, discussion and conclusion for the study examining spatial 

heterogeneity in satellite-derived ALB at pasture and regional scales as a result o f different
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grazing intensities over time. Results, discussion and conclusions for experiments using the 

CENTURY model to look at the effects of variation in grazing intensity and soil texture on the 

grassland productivity and dynamics of carbon within a long term grazing pasture are presented 

in Chapter six. Effect of grazing termination after short-term grazing with variable intensity on 

the plant and soil carbon dynamics is also presented in Chapter six. Chapter seven discusses 

overall conclusions of this dissertation.
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2.0 Historical Perspective on the Grasslands in North American Great Plains Region

Scientific definitions for grasslands vary; some studies classify grasslands by vegetation while 

others characterize them by climate, soils or human use o f the ecosystem (White et al. 2000). 

Grasslands are complex ecosystems with climates intermediate between deserts and forests. In 

general, they can be defined as terrestrial ecosystems that are dominated by herbaceous and 

shrub vegetation and maintained by climate or ecological processes such as fire and grazing 

(Coupland 1991; Lauenroth et al. 1999; White et al. 2000). This broad definition o f grasslands 

encompasses not only non-woody grasslands, but also savannas (open grasslands with 

dispersed trees), woodlands and shrublands.

Widely distributed on all the continents except Antarctica, grasslands account for 16% to  24% 

of the Earth's vegetation and cover more than 4.6 billion hectares of land (Whittaker and Likens 

1975; Sims and Risser 2000). The variation in grassland estimation is mainly because o f the 

difference between the potential grassland area (climatically determined grasslands) (24%), in 

the absence of human alterations, and the current distribution o f grasslands (16%) that includes 

impact o f human activities (Lauenroth et al. 1999).

2.1 North-American Great Plains Region

The Great Plains region in North America encompasses areas of grasslands stretching from 

southeastern Alberta, central Saskatchewan, and southwestern Manitoba to the highlands of 

central New-Mexico and from eastern Indiana to  California (Sims and Risser 2000) (Figure 2.1).
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Figure 2.1 Major Vegetation types within Great Plains region (Sieg etal. 1999)

Factors such as regional temperatures, rainfall, soil conditions, fire, grazing, land-use and land 

management practices primarily determine the distribution and composition o f North American 

grasslands (Sala et al. 1988). Although North American grasslands have been subdivided in 

various ways, most of the classifications distinguish at least six types: tall-grass prairie, mixed- 

grass prairie, short-grass prairie, desert grassland, California grasslands and Palouse prairie. 

The east-west precipitation gradient o f central North America, along with the north-south

temperature gradient give rise to diversity in soils (Sims and Risser 2000), which subsequently 

supports different plant communities.
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North American grasslands are rich in biodiversity and are home to threatened species, such as 

sage grouse (Oreoscoptes montanus), henslow's sparrow (Ammodramus henslowii), mountain 

plover (Charadrius montanus), and lark bunting (Calamospiza melanocorys) (Ricketts et al. 

1999; White et al. 2000; PCAP 2003). However, urbanization, change in fire regimes and 

grazing patterns (such as livestock ranching), conversion to  crop fields, and invasion o f woody 

and exotic species have all been implicated in the loss, fragmentation, and degradation of 

native grasslands, and loss of biodiversity (Davis 2004; Brennan and Kuvlesky 2005). Due to  the 

fertile soils of the prairies, European settlers in the Great Plains region saw a great potential for 

agriculture, which resulted in conversion o f prairies to farmlands (Riebsame 1990). Besides 

acting as a food source, the native grasslands also offered means of providing shelter for 

settlers, such as sod houses (Gauthier and Wiken 2003).

Policies such as the Homestead Act o f 1862 (U.S.), the Dominion Lands Act passed in 1872 

(Canada) and the Crowsnest Pass Act passed in 1897 (Canada) were mainly formed to support 

cultivation, which was also seen as a means to  attract people to  the region (Merchant 2005). 

The Crowsnest Pass Act allowed for subsidized freight rates to farmers for the transportation o f 

grain, thus initiating settlement and development of agriculture in the region (PCAP 2003). The 

government also made certain provisions in the federal and provincial legislation that ensured 

that the settlers used the land only for cultivation purposes. If a settler used his land for any 

other purpose, such as pasture, his homestead rights were revoked or land taxes increased, as a 

result of violation of the provision prohibiting land to  go wild (Merchant 2005). From 1979 to 

1981, approximately 21,000 km2 of grasslands were converted to cultivated land in the central 

and northern Plains, with grain production receiving increased government support until the



1990s (Riebsame 1990). Construction o f the Canadian Pacific Railway (CPR) also played a 

leading role in defining the pattern of development in the prairies. Towns emerged along the 

railway line as collection points fo r grain and livestock exports and as distribution points for 

incoming supplies. All this led to  further development of settlements and conversion o f native 

grasslands into croplands.

In short, the implementation o f concepts o f private ownership o f land, big consolidated farms, 

resource development (agriculture), economic development, and government policies resulted 

in substantial changes to  grassland areas including habitat destruction for different species. All 

this might indicate development in terms o f agriculture or economic production, since 

grasslands are known for their significance in terms o f world grain production (Burke et al. 

1989), nonetheless one also needs to consider sustainability fo r the protection o f biodiversity 

(Hobbs 1996; Vermeire eta l. 2004).

Biodiversity is defined as the “ ...variety o f life on earth a t all levels, from  genes to worldwide 

populations o f the same species; from  communities o f species sharing the same small area o f 

habitat to worldwide ecosystems" (Secretariat o f the Convention on Biological Diversity, 

Netherlands Commission for Environmental Assessment 2006). Some view biodiversity simply 

as a means for providing a product or a service (Callicott 1995), while others view nature as 

innately valuable and place the value of human beings as equal to that o f all other species on 

the planet (Callicott 1995; Van de Veer and Pierce 1998). Despite the contradiction in the point 

o f view (intrinsic or anthropocentric), maintaining biodiversity is crucial both in terms o f 

aesthetic and cultural value, as well as for a variety o f reasons including economic, recreational
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and medicinal (Rolston 1994; Sieg et al. 1999). In grasslands, biodiversity allows the ecosystem 

to perform a variety of ecological services beyond the production o f food and feed, including 

the recycling of nutrients, filtering non-point source pollution generated from activities such as 

farming, grazing and development, and sequestering atmospheric carbon (Shogren and Crocker 

1995). Studies also show that species-rich, diverse grasslands allow for the production o f high 

quality, animal products such as beef and milk (Smit eta l. 2008; Fraser eta l. 2009).

Grazing can promote the biodiversity o f grassland ecosystems by changing the vegetation 

structure and height (Knapp et al. 1999; Truett et al. 2001). This is critical for numerous 

grassland birds and animal species that prefer specific sward structure for nesting, feeding and 

protection against predators. Previous studies have also shown that diverse mixtures o f prairie 

plants produce more biomass and sequester more carbon compared to monocultures (Tilman 

et al. 2006). Therefore, for proper management o f grassland ecosystems, it is essential to  have 

an understanding of the factors affecting the biodiversity within the grasslands.

Despite covering lesser area compared to  Eurasian grasslands, the Great Plains region in North 

America is unique in terms o f political, topographical and climatic complexity (Lauenroth et al.

1999). For example, the Great Plains region crosses only one international boundary, between 

U.S. and Canada, compared to  the Eurasian grassland ecoregion (stretching 9,000 km from 

Slovakia and Hungary on the west to  China and Mongolia on the east) which crosses several 

international boundaries. The latter situation adds tremendous complexity to  management, 

compounding the impact o f human activities. Due to similarity in language and research 

applications, as well as availability o f data from both U.S. and Canada, the political complexity
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caused by human activities in terms o f management of grasslands is quite low compared to 

Eurasian grasslands. Furthermore, the central North American grassland region has relatively 

little topographic variation compared to Eurasian grasslands, resulting in smoother gradients in 

climatic driving variables across the whole region (Lauenroth et al. 1999). As a result o f these 

unique characteristics, the North American grasslands region is a major source o f much o f the 

world's knowledge about grasslands.

2.1.1 Grasslands in Saskatchewan

Alberta, Saskatchewan and Manitoba are known as the Prairie Provinces in Canada and cover 

16% of the North American Great Plains region (Gauthier and Wiken 2003). Figure 2.2 shows 

the distribution of different eco-regions within the prairie region of Canada. Out o f the three 

provinces, Saskatchewan includes the largest percentage of prairies in Canada, followed by 

Alberta.
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Figure 2.2: (A): Ecozones of South-Central Canada illustrating the spatial significance of the Prairies (Source: Vaisey and 
Strankman 1999). (B): Distribution of grasslands in Prairie ecozone of Canada (Source: Gauthier and Wiken 2003). (C): Grasslands 
in Saskatchewan, showing the location of Grasslands National Park (Source: Gauthier and Wiken 2003).
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Grasslands constitute about 24.4% of Saskatchewan's land area (Gauthier and Wiken 2003). 

Though they have long been manipulated, converted to other uses such as agriculture or 

degraded following European settlement during the 1800s, grasslands still support a large 

number o f Saskatchewan's threatened and endangered animals (such as the black-tailed prairie 

dog (Cynomys ludovicianus), swift fox (Vulpes velox), prairie rattlesnake (Crotalus viridis) and 

eastern yellow-bellied racer (Coluber constrictor flaviventris)), birds (such as the Ferruginous 

hawk (Buteo regalis) and Piping Plover (Charadrius melodus circumcinctus)) and plants (such as 

Buffalograss (Buchloe dactyloides) and Hairy Prairie-clover (Dalea villosa var. Villosa)). Today, 

most of the remaining contiguous native grasslands found in mixed and moist mixed grassland 

eco-regions are under conservation or are protected areas because o f the ir biodiversity and 

importance as habitat for rare and endangered species (Gauthier and Wiken 2003).

Grasslands National Park and the Cypress Hills in southwest Saskatchewan are conservation 

areas for native mixed grasslands. Agriculture is the dominant land use in the mixed grassland 

eco-region, with cereal cultivation being the main agricultural land use, followed by rangeland 

grazing (Padbury et al. 2002). In general, all of the public and private native grasslands are 

grazed by domestic livestock. Most of the federal and provincial community pastures in 

Saskatchewan practice conventional grazing which refers to  grazing through a full growing 

season (June to October) of moderate intensity (50% utilization) (Adams et al. 2004). Spatio- 

temporal variations in land-use (agriculture, mining, forestry products and ranching) have been 

mainly driven by factors such as economic gains, governmental policies and weather cycles 

(Gauthier and Wiken 2003).
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2.1.2 Grasslands National Park, Saskatchewan

Grasslands National Park was established in 1988 near the Saskatchewan-Montana border to 

preserve a representative portion of the remaining native northern mixed grass prairie 

ecosystem. Land acquisition for the park started in 1984, before the park establishment, and is 

still underway. The park is comprised of tw o areas, referred to as the East Block and the West 

Block, o f relatively undisturbed mixed grass prairie.

The park currently occupies an approximate area of 906.5 km2 near the northern edge o f the 

Great Plains region of North America. The West Block is based in the Frenchman River Valley, 

while the East Block features the Killdeer badlands o f the Rock Creek area and is also 

representative of the Wood Mountain uplands (Parks Canada 2002). The climate here is dry 

sub-humid to  semi-arid and has long cold winters and short hot and dry summers (Davidson 

2002).

During the summer, average temperatures range between 20 and low 30s °C. The mean annual 

precipitation is approximately 350 mm, with the potential annual evapo-transpiration being 

approximately 347 mm (Kottek et al. 2006). Approximately one-third o f this total annual 

precipitation falls as snow during winter, whereas the rest o f it falls as rain, mostly during the 

summer. Winds are strong and frequent, particularly in spring (Coupland 1991). The climatic 

conditions produce an environment that supports a unique flora and fauna, including rare plant 

species such as dwarf fleabane (Conyza ramosissima), Bessey's locoweed (Oxytropis besseyi) 

squirrel tail grass (Hordeum jubatum) and Canada's only black-tailed prairie dogs (Cynomys 

ludovicianus). Sage, clubmoss (Selaginella densa), lichens and cacti (Cactaceae) also form a
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significant part of the plant community in the drier locations. The park also supports pronghorn 

antelope, mule deer, elk, coyotes and numerous small mammals such as white-tailed jackrabbit 

(Lepus townsendii) and the Richardson's ground squirrel {Urocitellus richardsonii). It is also 

home to various species o f birds (sage grouse (Centrocercus urophasianus urophasianus), 

prairie falcon (Falco mexicanus) and Sprague's pipits (Anthus spragueii)), reptiles and 

amphibians such as short-horned lizard (Phrynosoma hernandesi) and prairie rattlesnakes 

(Crotalus viridis) (Parks Canada 2002).

Until recently, grazing by large herbivores has been excluded from the Grasslands National 

Park, since Parks Canada started acquisition of land in 1984. Historically, bison were principal 

grazers in the North American grasslands, providing sustenance to First nations and Metis 

people, and staple food for early explorers, fur traders and European settlers (Boyd 2003). 

However, by the late 1800's most of the bison were decimated to near extinction (Isenberg

2000). Since grassland ecosystems were regulated by disturbances such as frequent and 

extensive fires and intensive grazing by bison, to maintain high species diversity in the 

remaining grassland areas, disturbances must now be provided through active management 

(Bock et al. 1993; McCanny et al. 1996; Sutter 1997; Vermeire et al. 2004).

In 2001, Parks Canada included reintroduction o f bison in its management plan as a key action 

for emulating a pre-settlement grazing regime within the park, as well as for restoring the 

park's ecological integrity. In December 2005, Parks Canada re-introduced Plains bison (Bison 

bison) in the West Block o f the Grasslands National Park (Parks Canada 2009, Figure 2.3).
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Figure 2.3 Grasslands National Park (GNP), Saskatchewan with both West and East Blocks 
(Source: Henderson (2006))

Initially Plains bison were released in a 16.2 ha holding facility to  ensure the ir adaptability to 

new surroundings. Later, in 2006 they were released into the largest parcel (181 km2) o f the 

West block due to  the block's size, availability of a natural water source and easy accessibility 

for park visitors (shown in green, Figure 2.3).

Grazing affects important habitat components such as grass height and the amount o f litter

(Hobbs 1996 and Truett 2003). Therefore, to  maintain the full range o f habitats required by the

native vertebrates and invertebrates, a range o f plant heights and litte r is required. To

determine impacts o f before and after (BACI design) grazing on heterogeneity in the multi-scale

structure and function of mixed-grass prairie communities, Parks Canada initiated a biodiversity

and grazing experiment (BGE) (shown in yellow, Figure 2.3) in 2006 in the East Block o f GNP.

The experimental area occupies 26.5 km2 in the East Block w ith  a total o f 9 pastures, and four
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additional pastures in the adjacent Mankota Community Pasture. The experimental area 

except Mankota community pasture was not grazed from 1992 to May 2008. More details on 

this experiment are explained in section 3.1.

2.2 Dominant factors affecting the formation and maintenance of grasslands in North 
America

As explained in Chapter 1, heterogeneity is complexity and/or variability o f a system property, 

both in space and time due to natural (climate) and/or adverse management factors (grazing 

and land-use change) (Dutilleul and Legendre 1993; Li and Reynolds 1995). Sections 2.2.1 -

2.2.5 outline the dominant factors affecting spatial heterogeneity in grassland ecosystems.

2.21 Climate

The climate of North America is extremely diverse and is affected by two geographical features:

the western Cordillera, which is a series o f north-south mountain ranges, and the Interior plains

to the east. The former constitutes a major obstacle to  the westerly and trade winds, while the

latter provides an uninterrupted path for the flow of arctic and tropical air masses. The air

mass approaching from the west over the Pacific Ocean is saturated w ith moisture when it

reaches the North American continent. While moving inland, this air mass is obstructed by

coastal mountain ranges followed by other successive tiers o f mountains ending with the Rocky

Mountains on the eastern extreme o f the cordillera. During the journey eastward, some of the

air masses are forced to move up and over the mountains resulting in precipitation on the

windward side. Thus the west-facing windward slopes support the majority o f the forests of

the mountain ranges of western North America (Joern and Keeler 1995; Lauenroth et al. 1999).

Following precipitation, this cool air descends down on the leeward side o f the mountain and
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reabsorbs or picks up surface moisture. This result in dry conditions on the leeward side of 

mountains in an area called the rain shadow. This is where the grasslands are found.

The second geographical feature is the broad, fla t Interior plain that extends from the 

mountainous west across the central part o f the continent. As this plain allows for 

unobstructed movement o f the arctic and tropical air masses into the central region, variability 

in summer weather conditions is created with most o f the rainfall occurring in convective 

thunderstorms (Joern and Keeler 1995). For example, proportion o f mean annual precipitation 

that is received during summer time ranges between 30% and > 50% (Lauenroth et al. 1999).

Mean annual rainfall across the Great Plains grasslands ranges from 250 mm to  1000 mm with 

two-thirds o f that occurring during the summer growing season, generally from April through 

September (Joern and Keeler 1995). Precipitation is the main limiting factor in terms o f primary 

production in both arid and semi-arid zones (Noy-Meir 1973; Yang et al. 1998; Lauenroth et al. 

1999). As a result succulents, shrubs and grasses can co-exist in semi-arid regions as these 

groups o f species w ith different rooting depths use water stored in different soil layers. 

Shallow rooted succulents utilize the water from the uppermost soil layers, whereas grasses, 

generally w ith longer and finer roots, utilize water from deeper soil layers (Golluscio 1998).

Temperature is another important factor that explains the distribution o f various types o f 

grasslands. It plays an important role in determining the types of photosynthesis. The general 

temperature gradient dominating North America increases from northwest to  southeast and 

generally affects the geographic distribution of plants (Joern and Keeler 1995). Cool-season 

grasses using the C3 photosynthetic pathway are more efficient at photosynthesizing in cool
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temperatures, which explains their dominance in northern regions. Conversely, warm-season 

(C4 photosynthesis) species are more dominant in warmer, southern regions because of their 

photosynthetic efficiency in warmer climates (Aber and Melillo 1991).

To summarize, two great climatic gradients characterize the plains: a south-to-north decrease 

in mean temperatures and an east-to-west decrease in precipitation. These are fundamental in 

determining the different types o f grasslands. Therefore, any change in climate may impact the 

structure and distribution of different grass species, nutrient cycling and plant productivity.

2.2.2 Water and Nutrient Availability

Water drives the composition and productivity o f grasslands particularly in arid and semi-arid 

regions. It is required in much greater quantities than nutrients because nutrients allocated to 

the production o f a given tissue tend to remain in that tissue until it is shed as litter (Aber and 

Melillo 1991). In contrast, water is continuously lost to the atmosphere through the process of 

transpiration. In most terrestrial ecosystems, the only major storage for water is in the soil 

where it is generally stored in the macro- and micro-pores o f the soil structure. The macro

pores in general control a soil's permeability and aeration where water movement is generally 

accomplished due to gravitational forces. On the other hand, micro-pores are responsible for a 

soil's water holding capacity, where water movement is by capillary action to  plant roots. 

Precipitation and soil water holding capacity are the two abiotic factors that determine the 

total amount and seasonal pattern o f water availability fo r plants to  carry out different 

functions. Soil moisture accumulation in the plant root zone influences the plant root growth, 

as well as ALB. This also determines how much water is available fo r transpiration during dry
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periods, which in turn impacts the water stress in plants (Kleidon and Heimann 1998). For 

example, when water availability in the soil is lower than the evaporative demand in the 

atmosphere, plants undergo water stress (Schulze et al. 1972). To deal w ith this, plants 

generally close their stomata to minimize further water loss through transpiration. As a result 

intake of carbon dioxide is cut o ff too, thus, slowing down the process of photosynthesis and 

subsequently affecting plant growth.

Water deficits in the soil can also lim it nutrient availability for plants as fewer nutrients are 

carried to the plants through the root system (Nye and Tinker 1977). Generally, plants require 

approximately fifteen elements for proper function and growth. These nutrients move 

cyclically, with uptake of water through the roots and transport to  different tissues for growth. 

After plants die, the nutrient rich litte r is acted upon by decomposers, which release nutrients 

back into the soil in an inorganic form through the process o f mineralization, which allows 

plants to absorb them again. Lack o f any one o f these nutrients can lim it the ability o f a plant 

to carry out certain functions, affecting plant growth, survival and reproduction. For example, a 

plant's acclimation to high irradiance and photoinhibition is particularly influenced by 

availability o f nitrogen. This is because lack o f nitrogen in a plant can slow the turnover o f 

proteins and thus the repair o f damaged plant cells (Henley et al. 1991).

A common plant response to nutrient limitations is to  increase the allocation of nutrients to 

roots and decrease the allocation of nutrients to leaves and stems (Porter and Nagel 2000). 

Root expansion enables the plant to find nutrients and water deeper in the soil column and 

capture nutrients necessary for continued leaf expansion. Over time, the amount o f leaf area
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per unit root mass is reduced compared to a plant o f the same total size given free access to 

nutrients. Different plants have different adaptations to  deal with the low-nutrient availability 

and water stress, such as leaf longevity, senescence, greater root mass and restriction of 

growth and reproductive activities (Aber and Melillo 1991).

In recent years, study o f soil water dynamics in grasslands has become more important because 

there is growing evidence suggesting increased annual variability of precipitation and a higher 

frequency of climatic extremes as a result o f global climate change (Lauenroth et al. 1999, Scott 

and Suffling 2000, Knapp et al. 2002). For example, Scott and Suffling (2000) suggested that 

prairie region parks are likely to be more susceptible to ecological shifts. In GNP, the climate 

change scenarios project increased temperatures year-round with less precipitation in summer 

and fall (Scott and Suffling 2000). This will also impact soil moisture and plant available water 

for growth, thereby affecting plant productivity and land-atmosphere interactions, which are of 

great importance in understanding the climate variability. Cunningham et al. (1979) found that 

enhanced soil moisture during the period o f active growth (growing season) increased the total 

above-ground production. This is because more resources were allocated to  vegetative growth 

as a result o f favourable moisture conditions. On the other hand, enhanced soil moisture 

during periods of little  or no plant growth (late fall and early winter) did not show any effect on 

the plant total above-ground production. This might be due to  plants' allocation o f resources 

towards accumulation of photosynthates to  be used in the production o f new vegetative and 

reproductive structure in the subsequent growing season.
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2.2.3 Fire

Grassland fire prevents bush encroachment, removes dead herbaceous material and recycles 

nutrients. W ithout fire, organic matter and litte r would accumulate which would increase soil 

moisture and lower soil temperature improving growing conditions suitable fo r increased shrub 

or tree growth. The timing, frequency and intensity of fires determines the effects o f these 

events on the functioning o f grassland ecosystems (White et al. 2000) w ith tall-grass prairies 

generally requiring fires at an interval of tw o to four years to  remain vigorous (Aber and Melillo 

1991).

Periodic fires also affect plant species composition, productivity and ecosystem nutrient cycling 

(Blair 1997). The cycling o f nitrogen is affected greatly by fire frequency, since volatilization of 

nitrogen during the combustion of aboveground biomass and detritus is the major pathway of 

nitrogen loss in tall-grass prairie ecosystems (Ojima et al. 1990). Therefore, the degree to 

which plant productivity is limited by nitrogen availability in these grasslands varies 

substantially w ith fire frequency.

In grasslands, above-ground productivity is generally increased in the post-fire environment, 

especially in the wet years, due to the alteration o f resource availability. Perennial grasses and 

forbs of prairie systems characteristically maintain large roots and rhizome systems from which 

leaves and stems reproduce following either fire or grazing (Aber and Melillo 1991). It has been 

found that many species such as purple needlegrass (Nassella pulchra) and bottlebrush 

squirreltail (Elymus elymoldes) show very large increases in flowering and seed production 

following fires (Glen-Lewin et al. 1990). Frequent burning o f grasslands in the spring season
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increases the dominance o f C4 grasses (warm season grasses) and reduces the abundance o f C3 

grasses (cool season species) (Steinauer and Collins 1996). This is because spring burning helps 

in removing canopies o f dominant competitors and reduces accumulated litte r fo r the growth 

of C4 species. Conversely, summer fires reduce the abundance o f warm season grasses by 

destroying the shoots during a time o f normally vigorous growth and increase the abundance of 

cool season species.

Fire also affects soil structure and nutrient availability. For example, nutrients bound in litter 

are released during fire and are deposited as ash on the soil surface. When rainfall follows a 

burn, these mobile nutrients move down through the soil profile and tend to displace hydrogen 

ions from exchange sites in the soil, thus increasing pH (Aber and Melillo 1991). Following fire 

events, soil temperatures increase due to  more solar energy being absorbed by the ash covered 

surface layer. Due to lower foliar biomass, as a result of the fire, evapotranspiration may 

decrease, resulting in higher water content in soils. When combined with high soil pH these 

factors tend to increase the microbial activity, resulting in more nutrient availability by 

increasing the rates o f mineralization o f the remaining soil organic matter. All these factors 

tend to increase plant production.

In terms o f grazing, the grasses in recently burned areas are more palatable and nutritionally 

valuable to  grazers because the burned areas have more nutrients that are released from the 

litter after the burn. A study conducted by Vermeire et al. (2004) in north-western Oklahoma 

on the Hal and Fern Cooper Wildlife Management Area found that the cattle were strongly 

attracted to burn sites, due to  high quality o f nutrients in the forage.
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Though fire is an important factor that helps maintain grasslands, it also has detrimental 

effects. It can destroy habitats for animals, insects and birds, leading to loss o f biodiversity. It 

also leads to the release of greenhouse gases, like carbon dioxide, into the atmosphere.

2.2.4 Introduction of exotic or non-native plant species

Introduction of exotic or non-native plant species in native grasslands can also lead to  changes 

in plant community spatial heterogeneity. Between 1930 and 1970, about 800,000 ha o f mixed 

grass prairie region in Canada was planted with Agropyron cristatum  (crested wheatgrass), an 

introduced plant species (Wilson and Gerry 1995). Soon it became the most successful and 

widely used forage grass in Western Canada due to  its drought and cold-resistant qualities, high 

productivity for forage and pasture, excellent palatability and nutritive qualities during spring 

and early summer (Rogler and Lorenz 1983). Despite its economic advantages, the introduction 

of the species meant replacement o f the complex natural prairie ecosystems with a 

homogeneous system. Since many animal and bird species prefer certain types of plants for 

forage, nesting and breeding, any change in the native plant communities will impact their 

habitat. This presents challenges to  species conservation. Introduced species also pose 

competition fo r native species. Native species must compete for a variety o f resources 

including nutrients, light, and plant available water for growth.

2.2.5 Grazing

Since grasslands developed under the influence of grazing and fire, the proposition seems 

reasonable that both grazing and fire is required to maintain it (Walter et al. 2002). Due to 

human expansion into grassland areas, natural grazing has undergone change over time. The
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introduction of wire fencing and replacement o f wild herbivores such as bison and 

domesticated cattle has resulted in more controlled grazing (Pieper 2005).

Although cattle and bison share many characteristics, there are some important differences in 

their grazing patterns and behaviour (Lauenroth et al. 1994). In general, both cattle and bison 

prefer to  graze in areas with proximity to water ( < 1 - 2  km) and lower slopes (less than 10 -  

20% slope gradients) (Pinchak et al. 1991; Fortin et al. 2003). This is because in such conditions 

grazers spend less time climbing hills and travelling between foraging patches and water 

sources. As a result, sites nearer to water and on gentler slopes are grazed more by cattle 

compared to sites with steep slopes and greater distance to  water sources (Bailey et al. 1996). 

Bison diets consist of up to  90% graminoids, while cattle diets consist o f 70% graminoids 

(Steinauer and Collins 1996). This selective grazing o f graminoids by bison and cattle releases 

forbs from competitive pressure and increases plant diversity.

Large herbivores select grazing sites that vary seasonally based on their dietary requirements, 

forage quality and distance from water, and this selective behaviour can alter the abundance of 

plant species because o f removal o f preferred plant species (Steuter et al. 1995; Vermeire et al. 

2004). Furthermore, consumption o f all or part o f a plant also affects plants according to  the 

part of the plant that is consumed (Gurevitch et al. 2002). For example, removal o f or damage 

to roots can reduce or prevent the plant's uptake o f water and mineral nutrients. This can 

increase the plant's vulnerability to strong winds (uprooting), flooding, or soil erosion. If the 

grazers consume only plant leaves, just the photosynthetic surface o f a plant is compromised, 

which may be more easily regenerated than if the plant's root system is damaged. The stage at
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which the plant is damaged by herbivores is also important. For example, grazing on grasses 

that have just begun flowering can critically affect their ability to  produce seeds, whereas 

similar grazing after plants have shed seeds may have less of an impact on plant population 

dynamics.

Grazers also supply fertilizer from their dung and discourage invasion by woody species of 

plants because they eat the young woody shoots. As herbivores eat forage with high nutrients, 

their excretory products are high in readily available nutrients (Steinauer and Collins 1996; 

Knapp et al. 1999; Truett et al. 2001). For example, bison urine patches increase local forage 

production, alter species composition and are more likely to be grazed than surrounding off- 

patch areas (Jaramillo and Detling 1992). These herbivores also transport nutrients across 

landscapes by differential rates of forage intake and excrement among various habitats 

(Steinauer and Collins 1996). Augustine and Frank (2001) compared soil and community 

characteristics at Yellowstone National Park, between ungrazed grasslands and grasslands 

grazed by large herbivores, such as elk, bison and pronghorn antelope. The results showed that 

species richness and diversity were greater in the grazed grasslands at a scale o f 20 x 20 cm.

Studies have shown that grazing both increases and decreases heterogeneity in vegetation, 

depending on the intensity o f grazing and level o f plant productivity (Cid et al. 1991; Bakker et 

al. 2006). For example, in mixed-grass prairie, grazing at moderate intensities generally 

appears to increase plant species diversity by reducing the competitive advantage of dominant 

species (Hartnett et al. 1997; Harrison et al. 2003). Grazing also creates vegetation structural 

patches in the landscape because grazers are able to  selectively forage on preferred species



(Hartnett et al. 1997). Through this behavioural mechanism, grazing promotes both vertical 

and horizontal heterogeneity in vegetation structure by reducing vegetation height, increasing 

basal cover o f grass and cover of some forbs, and decreasing woody species (such as shrubs) in 

grazed patches (Stohlgren et al. 1999). However, if grazing intensity is high, then grazing may 

also act to homogenize the vegetation structure (McIntyre et al. 2003).

Factors such as precipitation and grazing strongly influence the average height o f grasses in 

Great Plains region (Truett 2003). For example, grass height is directly correlated with 

precipitation and thus decline from east to west following the gradient o f declining moisture 

(Lauenroth et al. 1999). In contrast, grass height is inversely correlated with grazing intensity 

(Hobbs 1996), such that the more intense the grazing pressure, the shorter the grass species in 

grazed areas compared to  ungrazed sites. For example, frequent heavy grazing by cattle or 

bison can convert tallgrass prairie to  mixed grass or mixed grass to short grass (Hartnett et al. 

1996 and Gillen et al. 2000). Since most o f the mixed, short and tallgrass prairies have evolved 

under the influence of variable grazing intensity, most dominant grasses have natural low 

growth forms with average height differing by only a few inches between grazed and ungrazed 

areas (Milchunas et al. 1988; Walter et al. 2002).

Golluscio eta l. (2005) evaluated the impacts of grazing on the spatial heterogeneity in the plant 

biomass in Patagonian steppe. The results of the study showed higher internal heterogeneity 

(variability at a distance shorter than the minimum distance sampled) in the grazed sites 

compared to ungrazed sites. Hartnett et al. (1996) and Knapp et al. (1999) in their study of 

tallgrass prairie in Kansas found that selective grazing o f big bluestem (Andropogon gerardii),
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Indiangrass (Sorghastrum nutans) and other tall grasses by bison increased mid-size grasses, 

such as sideoats grama (Bouteloua curtipendula) and western wheatgrass (Agropyron smithii). 

Furthermore, grazing also increases the species richness. This is because grazing and trampling 

disturbs both the soil and plant canopy, thus encouraging the invasion o f early successional 

forbs (Hartnett et al. 1996; Knapp et al. 1999). Additionally, grazing indirectly increases the 

amount o f bare ground because of the associated trampling o f vegetation and deposition of 

animal waste by grazers (Hartnett et al. 1997).

Some studies also suggest that grazing disturbance is necessary to maintain the ecological 

integrity in the grassland ecosystem (McCanny et al. 1996; Sutter 1997; Vermeire et al. 2004). 

Parks Canada (2002) reported five times more active Richardson's ground squirrel holes in 

grazed lands compared with ungrazed parkland. Since these ground squirrels are prey for 

endangered species such as ferruginous hawks, their presence is particularly important in 

maintaining the hawk species, which is a species o f special concern w ithin the parkland. 

Additionally, their burrows are also important in developing habitat and providing food for 

endangered species such as swift fox and burrowing owls (Speotyto cunicularia); since 

burrowing owls cannot dig burrows, they use abandoned burrows o f Richardson's ground 

squirrels for nesting, while swift foxes prey on ground squirrels for food. Similarly, Klute et al. 

(1997) found that avian diversity was higher in moderately grazed pastures than in ungrazed 

Conservation Reserve Program fields.

Grazing can also alter the soil microclimate (temperature and moisture). For example grazing 

activity increases the radiant energy reaching the soil, leading to higher soil temperatures.
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Additionally, grazing activity also reduces the transpirational surface area o f the vegetation 

which reduces the rate of soil moisture loss (McNaughton 1985; Seastedt et al. 1988). Since soil 

carbon turnover rates are a function o f a soil's microclimate, physical, chemical (texture, pH, 

bulk density) and biological (microbial biomass, composition and diversity) properties (Epstein 

et al. 2002), any change in soil properties as a result o f grazing can affect the carbon cycling in 

grassland ecosystems.

Trampling by grazers can cause soil compaction (i.e. change in soil pore-size distribution) thus 

leading to  alteration in soil hydraulic and mechanical properties (Greenwood et al. 1997; 

Richard et al. 2001; Pietola et al. 2005; Krummelbein et al. 2009). For example, a compact soil 

leads to lower moisture holding capacity and restricts plant root growth due to less total pore 

space and in particular, a reduced proportion o f macropores (Kristoffersen and Riley 2005). 

Rhoades et al. (2003) and Kristoffersen and Riley (2005) examined the effects o f soil 

compaction on plant growth and found that soil compaction affects plant growth, mainly 

through restricting root expansion and extension to depths o f soil that could sustain plants 

during common short-term droughts.

In short, grazing affects biodiversity and also leads to landscape heterogeneity by creating a 

mosaic o f vegetation and soil microclimates through differential grazing patterns (light to 

heavy) and preference, urine deposition and trampling within grasslands (Knapp et al. 1999; 

Truett et al. 2001). Therefore, it is useful to have an understanding o f how much grazing is 

good for the sustainable management o f an ecosystem and the biodiversity within.
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3.0 Methodology

3.1 Study Area

The research was carried out in the East Block of GNP of Canada (Latitude: 49° 10' N, 

Longitude: 107° 25' W, Elevation: 800 m) and the adjacent Mankota community pasture 

(government-owned and -managed land used for communal grazing by local ranchers) 

located in southern Saskatchewan.

The East Block o f the GNP has been ungrazed since its acquisition (Figure 3.1). The study 

area mainly consists of open, rolling upland prairie interspersed with riparian lowland and 

creeks. The vegetation is mainly characterized as northern mixed-grass prairie. Based on 

the vegetation survey conducted by Parks Canada (2005) common grasses within the block 

includes needlegrasses (Stipa spp.), blue grama (Bouteloua gracilis), western wheatgrass 

(Pascopyrum smithii), northern wheatgrass (Elymus lanceolatus), and bluegrasses (Poa spp.). 

Salt grass (Distichlis sricta), sedges and reeds are more common in the lowland areas. In 

addition to  short to medium grass species, the block also has forbs and shrubs which are 

scattered across the landscape. Sagebrush {Artemisia carta) is the most common shrub in 

upland areas; whereas Western snowberry {Symphoricarpos occidentalis) and greasewood 

(Sarcobatus vermiculatus) are more commonly found in lowland areas. There has been 

minimal invasion o f exotic species such as crested wheatgrass, Agropyron cristatum, alfalfa, 

Medicago sativa, and leafy spurge, Euphorbia esula in the East Block (Bleho 2009).
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Figure 3.1: (A): Location of the Great Plains region and GNP in North America, (Parks Canada 2002). 
(B): Location of GNP and Mankota community pasture in Saskatchewan. (C): Location of research 
sites in the East Block, GNP (PI, P5, P9 = ungrazed pastures; P2 = 20% grazing intensity (Gl), P6 =
33% Gl; P7 = 45% Gl; P3 = 57% Gl, P4 and P8 = 70% Gl) and Mankota community pasture (P10 to P13 
with 50% grazing intensity). DEM source (Stafford 2002).
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Cattle grazing w ith variable intensities were initiated in the East Block o f GNP during June 

2008 as a part o f the biodiversity and grazing experiment (BGE) that started in 2006. In 

total, nine ~300 ha pastures (PI to  P9) w ith variable grazing intensities (0% ungrazed; 20% 

very light grazing intensity; 33% light grazing intensity; 45 -  50% low moderate grazing 

intensity; 57% high moderate grazing intensity and 70% heavy grazing intensity) were 

established in the experimental area (Figure 3.2). Grazing intensity in this study refers to 

the cumulative effect grazing animals have on the land during a particular time period, 

expressed as percent utilization. Here percent utilization is the percentage o f the current 

year's primary production consumed or destroyed by livestock (Holechek et al. 2001). 

Yearling steers were introduced to six o f the experimental pastures: 2, 3, 4, 6, 7 and 8. 

Pastures 1, 5 and 9 were ungrazed sites.

All the pastures were similar in shape and size, as well as proportion o f lowland, riparian 

and upland habitats; location o f water source and plant communities (Koper et al. 2008). 

All the East Block pastures contained several relatively large, permanent creeks, while most 

of the creeks in the Mankota grazed pastures were small and ephemeral. Additionally, to 

be consistent with the regional pasture management, all the experimental pastures also 

included an anthropogenic water source placed in the lowland areas. To restrict cattle 

movement between pastures, the experimental pastures were wire fenced (Figure 3.3B).
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Grass areas 1 1 Areas w ith no grass (bare or other vegetation)

Note: Pasture outline colors refer to  respective grazing 

intensity (Gl) within that pasture. Light pink = ungrazed 

pastures; orange = very light to light Gl (20 -  33%); blue 

= low moderate Gl (45 -  50%) and high moderate Gl 
(57%); dark pink = heavy Gl (70%).
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(DC = Disturbed Communities; EC = Eroded Communities; SC = Shrub communities; SG = Sloped 
Grasslands; TC = Treed Communities; UG = Upland Grasslands; and VG = Valley Grasslands)

Figure 3.2: Location of experimental pastures in the East Block, GNP and Mankota community 
pasture (Source: Fargey 2004) (A) with vegetation classification for the East Block, experimental 
pastures (B) (Source: Michalsky and Ellis 1994; Parks Canada 2005).
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(B)
Figure 3.3 (A) Biodiversity and grazing experiment photographs for East Block, GNP. Cattle grazing in 
pasture 3 of East Block, GNP during June 2008. (B) Wire fence between pasture 8 (grazed) and 9 
(ungrazed).

The Mankota community pasture is adjacent to the East Block o f GNP. The community 

pasture is owned by the provincial government and is conventionally grazed annually 

following a season-long (June to October) grazing system. In a community pasture, patrons 

apply to bring their cattle in and are charged for the services such as grazing and breeding 

provided on the pastures. The annual stocking rates on the respective pasture is

41



established based on factors such as levels o f subsoil moisture, water supplies, forage carry

over, range health and vigour (Mastad, M. 2010, personal communication).

As part o f the BGE, controlled grazing treatments were initiated in the Mankota community 

pasture in 2008 (P10,11,12 and 13; Figure 3.2). These pastures were grazed annually from 

June to October at low moderate grazing intensity (50%). Additionally, these experimental 

pastures were fenced, resulting in controlled grazing as compared to pre-existing free range 

grazing until 2008.

3.2 Field Data, Experimental Design and Methods

Due to the varying landscape from gently rolling hills to badlands in the park, three broad 

vegetation landscape units dominate the experimental area: riparian shrublands, upland 

grasslands and valley grasslands. The field work was conducted mainly within the upland 

grasslands dominated by speargrass (Stipa comata), northern wheatgrass (Elymus 

lanceolatus), blue grama (Bouteloua gracilis), June grass (Koeleria macrantha), western 

wheatgrass (Pascopyrum smithii), as well as forbs such as fringed sagebrush (Artemisia 

frigida), moss phlox (Phlox hoodii), scarlet globemallow (Sphaeralcea coccinea) and 

clubmoss (Selaginella densa) (Henderson 2006). Field measurements o f soil moisture and 

ALB were taken during May, June and August 2008 in the East Block. Descriptions of the 

experimental design, field data and data collection methods are provided below.
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3.2.1 Field Experimental design

Based on a visual survey o f pastures, 1, 6, 8 and 9 (two grazed, tw o ungrazed) were selected 

for experimental plot set-up (explained below) to  collect soil moisture and ALB data (Figure 

3.4).

Weather Stations Horse Creek

UM weather station 
(near Pasture 6)

CU weather station 
(in Pasture 9)

Wetherall Creek

0 1 2 4 6 8 10 12

Figure 3.4: (A) East Block, Biodiversity and grazing experiment area (shown in yellow) (Parks 
Canada 2002); (B) Location o f experimental plots (shown in purple) in Pasture 1, 6, 8 and 9 
and location o f tw o weather stations (UM and CU, approx. 4.2 km apart) in blue ovals.

Note: UM = University of Manitoba weather station and CU = Carleton University weather station. 
Source for East Block pastures, roads and DEM: Parks Canada 2008.
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To capture likely grazing patterns w ith respect to proximity to  water, the experimental plots 

were positioned between Horse Creek and Wetherall Creek to include upslope (U), 

midslope (M), and downslope (D) positions. Three experimental plots, each 30 m x 30 m in 

size, were placed within the selected pastures (Figure 3.4 and Figure 3.5). The locations of 

the plots were identified using a handheld Global Positioning System (GPS) with a horizontal 

accuracy of 2 m and were flagged with a pasture and plot number, using the labelling 

convention P9U, P9M and P9D (for Pasture 9 upslope, midslope, and downslope, 

respectively). Please note that due to spatial constraints there were two midslope plots 

placed in pasture 6 and no downslope plot, therefore to avoid confusion, the plots were 

referred as P6M (pasture 6, midslope plot 1) and P6M-2 (pasture 6, midslope plot 2).

To examine the spatial variability in the vegetation between the experimental plots, long 

transects were also placed between the experimental plots. For example, a 180 m long 

transect was placed between P8U and P8M. The length of these long transects was 

dependent on the distance between the experimental plots.

Transect sampling following the method of Oliver and Webster (1986b) was used to  collect 

the data from each experimental plot. In total four transects (Transect A, B, C and D) were 

placed within each experimental plot, where each transect was 30 m long (Figure 3.5 and 

Table 3.1). Flags were used to demarcate both experimental plots and transects within the 

plots.

44



30m

(A): An example showing Pasture 6 experimental plots 
(30m x 30m) with transects placed inside and between 
the plots to capture the spatial variability in soil moisture 
and productivity.

30m TL=30m

TDTCTA TB

D=10m
(C)

Figure 3.5 Experimental Plot design for Soil Moisture Sampling and Productivity Measurements (Transect sampling). Example of Pasture 6 
plots showing transect location (A). Photograph showing transects within the plot (B). Experimental plot showing all four transects placed 
within the plot (C).
Note: TA = Transect A, TB = Transect B, TC = Transect C, TD = Transect D; D = distance between adjacent transects and TL = Transect length

45



Table 3.1 Summary o f number o f experimental plots each pasture and total number of 
measurements taken per plot

Pasture
Number

No. of Plots 
within each 
pasture

No. of Transects 
within each 
experimental 
plot

Total no. of 
measurements 
(SM and ALB) 
per plot

No. of Transects 
between 

experimental plots

Total no. of 
measurements 
(SM and ALB)

P I 3 4 124 0 0
P6 3 4 124 2 (90 m and 120 m) 210
P8 3 4 124 1 (180 m) 180
P9 3 4 124 1 (120 m) 120

Soil moisture and non-destructive ALB measurements were taken every meter from 0 m to  30 

m for each transect within and between the experimental plots. The rationale behind the 

distance between two samples was to capture the local variability o f both soil moisture and ALB 

(details of measurements follow). Equally important, however, the experimental plots were a 

reasonable size to  be able to feasibly sample the pastures during the time frame of the study.

3.2.2 Soil Moisture: methods and data

A variety of destructive or non-destructive methodologies including gravimetric and 

electromagnetic (time-domain reflectometry, TDR) techniques exist to  measure soil water 

content, with some being more accurate and better accepted than others (Gardner 1965; Topp 

et al. 1980; Zazueta and Xin 1994; Wilson et al. 2003; Rahman 2005; Carlyle 2006). As each 

method has its own advantages and disadvantages, one should be careful in selecting the 

appropriate method based on the objectives o f the study. In addition, to  the methodology 

selected for use when conducting a research, one must also develop the site specific calibration 

curves (Weber and Gokhale 2011).

In this research both destructive (gravimetric) and non-destructive (time-domain reflectometry) 

methods were used to measure the soil moisture in the field. In the gravimetric technique the
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soil water content was measured through the difference in mass between a wet (field 

condition) sample and an oven dried sample. In comparison, the TDR method is a common 

electromagnetic method which measures the bulk dielectric constant o f the soil by measuring 

the tim e it takes an electromagnetic pulse (wave) to  propagate down and back up the insertion 

rods, when inserted in the sampling medium (Noborio 2001).

As the research permit limited how many destructive samples could be taken from the study 

area soil moisture measurements were taken using CS-620 Handheld Hydrosense moisture 

probes with a rod diameter o f 5 mm and 32 mm of spacing between the probe rods (Campbell 

Scientific Incorporation 2001). Additionally, part o f the research objective was to  see the 

temporal variability in the soil moisture between and among the pastures. Therefore, CS-620 

Handheld Hydrosense moisture probes were used which suited the sampling design, instead o f 

gravimetric technique which does not allow repeat sampling at exactly the same location and is 

time consuming. Table A l . l  in Appendix 1 shows the date o f soil moisture data acquisition 

from field plots along with averaged weather conditions at the time of data acquisition.

The probes estimate volumetric water content (VWC) integrated from 0 to  12 cm depth or 0 to  

20 cm depth. The deeper placements (0 to 20 cm depth) were not possible in all plots across 

the study area due to stony soils; therefore soil moisture was measured at the 12 cm depth 

only. CS-620 probe rods are pushed into the ground and the probe generates high frequency 

electromagnetic energy to polarize water molecules, and it measures the dielectric perm ittivity 

to  estimate volumetric water content (VWC, in %). VWC is the total amount o f water held in a 

given soil volume at a given time and includes all water that may be present including
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gravitational, available and unavailable water. The VWC is displayed on the attached display 

unit w ith an accuracy of +/* 3 0% with electrical conductivity of 2 dS m'1. Three readings per 

point were taken and averaged to smooth instrument error caused by factors such as high 

salinity, stoniness or soil organic matter.

Sample sites with extremely rocky soil even at 12 cm depth were excluded from the analysis 

because probes could not be inserted properly. Soil moisture probe calibration was 

accomplished with simultaneous gravimetric and probe samples. In total, th irty  soil samples (6 

samples each from experimental pasture P6 and P9; and 9 samples each from pasture P I and 

P8) at 12 cm depth over 4 different days were collected for probe calibration purposes. After 

taking 10 VWC measurements using the handheld hydrosense probe at the 12 cm depth, a soil 

corer was used to  collect a soil sample (0 -  12 cm depth) at the same location. Once each 

sample was collected, it was placed in a small tin  can, labelled and then sealed using electrical 

tape to retain the moisture. The samples were transported back to the research facility, where 

they were processed within 24 hrs o f collection. The soil samples were weighed with the cans 

and then the weight o f the can was subtracted to get the actual weight o f the soil. Once 

weighed, the samples were dried in the oven at 105°C fo r 24 hrs or until a constant weight was 

recorded (c.f. Rode 1969). Using these data, soil bulk density (g cm'3), water volume (ml) and 

volumetric water content (VWC m3 water/ m3 soil) were determined. VWC was regressed 

against raw probe output values to derive a line of best fit and a linear calibration function (R2 = 

0.64, p < 0.05). Percent VWC was determined by multiplying the calibrated VWC by 100. All 

soil moisture values are expressed as VWC (%).
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3.2.3 Above-ground live plant Biomass: methods and data

Both destructive and non-destructive methods exist fo r the estimation o f ALB (Sala and Austin 

2000). In general, vegetation clipping used to  estimate plant productivity is destructive and 

time-consuming (for example, sorting live from dead biomass). Additionally, destructive 

sampling can be problematic for field studies conducted in conserved or managed areas where 

destructive sampling is undesirable to  minimize environmental disturbance. In such cases, non

destructive measurement techniques are preferred (Davidson 2002). Depending on the 

objective and scale o f the research, both ground-based radiometers and satellite imagery have 

been widely utilized within grassland research to  estimate plant biophysical parameters such as 

above-ground live biomass (Davidson and Csillag 2001; Moreau et al. 2003; Flombaum and Sala 

2007; Miles 2009; Xie et al. 2009). For example, above-ground biomass is estimated using the 

vegetation indices by establishing an empirical relationship between the destructively 

measured biomass and the transformations o f two or more remotely sensed spectral bands.

Vegetation indices are defined as "dimensionless, radiometric measures that function as

indicators o f relative abundance and activity o f green vegetation, often including leaf area index

(LAI), percent green cover, chlorophyll content, green biomass and absorbed photosynthetically

active radiation (APAR)" (Jensen 2000). Over 40 different vegetation indices have been in use

in the field of remote sensing applications, to qualitatively and quantitatively evaluate the

percent vegetation ground cover (Bannari et al. 1995; Huete et al. 2002). Normalized

difference vegetation index (NDVI) is one o f the most widely used vegetation indices to assess

vegetation phenology and estimate landscape patterns of primary productivity (Goward et al.

1985; Turner et al. 1992; Wylie et al. 1996; Yang et al. 1998; Davidson and Csillag 2001; Shen et
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al. 2008). Davidson and Csillag (2001) examined the relationship between various spectral 

vegetation indices such as NDVI, Ratio Vegetation Index (RVI), Enhanced Vegetation index, 

(EVI), Renormalized Difference Vegetation Index (RDVI) and Soil Adjusted Vegetation Index 

(SAVI) and ALB in GNP, Saskatchewan and found that all the vegetation indices produced similar 

results. Flynn et al. (2008) concluded that the spatial variability o f biomass in pastures and 

hayfields can be determined accurately using the NDVI measured from a ground-based sensor.

For this research, NDVI (Equation 3.1) as developed by Rouse e ta l. (1974) was used as it is easy 

to calculate and interpret, compared to other vegetation indices such as SAVI, atmosphere 

resistance vegetation index (ARVI) and EVI. Furthermore, NDVI, which is the most widely used 

index, compensates for varying view-angle illumination across a scene and topographic 

brightness variations in comparison to a simple vegetation index of Near-infra red (NIR) /  Red 

(R) (Lillesand and Kiefer 2000). It is able to separate green vegetation from other surfaces 

because the chlorophyll of green vegetation absorbs red light fo r photosynthesis and reflects 

the NIR wavelengths due to  the scattering caused by the internal structure o f the leaf (Wilson 

and Sader 2002). As vegetation cover increases, NIR reflectance increases while R reflectance 

decreases, producing an enhanced difference in the numerator of the index. NDVI is highly 

correlated with vegetation parameters such as green leaf biomass and green leaf area (Tucker 

et al. 1981 and Roy 1993).

. . . . . . .  N IR -Red _ _
NDVI =  ■■■.. Equation 3.1

NIR+Red M

where NIR is the reflected energy in the near-infrared wavelength (0.76 -  0.90 pm) and Red is 

the reflected energy in the red wavelength (0.63 -  0.69 pm). Theoretically, values for NDVI vary
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from -1 to +1, where negative values indicate non-vegetated areas such as water, soil, ice, 

snow, or clouds and positive values greater than zero indicate vegetated areas.

In this research, a CropScan MSR5 ground radiometer (CropScan Inc., USA) was used to  acquire 

the spectral data corresponding to  Landsat bands 1 to  5 every meter along the transects within 

an experimental plot at the same locations where soil moisture was measured. Table A1.2 in 

Appendix 1 shows the date of ALB data acquisition from field plots along w ith averaged 

weather conditions at the time o f data acquisition. The radiometer was mounted 1.5 m above 

the ground and had an instantaneous field o f view (IFOV) o f 28°, giving a spatial resolution of 

approximately 0.75 m on the ground at nadir. Corrections for sun angle, irradiance and 

temperature were performed directly by the radiometer's software, pre-calibrated by the 

manufacturer. Radiometric calibration was conducted w ith white standard reference card 

using the White Standard Up and Down method (CropScan 1994).

While taking reflected irradiation measurements along transects, care was taken not to include 

the measuring tape within the view o f the radiometer (Figure 3.6). All the radiometer readings 

were taken within 2 hours of local solar noon. Three radiometer readings per point were taken 

and averaged to smooth any instrument error. The final averaged measurements were used to  

calculate vegetation indices such as NDVI and EVI. Preliminary results showed high degree o f 

correlation between NDVI and EVI (R2 = 0.94, p < 0.05); therefore only NDVI was considered for 

further analysis. NDVI was converted to  ALB using the equation 3.2 obtained through the 

radiometer calibration on page 53.
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Figure 3.6 CropScan measurements in Pasture 9, upslope site (P9U) taken on May 16, 2008

Twelve additional biomass samples were collected fo r radiometer calibration purposes, at

random locations near the experimental sites after taking the radiometer readings. This limited

destructive sampling was done to ensure minimal disturbance to any sensitive natural or

cultural heritage features o f the park. Based on the criteria in the park research permit, the

plot size for the biomass clipping was 50 x 10 cm. After setting up the plot, all above-ground

vegetation was clipped using shears and stored in a sealed plastic bags. The vegetation was

transported back to  the research station and sorted within 36 hrs o f collection into the

following categories: grass, shrubs, forbs, litter and cryptogram {includes lichens, black algae

and Selaginella densa). After sorting, the vegetation samples were weighed and then placed in

paper bags and oven-dried at 60 °C for 24 hrs or until a constant weight was achieved. Dry

weights were measured at the end of each drying cycle and biomass (g m '2} was calculated by

dividing the dry weight (g) by sample plot area. These data were combined with similar but
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more extensive field data (vegetation type: grass, selaginella/lichen, forb/shrubs and juniper) 

collected by Davidson et al. (2006) and Miles (2009) to  derive the calibration equation 

(Equation 3.2) used in this study (R2= 0.61, p = 0.000, N = 130, Figure 3.7). The correlations and 

slopes o f this relationship did not change appreciably using different temporal subsets o f the 

data. Flynn et al. (2008) also found a significant correlation (R2 = 0.64) between the pasture 

biomass o f tall fescue and NDVI obtained from the proximal active sensor, GreenSeeker (RT- 

500) w ith a spatial resolution of < lm .

0.90 
_  0.80 
q  0.70 
% 0.60 
|  0.50
1 0.40
§  0.30
2  0.20 
iZ 0.10

0.00
0.00 200.00 400.00 600.00 800.00

Biomass (g rrr2)

Figure 3.7 Calibration curve for converting field measured NDVI to area biomass (g m 2)

Inverted for the purposes o f prediction, the regression equation fo r the above relationship is:

Biomass =  (5.9803) e(5873* FieldmeasuredNDVI) Equation 3.2

To conclude, each experimental plot was sampled at least once fo r ALB and 2 to  3 times for soil

moisture in the same month. For example, fo r pasture 6 plots, soil moisture data was collected

on 17 May 2008 and 22 May 2008, whereas ALB data was collected only on 17 May 2008. The

same strategy was used to collect data from other plots. Weather was a critical factor in terms

of collection o f biomass data. Due to  highly variable conditions in summer 2008, at times it was

not feasible to collect reflected radiation measurements using the radiometer along with the
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soil moisture data. However, sampling was carried out during the entire growing season (May, 

June and August 2008, excluding July) thereby allowing temporal variations in surface soil 

moisture conditions and changes in plant phenology to be adequately sampled.

3.2.4 Weather Data

Soil water content and plant productivity are affected by various factors, including weather 

(Parton et al. 1994; Neufeld 2008). To better understand the interaction between site specific 

weather conditions and soil water content; and site specific weather conditions and ALB, an 

AE50 HOBO Weather Station (Onset Computer Corporation 2007), called the CU weather 

station (Figure 3.8), was installed in pasture 9. Beginning 15 May 2008, the weather station 

measured and recorded the precipitation (mm), temperature (°C), photosynthetically active 

radiation (pE m'2 s'1), relative humidity (%), wind direction (<J)) and wind speed (km h"1) until 21 

August 2008. Five minute sample data was recorded to the on-board computer every 15 

minutes, which was converted into daily format at the end of the field season in 2008.

In addition, a pit was dug (depth 65 cm) at the same site, to  install soil moisture sensors (ECH20  

dielectric probes) at 5 different depths (5 cm, 10 cm, 0 - 20 cm, 26 cm and 50 cm) for 

continuous measurement of soil moisture data during the 2008 growing season (Figure 3.8B). 

One probe was inserted vertically into the soil to a depth of 4 -  6 cm and another at a depth of 

~20 cm, while four others were inserted at angles to  depth of 5, 10, 26 and 50 cm. The probe 

measured volumetric water content (VWC) (%) w ith an accuracy o f+/- 0.041 m3 m'3.
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Figure 3.8: AE50 HOBO Weatherstation (Onset Computer Corporation 2007) in pasture 9, East Block (A). 
65cm pit for ECH20 dielectric probes near weather station (B).

A second weather station was also installed by University o f Manitoba researchers conducting 

research in the area, referred to  here as UM weather station (see Figure 3.4). This weather 

station was installed near pasture 6 to measure precipitation (mm), temperature (°C), wind 

direction (c|>) and wind speed (m s'1). Data were recorded to the on-board computer every 

hour, and were converted into daily format at the end o f the field season.

3.3 Satellite Data, processing, and sampling design

From previous studies in semi-arid region, it was found that Landsat TM is very well suited to 

estimate biomass and cover under different management practices, as well as appropriate for 

measuring spatial heterogeneity in grasslands (Guo et al. 2000; Zhang et al. 2003). He et al.
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(2006) suggests ~35 m to  be the minimum pixel size to  capture the spatial variations in 

grasslands biophysical properties in this study area (i.e. GNP). Similarly, Davidson and Csillag 

(2001) determined that 10 - 50 m resolution has a potential for estimating C4 species coverage 

in the GNP area. Therefore, Landsat TM was determined to  be suitable for this study due to  its 

resolution (pixel size approximately 30 m) and free availability from the United States Geologic 

Survey (USGS) Earth Resource Observation and Science Center (EROS). Despite better temporal 

resolution (8 day) than Landsat (16 days), coarser imagery such as Moderate Resolution 

Imaging Spectroradiometer (MODIS) (250 m and 500 m pixel size) and AVHRR (1.1 km pixel size) 

was not used, as it would not have been able to detect important spatial patterns below these 

scales in this area.

The satellite data used in this study consisted o f five Landsat (TM) scenes (Path/Row: 36/26 and 

37/26) with a pixel size of 30 m (Table 3.2). Images covering East Block, GNP and Mankota 

community pasture were acquired from the United States Geologic Survey (USGS) Earth 

Resource Observation and Science Center (EROS) (http://glovis.usgs.gov/).

Table 3.2 Landsat TM image acquisition information

Landsat Image Acquisition Date Path/Row
30 June 2000 37/26
27 June 2007 36/26
29 June 2008 36/26
23 June 2009 37/26
26 June 2010 37/26

For image acquisition, less than 10% cloud cover was used as a selection criterion. All the 

acquired Landsat scenes from USGS EROS data center were geometrically and radiometrically 

corrected products (i.e. Level-IT, Standard Terrain Correction product) in Geographic tagged
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image file format (GeoTIFF). The Landsat images were registered to a Universal Transverse 

Mercator (UTM) projection (Zone 13) and were corrected geometrically using 144 ground 

control points producing a root mean square (RMS) error o f < 0.45 pixels (< 12m). The Level-IT 

products are free from distortions related to the satellite platform (such as altitude deviations 

from normal), the sensor (jitter and view angle effects), and global Earth characteristics 

(rotation, curvature and relief) (NASA 2009). The images were further checked for proper 

geometric alignment by overlaying vector data available for the region (example, road networks 

and park boundaries), and no problems were found (see, example, Figure 3.2, 3.4, and A2.1).

3.3.1 Image pre-processing

Due to molecular scattering and absorption the atmospheric conditions can significantly vary 

both spatially and temporally (Mathew et al. 2003; Davis 2006). Therefore it is important to 

perform atmospheric correction especially when establishing quantitative relationships with 

biophysical information, example ALB /  LAI. A variety o f models are available fo r atmospheric 

normalization or correction such as 6S (Second Simulation of the Satellite Signal in the Solar 

Spectrum), MODTRAN (Moderate Resolution Atmospheric Radiance and Transmittance Model), 

and image-based DOS (dark object subtraction) models, where each method has its own 

characteristics and requirements for the input parameters (Lu et al. 2002; Mahiny and Turner 

2007; El-Hajj et al. 2008). Based on the research objective and data availability, one should 

choose appropriate models to perform atmospheric correction.

In this research, the Fast Line-of-sight Atmospheric Analysis o f Spectral Hypercubes (FLAASH) 

algorithm based on MODTRAN 4 within ENVI image processing software (ENVI 2008) was used
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for atmospheric correction on the Landsat scenes. FLAASH is developed collaboratively by 

Spectral Sciences, Inc. (SSI) and the U.S. Air Force Research Laboratory; with assistance from the 

Spectral Information Technical Applications Center (SITAC) (Adler-Goldon et al. 1999). This 

algorithm has been tested and shown to be accurate by Matthew et al. (2000), Bruce and 

Hilbert (2004) and Davis (2006). The algorithm has the benefit o f not requiring any ancillary 

data other than solar zenith angle and visibility at the tim e of acquisition. Zenith angle was 

calculated by the software for each image based on data, time and scene location. Visibility 

estimates were retrieved for each image date from the closest Environment Canada weather 

station (Mankota). Since LANDSAT images do not have the appropriate bands (typically 1130 

nm) to  perform water retrieval, the amount of water vapour in the column is determined by the 

user-selected atmospheric model from a list of standard MODTRAN model atmospheres; mid

latitude continental atmosphere was chosen.

3.3.2 Identification of Grazed and Ungrazed Sites with variable grazing intensity (Gl)

The acquired Landsat scenes covered part o f Canada (southern Saskatchewan) and part o f the 

USA (Montana), but only the portions over the study area were analysed. Vector files that 

included the East Block (GNP) and Mankota community pastures were used to clip the region o f 

interest (ROI), pasture boundaries, from the Landsat scenes to ensure that other land-uses such 

as cultivated agriculture did not impact the analysis (Appendix A2.1).

3.3.3 Sampling design for satellite based data analyses

Each experimental pasture located in the East Block (P I to P9) and Mankota (P10, 12 and 13) 

was analyzed to  determine the Landsat NDVI based ALB variability within the pastures as a
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result of variable grazing intensities. Additionally, transect sampling design was also used to 

see if slope position (upslope and downslope) had any impact on the ALB heterogeneity. 

Transect length was dependent on the size o f the upslope and downslope area within each 

experimental pasture of the East Block (PI to P9) and Mankota community pasture (P10,12 and 

13).

3.4 Data analysis and methods

Data were checked for normal distribution using the Kolmogorov-Smirnov test (p-value > 0.05), 

and were log-transformed where needed to satisfy assumptions of normality and homogeneity 

o f variance. Additionally, data were tested for homoscedasticity using Levene's test (Levene 

1960) and Bartlett's test (Snedecor and Cochran 1983).

A stepwise regression procedure similar to  Gill (2007) was used to  assess the role o f summer 

weather (year 2008) on local ALB and soil moisture, where ALB and soil moisture were 

dependent variables and June precipitation, June temperature, June -  August precipitation and 

mean June -  August temperature were potential explanatory variables.

Mixed effect models (linear mixed effect models (LME) and generalized linear mixed effect 

models (GLMEs)) were (SPSS version 20.0, IBM Corporation, New York, USA) used to separate 

the fixed effects (i.e., where all levels of an effect are represented) o f management (grazing 

treatment) and slope location from the random effects (i.e., where levels o f an effect are 

assumed random and not fully represented; in this study, this included pasture as a random 

sampling variable) (Bartolome et al. 2004; Bell and Grunwald 2004; Johnson 2010; Mandle and 

Ticktin 2012). Year was treated as a fixed effect because treatment could have cumulative
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effects overtim e since cattle remove vegetation every season, and the amount and distribution 

of remaining vegetation in year n+1 depends on the amount o f vegetation removed in year n. 

The rationale for using mixed effects models was their ability to  analyze repeated measures 

data, allowing for sequential sampling from a single plot over multiple dates, and using both 

categorical and continuous effects (variables) simultaneously compared to  traditional ANOVA 

approaches (Piepho et al. 2003; McCulley et al. 2005). Finally, including random effects in 

statistical analyses allows us to  make inferences beyond the scope o f study, compared to 

conclusions from fixed effects treatments that can only be applied to differences among those 

treatments addressed in the study (Sahai and Ageel 2000). The temporal data were analyzed 

using the repeated-measures ANOVA procedure o f the SPSS general linear model to estimate 

the overall significance o f treatment effects. When grazing treatment by year interaction or 

year effects were significant (p < 0.05), the Tukey-Kramer Honestly Significant Difference 

(Tukey's HSD) multiple comparisons test (Sail et al. 2005; Sasaki et al. 2009) and the Bonferroni 

corrected test were used to  determine which treatment-year combinations and which years 

differed.

3.4.1 Geostatistical analysis using semivariograms

Geostatistics handles data sampled in space, allowing the exploration o f variability with respect

to distance. Most parametric statistics are inadequate to  analyze spatially dependent variables

due to the assumption that all the measured observations are independent (Cambardella et al.

1994). However, in geostatistics it is assumed that there is spatial autocorrelation (spatial

dependence) in the variables, which can be measured and analyzed. Therefore semivariogram

analysis was used in this study to detect the range and spatio-temporal variability in soil
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moisture and ALB under ungrazed and grazed conditions. Several studies have successfully 

used semivariogram analysis to capture and estimate pattern and variation in soil properties 

(Oliver and Webster 1986; Oliver 1987; Cambardella et al. 1994; Davidson and Watson 1995; 

Western and Bloschl 1999; Vieira and Gonzalez 2003; Farkas et al. 2008; Krasilnikov 2008; Pan 

et al. 2008) and vegetation (Shiyomi et al. 1998; Flynn et al. 2008; Lin et al. 2010) using field 

and satellite data. For example, Western and Bloschl (1999) conducted a study in Tarrawara 

catchment area located in Melbourne, Australia and reported that semivariogram analysis was 

a useful technique in predicting the soil moisture patterns.

Semivariogram methods have also been successfully used to  study the impacts of grazing 

intensity (low, moderate and heavy) on the spatial patterns o f vegetation and soil fertility. For 

example, Lin et al. (2010) conducted a study in a desert steppe, which examined the impact of 

grazing intensity on the spatial patterns o f vegetation, and soil at fine scale (0.1 -  2 m) and 

coarse scale (1 - 18.7 m). The results showed that grazing altered the spatial patterns o f 

vegetation and soil fertility at the fine scale (< 2 m). The range o f spatial autocorrelation o f ALB 

decreased with increasing grazing intensity, indicating that vegetation patches were more 

fragmented under heavy grazing pressure. Similarly, the spatial heterogeneity o f soil water 

content decreased with increasing grazing intensity at the fine scale. In comparison, spatial 

patterns o f studied variables did not respond to grazing intensities at a coarse scale (1 -  18 m).

A semivariogram is a plot of semivariance (defined as half o f the mean squared difference 

between two samples in a given direction and distance apart) against the lag distance, h , which 

is the distance between two sample points. The plot values should increase as distance
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increases until they reach a plateau beyond which there is no spatial autocorrelation between 

sample points. This is because observations that are close together should be more similar 

than the points that are widely separated (also known as Tobler's law o f geography) (Tobler 

1979; Babish 2006). Besides separation distance, semivariance can depend upon the direction 

between sampling points. Semivariograms can be calculated either in a unique direction 

(anisotropic) or for all directions (isotropic) to  see if  there are any directional trends in the 

variable under investigation.

Semivariogram analysis consists of the experimental semivariogram, which is calculated from 

the data, and the semivariogram model fitted to the data. A semivariogram model (spherical, 

exponential, linear or Gaussian) is chosen from a set of mathematical functions that describe 

the spatial relationships o f the data, as well as providing an estimation o f variation between 

data points.

Semivariance is half of the average squared difference o f all the pairs o f points separated by a 

given distance (Equation 3.3, Babish 2006):

where K;(/i) is the semivariance at lag h or the spacing between the tw o points in the data; 

z (x i)  is the value of a regionalized variable at location x t ; z (x t +  h) is the value o f regionalized 

variable at a location separated from Xjby lag h; and N (h) is the number o f sample pairs 

separated by lag h. The summation is over all pairs o f points separated by distance h.

Equation 3.3
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Figure 3.9 Example of an idealized semivariogram curve with spherical model fit (Source: Babish 2006). 
Note: nugget variance = C0, range = A0 and Sill variance = C0+C; where C is structural variance

In an idealized semivariogram, the semivariance increases as lag increases up to a lim it beyond 

which there is spatial independence. An example o f an idealized semivariogram with a 

spherical model (for equation see Robertson 2008) fit is shown in Figure 3.9. It can be inferred 

from the figure that pairs o f locations which are closer have smaller variance compared to  pairs 

o f locations further apart.

Three parameters define a semivariogram: the sill is defined as a maximum semivariance, the 

range is the maximum distance at which pairs o f observations influence each other beyond 

which autocorrelation between sampling sites is negligible, and the nugget effect is the 

variance within the sampling units (Kitanidis 1997). The nugget effect in the semivariogram can
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be attributed to measurement errors or spatial sources o f variation at distances smaller than 

the sampling interval (or both). The measurement errors occur due to the error inherent in 

measuring devices. Since natural phenomena can vary spatially over a range o f scales, variation 

at micro scales smaller than the sampling distance w ill also appear as part o f the nugget effect 

in the model. If the nugget variance value equals the sill variance value, this means that there is 

no spatial autocorrelation between the sample points and the semivariogram represents pure 

noise.

Semivariogram analysis does have some limitations; therefore it should be used cautiously. 

Since the variogram is the average o f all pairs o f semivariances at each separation distance, it is 

dependent on the amount of data. Few data samples can result in erratic semivariogram 

results, especially if that data includes extreme values and outliers; 120 to 200 sample points in 

a region are good to estimate the semivariogram o f that region with confidence (Webster and 

Oliver 1992). In this study, the n-number o f measurements used to estimate a semivariogram 

were always greater than 120. Since semivariance is affected by outliers from skewed data, it is 

recommended that where applicable the data should be transformed to reduce the degree o f 

skewness.

In this research, the spatial patterns of soil moisture and field and satellite-based ALB were 

investigated through their isotropic semivariograms. The fitted exponential model was selected 

principally on visual f it and coefficient of determination (R-square) with minimum error ranging 

from 0.0001 to 0.002. Both spherical and exponential models can be used to  describe the 

variation in the soil properties (Cambardella et al. 1994; Webster and Oliver 2001; Clifford and
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Valentine 2006). However, Webster and Oliver (2001) suggest that experimental variograms 

with exponential fitted models are expected where differences in soil textures contribute highly 

to variation in soil properties, as well as sites where the boundaries between textures occur 

randomly. Compared to spherical models, exponential models do not exhibit a fin ite range 

value but for practical purposes there is a point beyond which the semivariance stops 

increasing.

3.4.2 Moran's I

Moran's I was also used to  assess any spatial autocorrelation among neighbouring observations 

of ALB, using the following equation (Moran 1948; Robertson 2008):

/  = — —— —==?------------  Equation 3.4

Where x  is the mean of x  variable, wij is the weight between observation i and j , and S0 is 

the sum of all Wn ' So = Y L W.j •

Moran's I values theoretically range from -1  to 1, where values o f Moran's I near zero indicate 

randomness, or spatial homogeneity, while values significantly greater than zero (positive 

spatial autocorrelation) or less than zero (negative spatial autocorrelation) indicate spatial 

heterogeneity. Positive spatial autocorrelation occurs when similar values occur near one 

another, while negative spatial autocorrelation occurs when dissimilar values occur near one 

another. Following Lauzon et al. (2005), spatial autocorrelation was concluded significant when 

the absolute value o f Moran's I was > 0.2.
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Test o f significance was conducted using the progressive Bonferroni correction (Legendre and 

Legendre 1998) because o f its simplicity and robustness. It was calculated using the following 

equation:

Progressive Bonferroni correction = CCr( d )  =  Equation 3.5
a

Where d is the lag class (here d = 1 to 20) and a  is the probability level o f 0.05.

3.4.3 Measures o f Heterogeneity

In addition to calculation o f semivariograms to examine the spatial patterns and variability, four 

derivatives were also calculated: correlation ratio (CR), spatial dependence ratio (SDR) (or 

nugget %), magnitude of spatial heterogeneity (MSH) and relative heterogeneity (SH %).

Correlation ratio is the proportion of the nugget effect values to  the sill, where values near zero 

indicate continuity in spatial dependence (Vieira and Gonzalez 2003). It was calculated as:

C o rre la tio n  ra t io  =  —— — ?--- Equation 3.6
(Nugget effect+Sill) ^

Spatial dependence ratio (SDR) or Nugget % was calculated based on Cambardella eta l. 1994.

/Nuggetvariance\ ._ . _ _SDR = ( —55-----------  *100 Equation 3.7
V Total variance /

This ratio was used to define the spatial dependency classes fo r the soil moisture and ALB. If 

SDR was:

(a) < 25%, the variable was considered strongly spatial dependent

(b) Between 25% and 75%, the variable was considered moderately spatially dependent

(c) >75%, the variable was considered weakly spatially dependent
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Based on Lin et al. (2010), MSH is measured as the proportion of total sample variation 

accounted for by spatially structured variation.

MSH = fefhi) Equa,ion 38

Spatial variance (C) can be calculated as follows:

C =  [C0 +  C] — C0 Equation 3.9

Here, C0 is the nugget variance representing random variation (i.e. homogeneity); C0 +  C is the

sill representing maximum (or total) variation and C is spatial variance.

The MSH has been widely used to estimate the magnitude o f spatial dependence fo r different 

soil variables within a site (Robertson et al. 1993; Boerner et al. 1998; Lin et al. 2010). Values 

for MSH range from 0 to  1, where a value o f zero indicates no spatially structured 

heterogeneity (i.e. samples at all separation distances are independent from each other) and a 

value of 1 indicates high amount of spatially structured heterogeneity. Both MSH and spatial 

dependence are correlated, i.e. higher the MSH, the stronger the spatial dependence.

Based on Li and Reynolds (1995), the relative heterogeneity (SH %) represents the proportion o f 

the auto-correlated spatial heterogeneity in the total variation, and is calculated from  the 

nugget variance and sill:

_ . .  /Sill variance-N ugget variance \  _ _  _  . _ ____
SH % = -----------—— — ----------- *100 Equation 3.10

V Sill variance /

Therefore, auto-correlated variation (i.e. heterogeneity) can be calculated by subtracting the 

random variation (i.e. nugget) from the total variation (i.e. sill). MSH is sometimes also 

expressed as SH %,
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SH % =  MSH * 100 Equation 3.11

Similar to MSH, relative heterogeneity is also directly correlated with the spatial dependence.

Therefore, the higher the relative heterogeneity, the stronger the spatial dependence. Similar

to Western et al. (2004) study, correlations were also calculated between the averaged SM and

semivariograms variables such as sill, range and MSH; as well as averaged ALB and

semivariogram variables.

3.5 Modeling

Successful modelling o f ecosystem biogeochemical cycles requires a good understanding o f the 

primary controls on ecosystem processes. A wide range o f modelling approaches to modelling 

vegetation productivity dynamics exists, from simple (for example, Monteith's (1977) light use 

efficiency model or e-model) to  complicated models (example. Regional Hydro-Ecological 

Simulation System (RHESSYS) (Band et al. 1991; Tague (1999)) and each has their own unique 

aims, key assumptions, spatial scales and shortcomings. For example, the RHESSYS model is 

relatively complex in that it uses many parameters. The key processes and the assumptions 

involved in this model need to be understood before it can be implemented in a landscape. 

Though it is well proven in forest ecosystems, more testing is required to  determine whether or 

not this model approach works well in grassland environments. Despite modifications made to 

accommodate grasslands (example, Mitchell 2003), lack o f validation o f the parameters used in 

different sub-models in RHESSYS is an issue.
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3.5.1 CENTURY Model

For this research, the CENTURY model (version 4.5) was used to  model the effects o f grazing 

intensity and soil texture on the grassland productivity and soil carbon dynamics within a long 

term grazing pasture. The rationale for using the CENTURY model was that it has been widely 

used and validated in the grassland ecosystem (see Burke et al. 1991; Holland et al. 1992; 

Gilmanov et al. 1997; Mikhailova et al. 2000; Mitchell and Csillag 2001; Ardo and Olsson 2003). 

In addition, the model also allows scheduling of events o f interest to  managers such as 

managed grazing, crop rotations or fires at specific times during the simulations to  assess the 

impact of management options over long time-periods.

The CENTURY model was developed at National Resource Ecology Laboratory (NREL), Colorado 

State University, primarily to  supply a tool for ecosystem analysis enabling the evaluation of 

changes in climate and human disturbance (Parton et al. 1987; Metherell et al. 1993). In 

general, the model simulates the carbon and nutrient dynamics, primary production and water 

balance on a monthly time step. The main driving variables for the model are: monthly 

precipitation; monthly average minimum and maximum temperatures; soil texture, plant 

nitrogen (N), sulphur (S) and phosphorus (P) content; lignin content of plant; atmospheric and 

soil N inputs; and initial soil C, N, P, and S levels (Metherell et al. 1993). The model also allows 

inclusion of the effects of fire, fertilization, irrigation, grazing, various cultivation and harvest 

methods, etc. in the simulations. The input variables are available for most of the natural and 

agricultural ecosystems, and therefore can generally be estimated from existing literature 

(Metherell et al. 1993).
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CENTURY is composed o f a soil organic matter/decomposition sub-model, a water budget sub

model, plant production sub-models (example grassland/crop production sub-model) and 

management and events scheduling functions. The soil organic matter/decomposition sub

model includes three soil organic matter pools (active, slow and passive) w ith different 

potential decomposition rates, above and below ground litter pools and a surface microbial 

pool which is associated with decomposing surface litter (Appendix 3, Figure A3.5.4). The sub

model accounts for the protection o f soil organic carbon by including the soil texture and 

assumes that soil texture influences the decomposition rate o f the active soil organic carbon 

(SOC) and the efficiency o f stabilizing active SOC into slow SOC (Parton et al. 1987; 1993). The 

decay rate of active SOC decreases w ith increase in silt plus clay content of the soil. 

Furthermore, fraction o f carbon lost as CO2 when active SOC is decomposed and stabilized into 

slow SOC also decreases as the silt plus clay content increases. This results in an increase in the 

amount o f carbon stabilized in slow SOC for the fine textured soils. Most o f the soil organic 

matter sub-model initializations used empirical methods developed for the Great Plains region. 

For details see Parton et al. (1987). The simplified water budget model calculates monthly 

evaporation, transpiration, the water content o f the soil layers based on soil texture, snow 

water content, and saturated flow of water between soil layers (Metherell et al. 1993).

3.5.2 Parameterization of the model and model set-up

The CENTURY model simulates carbon and nutrient dynamics, primary production and water

balance using a monthly time-step. The main driving variables for the model include monthly

precipitation, minimum and maximum temperature and soil texture, litte r chemistry and

management practices (grazing). Parameters used by Mitchell and Csillag (2001) for the GNP
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area was used as the basis for this study (Appendix 3, A3.1). However, where possible, the

parameters were modified based on field data collected for this thesis. Additionally, soil

characteristics (sand, silt and clay fractions; soil pH and bulk density) in the model were defined 

using spot measurements taken at the field sites and the park's soil survey (Saskatchewan 

Institute o f Pedology 1992). Since actual data on field capacity and w ilting point were not 

available for the study area, soil water holding capacity and w ilting point in the model were 

estimated using the equation of Rawls et al. (1982) (for details refer to Metherell et al. 1993). 

Vegetation mix parameters (88% C3 and 12% C4) in the study area were determined based on 

Davidson and Csillag (2001). The effect o f temperature on grass biomass production was

calculated using a vegetation mix with 88% C3 and 12% C4.

Daily meteorological data from 1970 -  2007 observed from an Environment Canada station at 

Mankota (Environment Canada 2012) were aggregated into monthly total precipitation and 

maximum, minimum temperatures (Table 3.3). This monthly climate data from 1970 -  2007 

was the climate input for the CENTURY model simulations.

The model provides the user w ith an option o f using long term average or stochastically 

generated precipitation and the mean temperature values. Standard deviation and skewness 

of monthly precipitation totals are needed, if the stochastic precipitation option is to  be used to  

run the model. Therefore, the 30-year climate record data (1970 -  2007) was also used to 

generate precipitation means, standard deviations and skewness.
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Table 3.3 Monthly summaries of daily data from Environment Canada climate station Mankota (1970 - 
2007)

Month
Avg.total 
pptn (mm)

S.D.
(avg. total pptn)

Avg. Tmean 
(°C)

S.D.
(Tmean)

Avg. 
Tmax (°C)

Avg. Tmin
(°C)

January 18.44 19.62 -13.6 4.6 -7.3 -19.8
February 13.25 14.41 -9.8 4.9 -3.7 -15.9
March 16.61 18.35 -3.1 3.3 3.1 -9.4
April 22.12 16.32 4.7 2.2 12 -2.6
May 53.72 40.51 11 1.6 18.6 3.3
June 64.16 42.87 15.4 1.3 22.9 7.8
July 44.66 39.83 18.5 1.5 26.8 10.1
August 25.55 23.86 17.9 2.2 26.7 9.1
September 26.26 23.59 11.5 2.1 19.9 3.1
October 15.49 16.72 4.9 1.2 12.8 -3
November 13.84 14.49 -5.1 3.3 1.3 -11.3
December 14.92 11.68 -11.6 4.1 -5.3 -17.7
TOTAL 329.02

Note: Avg. = Average; S.D. = standard deviation; pptn = precipitation; Tmln = minimum temperature; Tmax = 
maximum temperature; Tmean = average temperature

To accomplish the objectives o f this study, the grassland/crop production sub-model (Appendix 

3, A3.5.2) was chosen to simulate the long term impacts o f light, moderate and heavy grazing 

intensity on the plant productivity and soil carbon dynamics in the mixed prairie region. It 

should be noted that this sub-model is linked to  a common soil organic matter/decomposition 

sub-model. The grassland/crop production model assumes that the monthly maximum 

productivity is controlled by moisture and temperature, and that insufficient nutrient 

availability results in decreased productivity (Metherell et al. 1993). The model simulates the 

monthly dynamics o f carbon and nitrogen in the live and dead above-ground plant material, live 

roots, and structural and metabolic surface and soil residue pools. For more details on this sub

model refer to  Parton etal. (1987) and Metherell e ta l. (1993).
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The effects of grazing on plant production are represented in the model by using data from 

Holland et al. (1992). Grazing removes live and dead vegetation, alters the root to  shoot ratio, 

increases the N content o f live shoots and roots and returns the nutrients to  the soil (Holland et 

al. 1992). Version 4.5 o f CENTURY has seven options (grazing effect (GRZEFF) = 0, 1, 2, 3, 4, 5 

and 6) for dealing with the impact of grazing on the system. In the first option (GRZEFF = 0), 

there are no direct impacts o f grazing on plant production except fo r the removal o f vegetation 

and return of nutrients by the animals. Option 2 (GRZEFF = 1) is referred to  as the lightly grazed 

effect by Holland et al. (1992) and includes a constant root to shoot ratio (not changing with 

grazing) and a linear decrease in potential plant production with increasing grazing intensity. 

Option 3 (GRZEFF = 2) is referred to as the heavy grazed (Holland et al. 1992) option and 

includes a complex grazing optimization curve where aboveground plant production is 

increased for moderate grazing and decreased sharply fo r heavy grazing levels (> 40% removed 

per month). The root to shoot ratio is constant fo r low to  moderate grazing levels and 

decreases rapidly for heavy grazing levels. The fourth option, GRZEFF = 3, refers to a quadratic 

impact on root/shoot ratio, whereas GRZEFF = 4 refers to  linear impact on root/shoot ratio. A 

complete description o f the parameterization o f the model for different plant systems and the 

use o f the different management options is presented in the CENTURY User Manual (Metherell 

et al. 1993).

The light, moderate and heavy grazing intensity options were chosen for the simulation

analysis. For the purpose o f this research, light grazing in the CENTURY model was simulated

using option 1 (GRZEFF = 0 and fraction of live shoots removed Iflgrem) = 0.1); moderate

grazing was simulated using option 2 (GRZEFF = 1 and flgrem  = 0.2) and heavy grazing was
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simulated using option 3 (GRZEFF = 2 and flgrem  = 0.3). These grazing scenarios were designed 

to mimic the area's history with moderate grazing (defined in CENTURY as having a linear effect 

on productivity) from 1900 to 1990, no grazing from 1991 to  2005, and grazing w ith variable 

intensities from 2006 to  2020 (based on Parks Canada 2006). A sensitivity analysis was 

conducted to  evaluate the impact of change in flgrem  (model range 0 to  1) w ithin a particular 

grazing intensity on the plant productivity and soil carbon dynamics.

Soil texture is important as it controls the water movement in the soil, and influences the 

chemical reactivity and nutrient availability to plants. Therefore, CENTURY was also used to 

examine the effect of variation within a soil textural class on the grassland productivity, total 

soil and plant system carbon. Site specific soil data based on the Park's soil survey 

(Saskatchewan Institute o f Pedology 1992) was used for the model's soil parameterization, 

including soil texture (sand, silt and clay content), bulk density and field capacity. Based on the 

range of soils in the experimental pastures, according to  the park's soil survey data, a total of 

six representative soil textures in the study area were chosen. % clay in each of the six soil 

textures was increased in ~5% increments to determine how CENTURY soil and plant system 

carbon and plant productivity estimates change due to changing soil texture inputs.

All the model runs, unless otherwise noted, were from the year 1 to 2020; the first 1900 years 

are "spin-up" time to ensure stability in the pools and fluxes, and output was only examined 

from 2006 to 2020 for the effects of variability in grazing intensity and soil texture on the ALB 

production and total soil and plant system carbon. Variability in annual net primary
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productivity was examined from 1991 to  2020 to  compare the effect of no grazing (1991 to 

2005) and variable grazing intensities (year 2006 to  2020).

Since GNP is considering terminating grazing in the East Block by 2013, impact o f grazing 

termination on annual net primary productivity and carbon dynamics was also tested. For this 

scenario, a schedule file was created with following options: no grazing (1991 to  2005); grazing 

with light, moderate and heavy intensity (2006 to 2012) and grazing termination (2013 to 

2020).

3.5.3 Sensitivity Analyses: Grazing Intensity and Soil Texture

The purpose o f performing a sensitivity analyses was to see how much uncertainty in the soil 

and grazing parameters can affect the overall model predictions. Model runs were performed 

with climate records from 1970 to 2007 and stochastically generated climate based on long

term averages for all other years. This was used to  drive predictions for mixed-grassland 

vegetation (comprising both C3 (88%) and C4 (12%)) under the base climate and soil texture 

representative o f the study area.

Based on the park's soil survey (Saskatchewan Institute o f Pedology 1992) the study area had 

six distinct soil texture classes: loam (L), clay loam (CL), silt loam (SL), clay (C), sandy loam (SaL) 

and sandy clay loam (Scl). Each of these soil textures was associated w ith a w ilting point and 

field capacity. The range o f variation in the relative proportion of sand, silt and clay size 

particles for each of the six soil textures in the experimental pastures were determined using a 

Canadian soil texture triangle calculator (Saxton et al. 1986). Soil texture values used in the 

CENTURY model are averaged values, and thus do not include the entire range o f values found
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in a particular texture class (Updegraff et al. 2010). Analyses of the Canadian texture triangle 

(Saxton et al. 1986) and a study conducted by Soil Survey Division Staff (1993) demonstrated 

that proportion o f each textural component can vary by as much as ~14.4% while still remaining 

in the same textural class. Therefore, during soil texture sensitivity analyses % clay and %sand 

in each of the six soil textures was changed in ~5% increments to assess the effect o f this 

change on model's prediction o f plant productivity and soil carbon.

To test the effect of grazing intensity, the model was run initially with no grazing, light grazing, 

moderate grazing and heavy grazing impact using the prescribed climate set-up on all the six 

soil textures found in the study area. For each grazing scenario, the grazing intensity was 

changed only from 2006 to 2020 to see the impact o f variable grazing intensity (light, moderate 

and heavy) on the grassland productivity, total soil and plant system carbon. All the simulations 

were run using the 88% warm-grass (C4 photosynthetic pathway) and 12% cool-grass (C3 

photosynthetic pathway) mixed-grassland vegetation parameterization.

Sensitivity analysis was performed to examine the effect of variations in the fraction o f live 

shoots removed per month by grazing {flgrem variable in CENTURY). In these set o f runs, the 

site-specific land management history was held constant while flgrem  was varied from 0 to  1 in 

increments o f 0.1.

3.6 Research Contributions

As part of the BGE initiated in 2006 in GNP, this research will help GNP evaluate how, when and 

where grazing-induced changes in ALB will occur. Since biomass is one o f the key response 

variables of the experiment, the results will also help to evaluate how long-term ungrazed
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landscapes remain different from grazed areas. The research will also test impacts o f different 

grazing intensities (ranging from light (20 - 33%) to  moderate (45 -  57%) and heavy (70%) 

grazing intensity) within the park on ALB at a range o f spatial and temporal scales, which will be 

useful for adjusting grazer population sizes as well as deciding whether or not (or how) to 

continue future grazing treatments within the park to  maintain plant heterogeneity.

This research also contributes towards understanding the impact of rainfall variability on the 

soil moisture and ALB variation in grazed and ungrazed areas. This kind o f study is important 

both from rangeland and conservation perspectives. Livestock production is currently one of 

the biggest land uses in the North-American Great plains (Lueders et al. 2006). Therefore, 

composition and productivity responses to  altered water regimes will be o f particular interest 

to  rangeland managers. This is because these responses influence the capacity o f grasslands to 

support livestock production. On the other hand, from  a conservation perspective, any 

alteration in the water patterns during the growing season may have important consequences 

for regional patterns o f biological diversity in grasslands (Fay et al. 2003).

The field and satellite parts o f this study also contribute to  understanding o f pattern 

(heterogeneity) and factors (grazing disturbance, weather and slope location) affecting the 

pattern in soil moisture and ALB at different spatial scales. The study also contributes to 

understanding o f how scale can influence and alter the relationship between pattern and 

factors in the mixed-grassland ecosystem. The modelling part of the research contributes 

towards understanding o f the effects of variability of soil characteristics on the biomass, soil 

moisture, plant productivity (both aboveground and belowground) and total soil and plant
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system carbon. Additionally, the model results help to explore the long-term behaviour o f the 

system under different scenarios of grazing management. From a management perspective it is 

important to  understand how variability in a soil texture when combined with land use options 

such as grazing may impact the ecosystem processes. This is because spatial distribution o f soil 

moisture is highly dependent on the soil texture, which in turn influences the plant root growth 

and the above ground biomass organization (Ursino 2009). All this affects the diversity of 

consumers ranging from insects to  birds and mammals. Since one of the goals o f Parks Canada 

is to maintain and sustain biodiversity within the GNP, understanding the impacts o f variability 

will help in better decision-making and sustainable management o f grassland areas.
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4.0 Detection of Spatio-temporal Variation and Pattern in Field-based Soil Moisture (SM) and 
Above-ground live plant biomass (ALB): A case study of Experimental Pastures located in East 
Block, GNP, Saskatchewan

Semi-arid regions respond to both climatic variability and grazing pressure (Fuhlendorf et al. 

2001; Cheng et al. 2011). Recent work by Fay et al. (2003), Swemmer et al. (2007) and Wu et al. 

(2010) suggests a link between amount and seasonality o f water availability and reduction in 

biomass production. Therefore, field-based research was designed to quantify temporal 

patterns and spatial variability in SM and ALB, and determine the influence o f local intra- 

seasonal weather variability and slope location on the spatio-temporal variability o f SM and ALB 

across a range o f scales (plot to pasture). In addition, the summer of 2008 was the first year 

that controlled grazing was reintroduced in the East Block o f the park, providing an opportunity 

to document the baseline conditions and variation in the experimental pastures and to  test to 

see if changes in heterogeneity caused by grazing could be detected within the first year. It was 

hypothesized that both ALB and SM would differ among plots and between pastures due to 

external factors such as weather, and that slope location (upslope, midslope and downslope) 

would also affect ALB and SM, with downslope plots showing more heterogeneity over time 

than upslope and midslope plots. This is because slope affects the surface run-off (upslope to 

downslope) and creates differential drainage; affecting the soil moisture available to  vegetation 

and resulting in heterogeneity in plant cover (Bridge and Johnson 2000). It was also predicted 

that grazing disturbance would significantly affect the ALB and SM spatial patterns resulting in 

more heterogeneity in ALB and SM compared to  non-grazed conditions. This is because grazers 

are selective in nature, resulting in heterogeneity in vegetation and potentially leading to 

altered soil properties due to  trampling (Vermeire et al. 2004; Bakker et al. 2006).
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To test these hypotheses, field work was carried out in summer 2008 at the East Block o f the 

GNP located in southern Saskatchewan. The East Block o f the GNP was selected fo r a number 

of reasons. There has been limited or no research on SM and ALB variation at a fine spatial 

scale (for example 1 m spacing) in this area. Fine resolution data is important particularly in 

semi-arid regions where spatial variability is very high. There were areas within the East Block 

that have not had any large mammal grazing since 1992, which helped to study the variability in 

ungrazed conditions. There was low or almost no disturbance from  human activities, leaving 

the ecosystem in a relatively natural state. Good access and close proximity to the research 

station allowed the set-up o f plots and acquisition of data during the 2008 growing season. In 

2006 experimental pastures were established within the East Block of the park, and then from 

2008 a range o f grazing conditions was introduced on these same pastures. This provided an 

opportunity to see the short-term impacts of grazing on SM and ALB.

Four o f the pastures, referred to  as PI, P6, P8 and P9, were selected for this study in May 2008 

for the collection o f SM and ALB data. Within each pasture, three experimental plots (30 m X 

30 m) were placed, where one plot each was placed in upslope, midslope and downslope areas 

of the pasture to  assess the impact o f slope location on the SM and ALB variability, as well as to  

capture baseline conditions prior to hypothesized differences in grazing patterns with respect 

to proximity to water. Details of the experimental design and plot-set up were provided in 

section 3.2, and the plot naming convention introduced there continues (enclosing pasture 

number combined with their slope location upslope (U), midslope (M) or downslope (D), for 

example, P1U, P1M, and P1D) throughout this chapter.
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Grazing was introduced in late June 2008 in pastures P6 and P8, while pastures PI and P9 were 

used as controls; sections 4.2.3, 4.2.4 and subsequent sub-sections provide analysis for SM and 

ALB before and after treatment and in section 4.2.3, the naming convention is modified as 

follows: pasture number will be combined with the respective treatment code: control (C), 

before grazing (BG) and after grazing (AG) (for example, P lc, P 6Bg, P6ag, P 8Bg, P8ag/ P9c).

4.1 East Block experimental site characteristics

All the experimental pastures had a mix of shrub, grass and forbs; however the distribution of 

vegetation cover was highly variable in the experimental plots. For example, P9D had a high 

frequency of shrubs coinciding with the sample points fo r ALB measurement, resulting in high 

biomass values at those points. In contrast, vegetation cover in P1U was highly fragmented 

with more bare soil, resulting in very low biomass values at certain points.

In addition to grasses, some of the experimental plots also supported cactus (Opuntia spp.) and 

shrubs (Artemisia cana, Atriplex spp., Chrysothamnus nauseosus, Sarcobatus vermiculatus) 

along with the prairie rose (Rosa acicularis) (Figure 4.1). For example, P1U had sparser grass 

cover compared to  P1M plot, and was dominated by cactus and clubmoss w ith patches o f bare 

ground. In contrast, P1M had a mix of grass, forbs and shrubs including prairie rose.
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(A) Pasture 1, upslope plot (P1U)

■■1■OS.-X. '
Figure 4.1 Photographs A, B, C, D and E showing vegetation cover in P1U, P1M, P9D and P6U plots. 
Note: Photographs were taken during field season in summer 2008.
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The experimental plots were also characterized by variability in physical characteristics (Table 

4.1). Based on personal observations the slope ranged from gentle to  moderate (3 -  8.5 

degrees) in most o f the experimental pastures. However, P9D was located in a region that had 

slightly higher slope compared to other P9 plots.

Soil salinity and pH values used in the research were based on the park's soil survey 

(Saskatchewan Institute o f Pedology 1992). The majority of the experimental plots showed 

some degree o f salinity (averaged electrical conductivity o f 2 - 4 m S cm 1 observed at 0 - 60 cm 

depth). For example, 10 - 20% of P1D and P9D were affected by moderate degree o f salinity. In 

contrast, 20 - 40% of P8D (lower half) was affected by strong salinity w ith most o f the saline 

soils occurring in the depression at the end o f transects A and B. Similarly, patches o f white 

surface crust usually developed as a result o f saline soils were also observed in P1U plot during 

the measurements. Salinity in soil can result in moisture stress and reduced plant growth, due 

to water soluble salts that inhibit plant uptake o f moisture. In general, all the experimental 

plots had a soil pH varying between slightly acidic to  slightly alkaline (pH range = 5.5 to 7.5).
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Table 4.1 Generalized soil characteristics in experimental plots (extracted from Saskatchewan Institute of Pedology (1992))

Experiment 
al plots

% Slope and 
description

Landform Soil Texture Stoniness Surface pH* and % surface pH class (in 
brackets) description

P1U, P1M (2 - 10%) 
Gentle to 
moderate

Undulating
and
dissected

P1UUG = Clay-loam 
clay; P1MUG = loamy 
sand to silt loam

Slightly stony. 
P1UUG more stony 
than P1Mug

B5 (B7A3) = 70% area slightly acidic to 
neutral; and 30% area slightly acidic

P1D (0.5-5%)
Very gentle to 
gentle slopes

Undulating Sandy clay to sandy 
clay loam

Non-stony A4 (A3B3C3Dx) = 30% slightly acidic; 30% 
slightly acidic to neutral; 30% neutral to 
slightly alkaline; and 10% alkaline

P6U, P6M, 
P6M-2

(2-5%)
Gentle

Undulating
and
dissected

Clay to sandy clay 
loam

Very slightly 
stony

B2 (B7C3) = 70% slightly acidic to neutral and 
30% neutral to slightly alkaline

P8U, long 
transect

(2 - 10%) 
Gentle to 
moderate

Undulating
and
dissected

P8UG7o = Sandy clay 
to clay. Long 
transect= Loam

Slightly stony to 
very stony.

B3 (B5C5) = 50% slightly acidic to neutral and 
50% neutral to slightly alkaline

P8M (2 - 10%) 
Gentle to 
moderate

Undulating
and
dissected

clay loam Slightly stony B3 (BSC5) = 50% slightly acidic to neutral and 
50% neutral to slightly alkaline

P8D
(first half)

(2 -  5%) 
Gentle

Inclined Loam-clay loam Slightly stony B5 (B7A3) = 70% area slightly acidic to 
neutral; and 30% area slightly acidic

P8D
(second
half)

(0.5 -  5%)
Very gentle to 
gentle

Undulating Loam-Sandy clay 
loam

Slightly stony A3 (A3B4C3) = 30% slightly acidic; 40% slightly 
acidic to neutral; and 30% neutral to slightly 
alkaline

P9U,P9M,
long
transect

(2 - 10%) 
Gentle to 
moderate

Undulating
and
dissected

Fine sandy loam to 
sandy clay loam soil

Moderately stony 
to very stony.

B2 (B7C3) = 70% slightly acidic to neutral and 
30% neutral to slightly alkaline

P9D (10-15%)
Strong

Inclined 
and gullied

Clay loam-clay Very stony at 
some places

B3 (B5C5) = 50% slightly acidic to neutral and 
50% neutral to slightly alkaline

Note: *% surface pH class is provided in the brackets: pH class 'A' = pH range of 5.5 to 6.0 (slightly acidic), pH class 'B' = pH range of 6.1 to 6.7 (slightly acidic to 
neutral), class 'C' = pH range of 6.8 to 7.5 (neutral to slightly alkaline; and class 'D' = pH range greater than 7.5 (alkaline).
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Amount o f stoniness (visual estimate) varied from non-stony to  very stony (stones cover 3 to 

15% of the surface) between the plots, and this occasionally influenced the ability to take 

measurements. For example, transect A in both P9U and P9M had some sample points that 

were particularly stony at the surface, and the ends o f transects A and B in P8U and P8M had a 

greater number of stones compared to  rest o f the plots. As a result it was not possible to insert 

probes at some of the sample points with high stoniness fo r SM measurement, resulting in no 

SM data at those points.

All the experimental plots showed some degree o f variation in the soil texture. For example, 

based on the park's soil survey (Saskatchewan Institute o f Pedology 1992) and field soil samples 

collected during 2008 within pasture 1, P1U had clay to  loam-clay texture, P1M had texture 

varying between loamy sand and silt loam, and P1D was a mix o f sandy clay, sandy clay loam 

and clay-loam (Table 4.1).

4.2. Results

4.2.1 Soil Moisture

4.2.1.1 Impact of local Intra-seasonal weather conditions

Rainfall data from the area illustrate the range o f local variation in the 2008 growing season 

(May -  August) (Figure 4.2). The University of Manitoba (UM) weather station (Figure 4.2B) 

installed near pasture 6 recorded more rainfall during the growing season (May -  August 2008) 

compared to the Carleton University (CU) weather station (Figure 4.2A). Both weather stations 

(approx. 4.2 km apart) recorded a higher amount o f rainfall during June (35.2 mm (CU) and 52.2
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mm (UM)) compared to May, July and August, however it should be noted that in May and 

August, measurements were only made during a portion o f the month.

60.00
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E
40.00
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0.00
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June July

Month

15.8

■ 1
August*

60.00

50.00

E 40.00

E 30.00

20.00

I10.00
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Month

Figure 4.2 Variability in the local rainfall in the East Block, GNP for summer 2008. (A) Rainfall based on 
the CU weather station installed in the pasture 9, East Block of GNP. (B) Rainfall based on the UM 
weatherstation installed in the pasture 6, East Block of GNP.
Note:*To be consistent, due to data availability for both weather stations. M ay rainfall data is from May 15 to 31 
and August rainfall data is from August 01 to August 21.

Most of the rainfall during June 2008 was received between June 2 and 12; however both the 

weather stations recorded variability in terms o f amount and tim ing of rainfall events (Figure 

4.3). For example, between June 10 and 12, UM recorded 29.8 mm of rain while during the
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same 3 days, only 3.2 mm of rain was measured at CU. This difference in recorded rainfall is 

probably due to  localized rainfall events over that particular weather station.
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Figure 4.3 Comparison of rainfall events between the CU weather station (A) and the UM weather 
station (B) during June 2008.

Figure 4.4A shows the SM at 5 cm depth in response to rainfall during June 2008, while Figure 

4.4B shows the air (Tair in °C) and soil temperature (Tsom in °C) at a 4 -  6 cm depth at the CU 

weather station. SM fluctuated between 0.13 m3 m 3 and 0.22 m3 m 3 from days 1 to 12 during 

June 2008 as a result of rainfall events wetting the soil and drying between events (Figure 4.4A).
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Figure 4.4 Local weather conditions during June 2008 for the East Block, GNP. (A) Soil moisture at 5 cm 
depth in response to rainfall. (B) Soil and air temperature conditions
Note: Tair = air temperature in °C, Tsoj| (4 - 6cm) = soil tem perature in °C at 4 - 6cm depth and SM_5cm = Soil 
moisture at 5 cm depth (m3m'3). In both figures, x-axis depicts days in June.

In contrast, from day 13 onwards, SM showed constant gradual decrease and by the end o f the 

June 2008 it had dropped to  about 0.08 m3 m 3. This drop in SM from 0.20 to  0.08 m3 m'3 was 

due to an absence o f rain (except fo r 0.4 mm of rain on days 14 and 18) and sunny or partly 

sunny weather w ith increasing air and soil temperatures with light to strong winds providing
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the energy, atmospheric demand and turbulence needed to  support high rates o f 

evapotranspiration. Temporal variability in the SM was also examined using data from five SM 

probes installed in the ground at different depths: 5 cm, 10 cm, 0 - 20 cm (integrated), 26 cm 

and 50 cm, at the CU weather station (details provided in section 3.2.2). Figure 4.5 shows the 

temporal variation in SM in response to natural rainfall (sporadic to  heavy rain).
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Figure 4.5 Temporal Variability in the amount of rainfall and SM at different depths. Pasture 9 East 
Block, GNP.
(Note: SWC = volumetric soil water content; SWC_5cm = SWC at 5 cm depth, SWC_10cm = SWC at 10 cm depth, 
SWC_0 - 20cm = SWC averaged at 0 -  20 cm depth, SWC_26cm = SWC at 26 cm depth and SWC_50cm = SWC at 50 
cm depth.)

The permanent probes at 5 cm, 10 cm and 0 - 20 cm depths were disrupted due to  animal 

activity in the second week of July, resulting in erroneous data, so these 3 probes were not used 

after July 10. No impact on probes at 26 cm and 50 cm was found at the time o f final data 

acquisition during August 2008.
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During sensor installation at the above-mentioned depths, the following characteristics were 

observed: (a) Soil from 0 -  30 cm was very moist and dark brown in color, (b) In general depths 

below 30 cm were rocky and dry. (c) A white layer o f soil was also observed between 30 cm 

and 45 cm. In the absence of any chemical analyses, it is inconclusive to  determine whether 

this was a salt layer (NaCI, NaS04, or CaS04) or a layer o f calcium carbonate (CaC03). However, 

GNP is the Brown Soil Zone, so it can be assumed that the white layer is CaC03, which typically 

occurs within the upper 30 -  50 cm of the surface in the mid-slope landscape positions 

(Brierley, T. 2012, personal communication), (d) Soil was slightly moist at 45 -  50 cm depth, 

whereas 50 cm to 65 cm depths showed very dry soil. This suggested that most o f the rainfall 

during 2008 growing season was used for recharging at this depth. However, the whitish layer 

acted as barrier (particle size discontinuity) for the downward flow  of the SM to 50 cm depth. 

The upper 30 -  40 cm layers needed to  be saturated before water could move beyond it. 

During sensor installation, roots were also observed at 60 cm depth. Since many rangeland 

species have deep fibrous root systems, it is entirely possible that this also contributed to  the 

depletion of deep SM. All this explains the low amount o f SM at 50 cm depth compared to  26 

cm depth. Overall, a trend in SM with respect to  factors such as precipitation is evident at 50 

cm depth, but it needs further investigation.

The 5 and 10 cm depths showed similar SM pattern. These shallow layers show more rapid 

response to rainfall events due to high rates o f surface evapotranspiration caused by variable 

soil and air temperatures, thus they dry/drain slightly faster than the 0 -  20 cm integrated 

volume.
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Tsoi| at 4 -  6 cm depth showed a significant negative correlation with SM at 5 cm depth (R2 = 

0.61, p = 0.001) (Appendix 1, Figure A1.4). Tair showed a significant negative correlation with 

SM at 5cm depth (R2 = 0.23, p = 0.043) and significant positive correlation w ith Tsoi| at 4 -  6 cm 

(R2 = 0.74, p = 0.000) (Appendix 1, Figure A1.5 and Figure A1.6). When air temperatures 

increased, the surface soil temperatures also increased, whereas SM at 5 cm depth decreased.

Overall, seasonal changes in the SM at all depths were apparent. As expected, an increase and 

decreases in the SM corresponded to  the higher and lower rainfall periods, and SM generally 

peaked after rainfall events. For example, SM at all depths reached a peak following a heavy 

rain event on 08 June 2008 and decreased thereafter. Although several small rain events 

occurred between 09 June and 09 August, they did not interrupt the trend in SM at 26 and 50 

cm depths.

Significant correlation was also found between daily rainfall and SM (R = 0.83; p < 0.05). This 

correlation is based on the daily rainfall, and volumetric SM data measured at 12 cm depth with 

the Hydrosense probe during June 2008 from the plot located in pasture P9 near the weather 

station. SM also showed a lag effect following a rain event (Figure 4.5).

4.2.1.2 Effect of Slope Location and Time

Spatial variability in SM in pastures P I and P6 is presented in Figure 4.6, showing that slope 

position has a significant effect on SM (F (1, 743) = 51.55, p < 0.0001, N = 744) tested using a 

mixed effects model with pasture as random effect. In particular, upslope plot in P I (or P1U) 

showed higher SM compared to midslope and downslope plots. During the field 

measurements, accumulation o f salt on the surface was observed in P1U. Since salinity in the
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soil can affect the instrument measurements; this probably explains the high amount of

variability in the P1U plot (Thompson et al. 2007). Also, although P1U was upslope according to 

the plot location methods used in this study, it was also in a local hollow w ith high surrounding 

contributing area, likely leading to  high relative soil moisture.
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Figure 4.6 Boxplots showing the variability in SM measured on 22 May 2008 from upslope (U), 
midslope (M and M2) and downslope (D) plots in pasture P I and P6.
Note: Black bars represent the median, and length of the box the inter-quartile range, i.e. the 25th and 75th 
quartile. Whiskers show the largest and lowest extremes if there are no outliers. Pasture 6 had two midslope plots 
(P6M and P6M2). Total no. of observations in each plot = 124.

May 22 SM measurements were selected to  show the spatial variability as this was the only 

time when SM measurements were taken from all the plots located in two different pastures in 

a same day. Despite measurements being taken on the same day (May 22), SM in pastures PI 

and P6 was significantly different overall (F (2, 742) = 49.35, p < 0.0001, N = 744). Overall, PI 

plots show more variation compared to  P6 plots (Figure 4.6). Since soil texture is highly

Upslope Midslope Downslope

P1U P6U P1M P6M 
Experimental plot

P6M2 P1D
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variable in pastures PI and P6 (see Table 4.1), it is likely contributing to variability in SM in the 

two pastures.

Figure 4.7 shows the temporal variability in SM between all the pastures (PI, P6, P8 and P9) and 

within each respective pasture using the 3 to  4 measurements made when all plots experienced 

ungrazed conditions. Both slope location (F (2, 5537) = 147.63, p < 0.0001, N = 5580) and time 

(date) (F (13, 5537) = 450.77, p < 0.0001, N = 5580) significantly influenced the spatio-temporal 

variability in SM as tested using mixed effect model with statistically significant differences in 

the mean SM values based on dates and slope locations (p < 0.05).

There was no significant difference in mean SM in pasture 9 between May 16 and 25 (0.23 and 

0.24 m3 m~3, respectively) (p = 0.097, Tukey's HSD). Overall, the difference in mean SM values 

over time among pastures is likely due to variability in local weather conditions before and on 

the date of SM data acquisition, which is confirmed by significant interaction between slope 

location and time (F (26, 5537) = 21.13, p < 0.0001, N = 5580). For example, during June, 

compared to other pastures, the mean SM values were higher in PI plots (> 0.38 m3m 3, see 

Figure 4.7). The accumulated amount o f rainfall from June 10 to  12 (29.8 mm) most likely 

contributed to high SM values.
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The spatio-temporal variability o f SM was assessed by semivariogram analysis o f the upslope 

(U), midslope (M) and downslope (D) plots in pastures 1, 6, 8 and 9. Figure 4.8 present the 

examples for May and June semivariograms from different pastures graphically where symbols 

are the experimental semivariances and the solid lines show the fitted exponential model. 

Summary statistics describing the modelled semivariogram for all cases are presented in 

Appendix 1. Sill values were highly variable ranging between 0.014 and 0.204 between all the 

experimental plots during May and June. Since SM is affected by soil type, high semivariance 

values might be due to large differences in the SM between the two closest observation values.
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Figure 4.8 Example semivariograms for May and June ALB based on ungrazed conditions. Note: SM0522 = SM on May 22; SM0528 = SM on May 
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Small nugget effects (C0) were also present in most o f the experimental plots, suggesting some 

amount of random variation within the dataset. This can be attributed to measurement errors 

or variation at a scale smaller than the sample size (or both) (Kitanidis 1997). The exception 

was P9U, which showed a pure nugget effect (i.e. sill = nugget) for the SM measured on June 

06. Thus, no spatially correlated variation in P9U was detected, likely attributable to  the 

sampling interval being greater than the scale o f spatial variation in the site.

Table 4.2 shows the averaged semivariogram variables for May and June SM from all the 

pasture plots. The ranges o f influence (A0) for both May and June SM semivariograms were 

highly variable in all the plots. In May, midslope plots generally had high SM ranges (between 

15 and 38 m) compared to the upslope (3 to  ~9 m) and downslope (~2.7 to  ~19 m) plots. A 

notable exception was P1M, which showed a small range both on May 22 (2.91 m) and May 30 

(3.54 m). In June, SM range was again highest, but by a narrower margin, followed by 

downslope and upslope plots.

Table 4.2 Summarized May and June 2008 SM semivariogram results

Month Slope Location
Avg. Sill 
(C+Q)

Avg.
MSH

Avg. Range 
(Ao) (m)

Avg. SDR 
(%) Avg. CR

May
Upslope (U) 0.06 0.72 5.53 23.49 0.18
Midslope (M, M-2) 0.07 0.64 23.02 36.49 0.26
Downslope (D) 0.10 0.79 9.71 23.06 0.18

June
Upslope (U) 0.03 0.76 6.77 28.25 0.17
Midslope (M, M-2) 0.04 0.78 8.66 21.84 0.17
Downslope (D) 0.04 0.87 6.99 13.37 0.11

Magnitude of spatial heterogeneity (MSH) was also variable between all the pasture 

experimental plots both spatially and temporally. For example, on May 22, P6U showed 51% 

heterogeneity in SM, whereas P1U showed 88% heterogeneity in SM. The spatial variability is
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likely due to soil characteristics. P1U had more bare areas compared to other experimental 

plots. On May 22 and May 30, it was observed that some bare areas in P1U were very dry at 

the surface with cracks, causing difficulty in inserting the SM probes. In addition, the soil was 

very salty as was noticed based on the soil color (white) and had high amount o f stoniness at 

certain points. All this likely contributed to the SM variation in this plot.

Similarly, P9U and P9M plots were characterized w ith fine sandy loam to sandy clay loam soil as 

based on the soil survey (Saskatchewan Institute o f Pedology 1992). Both soil textural types 

have high sand content compared to silt and clay, resulting in low field capacity (between 0.11 

and 0.27 m3 m'3). The Hydrosense probe measurements taken on June 6 in P9U and P9M plots 

showed low volumetric water content (0.17 -  0.24 m3 m'3) at certain sample points (such as 0 -  

2 m in transect C o f P9U and 18 -  20 m in transect A o f P9M) after a heavy rainfall event on 

June 2 and 3 (15.4 mm rain). Therefore, it can be surmised that these measurements were 

taken in soil with high sand content (> 60% sand). Additionally, these plots were characterized 

as moderate to  very stony, which could have affected the probe measurements at sample 

points coinciding with the stones. Within the same plots (P9U and P9M), certain sample points 

(such as 24 -  30 m of transect C in P9M) showed very high volumetric water content (~0.30 -  

0.54 m3 m 3), indicating that the soil was highly saturated. One o f the many possible reasons 

might be that the probe was placed in soil with a high clay content, which has high saturation 

capacity (between 0.51 and 0.57 m3 m 3) compared to sandy soils (between 0.36 and 0.39 m3 m 

3).
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In terms of temporal variability, P9M showed more heterogeneity in SM on May 16 (75%) 

compared to May 25 (55%). However, P9U and P9D plots showed less heterogeneity (59 and 

69%, respectively) on May 16 compared to ~89% on May 25.

On average, downslope plots in all the pastures showed more heterogeneity (79% in May and 

87% in June) compared to  upslope (72% in May and 76% in June) and midslope (64% in May 

and 78% in June) plots (Table 4.2). Both sill (F (1, 23) = 9.79, p = 0.005, N = 24) and MSH (F (1, 

23) = 9.38, p = 0.006, N = 24) were significantly affected by mean SM; however range (A0) was 

not significantly affected by the mean SM (F (1, 23) = 3.69, p = 0.068, N = 24). Higher mean SM 

led to increases in the semivariograms' sill values (Figure 4.9). Overall, there was no 

relationship between mean SM and patch size (corresponds to the spatial range o f the patches 

from semivariograms), but higher mean SM measurements were associated with higher 

variability.
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Figure 4.9 Mean SM and semivariogram parameters, Sill and MSH.

Spatial dependence ratio (SDR) (%) was calculated and interpreted based on Cambardella et al. 

(1994), where if SDR is < 25%, the variable is considered strongly spatially dependent; if SDR is 

between 25 and 75%, the variable is considered moderately spatially dependent, and if SDR is
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>75%, the variable is considered weakly spatially dependent. On average, semivariograms for 

downslope plots indicated strong spatial dependence fo r SM at short ranges ( 6 - 9  m). In 

comparison, upslope and midslope plots showed both strong and moderate spatial dependence 

at short - long distances. For example, P8U on May 21 showed strong spatial dependency for 

SM at a short range of 4.77 m compared to  P8M, which showed moderate spatial dependency 

at a long range o f 26.10 m. ANOVA test results showed no significant effect o f slope location on 

SDR% over time (F (2, 42) = 0.589, p = 0.56, N = 45), but range was significantly affected by 

slope location (F (2, 42) = 3.442, p = 0.04, N = 45). A significant correlation was found between 

range and SDR% (R = 0.770, p < 0.0001, N = 45) where short ranges showed strong spatial 

dependence and long ranges showed moderate spatial dependency. This was further 

confirmed by ANOVA test which also showed significant effect o f range on SDR% (F (1, 43) = 

62.69, p < 0.001, N = 45). The strong to  moderate spatial dependency may be controlled by 

intrinsic variations in the soil characteristics such as texture.

Local weather conditions were also highly variable during the field season in summer 2008, 

likely influencing the range of SM semivariograms in addition to  other factors (Figure 4.2 and 

Figure 4.3). For example, PI SM measurements on June 13 were preceded by 3 rainfall events 

that took place between June 6 and 8 (10.6 mm) and 3 rainfall events that took place between 

June 10 and 12 (total rainfall, 29.8 mm). As a result o f these rainfall events, soils in P I plots 

were heavily saturated resulting in very high mean SM values. Both P1M and P1D also showed 

puddles at certain points likely due to low infiltration rates, and thus these points were 

excluded from the analyses.
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4.2.2 Aboveground live plant biomass

4.2.2.1 Impact of local Intra-seasonal weather conditions

Daily ALB data from the controlled plot placed in pasture 9 near the CU weather station, and 

the daily weather data collected from the CU weather station were used to determine the 

impact o f local intra-seasonal weather conditions on ALB. Temporal variations in ALB showed a 

strong and significant correlation with rainfall (R = 0.842, p < 0.05, N = 30). No significant 

correlation was found between ALB and SM measured at 12 cm depth (R = 0.197, p = 0.349, N = 

124; Appendix 1, Figure A1.7). The relatively low correlation indicates that ALB does not 

entirely depend on the water content at 12 cm; water from depths greater than 12 cm is also 

obtained by plants for growth. This is further confirmed from visual observation o f fine roots 

up to a depth o f 60 cm during installation o f SM sensors at different depths near the weather 

station in P9.

4.2.2.3 Spatio-temporal variability in ALB between pastures and within pastures

Spatial variability in ALB in pasture P I and P8 is presented in Figure 4.10. Despite 

measurements being taken on close to the same day (example, May 27 upslope and midslope 

plots; and May 29 downslope plots), plots in pastures PI and P8 show considerable variability in 

ALB. This variability could be attributed to vegetation composition within each plot.
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Figure 4.10 Boxplots showing the variability in ALB measured during May 2008 from plots in pasture PI 
and P8.
Note: Black bars represent the median, and length of the box the inter-quartile range, i.e. the 25th and 75th 
quartile. Whiskers show the largest and lowest extremes if there are no outliers. Total no. of observations in each 
plot = 124.

Figure 4.11 shows the temporal variability in ALB between all the pastures (PI, P6, P8 and P9) 

and experimental plots in each pasture. Mean ALB is variable between pastures and within 

pastures. In general, mean ALB for June is higher in pastures PI and P9 compared to  P6 and P8. 

Also, the differences with respect to  slope position are generally much greater in June than in 

May.

Both slope location (F (2, 2968) = 17.15, p < 0.001, N = 2970) and time (month) (F (1, 2969) = 

2677.25, p < 0.001, N = 2970) significantly influenced the spatio-temporal variability in ALB for 

each pasture (PI, P6, P8 and P9). Subsequent Tukey's HSD, a post-hoc test, indicated that the
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mean ALB values were significantly different between the slope locations for most o f the 

pastures (example of w ithin pasture variation, mean ALB in P I plots during late June: upslope 

plots = 59.05 g m 2; midslope plots = 82.64 g m 2; downslope plots = 71.92 g m 2; p < 0.05, N = 

372). In terms o f between pasture variations, mean ALB mostly showed significant differences 

as a result o f slope location. Notable exceptions were P6U and P6M-2 plots, where Tukey's HSD 

test indicated no significant difference in the mean ALB (24.13 g m 2 and 23.58 g m-2 

respectively); and P1D and P8D with mean ALB of 33.86 g m 2 and 33.11 g m '2 respectively for 

May data (p > 0.05).
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Figure 4.12 summarizes the spatio-temporal variability o f ALB in all measured pastures PI, P6, 

P8 and P9 plots. Very low ALB values (between 8 and 9 g m‘2) were recorded on May 17 in 

transect C of P6M, thus impacting the semivariograms and resulting in a very low semivariance 

at short distances (0 to 10 m, see Figure 4.12) followed by a sharp rise in the variance. Overall 

sill and range values were highly variable between the experimental plots. For May ALB data, 

P6 and P9 plots showed high range values varying between 22 and 42 m beyond which there is 

no spatial auto-correlation compared to plots in pastures PI and P8 showing range less than 20 

m. ANOVA test results showed no significant effect o f slope location on the semivariogram 

range (F (2, 24) = 1.67, p = 0.21, N = 26).

Both upslope and downslope plots located in PI and P8 showed higher heterogeneity in ALB 

compared to upslope and downslope plots located in P6 and P9 (Appendix 1). In comparison, 

the midslope plots showed similar heterogeneity in ALB except P6M, which was highly 

heterogeneous (MSH = 0.99). P6M had especially high variability in biomass values; during ALB 

data acquisition it was observed that transect C in P6M had very sparse vegetation w ith ALB 

ranging between 8 and 9 g m'2 compared to transect A, B and D with ALB ranging between 19 

and 30 g m 2.
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Table 4.3 shows the averaged semivariogram variables fo r May and June ALB from all the 

pasture plots. The range o f influence for both May and June ALB semivariograms was highly 

variable in all the pasture plots. On average during May, midslope plots had the highest range 

whereas in June the downslope plots had the highest averaged range (Table 4.3). Therefore, no 

clear pattern w ith respect to patch size o f ALB could be identified.

Table 4.3 Summarized May and June 2008 ALB semivariogram results

Month Slope Location
Avg. Sill 
(C+Q)

Avg.
MSH

Avg. Range 
(Ao) (m) Avg. SDR Avg. CR

May

Upslope (U) 0.024 0.79 19.99 21.17 0.17
Midslope (M, M-2) 0.076 0.78 29.17 20.94 0.17
Downslope (D) 0.031 0.81 22.20 18.53 0.15

June

Upslope (U) 0.085 0.67 18.56 32.93 0.24
Midslope (M, M-2) 0.115 0.81 17.52 18.51 0.15
Downslope (D) 0.151 0.90 29.06 10.42 0.09

MSH was also variable between all the pasture experimental plots both spatially and 

temporally. In general, ALB heterogeneity increased from upslope to downslope during May. 

However, in P8 and PI, upslope plots showed the highest heterogeneity in ALB followed by 

downslope and midslope plots. Heterogeneity patterns were clearer in June. For all the 

experimental plots, heterogeneity in ALB increased from upslope to downslope plots.

Visual inspection of the vegetation at all the pasture plots indicated that it was not uniform at 

the field scale so it is likely that diversity in type of vegetation is causing this small-scale 

variation. For example, P8M also had some Shining arnica (Arnica fulgens) (~10%), Nuttall's 

yellow violet (Viola nuttallii) (~1%) and death camas (Zigadenus venenosus) (~2%), in addition to 

a mix of grass, shrubs and Selaginella densa. The transect also showed open vegetation with 

gaps partially occupied by Selaginella densa and lichens from 20 to 27 m and mix o f grass and
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shrub from 27 to  30 m. All this variability in type of vegetation also affected the amount of 

biomass in the plot because points coinciding with dense shrubs showed high ALB values in the 

same plot compared to areas with less grass cover. For example, P9M had thick shrubs from 18 

-  20 m in transect B thus contributing to  high ALB values ranging between 225.5 g m '2 and 

325.8 g m 2. Within the same plot, some points had primarily grass cover thus contributing to 

low ALB value, for example, the 30 m point in transect A had an ALB value o f 35.1 g m 2.

In addition to spatial variability, experimental plots in PI, P6, P8 and P9 also showed temporal 

heterogeneity in ALB. For example, on May 19, P9U showed ALB ranging from 13.6 g m'2 to

30.1 g m 2. ALB in the same plot ranged from 36.4 g m 2 to  184.0 g m'2 on June 23 and from

33.1 g r tf2 to 325.5 g m 2 on June 28. This temporal variability is a result o f the state of 

vegetation development during the growing season.

Sill was significantly correlated with mean ALB (F (1, 14) = 50.79, p < 0.001, N = 15), however no 

significant correlation was found between the MSH and mean ALB (F (1, 14) = 0.17, p = 0.69, N 

= 15). The sill (variance) o f the semivariogram follows the trend o f mean ALB values with higher 

ALB leading to an increase in sill (Figure 4.13). Similar to MSH, range also showed no significant 

correlation with the averaged ALB (F (1,14) = 1.718, p = 0.213, N = 15).
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Figure 4.13 Mean ALB and semivariogram parameters, Sill and MSH.

On average during May, all slope locations showed strong spatial dependency (SDR% < 25%). In 

comparison for June ALB, on average upslope plots showed moderate spatial dependency 

(SDR% between 25 % and 75 %), while both midslope and downslope plots showed strong 

spatial dependency (SDR% < 25%). The ANOVA test results showed no significant effect o f 

slope location on the ALB SDR% over time (F (2, 24) = 0.070, p = 0.93, N = 27). Also, no 

significant correlation was found between ALB range and SDR% (R = 0.269, p = 0.174, N = 27), 

further confirmed by ANOVA (F (1, 25) = 1.959, p = 0.174, N = 27).

4.2.3 Effect of Grazing on SM and ALB

This part o f the field study is a part of the large-scale long-term BGE study at the East Block o f 

GNP (see Henderson 2006 for details) following a modified Before-After-Control-lmpact design 

("Beyond BACI;" Underwood 1994). Grazing was introduced in mid-June 2008 in pastures P6 

and P8, while PI and P9 were used as control, therefore this section provides analysis fo r SM 

and ALB before and after treatment. From here on pasture number will be combined with their 

treatment code: control (C), before grazing (BG) and after grazing (AG) (for example, P lc, P6 Bg, 

P6 ag> P8 bg, P8 ag, P9c)-
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4.2.3.1 Soil moisture and Grazing

Significant effects of grazing treatment (F (1, 222) = 125.74, p < 0.001, N = 223), time (F (1, 222) 

= 727.06, p = 0.02, N = 223) and their interaction (F (1, 222) = 327.95, p < 0.05, N = 223) on plot 

scale SM were detected. There were no significant pre-existing differences detected in the plot 

scale SM before cattle were allowed to  graze (p = 0.07). For example, both control and before 

grazing pastures showed similar mean SM, 0.318 m3 m 3 and 0.320 m3 m 3, respectively (Figure 

4.14). Tukey's HSD test showed significant drop in the mean SM values before (0.31 m3 nT3) 

and after (0.19 m3 m'3) grazing treatment (Figure 4.14).
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Figure 4.14 Grazing effects on SM. Error bars represent 95% Cl for mean.
Note: Data is from pasture P6 and P8 before (first half of June 2008) and after grazing (second half of June 2008) 
period. Here AG = data from P6 and P8 after grazing; BG = data from P6 and P8 before grazing; C = data from  
control pasture P9. No SM data for T2 was available from control pasture P I, so it was not used in the analysis.
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Semivariogram analysis results showed higher spatial heterogeneity and increase in spatial 

patchiness after grazing treatment than before grazing was introduced in pastures P6 and P8. 

For example, P8Ag showed 89% heterogeneity in SM with a patch size o f 5.4 m, whereas P8Bg 

showed 81% heterogeneity in SM with a patch size o f 18.4 m. No change in heterogeneity from 

time T1 (87.5% heterogeneous) to T2 (88% heterogeneous) was observed in control pasture 

P9C. Similar to  before grazed pastures, control pasture P9C also showed big patches (12 m).

4.2.3.2 ALB and Grazing

Significant effects o f treatment (F (1, 270) = 23.03, p = 0.002, N = 271) and time (F (1, 270) = 

2982.35, p < 0.0001, N = 271) on plot scale ALB were detected. ALB was lower in the P 6Ag and 

P 8 ag compared to before grazing treatment (P 6 Bg and P8BG) and control (P9C). A significant 

treatment x time interaction effect (F (1, 270) = 37.83, p < 0.0001, N = 271) was also detected, 

which indicates the effect of grazing disturbance on the ALB, in addition to  environmental 

factors and plant phenological change. There were no pre-existing differences detected in the 

ALB before cattle were allowed to graze (control (P9C): Mean ALB 51.9 g m '2; before grazing: 

Mean ALB 52.9 g m'2; p = 0.673).
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Figure 4.15 Semivariograms for before and after grazing treatment: An example of pasture P8 during 
summer 2008.
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Semivariogram analysis results indicated higher spatial heterogeneity and increase in spatial 

patchiness after grazing treatment than before grazing activity introduced in pastures P6 and 

P8. For example, after cattle were introduced in P8, ALB heterogeneity increased to 87.6% 

from 77.8% with smaller patch size (4.2 m) than before grazing treatment (Figure 4.15). Similar 

to before grazed pastures, control pastures also showed bigger patch size (~40 m) w ith slight 

fluctuation in ALB heterogeneity from time T1 (78% heterogeneous) to  T2 (76% 

heterogeneous).

4.2.4 Spatial patchiness as a result of grazing disturbance

Moran's I for SM and ALB was calculated at a 1 m lag interval to  check for any spatial trends as 

a result of control and grazing treatment.

4.2.4.1 Soil Moisture

All the experimental plots showed some degree o f positive significant autocorrelation at short 

distances (< 10 m). In fact, the strongest value o f spatial autocorrelation (i.e. significant positive 

autocorrelation) was always within the first distance class supporting patchiness. It can also be 

inferred that with distance the spatial autocorrelation decreased and showed absence or non

detection of spatial pattern. Figure 4.16 provides an example o f spatial patterns in SM at 

pastures Pic and P6BG. The size o f the patches (or range o f influence) is indicated by the 

distance at which the first maximum negative autocorrelation is found. The first change o f sign 

from positive to negative value occurred around 3 m in P1UC SMM22 correlogram; around 2 m 

in P1MC SMM22 correlogram and 9 m in P1DC SMM22 correlogram corresponding to the spatial 

range of the patches. In general, compared to P6BG, Pic exhibited high degree o f randomness
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or homogeneity in SM spatial pattern w ith values oscillating along the zero value (i.e. absence

of significant spatial autocorrelation). This could be attributed to similar SM values observed on 

May 22 in P lc. However, significantly positive or negative values indicate some spatial 

heterogeneity (i.e. patchy distribution o f the SM) in P lc. This could be attributed to  the 

variation in soil characteristics in P lc.
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Figure 4.16 An example of spatial autocorrelation (Moran's I) in P lc and P6C for SM measured on May 
22. Note: U = upslope, M = midslope and D = downslope. Solid squares indicate significant coefficient values at a  
= 0.05; open squares indicate non-significant coefficient values after progressive Bonferroni correction.
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Compared to  P lc, P6bg showed patchiness in SM with variable patch size (corresponds to  the 

spatial range of the patches) and distance among patches with some degrees of randomness in 

the pattern. Since trampling by cattle can affect the soil structure, this might be affecting SM 

patterns. Overall, in both P lc and P 6Bg, the correlograms did not detect any repetitive patterns 

except in P1UC, due to variation in patch size and distance among patches.

Moran's I correlograms were also calculated using SM data from before and after grazing 

treatment from pasture 6 and 8. Overall, correlograms were globally significant; indicating that 

the overall spatial pattern of SM is not random so there is spatial heterogeneity in SM. In P 6Ag 

and P 8Ag a significant positive value o f Moran's I (p < 0.001) was observed for the first distance 

class followed by significant negative and positive values for distance classes greater than 4 m, 

suggesting a certain degree o f spatial periodicity in SM. Overall, SM patch sizes were smaller 

(5.4 m) during grazing activity than before (patch size 18.4 m) any grazing activity in the 

pastures P6 and P8, suggesting that the grazing disturbance created a more fragmented mosaic 

in terms o f SM.

4.2.4.2 ALB

An example of auto-correlograms for ALB in pastures 6 and 8 before /  after grazing is provided 

in Figure 4.17. Both P6Bg and P8BG showed one big patch with first change o f sign from positive 

to negative at distances smaller than 45 m. Overall, both pastures (P6BG and P8Bg) showed 

significant auto-correlation both at small and large distances, w ith a clear spatial pattern. In 

comparison, both pastures (P6AG and P8AG) after the introduction o f grazing disturbance
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showed highly patchy spatial pattern (i.e. significant positive or negative values) w ith variable 

patch size and distance among the patches as a result of introduction of grazing disturbance.
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Figure 4.17 An example of spatial autocorrelation (Moran's I) of ALB in P 8 B g  /  P8AG (A) and P 6 B g  /  P 6 A g  

( B ) .

Note: Solid squares indicate significant coefficient values at a  = 0.05; open squares indicate non-significant 
coefficient values after progressive Bonferroni correction. BG = before grazing; AG = after grazing treatm ent. Data 
for P8 is based on a 180 m long transect going from upslope to downslope; whereas data for P6 is based on a 90 m 
long transect going from upslope to midslope.

4.3 Discussion

It was hypothesized that both ALB and SM would differ among plots and between pastures due 

to external factors such as weather, slope location and time. It was also predicted that grazing 

disturbance will significantly affect the spatial patterns in ALB and SM, and will result in more 

heterogeneity in ALB and SM than no grazing conditions. The following sections present
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discussion of the field results and their applicability, certain limitations w ithin the analyses, as 

well as recommendations for future research.

4.3.1 Spatio-temporal variability in SM and ALB

Spatio-temporal variability in SM at different depths was highly influenced by the local weather 

conditions. Both SM and ALB showed strong and significant correlations w ith rainfall. In 

general, SM diminished rapidly when there was a lack o f rain. The results are similar to  the 

study conducted by Fu et al. (2003), where rainfall together w ith topography, soil properties 

and land use contributed to the variability in the SM within 0 -  70 cm depth. A large proportion 

of the rainfall in arid and semiarid regions is produced in convective storms, resulting in spatial 

and temporal rainfall variability, one of the important factors affecting the regional productivity 

in arid and semi-arid regions (Noy-Meir 1973; Lauenroth 1979; Sala et al. 1988; Sivakumar and 

Hatfield 1990; Burke et al. 1991; Seastedt eta l. 1994; Yang eta l. 1998 and Truett 2003).

SM was highly variable both spatially and temporally between pastures and w ithin the pasture 

plots. Since SM measurements were taken under variable weather conditions, where some 

measurements were taken after a series o f heavy rainfall events spatially varying soil hydraulic 

properties can create differential infiltration rates during wet periods following rainfall, thus 

causing larger variation in SM. Studies such as Reynolds (1970) suggest that variability in SM 

should be lowest after a prolonged dry period and large immediately after a rain. This is 

probably because saturation after heavy rain would either lead to  uniform conditions or the 

effect o f soil pore size variations will be maximized (Reynolds 1970).
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Mohanty and Skaggs (2001) suggested that at a particular point in time the SM content is highly 

influenced by factors such as: precipitation; slope, which affects the runoff and infiltration; and 

vegetation and land cover influencing evapotranspiration and deep percolation. Grayson and 

Western (1998) concludes that soil texture may also have a major influence on the soil water 

content in the semi-arid areas. This is because the relative proportion o f sand, silt and clay 

affects the water retention capacity o f a soil by determining the size and number of soil pores 

(Hawley et al. 1983 and Jacobs et al. 2004). Since the park's soil survey (Saskatchewan Institute 

o f Pedology 1992) suggested high variability in soil texture in the pastures, which may have 

contributed to the difference in SM between and within the pastures, it is recommended that 

soil texture analysis should be included in future studies o f SM dynamics fo r this study area. 

Vachaud et al. (1985) found a positive significant correlation between the soil water content 

and the amount of silt and clay present in the soil profile. Similarly, Cosby et al. 1984 also 

concluded that variation in soil texture contributes to SM variability.

ALB was also found to be variable both spatially and temporally, with significant differences 

between pastures and within the pasture plots w ith some exceptions (Figure 4.11). Based on 

personal observations the vegetation type (grass, shrubs, forbs and other) and cover (sparse, 

dense, bare or mixed) were highly variable within all plots, and between pastures. Ruiz-Sinoga 

et al. (2011) concluded that variability in SM also plays an important role in affecting vegetation 

cover in semi-arid regions. Since the amount o f plant available water is dependent on the size, 

shape and arrangement o f mineral particles, as well as the amount of organic matter present 

within a soil, this impacts the type o f vegetation and plant processes such as transpiration and 

photosynthesis, which affects the plant productivity. Additionally, studies report that
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vegetation type, density, uniformity, root characteristics, and litte r depth can also influence the 

processes such as infiltration and evapotranspiration resulting in variation in SM (Reynolds 

1970; Hawley et al. 1983; Trlica and Biondini 1990; Sala et al. 1992; Golluscio et al. 1998; 

Mohanty and Skaggs 2001). For example, grasses, shrubs and forbs present in the semi-arid 

region have different rooting depths, and thus exploit water stored in different soil layers (Trlica 

and Biondini 1990). Gomez-Plaza et al. (2001) found vegetation played a vital role in SM 

variability in vegetated zone while soil texture and slope explained a large part o f SM 

distribution in non-vegetated zone.

Similar to Miles (2009) study in GNP, ALB showed no relationship with SM measured at 12 cm 

depth (R = 0.197; p = 0.349). The relatively low correlation indicates that ALB does not entirely 

depend on the water content of 12 cm layer; water content from depths greater than 12 cm is 

also obtained by plants for growth. Singh et al. (1998) showed a significant inverse relationship 

between above-ground net primary productivity (ANPP) and mean soil water content at 

different depths (30, 45 and 60 cm), where soil layers showed more water depletion with 

increase in ANPP during growing season.

Both slope location and time significantly (p < 0.05) influenced the spatio-temporal variability in 

SM and ALB. On average, downslope plots in all the pastures showed more heterogeneity in 

SM (Table 4.2) and ALB (Table 4.3) compared to  upslope and midslope plots. Similar to  Hawley 

et al. (1983), the results also showed significant differences in the SM from one sampling date 

to the next. Significant differences were also observed in May and June ALB data. This 

temporal variability is likely the impact o f high amount o f local weather variability during the
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field season. Crave and Gascuel-odux (1997); Mohanty et al. (2000) and Qiu et al. (2001) 

showed that location on the slope is an important factor contributing to the SM variation. This 

is because the slope affects the surface runoff and infiltration processes, which in turn affects 

the plant available water for growth. For example, upslope areas due to  less contributing area 

will have low SM compared to downslope areas with more contributing area, likely leading to 

high relative SM.

No significant effect of slope location was found on the semivariogram parameters SDR% and 

range over time for ALB (p > 0.05) suggesting that other factors such as vegetation type, 

vegetated or bare areas and management (grazed or ungrazed) may be affecting the 

semivariogram parameters. Similarly, no effect o f slope location was found on the SM 

semivariogram parameter SDR% (p > 0.05). However, SM range was significantly influenced by 

the slope location. On average, SM range increased from upslope to midslope plots, but 

showed a decrease from midslope to  downslope plots. Since slope in addition to soil 

characteristics affect the surface run-off (upslope to downslope) and moisture in the soil, this 

explains the significant influence of location on SM range. Lakhankar et al. (2010) suggest that 

soil type variation can have a significant influence on the semivariance values. It is stressed 

that these field based results assessing the effect o f slope location on semivariogram 

parameters are applicable only to  this study area and may not be suitable fo r other areas.

4.3.2 Short-term grazing disturbance on plot-scale SM and ALB

A decrease in SM and ALB was observed corresponding to  grazing disturbance at the plot scale, 

which is consistent w ith results reported from similar studies o f grazing effects on biomass and
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soil water content (Frank and Groffman 1998; LeCain et al. 2000; Osem et al. 2002; Weber and 

Gokhale 2011). Weber and Gokhale (2011) in the ir study o f the semi-arid rangelands of 

southeast Idaho reported that soil water content can vary substantially as a result o f animal 

impact and the duration of grazing, despite similar vegetation cover and soil type. This is 

because grazers can change the soil structure through trampling, altering soil porosity and 

organic matter of the soils (Tollner et al. 1990). This altered soil structure can affect the soil 

water dynamics leading to  variability in SM. Since plant available water is important for plant 

growth especially during the growing season, any amount o f variability in it can affect the plant 

productivity. Therefore, lower ALB in grazed plots compared to ungrazed plots is most likely a 

result o f decrease in SM, particularly since ALB was closely correlated with the rainfall during 

growing season. Grazing activity can reduce the accumulation of litter and standing dead 

through trampling, thus leading to increase in evaporation rates from the soil surface. This can 

cause decrease in SM (Frank and Groffman 1998).

Both treatment and time as main effects significantly (p < 0.05) affected SM. Another 

significant explanatory effect was attributable to the pasture variable (p = 0.05). This effect 

indicated that the treatment (grazing, no grazing) applied within each pasture (P6, P8, P9) 

accounts for some significant portion of the total variability seen in SM at this study area and, 

coupled with the pasture x time interaction, suggests that grazing treatment made changes to 

SM. Similarly, ALB results also showed significant combined effect of treatment and time. 

These changes are most likely a combined effect o f both treatment and environmental factors 

such as precipitation (Lauenroth and Sala 1992; Knapp et al. 2001). However, it is difficult to  

separate these factors, especially in light o f the likely errors in the measurements. Despite this,
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the statistical results for treatment effect on SM and ALB are interesting and appear promising 

for future research which should be directed towards addressing this same question using a 

longterm data.

This study also showed that ALB was more heterogeneous w ith smaller patch sizes under 

grazed treatment compared to  ungrazed treatment. Selective grazing by cattle and slope 

location are contributing to  ALB heterogeneity during the grazed treatment (Pinchak et al. 

1991; Steinauer and Collins 1996; Vallentine 2001 and Fortin et al. 2003). The results are 

similar to  Golluscio et al. (2005) which evaluated the impacts of grazing on the spatial 

heterogeneity in the plant biomass in Patagonian steppe. Golluscio eta l. (2005) showed higher 

internal heterogeneity (variability at a distance shorter than the minimum distance sampled) in 

the grazed sites compared to the ungrazed sites.

4.3.3 Spatial pattern in SM and ALB

Most of the Moran's I correlograms were globally significant. The only ones that did not pass 

the test of significance were the SM correlograms from P9Uc on June 06 and June 23. Both of 

them showed absence of significant autocorrelation at any distance class, indicating 

randomness or homogeneity (Pastor et al. 1998; Adler et al. 2001). For example, most o f the 

SM values ranged between 14% and 16% fo r P9UC. Similar to  SM patterns, there was more 

randomness or homogeneity (i.e. Moran's I values were close to  0 and non-significant) in the 

ALB spatial patterns in the grazed treatments compared to ungrazed treatments. The results 

are similar to  Adler et al. (2000) study which also showed more random distribution in the 

grazed treatments compared to the ungrazed treatments. Over time, the forage availability per
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cattle is likely to  decrease within the plot thus compelling them to  feed on previously avoided 

less palatable vegetation (i.e. decreased selectivity) (Weber et al. 1998). Therefore, this would 

result in homogeneous pattern at plot scale. Bailey et al. (1996) and Vallentine (2001) suggests 

that factors such as plant intake rate and frequency o f selection by cattle may affect the grazing 

spatial patterns at a plot scale.

The distance at which the correlogram first intercepts the abscissa can be used to  estimate a 

patch size, as this corresponds to  the shortest dimension o f an irregularly shaped patch (Sokal 

1979). In the present work, the patch sizes in the grazed treatments were about 4.2 and 5.4 m 

for ALB and SM, respectively. In comparison, some pastures showed bigger patch sizes for both 

SM (18.4 m) and ALB (~40 m) before any grazing disturbance. The patchy pattern in the grazed 

treatment of our study area is likely due to  variation in vegetation cover and type within the 

plots, thus resulting in selective grazing by cattle. For example, pasture P8 had presence of 

death camas (Zigadenus venenosus) (~2%) besides other vegetation, which is avoided by cattle. 

Grassland studies such as Knapp et al. (1999) and Truett et al. (2001) report that grazing leads 

to landscape heterogeneity by creating a mosaic o f vegetation and microclimates through 

selective grazing, urine deposition, and trampling. Similarly, Adler et al. (2001) also suggests 

that at field or landscape level grazing is highly influenced by resource availability (food and 

location of water), the interaction with plant community and management practices, thus 

resulting in patchy spatial patterns. Research conducted by Vallentine (2001) and Harrison et 

al. (2003) conclude that heterogeneity in the vegetation structure in the ungrazed treatments 

mainly exists due to  various abiotic (slope and SM content) and biotic (small mammal 

disturbances and insect grazing) factors.
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4.4 Applicability of results, limitations and research recommendations

This study demonstrates high spatial variability in the SM and ALB at plot and pasture scale as a 

result of local weather conditions, grazing disturbance and slope-position. This study also 

contributes to understanding o f pattern (heterogeneity) and factors (grazing disturbance, 

weather and slope location) at different spatial scales and how scale can influence and alter the 

relationship between pattern and factors in the mixed-grassland ecosystem. These results 

provide insight into patterns and responses o f SM and ALB to  grazing disturbance and local 

weather variability during a single growing season in a mixed grassland ecosystem. The results 

also contribute to  providing baseline conditions fo r an ecosystem model that can be used to 

acquire knowledge of a given landscape's ecological issues under changing climate and land use 

management.

Although this study was able to capture the local variability in SM as a result o f local weather 

conditions and grazing disturbance, it is acknowledged that more research involving continuous 

SM at different depths would be required to gain better understanding o f inter-relationships 

between spatial patterns of SM and phenomena such as plant water stress, evapotranspiration, 

and land management. One approach could be to install a long term, spatially extensive 

network of SM probes. Experiments could study SM spatial trends and patterns in response to 

long term grazing disturbance with variable intensities and local weather conditions. This 

would, however, require very expensive equipment and time commitments.

One o f the most significant limitations o f the field analyses was the failure o f SM Hydrosense 

probes at the end of the season, causing a lack o f SM data from the experimental pasture plots
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during August 2008. Additionally, field measurements fo r SM at various depths at the weather 

station were also impeded by animal activity resulting in erroneous data fo r July and August. 

Therefore, most o f the July and August SM data were also excluded from the final analysis. It is 

suggested to have redundant sets o f SM sensors and that the sensors should be wire-fenced 

and cables should be run through a PVC pipe from just below the surface to  the data logger to 

prevent any rodent damage. The sensors should also be checked frequently to avoid any 

interference by small animals causing erroneous or loss o f data. Additionally, a more 

comprehensive soil survey should also be conducted to  account for the variability in the soil 

structure. This information will further help in refining model parameters relevant to  soil 

characteristics of the grassland productivity in the future.

The vegetation type (grass, shrub, forbs and other) at each sample point in all the experimental 

plots was determined by visual survey, adding some subjectivity. Therefore, it is recommended 

to  use methods that can yield more accurate and true representation o f the dominant 

vegetation at each point. This will certainly help in understanding the spatio-temporal 

variability in ALB. Additionally, combining this w ith SM samples at different depths w ill help in 

understanding how different vegetation types utilize water from different depths and the effect 

o f plant available water on plant productivity.

4.5 Conclusions

The study was able to  identify the spatio-temporal variability and pattern in SM and ALB 

between different pasture plots and within pastures at different times. Factors such as local 

weather conditions, slope position, time and grazing disturbance significantly influenced the
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spatio-temporal heterogeneity in SM and ALB at plot scale. Overall, for both SM and ALB, on 

average downslope plots showed more heterogeneity compared to midslope and upslope 

plots. The SM and ALB semivariograms developed in this study were also used to  estimate the 

range of influence (A0), i.e. the maximum separation distance w ithin which SM and ALB values 

appear to be related. This information is useful for determining sampling criteria in future 

studies at GNP.

Some of the observed differences in plot scale SM and ALB are a result o f introduction of 

grazing disturbance in addition to  other factors. However, to  be conclusive about the observed 

differences within the pastures mainly due to treatment, a longer duration study is required.
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5.0 Semivariogram Approach to determine Spatio-temporal Variability in Satellite-based 
Above-ground Live Plant Biomass (ALB): Case Study of Grazed and Ungrazed Experimental 
Pastures

Grazing can either increase or decrease the spatial heterogeneity o f vegetation depending on 

the grazing intensity and level of plant productivity, thus affecting the biodiversity o f a region 

(Bock et al. 1993; Hobbs 1996; Collins et al. 1998; Rietkerk et al. 2000; and Derner et al. 2009). 

Therefore, it is important to have an understanding o f the effects o f variation in grazing 

intensity (or utilization rates) on vegetation heterogeneity and spatial patterns. This will help in 

implementation o f large-scale grazing management scenarios incorporating a wide range of 

grazing intensities for the sake of conservation o f different plant and animal species w ithin a 

mixed grassland ecosystem.

The analysis in the previous chapter concentrated mainly on characterizing the intra-seasonal 

spatio-temporal patterns o f SM and ALB under ungrazed and grazed conditions across a range 

o f scales (plot to  pasture), in order to  have a basis from which to  quantify or enrich predictions 

o f the potential impacts of grazing. Since the grazing experiment started in June 2008 and field 

data was collected only for the 2008 growing season (May -  August 2008), the analyses were 

limited to looking at within-season variability in ALB and SM. In addition, it was only possible to 

gain a preliminary perspective on the effect of variable grazing intensities on ALB 

heterogeneity, since the experiment had only just begun its grazing phase, and there were 

limits to the range of observed conditions because only selected pastures could be measured. 

Therefore, this chapter uses satellite-based ALB estimates at pasture scales to

126



assess the effects o f grazing intensity on the spatio-temporal pattern o f ALB in mixed 

grasslands. It was hypothesized that:

(a) Spatial heterogeneity o f ALB for grazed pastures will be higher compared to  ungrazed 

pastures due to  selective behaviour o f cattle (example, Hartnett et al. 1997; Townsend and 

Fuhlendorf 2010) and will increase over time in response to  grazing intensity, with heavy 

intensity leading to more heterogeneity in ALB compared to light-to-moderate grazing intensity.

(b) Grazing intensity in combination with slope influences the amount o f ALB heterogeneity 

present within the region over time. Downslope areas will be more heterogeneous as a result 

o f grazing intensity w ith high range o f variation in ALB compared to upslope area, due to 

preferential grazing by cattle in areas near water and shallower slopes (example, Pinchak et al. 

1991 and Fortin etal. 2003).

In this study, pastures PI, P5 and P9 were ungrazed. P2 was stocked w ith cattle fo r a target 

20% utilization rate resulting in a very light (VL) grazing pressure in this pasture. Similarly, P6 

was stocked with cattle for a target 33% utilization rate, thus resulting in light (L) grazing 

pressure in the pasture. P7 and P10 to  P13 were stocked w ith cattle for a target 45 -  50% 

utilization rate resulting in low-moderate (LM) grazing pressure in these pastures. P3 was 

grazed with high-moderate (HM) (57%) grazing intensity, whereas P4 and P8 were very heavily 

(H) grazed with 70% grazing intensity. From here on grazed pastures will be referred with 

respective grazing intensities in subscript: P22o, P633, P745, P1050, P I I50, P12so, P1350, P357, P470 

and P870. Ungrazed (UG) pastures w ill be referred to  as P Iu g , P5ug and P9ug-
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5.1 Data Analyses

Following the methodology described in Chapter 3 temporal changes in ALB heterogeneity 

were quantified using semivariance analyses o f five Landsat scenes taken June 2000 and June 

2007 through 2010 (see section 3.3). Once experimental semivariograms were calculated, a 

model was fitted to the semivariogram to  assess spatial correlation. Exponential models were 

used, as this form was found to provide the best fit, with minimum error, and low residual sums 

of squares (RSS) value (0.00004 to 0.0094). The exponential model is similar to  the spherical 

model in that it approaches the sill gradually, but different from  the spherical in the rate at 

which the sill is approached and in the fact that the model and the sill never actually converge. 

This model partitions variance according to the equation:

y (h) = Co + C[1 - exp(-h /  A0)] Equation 5.1

Where y(h) = semivariance for interval distance class h, h = lag interval, C0 = nugget variance > 

0, C = structural variance > C0, and A0 = range parameter (Robertson 2008).

Once a variogram model was f it  to the data, parameters such as range (A0), sill (C+C0) and 

nugget (C0) were derived. In addition, magnitude of spatial heterogeneity (MSH) or relative 

heterogeneity (SH %), correlation ratio (CR) and spatial dependence ratio (SDR) were 

calculated.

5.2 Results

5.2.1 Local Weather Variability

Analysis was conducted to see the range o f variation in weather conditions between different 

seasons as recorded at the Mankota weather station, thus affecting the SM and plant available
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water for plant growth. Total monthly rainfall for the East Block, GNP illustrates the range of 

local variation in the 2000 and 2007 to 2010 growing seasons (Figure 5.1).
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Figure 5.1 Total monthly rainfall (mm) for growing season in year 2000, 2007, 2008, 2009 and 2010.
*  Since 2007 precipitation data for May was only available from day 19 onwards, in this graph only days 19 to 31 
are presented

More rainfall was recorded during the 2010 growing season (292.04 mm) compared to  all other 

years (244.80 mm, 174.60 mm, 121.80 mm and 147.38 mm). June usually received the most 

rainfall, except in 2009. Timing and amount o f rainfall received were also highly variable 

between years and events.

Figure 5.2 shows variation in the average air temperatures for year 2000 and 2007 to 2010 in 

the study area. Year 2007 showed higher average air temperatures compared to  other years.
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Figure 5.2 Average monthly air temperatures (°C) for year 2000, 2007, 2008, 2009 and 2010 in the study 
area.
*Since 2007 average air temperatures data for May were only available from day 19 onwards, the graph presents 
the May data for only days 19 to 31.

5.2.2 Effect o f different grazing intensities on ALB spatio-temporal heterogeneity

The spatio-temporal variability in ALB as estimated using NDVI and equation 3.2 between 

different grazing intensity pastures is shown in Figure 5.3. There is a considerable variability in 

ALB between very light to light (VLL), low moderate (LM), high moderate (HM) and heavy (H) 

grazing intensities after 2 years of grazing. Overall, mean ALB increased w ith grazing intensity 

until LM, showing a quadratic effect (Figure 5.3). Pastures with LM grazing intensity showed 

higher ALB both in 2008 and 2010 compared to  other grazing intensities.
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To compare the ALB between different grazing intensities, a repeated -measures factorial 

ANOVA with grazing intensity (utilization rate) as the main factor and year as the repeated 

measure (a = 0.05) was used. Mauchly's Test indicated that the assumption o f sphericity had 

been violated, p < 0.05, therefore, degrees o f freedom were corrected using Greenhouse- 

Geisser estimates o f sphericity. Both grazing intensity (utilization rate) and year significantly 

affected the ALB (grazing intensity: F (2.2, 894) = 115.4, p < 0.0001; year: F (2.0, 799.6) = 877.9, 

p < 0.0001). Approximately 32.5% of the tota l variance in the ALB was accounted for by the 

variance in the year, while 68% of the to ta l variance in the ALB was accounted for by the 

variance in the utilization rates. Main effects of grazing intensity and year were qualified by an 

interaction o f grazing intensity and year (F (4.2, 1671) = 48.9, p < 0.0001) w ith 50.2% o f total 

variance in ALB as a result o f grazing intensity (utilization rate) and year. The significant 

interaction indicated that the magnitude o f the grazing intensity effect varied with year. 

Tukey's HSD post-hoc test comparing all utilization rates (C, VL, L, LM, HM and H) after two 

years o f grazing disturbance showed that mean ALB was significantly (p < 0.0001) different 

between VL and LM, VL and HM, VL and H, LM and HM, LM and H, HM and H indicating that 

variation in utilization rates affect the ALB. No significant difference in mean ALB was found 

between ungrazed (or C) (mean ALB 40.73 g m"2) and VLL (mean ALB 40.43 g m 2) grazing 

utilization rate. Significant difference in mean ALB was also found between before (i.e., year 

2007) and after grazing (i.e., year 2008 to 2010) treatment (p < 0.0001). A significant year-by- 

pasture (with different utilization rates) interaction was also observed (F (1, 12) = 7.79; p < 

0.0001). This secondary effect indicates that while ALB differs annually, it is differentially 

variable by pasture, suggesting both environmental and grazing intensity influence.
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The effect o f no grazing, VLL, LM, HM and H grazing on the spatio-temporal variability in ALB 

was also assessed by semivariogram analysis (Webster and Oliver 1992 and 2001). 

Semivariograms of the East Block pastures for years 2008 (start o f grazing experiment), 2009 (1 

year after grazing) and 2010 (2 years after grazing) are presented in Figure 5.4 and Figure 5.5. 

In general, all the pastures showed a moderate to  strong spatial dependency in ALB varying 

from ~1% to  ~42% according to  the classification of spatial dependency by Cambardella et al. 

(1994). All experimental pastures (grazed and ungrazed) also showed nugget effect (Co) 

suggesting presence o f some local random variation in the dataset. This can be attributed to 

either the measurement errors or to variation prominent at spatial scale smaller than the pixel 

size (or both) (Kitanidis 1997; Tarnavsky 2008).
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Semivariograms were calculated for the long-term grazed Mankota community pastures 10, 11, 

12 and 13 (Figure 5.6). Pastures 10 (P1050), 12 (P1250) and 13 (P1350) were grazed freely with 

moderate intensity until the start of biodiversity and grazing experiment in June 2008 (Bleho 

2009). However, after the start o f the grazing experiment in June 2008, the pastures had 

controlled grazing with 50% Gl (low-moderate). Therefore from year 2008 to  2010 the results 

are based on controlled grazing within these pastures.

In general, after seven years o f free range grazing (2000 to  2007), P1050 showed an increase of 

~18.2% auto-correlated heterogeneity, whereas P1350 only showed an increase o f ~4.2% auto

correlated ALB heterogeneity. In comparison, P1250 showed a decrease o f ~13% in relative 

heterogeneity. From 2008 to 2010 (controlled grazing), the heterogeneity in ALB increased by 

~2.3% in P105o; by ~16.2% in P1250 and ~11.9% in P1350 (Appendix 2). In comparison to these 

long-term grazed Mankota community pastures, the East Block pasture P745 w ith similar grazing 

intensity showed 5.6% increase in the ALB heterogeneity after tw o years o f grazing.
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Table 5.1 provides the average sill, range, and magnitude of spatial heterogeneity (MSH) values 

during years 2007 (before grazing), 2008 (start o f grazing) and 2010 (after 2 years o f grazing) for 

the different grazing levels. Overall, ungrazed pastures showed the lowest heterogeneity in 

ALB with a large range o f spatial auto-correlation compared to  grazed pastures with variable 

grazing intensity.

Table 5.1 Summarized sill, range and MSH results for different grazing intensities for years 
2007, 2008 and 2010

Year Gl Sill (C+C0) Range(m) MSH (C /  [C + C0])

2007
(No grazing)

UG 0.180 1,348 0.690

VLLbg 0.143 324 0.970

lm bg 0.124 315.2 0.834

HMbg 0.212 257 0.894

HBg 0.239 172 0.938

2008
(Start of grazing)

UG 0.122 1,294 0.658

vllag 0.075 249 0.944

LMag 0.075 293 0.887

h m ag 0.107 324 0.838

HAg 0.128 188 0.942

2010
(after 2 years of grazing)

UG 0.099 1,353 0.652

vllag 0.063 180 0.998

LMag 0.095 236 0.957

h m ag 0.133 212 0.925

HAg 0.153 180 0.941
Note: Gl = grazing intensity; BG = before grazing; AG = after grazing; UG = ungrazed; VLL = very light to light grazing 
(20 -  33% Gl); LM = low-moderate grazing (45 -  50% Gl); HM = high-moderate grazing (57% Gl); and H = heavy 
grazing (70% Gl); MSH = magnitude of spatial heterogeneity.

In general, grazed pastures showed 2.8 to  12.3% increase in heterogeneity (MSH) from 2007 to  

2010 and 5.4 to 8.7% increase in heterogeneity (MSH) after tw o years o f grazing (2008 -  2010). 

An exception was heavily grazed pastures, which showed no change in heterogeneity after two 

years of grazing period, suggesting that grazing maintained the existing heterogeneity over the
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years. Grazed pastures with moderate grazing (low- and high-moderate) showed the most 

change in heterogeneity after grazing was introduced (2007 -  2010, change in MSH = 12.3% for 

LM and 7.1% for HM; 2008 -  2010, change in MSH = 7.0% for LM and 8.7% for HM). Although 

all the grazed pastures showed higher heterogeneity values for ALB compared to  ungrazed, 

grazed pastures with very light to  light grazing intensity had the highest MSH value after two 

years o f grazing (0.998) followed by low-moderate (0.957). Overall, the range for ALB over time 

decreased for all the grazing intensities suggesting that vegetation patch size is negatively 

affected by grazing activity (Figure 5.7).
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Figure 5.7 Comparison of mean MSH and mean range of influence between different grazing intensities
for no grazing (year 2007), at the start of the grazing (year 2008), after one year of grazing (year 2009) 
and after two years of grazing (year 2010).

Similar to  a study by Lin et al. (2010), range and MSH were compared among grazing intensities 

by one-way ANOVA and regression analysis to  determine whether grazing intensity (utilization 

rate) was a significant predictor for the geostatistical metrics or not. Out o f all the regression 

models, exponential and inverse models were found to  be the best options representing the 

MSH and range data to  show the trend over time. After cattle were allowed to  graze for 2 years 

at different intensities, a decrease in patch size (range) for ALB was observed corresponding to
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grazing intensity (exponential model, 2008: (3 = -0.959, t  = -5.857, p = 0.009, R2 = 0.92; 2009: 3 = 

-0.959, t  = -5.901, p = 0.009, R2 = 0.92; 2010: 3 = -0.959, t  = -5.832, p = 0.01, R2 = 0.92).

An increase in MSH for ALB was observed after two years o f grazing corresponding to  grazing 

intensity (inverse and exponential model, 2008: 3 = -0.922, t  = -4.13, p = 0.026, R2= 0.85; 2009: 

3 = -0.952, t  = -5.432, p = 0.01, R2 = 0.90; 2010: p = -0.974, t  = -7.45, p = 0.005, R2 = 0.95). All 

the grazed pastures showed higher MSH than the ungrazed pastures. In other words, the 

proportion o f total sample variation accounted for by spatially structured variation increased 

over time with the grazing pressure.

5.2.3 Spatial patterns of ALB

Spatial auto-correlation measured using Moran's I for ALB was calculated using tw o sampling 

designs, grid and transect, at a 30 m lag interval (Figure 5.8). The rationale was to see the 

effect of sampling design on the ALB spatial pattern detection. The number o f observations per 

distance class and the maximum extent for interpretation o f a correlogram varied w ith the 

spatial configuration of the two sampling designs. The maximum extent o f interpretation 

ranged from 1,200 m for transect, and 1,200 and 2,400 m for grid design.
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Figure 5.8 Effect of Grazing Intensity and sampling design (Grid VS transect) on the ALB spatial pattern (Moran's I): An example of VLL (P22o), HM 
(P357) and heavy grazing (P870) is provided. (Lag distance = 1200 m for transect and Grid; 2400 m for Grid only, lag class distance interval = 30 m).

Note: P220 = pasture 2 with very light to light (20%) grazing intensity (Gl); P357 = pasture 3 with high-moderate (57%) Gl; P870 = pasture 8 with heavy (70%) Gl. 
Solid squares indicate significant coefficient values at a = 0.05; open squares indicate non-significant coefficient values after progressive Bonferroni correction.
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The transect design resulted in a maximum of 3,800 observations per distance class, while grid 

design reached a minimum of 2,300 pairs per distance class. Transect sampling design (using 

sample points along a transect placed within a pasture) exhibited a wave-like pattern w ithin the 

experimental pastures. For example, in the P22o correlogram, the first change o f sign from 

positive to negative value occurred around 60 m, which corresponded to the spatial range of 

the patches. The correlogram showed some repetitive patterns o f patches; however both the 

patch size and the distance among the patches were quite variable.

Similarly, other experimental pastures such as P357, P870 (Figure 5.8) and P1350 also showed 

patchy spatial pattern with variable patch size and distance among the patches. In comparison, 

P22o's spatial correlogram based on the grid sampling design (1,200 m extent) showed a 

gradient spatial pattern w ith significant positive values at short distances to  negative ones at 

large distances. However it levelled around zero, indicating absence or non-detection of spatial 

patterns at distances > 220 m. Similarly, P357, P870 and P1350 showed positive values at short 

distances with significant spatial auto-correlation. P3s7 and P87o also showed alteration of 

values from positive to  negative, thus indicating patchiness.

Similar to  P220, the negative values for P135o were oscillating along the zero value suggesting 

absence o f any significant spatial autocorrelation at large distances. The spatial range (zone of 

influence, patch size) for pasture P13S0 was around 360 m, a distance at which the sign o f the 

values changed from positive to  negative. Overall, correlograms based on either o f two 

sampling designs were globally significant, indicating that the overall spatial pattern of ALB is 

not random. It is likely that there are spatial patterns existing at smaller distances than the
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distance between sampling pixels, which could not be detected by the grid sampling design 

(Wiens 1989). Additionally, smooth curves displayed by the grid sampling design compared to 

transect design are from averaging over several directions. The patterns are clearer fo r grid 

sampling design when correlograms were calculated fo r 2,400 m extent.

Since the previous chapter (see section 4.2.2.3) showed that location within a pasture had 

significant impacts on ALB, a model using position (upslope/downslope) as a covariate was 

tested. A significant effect o f grazing intensity on ALB was found even after controlling fo r the 

effect of position (F (4, 943) = 12.74, p < 0.001; N = 953). Post hoc test (Tukey's HSD) results 

indicated that mean ALB values were significantly different (p < 0.001) between the upslope 

and downslope locations for all the grazing intensities, where downslope areas showed higher 

mean ALB values than upslope areas.

5.3 Discussion

It was hypothesized that: (a) spatial heterogeneity in ALB in grazed pastures would be higher 

than ungrazed pastures and would increase over time in response to grazing intensity, with 

heavy intensity leading to more heterogeneity in ALB compared to light-to-moderate grazing 

intensity; and (b) grazing intensity in combination with slope would influence ALB 

heterogeneity within the region over time. Downslope areas would be more heterogeneous as 

a result o f grazing intensity with high range o f variation in ALB compared to upslope areas.

5.3.1 Spatial heterogeneity in grazed and ungrazed pastures

All the grazed pastures showed variability in ALB over the years (Figure 5.3). Despite the 

variability in ALB, overall grazed pastures showed higher ALB than ungrazed pastures, where

143



ALB was greatest in the moderately grazed pastures with 50% grazing intensity (Appendix 2, 

Figure A2.3). The findings were consistent w ith Holecheck et al. (2006) and Jamiyansharav et 

al. (2011) that also showed higher biomass production in the moderately grazed pastures than 

in ungrazed sites.

NDVI and therefore the estimated ALB values increased and decreased over the years within 

grazed and ungrazed pastures, which is common in semi-arid grasslands (Milchunas et al. 1994; 

Knapp et al. 2007). This is because temporal (seasonal and inter-annual) variability in plant 

processes is largely a function o f changes in soil temperature and moisture over time (Keatley 

2000; Epstein et al. 2002; Knapp eta l. 2002a; Keatley and Fletcher 2003). As shown in Chapter 

4, variation in daily ALB (June 2008) was strongly and significantly correlated with the natural 

rainfall (R = 0.842, p < 0.001, N = 30) and temperature (R = 0.70; p < 0.0001; N = 120). However, 

due to satellite data limitations and imagery quality at the desired scale, it was not possible to 

separate the effect of inter-annual variation on the mean ALB values in the grazed pastures. 

This is because desired image quality (< 10% cloud cover and shadows) fo r the study area 

limited the scene acquisition to single dates in one or two months of the growing season, for 

example 29 June 2008, 23 June 2009 and 26 June 2010. This resulted in insufficient data 

samples to run the correlation analysis to determine the impact of both rainfall and grazing 

intensity on ALB variability. Therefore, to  differentiate rainfall-induced fluctuations from 

changes in vegetation dynamics caused by different grazing intensities, monitoring must include 

seasonal data and/or inter-annual data for long periods to  have adequate sample size.
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The study area showed variation in the weather conditions over a four year study period. Both 

timing and amount o f rainfall received were highly variable between the years and events 

(Figure 5.1). Fay et al. (2000), in a mesic grassland ecosystem located in north-eastern Kansas, 

identified rainfall interval as the primary influence on the soil and plant responses, with 

increased intervals causing reduction in total aboveground net primary productivity (ANPP) and 

flowering duration. This is because increased intervals between rainfall events can create soil 

water deficits thus affecting the plant available water for growth.

A significant linear correlation was found between the amount o f biomass available fo r grazing 

and grazing intensity (R2 = 0.862, p < 0.0001), where in general ALB increased with grazing 

intensity. Wallace and Crosthwaite (2005) also reported a significant linear correlation 

between biomass and grazing intensity (R2 = 0.365, p < 0.0001).

The semivariogram analysis showed higher spatial heterogeneity in ALB fo r grazed pastures 

with variable utilization rates than ungrazed pastures (Table 5.1). Johnson's (2010) study o f 

grazing intensity effects on grassland birds also showed increased heterogeneity overtim e with 

increase in grazing intensity. In this study, heavily grazed pastures showed the highest ALB 

heterogeneity in 2007 (no grazing year) compared to  other pastures. However, after the 

introduction o f grazing in year 2008, higher heterogeneity in ALB overtime was observed in VLL 

and LM pastures than heavily grazed pastures indicating a quadratic effect, reminiscent o f the 

intermediate disturbance hypothesis (Figure 5.7). The results were similar to  Lin et al. (2010), 

which also reported a quadratic relationship between ALB heterogeneity and stocking rates. 

Overall, grazed pastures showed increase in amount of heterogeneity after two years o f grazing
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with high-moderate grazing showing the most change in heterogeneity followed by low- 

moderate grazing intensity. An exception was heavily grazed pastures, which showed no 

change in heterogeneity after two years of grazing, suggesting that grazing maintained the 

heterogeneity over the years. It is likely that forage availability remained high enough even 

under the highest utilization rate that cattle did not have to  utilize previously ungrazed patches 

during the grazing period, which most likely would had homogenized the vegetation structure 

to some degree. Similar studies of the effects o f grazing intensity on spatial heterogeneity of 

vegetation have documented changes (increase or decrease) in spatial heterogeneity over time, 

where study results are likely affected by the vegetation utilization level, response variable, and 

spatial scale evaluated (Townsend and Fuhlendorf 2010). Since GNP's management goals 

include increasing heterogeneity in vegetation which is essential to maintain and sustain 

biodiversity w ithin the GNP, 70% grazing intensity may be too high. However, other studies 

document the association o f some rare native plants (example, blowout penstemon, 

Penstemon haydenii) and animals such as black-footed ferret and mountain plover w ith heavily 

grazed areas (Knowles et al. 1982; Klute et al. 1997; Stubbendieck et al. 1997). Therefore, if 

economically possible, a range of grazing intensities (low-moderate-heavy) will be more 

suitable in GNP in providing habitat for greater range o f species preferring variable vegetation 

cover than incorporating limited range o f grazing intensities (low and moderate) or a single 

grazing intensity.

Based on field analyses (Chapter 4) and personal observation during the field work conducted 

in summer 2008, soil characteristics, vegetation type (grass, shrubs, forbs and other) w ithin the 

lowland, upland and riparian areas of each pasture and cover (sparse, dense, bare or mixed)
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were highly variable between the experimental pastures. This is likely the cause o f variation in 

addition to local weather variation within the ungrazed pastures (Vallentine 2001; Harrison et 

al. 2003). In comparison, grazing activity is an influencing factor fo r the variability in ALB in the 

grazed pastures. For example, compaction due to grazers can alter the soil structure which may 

change the soil aeration and moisture retention capacity, and thus affect the plant available 

water (Jacobs et al. 2004). Any change in plant available water will further impact the plant 

growth as well as plant productivity, thus contributing to more variability between the grazed 

and ungrazed pastures. In short, grazing disturbance can help create and maintain the 

heterogeneity in aboveground biomass which is crucial for the successful co-existence o f many 

grassland species (Milchunas e ta l. 1998; Fuhlendorf and Engle 2001; Vermeire eta l. 2004).

5.3.2 Effects of Grazing Intensity and slope location on ALB

Grazing intensity (utilization rates) and year significantly influenced the spatial variability in ALB 

(p < 0.0001) suggesting a combined effect o f both treatment and environmental factors such as 

precipitation (Lauenroth and Sala 1992; Knapp et al. 2001). In Yang et al. (2012), precipitation 

explained approximately 12% o f the variation in the relative production between the grazed 

and ungrazed sites. However, Lauenroth and Whitman (1977) indicate that other 

environmental factors such as air and soil temperatures may also contribute to  the difference in 

production between different grazing utilization rates.

After two years o f grazing disturbance, mean ALB was significantly (p < 0.0001) different 

between VL and LM, VL and HM, VL and H, LM and HM, LM and H, HM and H indicating that 

variation in utilization rates affect the ALB. However, no significant difference in mean ALB was
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found between ungrazed (or controlled, C) (mean ALB 40.73 g m 2) and VLL (mean ALB 40.43 g 

m'2) grazing utilization rates. It might be possible that a 2 year time period is not long enough 

for changes in ALB to become apparent under VLL grazing. Additionally, the grazing intensity is 

very light to show any noticeable changes compared to  ungrazed pastures.

A significant and higher correlation (R2 = 0.61) was found between the field measured NDVI and 

above-ground live plant biomass in the study area compared to  other studies such as Zhang et 

al. (2008) which showed a correlation coefficient of only 0.43. Standing dead material (SDM) is 

an issue in the grasslands that can make satellite based NDVI less efficient for quantifying 

production in grasslands. This is because SDM can decrease the contrast in the red and near- 

infrared wavelength regions between vegetation and background. Satellite based ALB was 

calculated using the regression equation based on field based NDVI and biomass, which adds 

some uncertainty to  the analysis due to the lack of research on scaling effects between plot and 

pixel scales in this environment. Despite this, grazing intensity showed significant effect on 

mean ALB and it varied with utilization rates. The results are in agreement w ith other grazing 

studies such as Holecheck et al. (2006) and Jamiyansharav et al. (2011) conducted in grasslands. 

Though the magnitude o f observed differences in mean ALB between different utilization rates 

was moderate and not very high, the results require some caution. Despite this, the statistical 

results for grazing intensity effect on ALB are interesting and appear promising for future 

research which should be directed towards addressing this same question using a long-term 

data.
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Overall, the reduction of ALB by intensive grazing (high moderate to heavy) also led to the 

decline o f range (used as a general index of average patch size (Dent and Grimm 1999)) for ALB, 

suggesting that vegetation patch size decreased with grazing pressure. Studies show that at 

pasture scale cattle mainly select feeding sites based on water availability, forage abundance, 

plant phenology and cover (Laca and Ortega 1996; Vallentine 2001). Thus, the results support a 

view o f grazing as a characteristically patchy process (Adler et al. 2001), where patchiness could 

be due to plant defoliation, trampling and excretion during the grazing period (Damhoureyeh 

and Hartnett 1997). For example, grazers' excretory products are nutrient rich which creates 

patches with elevated nutrients readily available for plants. These nutrient rich patches 

generally have altered plant species composition (Steinauer and Collins, 1995). Also, some 

studies show that grazers often "patch graze" by preferentially grazing some areas repeatedly 

while other areas are left ungrazed until forage availability is low (Coghenour 1991; Cid and 

Brizuela 1998). As a result o f this preferential grazing, patchiness is either maintained or 

enhanced in time.

In addition, field pictures from 2008 in the East Block o f GNP showed a high amount of 

variability in the type o f vegetation within all the experimental pastures. For example, P870 

showed presence of poisonous grass death camas (Zigadenus venenosus) which is avoided by 

the grazers. This may have also contributed to patchy patterns within the experimental 

pasture. Additionally, vegetation patches with cow patties and urine are generally avoided by 

the cattle in the same year (Steinauer and Collins 2001). This could have also added to 

patchiness within the grazed pastures. Such patchy grazing tends to  enhance biodiversity 

(Fuhlendorf and Engle 2001; Truett et al. 2001).
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Cattle's selectivity based on plant palatability and nutritive quality is likely one o f the 

contributing factors for the patchy vegetation patterns. Generally, the nutritive quality of 

forage declines as the growing season progresses, which affects the cattle foraging decisions. 

This is because cool-season grasses (C3) have higher nutritive quality early in the season 

compared to warm-season grasses (C4) that grow later in the season (Adams et al. 1996). 

Additionally, variation in grazing intensity with light grazing in some areas and heavy grazing in 

others also result in a mosaic of vegetation types, thereby influencing not only the plant 

community but diversity in animals and insects as well (Hartnett et al. 1996; Knapp et al. 1999).

There was a significant effect o f grazing intensity on ALB even after controlling for the effect o f 

slope position, and mean ALB values were significantly higher as one moves downslope. Plant 

community composition is notably different between the upslope and downslope areas, which 

may have led to some of the observed structural differences. Studies have shown that cattle 

generally forage in high moisture areas such as downslope or riparian areas due to availability 

of abundant and high quality forage (Senft et al. 1987; Phillips et al. 1999; Briske et al. 2008). 

However overgrazing can have negative impacts on certain species which prefer these areas for 

breeding or hunting, such as burrowing owls who hunt near creeks for mice, as well as aquatic 

species due to cattle excrement. This is a major concern for rangeland managers who are 

interested in wildlife habitat conservation. Artificial water supplies and salt cubes were 

provided in uplands to encourage forage utilization in these areas and to  reduce cattle damage 

to  riparian areas. This could have also influenced the grazing patterns in the pastures, because 

water availability is an important factor in cattle foraging decisions in addition to  forage 

depletion (Willms 1990; Irving et al. 1995; Briske et al. 2008). Studies such as Adler et al.
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(2001), Vallentine (2001), Fontaine et al. (2004) and Bradley and O'Sullivan (2011) concluded 

that factors such as slope, quality or desirability o f forage, and distance to water influence the 

grazing distribution.

5.3.3 Spatial patterns of ALB over time

Two sampling designs, grid and transect, were used to  determine the spatial patterns in ALB 

with specific focus on smoothness o f the correlogram which is dependent on the number of 

pairs of observations per distance class and the maximum distance for interpretation, defined 

as half the maximum extent. In our study, both designs were able to  detect the spatial patterns 

in ALB. However, a grid design provided smoother correlograms as a result o f more number of 

pairs per distance class than transect sampling design for the same maximum distance.

Although CV measurements can provide an indication o f the magnitude o f variance, 

geostatistical analysis is needed to  quantify different aspects o f the spatial heterogeneity, 

including the degree and range of auto-correlation (Li and Reynolds 1995). All the spatial 

correlograms showed a strongest value o f spatial auto-correlation within the first distance class 

and corresponded to the spatial range o f the patches. For a separation distance > 440 m and < 

1,200 m spatial autocorrelation o f ALB was generally neutral to  slightly negative. Spatial 

autocorrelation o f ALB in high-moderate and heavily grazed pastures was consistently close to  

zero at intermediate separation distances indicating some random variation. For these, my 

sampling strategy failed to  identify the spatial structure at intermediate distances due to lack o f 

any spatial autocorrelation. On the contrary, the randomness as a result o f lack o f any
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significant fluctuations in correlograms at intermediate distances might be indicative of random 

arrangement o f patches created as a result o f grazing disturbance (Pastor et al. 1998).

The spatial correlograms for the grazed experimental pastures based on transect sampling 

design exhibited a wave-like pattern compared to correlograms based on grid sampling design 

at the same maximum distance (1,200 m) which do not show this characteristic (periodicity) but 

display smooth curves from averaging over several directions. The patchy pattern observed in 

both sampling designs is most likely caused by selective grazing by cattle based on forage 

abundance, plant phenology and cover; trampling and waste deposition which provide sites for 

plant germination as a result o f high nutrient availability (Sternberg et al. 2000). Overall, the 

correlograms from both sampling designs showed some repetitive pattern o f patches; however 

both the patch size and the distance among the patches were quite variable.

5.4 Applicability of results, limitations and research recommendations

The results from this study contribute to a developing body o f literature that suggests the 

effects of livestock grazing on the spatial heterogeneity o f vegetation is variable depending on 

the grazing intensity, response variable, and spatial scale evaluated. The patterns observed in 

this study also support the notion that variability in grazing intensity can significantly affect the 

spatial patterns o f ALB. For example, all five grazing intensities (VL, L, LM, HM and H) used in 

this study showed change (increase) in the spatial heterogeneity of ALB over time. Intensive 

grazing at 57% and 70% intensity showed decrease in amount o f biomass compared to  VL to  LM 

(20 -  50%) grazing intensities. This means that with increase in cattle stocking rates more 

biomass was removed from the pasture, thus resulting in less energy available to  other
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consumers (Milchunas et al. 1998). In addition, removal o f ALB by cattle can also influence the 

amount of vegetative cover and forage available to other grassland species for nesting, or 

escape from predators (Fuhlendorf and Engle 2004; Bock et al. 2006). This information is 

crucial for the development of a better grazing management plan fo r GNP with a goal to create 

a vegetation structure suitable for variety of birds and animal species.

Despite the dense set of sampling points presented in the previous chapter to  capture the local 

variability in the SM across the landscape, the most significant limitation o f this research was 

the lack of continuous temporal SM data from grazed pastures with variable intensity at a 

coarser scale (30 m) for the study area. As a result, it was not possible to  see the impact of 

different grazing intensities on the SM variability. It is recommended that future study should 

use remote sensing techniques to acquire SM information at a landscape or regional scale, 

which will help in understanding the spatio-temporal patterns o f SM at these scales. If cost is 

the issue, then it is suggested to  place sensors randomly across the study area fo r continuous 

data.

It is also recommended that future studies should assess the impact of distance from watering 

points on the vegetation spatial patterns under different grazing intensities. This will help in 

better understanding of the impact of grazing intensity on plant heterogeneity. Future studies 

could also explore the relationship between the plant species richness and grazing intensity, as 

well as plant height and grazing intensity using long term grazing disturbance. This is because 

diversity in vegetation structure resulting from grazing can provide habitat opportunities for a 

variety o f grassland birds and invertebrate species.

153



Since grasslands have developed under the influence o f frequent and extensive fires, and 

intensive grazing, both these disturbances are required fo r proper maintenance o f grasslands. 

It would be valuable to incorporate fire in additional studies to assess the combined effect of 

fire and grazing disturbance on ALB heterogeneity. Patch burning within a pasture is suggested 

as this will allow cattle to access both burned and unburned vegetation during the subsequent 

growing season.

Finally, the conclusions drawn from the spatial analyses in this study are limited by two aspects 

o f the sampling design: extent o f study area and the spatial resolution (30 m). As a result, it 

was not possible to  detect patterns, if any, that existed at scales broader than the extent o f the 

study area or finer than the distance between sampling points (Wiens 1989).

5.5. Conclusions

To conclude, this study showed that spatial characteristics o f vegetation varied greatly by 

grazing intensity, time and slope position at the coarse scale (30 m) in the studied grassland 

ecosystem. This study also demonstrates that cattle grazing with variable intensity can 

generate, maintain and change the spatial patterns o f vegetation in the studied semi-arid 

grassland ecosystem.

Finally, the results also show that heterogeneity increases (quadratic) and spatial range (patch 

size) decreases over time in response to  grazing intensity and there is a significant effect of 

grazing intensity on ALB even after controlling for the effect of slope position.
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6.0 Modelling productivity and soil carbon dynamics of a mixed grassland ecosystem under 
variable grazing intensities: A simulation analysis

6.1 Introduction

6.1.1 Grasslands and modeling

Ecologically, grasslands play an important role in storing carbon both above and below ground, 

and thus need to be maintained and protected. It is estimated that grasslands store 

approximately 34% of the global carbon stocks (White et al. 2000). Grasslands are mainly 

influenced by precipitation and herbivory, in addition to  other factors (Frank and Groffman 

1998; Flanagan et al. 2002; Knapp et al. 2002; Jones and Donnelly 2004), so it is important to 

develop an understanding of how grazing regimes influence the carbon dynamics in grasslands. 

There has been a surge of research activity directed at improving our understanding o f the 

biogeochemical cycles in grasslands and the factors (climate and land use practices) affecting 

them (Prentice et al. 2001). However, it is difficult to  predict effects o f any change in 

management and climate on the ecosystem dynamics through field experimentation alone. 

This is because most field experiments are conducted fo r short time periods, and thus are not 

long enough to capture the dynamics of environmental processes (Thornley and Cannell 1997, 

Mitchell and Csillag 2001). Hence, a modelling approach is used to explore a given landscape's 

ecological issues under changing climate and land use management as models can be used 

w ithout any disturbance to the study area and can be used repeatedly. The most important 

characteristic of models is that they can provide context and permit exploration o f more 

combinations or a greater range o f environmental and management conditions than we can 

assess in the field. In this study, it was not possible to assess the influence o f grazing intensity
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on the grassland carbon dynamics in the previous chapters as the field experiment was 

conducted for only one season which is not enough tim e to assess changes in belowground 

carbon stocks (Saha et al. 2010). The advantages o f a modeling approach to  explore potential 

impacts of grazing on carbon stocks at study area includes assessment at longer tim e periods, 

and exploration o f more combinations or a greater range o f environmental and management 

conditions than what can be assessed in the field.

6.1.2 The grazing history of the Study Area: Grasslands National Park, SK, Canada

The study area (Grasslands National Park, GNP) has never been fragmented by cultivation, nor 

heavily utilized by livestock in the time between homesteading in the early 1900s and purchase 

by Parks Canada. A few impoundments along Horse Creek and Weatherall Creek provided the 

stock water for the livestock. Starting in the 1930s, the land was summer grazed by cattle and 

in some cases a combination of horses and cattle were grazed year-round (Poirier 1993). This 

moderate grazing pressure continued until the complete livestock exclusion after purchase of 

the SW portion in 1990 and the NE portion in 1991 (Parks Canada 2006). However, in 2006 

bison were released in the West Block o f the park as a management tool to  restore and 

preserve wildlife habitats, contributing to the maintenance o f ecological integrity (Parks Canada 

2009). Similarly, in 2008 cattle were released in the East Block of the park and adjoining 

Mankota community pasture as part of the Biodiversity and Grazing Experiment (BGE). The 

goal o f the experiment was to  see the effect o f variable grazing intensities on the plant 

heterogeneity in the park. The modelling experiment reported here concentrates on the cattle- 

grazed area in the East Block o f the park.
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6.1.3 The CENTURY Model

The CENTURY model, described in detail earlier in this dissertation (section 3.5.1), was used to 

simulate vegetation, soil carbon and total plant system carbon responses to  grazing and soil 

texture. This model has been widely used and validated fo r many different grassland sites in 

temperate and tropical regions (see Burke et al. 1991; Holland et al. 1992; Parton et al. 1993; 

Gilmanov et al. 1997; Mikhailova et al. 2000; Mitchell and Csillag 2001; Ardo and Olsson 2003). 

In addition, the option o f scheduling events o f interest to  managers, such as managed grazing 

at specific times during the simulations, was crucial to the research as it helped in simulating 

the impact of variable grazing intensities (light, moderate and heavy) on plant productivity and 

grassland carbon dynamics over long time-periods.

6.1.4 Modeled variables of interest

From the analysis o f data in the previous chapters o f this dissertation, I concluded that grazing 

intensity and local weather were important factors causing heterogeneity in soil moisture and 

ALB. Therefore, these factors were considered in the modeling process. In addition, past 

research has shown that plant available water in a soil is affected by soil properties such as 

texture (Famiglietti et al. 1998; Wilson et al. 2005). For example, soils w ith high clay content 

have very large surface areas, resulting in the soil being able to  hold more water and having a 

higher chemical reactivity (the ability to store more nutrients and supply them to  plants, Cation 

Exchange Capacity). Despite the importance o f soil texture, there is a lack o f detailed regional 

soils data for the study area, especially w ith respect to the way it varies in space. Therefore, 

this factor was also considered in the model. Results from previous chapters provided the 

baseline conditions to  run the model.
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6.1.5 Modeling Goals and Hypotheses

The CENTURY model was used to  investigate how grassland productivity, total soil carbon 

(SOMTC in g r tf2), and total plant system carbon (TOTSYC in g m '2) are influenced by variability 

in grazing intensity. SOMTC is a total soil carbon including belowground structural and 

metabolic. Total plant system carbon includes carbon in above- and below-ground living 

biomass, carbon in soil organic matter, carbon in standing dead material and carbon in litter. 

Additionally, the model was used to assess how belowground processes varied in relation to 

soil texture while holding the climate and cover type constant. Modelled predictions were 

tested for sensitivity to % clay and % sand within a soil texture class and the fraction o f live 

shoots removed during a grazing event. This helped to  see how much uncertainty in soil 

parameters and fraction o f live shoots removed per month by grazers would impact the carbon 

dynamics. By evaluating the sensitivity, one can not only evaluate the uncertainty in 

predictions but also get an idea o f the range of possible outcomes that need to  be incorporated 

when making decisions regarding grasslands management. It is expected that knowledge of 

how much uncertainty is there within an important parameter will lead to  better decisions in 

the long run than ones based on ignorance o f uncertainty. Additionally, sensitivity analysis will 

also help in gaining knowledge about important parameters that should be taken into 

consideration during the field experiments. It was hypothesized that:

(a) Model predictions for grassland productivity (above and below ground biomass) and total 

soil and plant system carbon are sensitive to the soil texture due to  differences in water holding 

capacity and the resulting impacts on productivity and other carbon cycling processes.
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(b) Aboveground net primary productivity increases with grazing intensity whereas 

belowground net primary productivity and soil carbon decrease w ith grazing intensity. This is 

expected because plants under grazing pressure will replace lost leaf area by allocating more 

resources to leaf versus root growth (as per Holland eta l. 1992).

Since GNP is considering terminating grazing in the East Block by 2013, the impact o f grazing 

termination on ALB and carbon dynamics was also tested. Snyman (1998) and Savory (1999) 

suggests that rangelands will respond in different ways to any changes implemented in a 

grazing system (example, rotational grazing VS continuous grazing) and the duration of 

grazing/rest period. Therefore, the objective of this simulation was to determine the degree to 

which land management decisions, for example, continuous grazing and grazing termination, 

affect the predicted productivity.

6.1.6 Addressing the Hypotheses: Two Modeling Scenarios

To address these hypotheses, two scenarios were run using the CENTURY model. Scenario 1 

looked at impact of variable grazing intensities on annual plant productivity and dynamics of 

carbon, where the model was parameterized with the following grazing schedules: no grazing 

(1991 to  2005); grazing with light, moderate and heavy intensity (2006 to 2020). Results for 

scenario 1 are presented in section 6.2.2 and 6.2.3. Since GNP is considering terminating 

grazing in the East Block by 2013, the impact o f grazing termination on ALB and carbon 

dynamics was also tested. For scenario 2, the model was run with following schedules: no 

grazing (1991 to 2005); grazing with light, moderate and heavy intensity (2006 to 2012) and 

grazing termination (2013 to 2020). Results for scenario 2 are presented in section 6.3. For
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details on the grazing experiment refer to  section 3.1 and on modeling parameterization and 

set-up refer to section 3.5.2.

6.1.7 Model Evaluation

The evaluation of the model included an empirical test o f its main assumptions, a sensitivity 

analysis and the comparison of the model's output against field data. A set o f simulation 

experiments using a common climate scenario were performed to evaluate the response o f the 

system to different grazing intensity and soil texture scenarios.

6.2 Results

6.2.1 Validation of the CENTURY model

Field measurements for ALB taken during summer 2008 were used to evaluate the results of

the model. Intra-seasonal patterns of ALB and responses to  moisture availability showed some

agreement with the field measurements and expected patterns in the study area (Table 6.1).

Table 6.1 Predicted and measured Above-ground live plant Biomass (ALB in g m'2), Grasslands National 
Park

Date CENTURY ALB (g m 2) Measured ALB (g m 2) 
(± 1 std. dev.)

March 2008 1.26
April 2008 27.09
May 2008 53.03 42.90 (±9.58)
June 2008 89.44 80.86 (±31.01)
July 2008 66.62
August 2008 49.39 38.91 (±10.45)
June 2009* 55.26 40.75 (±7.39)
June 2010* 44.72 39.77 (±12.85)

Note: Predictions are CENTURY monthly predictions of ALB (g m' ) for 2008 for Clay-loam soil texture. Measured 
ALB values are averaged field measured ALB values from 2008 growing season, where ALB is derived from NDVI 
measurements using Equation 3.2.
*Data from June 2009 and 2010 are satellite based ALB estimates.
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Modelled values of ALB were slightly greater than observed values but were within +/- 1 SD of 

the observed ALB in each month. This deviation in values can be attributed to  some 

uncertainty in both the (spatially variable) measured ALB and the parameterization used in the 

CENTURY model for ALB prediction, but the overall seasonal pattern was judged to be 

acceptable for the purposes o f predicting future trends.

6.2.2 Model Predictions

6.2.2.1 Impact of soil texture on the ALB, SOMTC and TOTSYC

One-way ANOVA was conducted to confirm the importance o f soil texture on predicted ALB 

and soil carbon dynamics. Factors examined in the model were: soil texture, ALB, SOMTC, 

TOTSYC and their interactions. Test concluded that soil texture significantly affects ALB (F (4, 

115) = 2.4; p = 0.049), and SOMTC (F (4, 115) = 49023; p < 0.05), and TOTSYC (F (4, 115) = 

16309; p =< 0.05. Among soil textures, ALB for clay loam (CL) soil (44.7 g m 2) was slightly 

higher than for clay (C) (41.8 g m 2) and loam (L) (41.6 g m 2). Sandy loam (SaL) soil showed the 

lowest mean ALB (35.6 g m'2) than all other textures. Post hoc tests confirmed a significant 

difference in the mean ALB for clay loam soil and sandy loam soil (p < 0.05). However, no 

significant difference in the mean ALB for clay and loam was observed (p > 0.05).

Figure 6.1 shows the predicted ALB under heavy grazing pressure for the six soil texture classes 

found in the park. In general, the peak in ALB typically occurred in June or July depending on 

the amount o f growing season precipitation. For the 2008 growing season (April to August), 

both field and modelled ALB peaked in June.
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Figure 6.1 Effects of soil texture on ALB (g m 2): An example of variability under heavy grazing {flgrem 
value = 0.6). Note: Scl = Sandy clay loam.

Table 6.2 shows effect o f soil texture on ALB for light, moderate and heavy grazing pressure 

using an example from June 2008. In general, out of all the soil textures, ALB was predicted to  

be higher on clay loam soil for all the grazing intensities (light, moderate and heavy), whereas 

sandy loam was predicted to lead to the lowest ALB. However, an exception was early summer 

2006 (Figure 6.1) when CL did not have the highest ALB. Additionally, in some years the 

differences in predicted ALB were also greater than others. This fluctuation could be attributed 

to stochastically generated precipitation and the mean temperature values used to run the 

model simulations and the effect o f precipitation on the amount of plant available water for 

growth.

Table 6.2 Effects of soil texture on ALB (g m'2): An example of June 2008 ALB under light, moderate and 
heavy grazing

ALB (g m 2) during June 2008

Soil Texture Light grazing Moderate grazing Heavy grazing

Clay loam (CL) 71.5 76.7 89.6
Clay (C) 69.4 74.2 85.7
Loam (L) 67.9 72.8 85.6
Silt Loam (SL) 63.1 67.7 78.6
Sandy clay loam (Scl) 58.3 65.4 73.9
Sandy Loam (SaL) 53.7 60.1 68.1
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The post hoc test results also indicated that mean SOMTC and TOTSYC values were significantly 

different between the soil textures (p < 0.05). Clay soil lead to the highest mean SOMTC and 

TOTSYC values (9.9 kg m 2 and 10.8 kg m 2 respectively) followed by clay loam, loam, silt loam, 

sandy clay loam and sandy loam soil. Sandy loam soil caused the lowest predicted SOMTC and 

TOTSYC values compared to  other soil textures in the study area.

Both SOMTC (Pearson's r (1810) = 0.9, p < 0.01) and TOTSYC (Pearson's r (1810) = 0.9, p < 0.01) 

also showed a very strong and significant correlation with the % clay in a soil texture. In 

comparison, ALB showed a weak but significant correlation with the soil texture (Pearson's r 

(1810) = 0.06, p = 0.02). Soil texture is related to important factors for plant growth such as 

plant available water and soil fe rtility  (Lauenroth et al. 1999). However, the weak correlation 

between ALB and soil texture is most likely a result o f additional factors influencing ALB such as 

the change in management conditions (light to heavy grazing), where grazers alter the soil 

structure by trampling, thus affecting the soil water holding capacity, as well as, plant available 

water over time.

6.2.2.2 Impact of grazing intensity on the grassland productivity and total soil and plant 
system carbon (Scenario 1)

(A) Results fo r  predicted SOMTC and TOTSYC 

A MANOVA test was conducted to  see if treatment had any effect on the grassland soil carbon 

(SOMTC) and total plant system carbon (TOTSYC) dynamics. Treatment significantly affects the 

SOMTC (F (3, 115) = 18.7; p < 0.05) and TOTSYC (F (3, 115) = 25.9, p < 0.05). A fter 14-yr o f 

grazing treatment, both mean SOMTC and TOTSYC values were found to  be significantly 

different between the light, moderate and heavy grazing intensity (p < 0.05).
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Figure 6.2 and Figure 6.3 show the results from the grazing period (2006 to  2020) fo r the 

predicted SOMTC and TOTSYC. Light and moderate grazing intensity showed higher total 

belowground soil carbon and total plant system carbon compared to  heavy grazing intensity.
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Figure 6.2 Effect of light, moderate and heavy grazing intensity on predicted SOMTC (includes 
belowground structural and metabolic) from 2006 to 2020.
Note: GL = light grazing; GM = moderate grazing; GH = heavy grazing.

Both SOMTC (Pearson's r (120) = -0.46, p < 0.0001) and TOTSYC (Pearson's r (120) = -0.50, p < 

0.0001) also showed a significant correlation w ith the treatment (grazing intensity). In general, 

model predictions for SOMTC (Figure 6.2) and TOTSYC (Figure 6.3) showed a decreasing linear 

trend with increase in grazing intensity. Light grazing had more dead organic matter and plant 

litter compared to heavy grazing scenario.
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Figure 6.3 Effect of light, moderate and heavy grazing intensity on predicted TOTSYC from 2006 to 2020. 
Note: GL = light grazing; GM = moderate grazing; GH = heavy grazing.

(B) Results fo r  predicted annual net primary productivity (above- and below-ground)

Figure 6.4 presents the CENTURY predicted annual net primary productivity (NPP) for each 

grazing regime. In this figure, years 1991 to  2005 show the effects o f no grazing on annual NPP, 

whereas years 2006 to 2020 shows the effects o f light, moderate and heavy grazing intensities 

on the annual NPP.

To compare the above- and below-ground NPP between different grazing intensities, a 

repeated-measures factorial ANOVA with treatment (grazing intensity) as the main factor and 

time (year) as the repeated measure (a = 0.05) was used. Simulation with no grazing treatment 

from year 1991 to 2020 was used as a control. Mauchly's Test indicated that the assumption of 

sphericity had been violated, p < 0.05, therefore, degrees o f freedom were corrected using 

Greenhouse-Geisser estimates o f sphericity.
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Both treatment and time significantly affected the annual above- and below-ground NPP 

(treatment: above-ground NPP, F (3.5, 115) = 18.4, p < 0.0001, and below-ground NPP, F (3.5, 

115) = 16.5, p < 0.05; time: above-ground NPP, F (1, 115) = 28.8, p < 0.001, and annual below

ground NPP, F (1, 115) = 5.4, p < 0.001). Approximately 25.5% of the tota l variance in the 

above-ground NPP and 20.1% in the below-ground NPP were accounted fo r by the variance in 

the time, while 72% o f the total variance in the above-ground NPP and 79.8% in the below

ground NPP were accounted for by the variance in the treatment. Main effects o f treatment 

and time were qualified by an interaction of treatment and time (F (4.2, 230) = 36.8, p < 0.0001) 

with 69.8% of total variance in above- and below-ground NPP as a result o f treatm ent and time. 

The significant interaction indicated that the magnitude o f the grazing intensity effect varied 

with year. There was significant difference in the mean annual above- and below-ground NPP 

between the control, light, moderate and heavy grazing intensity (Tuke/s HSD test, p < 0.05) 

indicating that variation in treatment affects both above- and below-ground NPP.

Overall, out o f light, moderate and heavy grazing treatment, mean annual above-ground NPP 

was highest for the heavy grazing intensity (220.7 g C m 2 yr-1) followed by moderate grazing 

(166.2 g C m '2 yr'1) and light grazing (136.6 g C m'2 y r 1). In terms o f below-ground NPP, the light 

grazing scenario showed the highest mean (216.1 g C m '2 yr'1) than moderate (193.2 g C m 2 yr' 

1) and heavy grazing (151.6 g C m 2 yr'1) scenarios. Simulations based on light, moderate and 

heavy grazing intensity showed variability in the annual above-ground and below-ground NPP 

(g C m'2 yr'1) from 2006 to 2020.
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Table 6.3 shows the minimum, maximum, range o f variability, 25th percentile, 75th percentile 

and the inter-quartile range for above-ground- and below-ground NPP over a 14 year time 

period (2006 to  2020). The results indicate high range o f variability in the above-ground NPP 

with increase in the grazing intensity. For example, heavy grazing showed the highest range of 

variability whereas the light grazing intensity showed the lowest range o f variability. To ensure 

that the extreme values do not impact the range o f variability, 25th and 75th percentile were 

also calculated to  determine the inter-quartile range. Similarly, below-ground NPP also showed 

high range of variation as a result of grazing intensity. However, w ith increase in the fraction of 

live shoots removed by the grazers (heavy grazing), the range o f variability decreased fo r the 

below-ground productivity.

Table 6.3 Range of variability in above-ground- and below-ground NPP (g C m'2yr *) for low, moderate 
and heavy grazing intensity (2006 to 2020)

Light Grazing Moderate Grazing Heavy Grazing
Above
ground
NPP

Below
ground
NPP

Above
ground
NPP

Below
ground
NPP

Above
ground
NPP

Below
ground
NPP

Min value 77.8 162.8 102.7 137.1 184.6 58.7
Max value 177.7 279.4 270.7 229.8 409.3 120.0
Range 99.8 116.6 168.0 92.7 224.7 61.3
Q1 110.5 200.6 151.7 146.4 270.4 77.0
Q3 161.5 243.3 233.4 198.8 359.3 110.3
Inter-quartile
Range 51.0 42.7 81.7 52.4 88.9 33.4

Note: Q1 = 25* percentile; Q3 = 75' percentile.

Mean annual above- and below-ground NPP was also significantly different between ungrazed 

(year 1991 to 2005) and grazed (year 2006 to  2020) period (p < 0.0001). In the light grazing 

intensity scenario, the mean annual above-ground NPP was slightly lower, while mean annual 

below-ground NPP was higher during the grazing period (2006 to  2020) compared to  ungrazed
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period (1991 to 2005). In comparison, above-ground productivity showed an increasing trend 

as a result of moderate grazing intensity from 2006 to  2020. Similarly, the heavy grazing 

scenario showed an increasing trend in the above-ground productivity and a decreasing trend 

in the below-ground productivity during grazing compared to the no-grazing period (Figure 

6.4C).

6.2.2.3 Effect of light, moderate and heavy grazing intensity on the model predictions for ALB

One-way ANOVA was conducted to confirm the importance o f treatment on predicted ALB. 

Treatment significantly affected the monthly averaged ALB (F (3, 416) = 34.0; p < 0.05, N = 420), 

where grass production decreased with increase in grazing intensity. Significant differences in 

the predicted ALB values were found between light and moderate grazing (p = 0.023); and light 

and heavy grazing (p = 0.0001). However, there was no significant difference in the mean ALB 

values between moderate and heavy grazing (p = 0.864) (Figure 6.5).
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Figure 6.5 Effect of light, moderate and heavy grazing intensity on the variability in predicted ALB (g m 2) 
from 2006 to 2020.
Note: GL = light grazing; GM = moderate grazing; GH = heavy grazing.
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Grazing intensity was not able to  explain a large amount o f the seasonal ALB variance in the 

model. This is likely due to  the many other factors that influence ALB in the model such as 

weather and soil moisture.

6.2.3 Sensitivity analyses

The following sections specifically look at the sensitivity of the model predictions to  changes in 

soil texture parameterizations within a soil texture class and changes in fraction o f live shoots 

removed during a grazing event. The goal was to  see which one of these two input model 

parameters was more important from rangeland management perspective, as well as to  get an 

idea of the range of possible outcomes that need to  be incorporated by managers in decision

making process.

6.2.3.1 Sensitivity to change in soil texture parameterizations

The sensitivity model simulations w ith change in % sand, % silt and % clay proportions in 5% 

increments (explained earlier in Chapter 3's modeling section) within a soil texture class 

(example, clay-loam) show a clear trend in ALB despite marginal changes (Figure 6.6). Overall, 

predicted ALB based on sensitivity analysis increase when there is more % sand and less % silt 

within a same soil texture class (Figure 6.6C and Figure 6.6D). For example, SI showed mean 

ALB of 44.7 g m'2 compared to  S2 with 46.5 g m 2 and S3 with 46.9 g m'2 during ungrazed period 

(1991 -  2005). In addition, the effect of weather was also observed on the model predictions. 

For example, during growing season o f year 1991, SI showed a mean ALB o f 57.2 g m 2, 

compared to S2 w ith 58.5 g m 2 and S3 with 59.0 g m 2.
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Figure 6.6 ALB sensitivity to variability in sand, silt and clay proportions within a clay-loam soil texture under ungrazed (A and C) and grazed (B 
and D) conditions. Here, ungrazed period = 1991 -1994 and grazed period with heavy grazing = 2006 -  2010

Figures A and B: CL = clay-Loam; CL1 = sand 40%, silt 24.06%, clay 35.94%; CL2 = sand 44%, silt 16.31%, clay 39.69%; CL3 = sand 35%, silt 35%, clay 30%; CL4 = 
sand 22%, silt 42.06%, clay 35.94%. In this simulation % clay was changed in increments of 5 % to see the effect of change in % clay within a soil texture on the 
model predictions.
Figures C and D: S I = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29; S2 = sand 39%, silt 25.06%, clay 35.94%, BD = 1.32; S3 = sand 44%, silt 20.06%, clay 35.94%, 

BD = 1.34. In this simulation % clay was held constant to see the effect of change in % sand and % silt within a soil texture on the model predictions.
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In contrast, during 1994 growing season, S I showed a mean ALB o f 66.7 g rrf2, compared to  S2 

w ith 69.6 g m 2 and S3 with 71.1 g rrf2. Noticeable differences in ALB were observed during 

2006 and 2007. This could be a combined effect o f grazing disturbance which started in year

2006 and weather. For example, more rainfall was recorded during year 2006 (151.9 mm) and

2007 (174.6 mm) growing season compared to year 2008 (121.8 mm) and 2009 (147.4 mm).

Data were analysed using a mixed-design ANOVA with a within-subjects factor o f time

(ungrazed and grazed) and texture (CL1, CL2, CL3, CL4). A simulation with no grazing treatment

from year 1991 to 2020 was used as a control. Mauchly's Test indicated that the assumption of

sphericity had been violated, x2(5) = 194.5, p < 0.001, and, therefore, degrees o f freedom were

corrected using Greenhouse-Geisser estimates of sphericity ( s = 0.70). There was a significant

effect o f time (ungrazed or grazed) (F (1, 104) = 55.2, p < 0.05) and texture on ALB (F (2, 217) =

53.0, p < 0.05). Main effects of time and texture were qualified by an interaction between time

and texture (F (1.8, 195) = 3.0, p = 0.05). This implies that variability in ALB is a result o f the

interaction of grazing disturbance introduced over time with texture rather than effect o f

texture alone. For example, mean ALB fo r CL1 during ungrazed period was 46.7 g m 2 compared

to 29.3 g m 2 during grazed period. Furthermore, when grazing disturbance was increased by

30 %, the mean ALB also showed increase from 29.3 to  43.1 g m 2 during the grazing period.

This is due to the effect o f grazers on the soil structure as a result of trampling. Tukey's HSD

test also indicated significant differences in the mean ALB between the ungrazed period (1991

to 2005) and grazed period (2006 to 2020). Overall, no significant difference in the mean ALB

was determined for textures CL1, CL2 and CL3 (p > 0.05). Flowever, mean ALB was significantly

different between CL1 and CL4; CL2 and CL4; CL3 and CL4 (p < 0.05) both during grazed and
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ungrazed period suggesting importance o f proportion o f % sand and % silt w ithin a texture 

(Table 6.4).

Table 6.4 ALB sensitivity to variability within clay loam soil texture during grazed and ungrazed period

Mean ALB in 
CL1

Mean ALB in 
CL2

Mean ALB in 
CL3

Mean ALB in 
CL4

Ungrazed period (1991 -  2005) 46.7 g m '2 46.1 g m 2 46.8 g m '2 44.7 g m'S
Ungrazed period (2006 -  2020) 44.8 g m 2 45.1 g m 2 45.2 g m '2 43.0 g m '2
Grazed period (2006 -  2020) 29.3 g m' 2 29.6 g rn 2 29.7 g m'2 28.6 g m '2

Note: CL1 = sand 40%, silt 24.06%, clay 35.94%, BD = 1.32; CL2 = sand 44%, silt 16.31%, clay 39.69%, BD = 1.31; CL3 

= sand 35%, silt 35%, clay 30%, BD = 1.34; CL4 = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29

Figure 6.7 shows comparison for ALB (g m '2) between two simulations where Scenario 1 was 

run with an option of no grazing from 2006 -  2020 and Scenario 2 was run w ith an option of 

grazing with heavy intensity from 2006 -  2020. In this figure effect of grazing on ALB is clearly 

visible, where introduction o f grazing in Scenario 2 shows reduction in ALB compared to 

Scenario 1 with no grazing disturbance.
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Figure 6.7 Effect of variability within Clay loam soil texture class on predicted ALB (g m 2).
Note: CL = clay loam; NG = Not Grazed, G = Grazed; CL1 = sand 40%, silt 24.06%, clay 35.94%, BD = 1.32; CL2 = sand 44%, silt 

16.31%, clay 39.69%, BD = 1.31; CL3 = sand 35%, silt 35%, clay 30%, BD = 1.34; CL4 = sand 22%, silt 42.06% , clay 35.94%, BD = 

1.29. The graph shows comparison between tw o  simulations where Scenario 1: 2006 -  2020 no grazing; Scenario 2: 2006 -  

2020 grazed with heavy intensity.
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The soil texture (sand, silt and clay fractions) and bulk density (g cm'3) values provided fo r the 

study area in the CENTURY model were used to calculate the w ilting point, field capacity and 

plant available water using equations developed by Rawls eta l. (1982). Any change in sand and 

silt proportions within a soil texture will also affect its bulk density resulting in change in wilting 

point, field capacity and amount o f water available to plants fo r growth; this explains the 

variability in the ALB patterns during Scenario 1, example CL1 and CL4, as predicted by the 

model. Since grazers affect the soil structure due to trampling, this will affect the bulk density 

o f the soil, as well as amount o f water available to plants fo r growth. This explains the 

variability in ALB patterns from Scenario 1 to Scenario 2.

Similar to  ALB, Mauchly's Test indicated that the assumption of sphericity had been violated for 

SOMTC, x2 (5) = 160.3, p < 0.05 and TOTSYC; x2 (5) = 132.8, p < 0.05, therefore, degrees of 

freedom were corrected using Greenhouse-Geisser estimates o f sphericity ( £ = 0.56 for 

SOMTC; and £ = 0.63 for TOTSYC). Even with the adjustments, the within-subject effects of 

time-period was not significant for predicted SOMTC (F (1, 167) = 1.07, p = 0.303) (Figure 6.8). 

This means that the predicted SOMTC o f the ungrazed and grazed periods were not significantly 

different. This was further shown by a very low Partial Eta-squared value, 0.006, which 

indicates that < 1% of the total variance in the dependent variable SOMTC is accounted fo r by 

the variance in the independent variable, time.
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Figure 6.8 Effect of variability within Clay loam soil texture class on predicted SOMTC (A, C) and TOTSYC (B, D).
Note: CL = clay loam; CL1 = sand 40%, silt 24.06%, clay 35.94%, BD = 1.32; CL2 = sand 44%, silt 16.31%, clay 39.69%, BD = 1.31; CL3 = sand 35%, silt 35%, clay 

30%, BD = 1.34; CL4 = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29. In Figures C and D, NG = Not Grazed, G = Grazed.
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Texture significantly affected the predicted SOMTC (F (1.1, 198.4) = 377.5, p < 0.05). 

Approximately 99% of the total variance in the SOMTC was accounted for by the variance in the 

texture. Tukey's HSD test indicated significant difference in the mean SOMTC between CL1, 

CL2, CL3 and CL4 indicating that sand, silt and clay proportion affects the predicted SOMTC. 

CL4 showed the highest mean SOMTC (9.8 kg m'2) than CL3 (8.9 kg m'2), CL2 (8.7 kg m '2) and 

CL1 (8.8 kg m'2).

Compared to  predicted SOMTC, both time (F (1, 179) = 362.3, p < 0.05) and texture significantly 

affected the predicted TOTSYC (F (1.8, 333) = 295.6, p < 0.05). Approximately 10.8% o f the total 

variance in the TOTSYC was accounted for by the variance in the time (grazed and ungrazed), 

while ~90% of the total variance in the TOTSYC was accounted for by the variance in the 

texture. Main effects of time and variation within texture were qualified by an interaction 

between time and texture (F (2.1, 379.1) = 392.6, p < 0.05) w ith 88.4% o f tota l variance in 

TOTSYC as a result o f time and texture. Tukey's HSD test indicated that mean TOTSYC values 

were significantly (p < 0.05) different between CL1, CL2, CL3 and CL4 indicating that variation in 

sand, silt and clay proportion affects the predicted TOTSYC. Similar to SOMTC results, CL4 

showed the highest predicted TOTSYC values (10.8 kg m '2) compared to  CL1, CL2 and CL3 

(Figure 6.8). Mean TOTSYC for CL2 (9.8 kg m '2) was significantly lower than CL1 (9.9 kg m '2).

6.2.3.2 Sensitivity to change in fraction of live shoots {flgrem) per month during a grazing 
event

ALB, SOMTC and TOTSYC sensitivity to change in fraction of live shoots {flgrem) removed per 

month during a grazing event was also tested. An example of effect of change in flgrem  value 

on ALB is provided in Figure 6.9. The results are based on a simulation run w ith heavy grazing
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option (grzeff = 2 w ith quadratic impact on aboveground production and root/shoot ratio) for 

clay-loam soil texture. The heavy grazing intensity w ith changed fraction o f live shoots {flgrem) 

value (FLGREM0.4 to  0.6) lead to higher ALB values than the regular heavy grazing 

parameterization with flgrem  value o f 0.3. This means that the predicted ALB is sensitive to  the 

parameter flgrem  in the model.
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Figure 6.9 Effect of changed fraction of live shoots {flgrem) removed per month for heavy grazing option 
on predicted ALB.
Note: FLGREM = fraction of live shoots removed during a heavy grazing option; FLGREM0.3 = fraction of live shoots 
removed with flg re m  value of 0.3; FLGREM0.4 = fraction of live shoots removed with f lg re m  value of 0.4; 
FLGREM0.5 = fraction of live shoots removed with flg re m  value of 0.5; FLGREM0.6 = fraction of live shoots 
removed with flg re m  value of 0.6; FLGREM0.7 = fraction of live shoots removed with f lg re m  value o f 0.7; 
FLGREM0.8 = fraction of live shoots removed with f lg re m  value of 0.8.

Furthermore, when flgrem  value of 0.7 and 0.8 was used, the model predictions showed a 

different pattern for ALB. The model with FLGREM0.7 and FLGREM0.8 predicted the peak rate 

o f vegetation growth around end o f May, exerting greatest demand on soil water during this 

and the following period.
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Data were analysed using a mixed-design ANOVA with a within-subjects factor o f time 

(ungrazed and grazed) and change in flgrem  value (0.3, 0.4, 0.5, 0.6, 0.7, 0.8) on ALB, SOMTC 

and TOTSYC. Mauchly's statistic was significant fo r factor, changed flgrem, (x2 (14) = 42.6, p < 

0.05) thus indicating that the data violate the sphericity assumption of the univariate approach 

to repeated-measures ANOVA, and, therefore, degrees of freedom were corrected using 

Greenhouse-Geisser estimates of sphericity ( f  = 0.22). Even w ith the adjustments, the within- 

subject effects of time-period are significant (F (1, 104) = 95.4, p < 0.001). This means that the 

ALB of the ungrazed and grazed period is significantly different. Approximately 28.5% of the 

total variance in the dependent variable ALB is accounted for by the variance in the 

independent variable, time.

Similarly, changed flgrem  significantly affected the amount of ALB (F (1.08, 112.2) = 60.3, p < 

0.05). Approximately 72.8% of the total variance in the dependent variable ALB is accounted 

for by the variance in the independent variable, changed flgrem. Main effects o f time and 

changed flgrem  were qualified by an interaction between time and changed flgrem  (F (1.08, 

112.3) = 59.3, p < 0.05). Post hoc test (Tukey's HSD) indicated that there was a significant 

difference in the mean ALB between the ungrazed period (1991 to 2005) and grazed period 

(2006 to 2020) (p < 0.05). An examination o f the means showed significantly higher ALB for 

ungrazed period (M = 73.86) than grazed period (M = 45.03).

Predicted mean ALB values were also significantly different between the flgrem  values 

(FLGREM0.3, FLGREM0.4, FLGREM0.5, FLGREM0.6, FLGREM0.7) (p < 0.05). An examination o f 

the means showed significantly higher ALB for FLGREM0.6 (70.2 g m’2) than FLGREM0.5 (68.0 g
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rrf2), FLGREM0.4 (61.0 g m'2) and FLGREM0.3 (60.2 g m 2). Both FLGREM0.7 and FLGREM0.8 

showed significantly lower ALB (48.8 g m 2 and 48.4 g rrf2 respectively) than FLGREM0.3, 

FLGREM 0.4, FLGREM0.5 and FLGREM0.6.

Both SOMTC (F (1, 104) = 121.8; p < 0.05) and TOTSYC (F (1, 107) = 199.9; p < 0.05) were also 

significantly affected by the change in flgrem  per month during grazing period (2006 -  2020). 

Based on SOMTC test results, the Partial Eta-squared was 0.80 fo r time and 0.74 for changed 

flgrem. This means that ~ 74 - 80% of the total variance in the dependent variable SOMTC is 

accounted for by the variance in the independent variables, time and changed flgrem. Tukey's 

HSD test results showed significant difference in the predicted mean SOMTC and TOTSYC 

between all the//grem  values (p < 0.05). Mean SOMTC values were higher during the ungrazed 

period (10.0 kg rr f2) compared to  grazed period (9.5 kg m '2) and significantly decreased with 

increase in the flgrem  value (Figure 6.10). An examination of the means showed significantly 

higher SOMTC for FLGREM0.3 (9.8 kg m 2) than FLGREM0.4 (9.7 kg m 2), FLGREM0.5 (9.6 kg m'2), 

FLGREM0.6 (9.5 kg m'2), FLGREM0.7 (9.2 kg m 2) and FLGREM0.8 (9.2 kg m '2). Overall, modelled 

results for FLGREM0.7 and FLGREM0.8 showed lower SOMTC values compared to  FLGREM0.3, 

0.4, 0.5 and 0.6.
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Figure 6.10 Effect of changed fraction of live shoots {flgrem) value for heavy grazing option on predicted 
SOMTC (A) and TOTSYC (B).
Note: FLGREM = fraction of live shoots removed during a heavy grazing option; FLGREM0.3 = fraction of live shoots 
removed with flg re m  value of 0.3; FLGREM0.4 = fraction of live shoots removed with flg re m  value o f 0.4; 
FLGREM0.5 = fraction of live shoots removed with flg re m  value of 0.5; FLGREM0.6 = fraction of live shoots 
removed with flg re m  value of 0.6; FLGREM0.7 = fraction of live shoots removed with flg re m  value o f 0.7; 
FLGREM0.8 = fraction of live shoots removed with flg re m  value of 0.8.

Figure 6.10A shows a large drop in total belowground soil carbon (SOMTC) from FLGREM0.6 to

FLGREM0.7. The effects o f grazing on plant production are represented in the model by using 

data from Holland et al. (1992), where grazing removes vegetation, returns nutrients to  the soil,

180



alters the root to shoot ratio, and increases the nitrogen content o f live shoots and roots. In all 

the three grazing options (light, moderate and heavy) used in the model, the nutrient content 

o f the new shoot increases in relation to the residual biomass (Metherell et al. 1993). The 

decrease in the predicted SOMTC is most probably due to  allocation o f more carbon to  the 

above-ground live biomass during the growing season. As the grazers eat the leaves, grasses 

respond by increasing the photosynthetic rate in remaining tissue, stimulating new growth, and 

reallocating nutrients and photosynthates from one part of the plant to  another, especially 

from roots to stem (Smith and Smith 1998).

For TOTSYC test results, the Partial Eta-squared was 0.94 fo r time and 0.86 for changed flgrem. 

This means that 86 - 94% of the total variance in the dependent variable TOTSYC is accounted 

fo r by the variance in the independent variables, time and changed flgrem. Tukey's HSD test 

results showed significant difference in the predicted mean TOTSYC between all the flgrem  

values and time (p < 0.05). Similar to  mean SOMTC, mean TOTSYC values were also higher 

during the ungrazed period (11.1 kg m'2) compared to  grazed period (10.6 kg m 2) and 

significantly decreased with increase in the flgrem  value (Figure 6.10). Overall, predicted 

TOTSYC was higher fo r FLGREM0.3, FLGREM0.4, FLGREM0.5 and FLGREM0.6 compared to 

FLGREM0.7 and FLGREM0.8.

6.3 Effect of grazing termination (Scenario 2)

A repeated-measures factorial ANOVA with treatm ent as the main factor and time as the 

repeated measure (a = 0.05) was used to  compare the ALB between different scenarios. 

Simulation with no grazing treatment from year 1991 to 2020 was used as a control. Treatment
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(No grazing, grazing w ith variable intensity and grazing termination, Figure 6.11) had a 

significant effect on ALB (F (4, 536) = 5.3, p < 0.0001). Overall, predicted biomass was 

significantly higher during no grazing period (1990 -  2005) than grazed period (2006 -  2012) (p 

< 0.05).

Mean ALB was significantly different between scenario 1 (2013 -  2020: grazing w ith variable 

intensity) and scenario 2 (2013 -  2020: grazing term ination) (grazing with variable intensity VS 

grazing termination: P = -15.14, SE = 4.43, t = -3.41, p = 0.001) (Table 6.5). No significant 

differences were found between the mean ALB predicted for no grazing period (1990 -  2005) 

and grazing termination period (2013 -  2020, Scenario 2) (no grazing VS grazing termination: p 

= 4.26, SE 4.38, t = 0.97, p = 0.577).

Table 6.5 Effects of grazing intensity and grazing termination on predicted ALB (g m'2) during 2013 -  
2020

ALB
Light Grazing 
(mean ± SE)

ALB
Moderate Grazing 
(mean ± SE)

ALB
Heavy Grazing 
(mean ± SE)

p -value

Scenario 1 
(Grazing)

39.71 ±3.95 34.09 ± 3.35 30.99 ± 3.03 < 0.0001*

Scenario 2
(Grazing
term ination)

44.67 ± 4.46 44.62 ± 4.47 44.64 ± 4.48 < 0.0001*

*  The mean difference is significant at the 0.05 level. Scenario 1 = year 2013 -  2020 with option of variation in 
grazing intensity; Scenario 2 = year 2013 -  2020 with grazing termination option

Overall, the model predicted increase in ALB as a result o f grazing termination compared to  ALB 

during the grazing period (Figure 6.11). There were no significant differences in the mean ALB 

for light, moderate and heavy grazing intensities during the grazing termination period.
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Figure 6.12 and 6.13 shows the effect o f grazing intensity and grazing termination over time on 

the total soil and plant system carbon. Treatment significantly affected the SOMTC (F (4, 536) = 

6.8, p < 0.0001) and TOTSYC (F (4, 536) = 95.1, p < 0.0001). Tukey's HSD test demonstrated that 

mean SOMTC and TOTSYC were significantly different between the grazing with variable 

intensity (scenario 1: 2013 to 2020) and grazing term ination (scenario 2: 2013 -  2020) period (p 

< 0.0001) (Table 6.6).

Table 6.6 Effects of grazing intensity and grazing termination on predicted SOMTC (kg nrT2) and TOTSYC 
(kg m'2) for years 2013 to 2020

ALB
Light Grazing 
(mean ± SE)

ALB
Moderate Grazing 
(mean 1 SE)

ALB
Heavy Grazing 
(mean 1 SE)

p -value

SOMTC
Scenario 1 
(grazing)

8.93 1 6.1 8.92 1 5.8 8.9115.5 < 0.0001*

Scenario 2
(grazing
termination)

8.9916.3 8.96 1 6.4 8.9216.4
< 0.0001*

TOTSYC
Scenario 1 
(grazing)

10.04 ± 4.2 10.00 1 4.3 9.9615.1 < 0.0001*

Scenario 2
(grazing
termination)

10.1818.6 10.1419.3 10.10 1 10.4
< 0.0001*

* The mean difference is significant at the 0.05 level. Scenario 1 = year 2013 -  2020 with option of variation in 
grazing intensity; Scenario 2 = year 2013 -  2020 with grazing termination option
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Significant differences in the predicted mean SOMTC and TOTSYC were found between no 

grazing period (1990 -  2005) and grazing termination period (2013 -  2020, Scenario 2) (p < 

0.05, Appendix 3, A3.7). After 6 years o f grazing w ith variable intensity, an increase was 

observed in predicted SOMTC and TOTSYC values. Overall, moderate grazing showed the 

highest carbon pools compared to  light and heavy grazing.

6.4 Discussion

6.4.1 Effect of soil texture and grazing intensity on model predictions

In general, the overall seasonal pattern for ALB predicted by the CENTURY model in the study 

area was judged to be acceptable for the purposes of predicting future trends. The model 

predictions showed some agreement with the field measurements which also showed higher 

ALB during June and expected patterns in the study area (see Table 6.1). Although modelled 

values o f ALB were slightly greater than observed values, they were w ithin +/- 1 SD o f the 

observed ALB in each month. Similarly, the Mitchell and Csillag (2001) study in GNP also 

showed that CENTURY predictions for annual NPP compared well with the estimates based on 

the field observations and with general trends in Great Plains region as reported by Tieszen et 

al. (1997).

The CENTURY model predicted greater soil carbon and total plant system carbon in clays 

compared to  loams or sands similar to Cerri et al. (2004) study, which also showed greater soil 

carbon in soils with more clay content than sand. This is because more passive soil organic 

matter is formed in sites with high clay content, reflecting the role of increasing soil surface 

area on carbon protection. Additionally, in the CENTURY model the efficiency o f carbon
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transfers is also affected by the texture w ith more CO2 lost during transformations between 

pools in soils with high sand proportion (Metherell et al. 1993). Since no measured data for 

total soil and plant system carbon from the study area was available to verify the simulations, it 

cannot be confirmed if the model is under- or over-estimating the carbon storage in the 

respective soils o f the study area. However, studies such as Foereid and Hogh-Jensen (2004) 

and Bricklemyer et al. (2007) show good agreement between the CENTURY predicted soil 

organic carbon and measured carbon. For future studies it is recommended to collect the soil 

samples from each treatment (ungrazed and grazed with variable intensity plots in the study 

area) and determine the carbon in the soil. This will help in adjusting the model parameters, as 

well as verifying the model predictions for soil and plant system carbon in response to  grazing 

disturbance.

The grazing scenario in the model was designed to mimic the study area's land-use 

management history (Appendix 3, A3.4). SOMTC and TOTSYC values decreased w ith increase in 

grazing intensity (Figure 6.2 and Figure 6.3). However, it was noticed that short-time periods 

(single season to 3 years) were not enough to capture the effect of grazing on SOMTC and 

TOTSYC and required predictions over longer time-period to see any significant changes in the 

SOMTC and TOTSYC as a result of grazing disturbance. Significant differences were also 

observed for predicted SOMTC and TOTSYC between the treatments (light, moderate and 

heavy). These results were similar to those given by Updegraff et al. (2010) study, who also 

showed that grazing is an important factor affecting short- to  medium-term carbon fluxes. 

Studies using CENTURY model to predict soil organic carbon in different ecosystems have also 

shown that the model reproduces trends in both SOC and above-ground plant production very
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well (Parton et al. 1993; Parton et al. 1994; Alvarez 2001). Parton et al. (1987) also concluded 

that soil carbon is sensitive to the grazing intensity, w ith soil carbon decreasing with increased 

grazing rates. They also acknowledged some amount o f uncertainty inherent in the model 

predictions of soil carbon due to limited and uncertainty in the data available on pre-settlement 

grazing.

Similar to Schimel et al. (1997) and Wang (2008), the NPP (aboveground and belowground) and 

carbon storage predictions in this study showed sensitivity to  grazing disturbance. The 

grassland/crop production sub-model used to  run the simulation for light, moderate and heavy 

grazing intensity effects assumes that the monthly maximum productivity is controlled by 

moisture and temperature, and that insufficient nutrient availability results in decreased 

productivity. This explains the low monthly productivity predicted by the model in certain years 

(Figure 6.5). Studies conducted in other ecosystems have reported that herbivores can increase 

both soil moisture and temperature by removing the transpirational, shade-casting plant 

surface area (McNaughton 1985, 1993; Seastedt et al. 1988), which should lead to  higher 

decomposition rates in grazed compared to ungrazed grassland. Studies have documented that 

grazing activity removes live and dead vegetation, alters the root to  shoot ratio, increases the 

nitrogen content o f live shoots and roots and returns nutrients to  the soil (Holland et al. 1992).

The model results also showed sensitivity to  changes in the allocation patterns. For example, 

the model results (see Figure 6.4) for the heavy grazing intensity show that aboveground net 

primary productivity increased at the expense o f belowground net primary productivity. Since 

the model for all grazing options (light, moderate and heavy) increase the nutrient content of
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new shoots in relation to the residual biomass, this explains the variation in aboveground and 

belowground net primary productivity (Holland et al. 1992). In the real world, plants respond 

to herbivory by switching the allocation o f nutrients towards the growth of new shoots and 

vegetative part to  compensate for the losses by grazing disturbance (Jaramillo and Detling 

1988; Painter and Belsky 1993; Smith and Smith 1998).

Modelling results were similar to  field results, which showed higher ALB in ungrazed pastures 

than grazed pastures. Chapter 5 showed that ALB is significantly affected by the grazing 

intensity, where pastures with light and moderate grazing intensity showed higher ALB values 

compared to high-moderate and heavy grazing intensity pastures (Lin et al. 2010). Similarly, 

modelling results also predicted higher ALB in low and moderate grazing intensity pastures 

compared to heavy pastures.

The model also predicted decrease in total plant system carbon with increase in grazing 

intensity as plants utilize more carbon towards the growth of shoots than roots in response to 

grazing disturbance. The results could not be validated due to lack o f field data for 

belowground soil and total plant system carbon. However, it has been documented in 

grassland studies that increased number o f grazers can decrease the plant root production due 

to defoliation, which can result in decreased soil carbon stocks (Holland e ta l. 1992; Ganjegunte 

et al. 2005). Furthermore, intensive grazing o f lush vegetation and trampling o f moist soils 

results in decreased vegetation cover and root mass, and increased bare ground (Scrimgeour 

and Kendall 2002).
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The model predictions for SOMTC (Figure 6.2) decreased linearly with increase in grazing 

intensity. He et al. (2011) also showed linear decrease in soil carbon in both 0 -  10 cm and 10 - 

30 cm soil layers with increasing stocking rates. In a mixed-grass ecosystem, Ingram et al. 

(2008) study reported 30% loss in soil carbon storage (0 -  60 cm) as a result of heavy grazing 

activity. Since removal o f high amount o f biomass significantly decreases the input o f organic 

matter from aboveground biomass and roots, this partly explains the decrease in soil carbon 

with increase in grazing intensity (Johnson and Matchett 2001).

The grazing termination simulation (Scenario 2) o f this study showed significantly higher 

aboveground biomass than simulation runs with continuous grazing by cattle for 8 years. The 

pattern predicted by the model is consistent w ith  Milchunas and Lauenroth (1993) where 

grazing decreased net primary production in most systems with a long-term treatment history 

that lack a long evolutionary history of grazing. Significant differences were also observed in 

predicted belowground soil carbon and total plant system carbon in response to  no grazing, 

variable grazing intensity and grazing termination. Grazing termination after 6-yr o f grazing 

treatment showed significant increase in belowground soil carbon and total plant system 

carbon compared to modeling scenario (Scenario 1, Table 6.5) with long-term grazing at 

variable intensity. Results were similar to  He eta l. (2011) which also reported rapid increase in 

both carbon and nitrogen storage when grazing was terminated.

6.4.2 Sensitivity analysis

Modeling can help answer how much uncertainty is involved by looking at effect o f specific 

parameters on plant processes essential to  address management questions over large regions.
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The CENTURY model calculates the plant available water based on the soil texture values 

provided in the model (Metherell et al. 1993; Parton et al. 2001), therefore the intent o f soil 

texture sensitivity analyses was to  see the effect on model predictions when soil parameters (% 

clay and % sand) within a same textural class (example, clay-loam soil) were changed in 5% 

increments. The model output showed statistical significance o f variation o f sand, silt and clay 

proportions within a soil textural class on plant ALB. Any change in sand and silt proportions 

within a soil texture will also affect its bulk density resulting in change in w ilting point, field 

capacity and amount of water available to  plants for growth (Rawls et al. 1982); this explains 

the variability in the ALB patterns fo r simulations based on changed soil parameters as 

predicted by the model. A statistical significant interaction between time and texture implies 

that plant productivity is a result of the interaction o f environmental factors and management 

options, and that we should not expect a simple relationship between a single parameter and 

productivity (Vogt et al. 1996). For example, any change in soil texture properties had relatively 

little effect on averaged ALB, unless there was change in management conditions as well 

(Figure 6.7). This implies that model predictions were sensitive to the interaction between 

grazing and moisture status, thus emphasizing the need for site-specific knowledge o f weather, 

soils and management history for better predictions (Riedo et al. 2000; Parton et al. 2001).

Changed soil parameters (% sand and % clay) within a soil texture class showed high amount o f 

variability in the model output for SOMTC and TOTSYC (Appendix 3). Overall, both SOMTC and 

TOTSYC showed statistically significant decrease with change in sand and silt content within a 

soil textural class. Since soil carbon turnover rates are a function o f soil's microclimate, 

physical, chemical (texture, pH, bulk density) and biological (microbial biomass, composition
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and diversity) properties (Epstein et al. 2002), this explains the variability in SOMTC and TOTSYC 

during no grazing period. Additionally, a statistically significant interaction between time and 

texture on TOTSYC indicates importance o f management options (No grazing VS grazing with 

different intensities) on carbon cycling in grasslands (Figure 6.8). Since grazing can alter the soil 

structure through trampling, altering soil porosity and organic matter o f the soils (Goudie 

2000), this explains the amount of variability in SOMTC and TOTSYC during grazing period. 

From a management perspective it is important to understand how variability in a soil texture 

as a result of land use options such as grazing may impact the ecosystem processes. This is 

because spatial distribution of soil moisture is highly dependent on the soil texture, which in 

turn influences the plant root growth and the above ground biomass organization (Ursino 

2009).

Proper rangeland management is essential fo r sustaining the ecological integrity w ithin a 

grazed system. This is because improper grazing pressure and stocking rate would severely 

degrade the grassland productivity, as well as affect processes such as carbon cycle w ithin the 

ecosystem (Wang 2008). For example, grazing activities such as trampling can change the soil 

organic carbon in an ecosystem over time; however the effects vary w ith stocking rate 

(Schuman et al. 1999, 2001). Therefore it is important to estimate an appropriate grazing 

strategy in order to maintain a sustainable grassland ecosystem. The simulated results show 

that removal o f live shoots per month (example, 30% to 80%) during a grazing event 

significantly affected the grassland net primary productivity (aboveground and belowground). 

When 80% live shoots were removed, the aboveground NPP decreased by 38% than when 40% 

live shoots were removed (17% decrease). This implies that proper grazing intensity would
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stimulate the vegetation growth, while overgrazing would eventually degrade the plant 

productivity in the study area.

Furthermore, a change in ALB pattern was also observed in response to extreme grazing 

disturbance. For example, the model predictions showed a peak rate o f vegetation growth 

around end of May, when > 70% of live shoots during a month were removed compared to  only 

30% -  50% removal. Overgrazing can cause shifts in species composition (example, C4 (warm 

season) to C3 (cool season) dominated grasslands) (Seastedt et al. 1994). This will certainly be 

o f concern to management of GNP where shift in plant species composition w ill also affect the 

amount of biodiversity within the park.

Change in flgrem  value, a grazing parameter, also showed decrease in total soil and plant 

system carbon when more live shoots per month were consumed by grazers. For example, 

when 30% live shoots were removed during heavy grazing event per month, the model 

predicted about 2 - 5 % soil organic carbon loss over a period of 14 years. In contrast, when a 

heavy grazing option with 80% removal o f live shoots per month was selected, the model 

predicted about 10 -15% loss o f soil organic carbon over a 14 year period. Results were similar 

to  Wang (2008) study which also showed significant decrease in soil organic carbon with 

increase in live shoots removed per month during a grazing event.

6.5 Applicability of results, limitations and research recommendations

The results from this study contribute towards understanding o f effects o f both soil texture and 

grazing disturbance over time on the grassland ecological processes. Additionally, the 

simulated results based on sensitivity analysis contribute to  our understanding of importance o f
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knowing how much uncertainty exists in model predictions. For a modeller this information is 

crucial, as it will provide insight into the contribution of a specific parameter, as well as reveal 

which input parameter should be given a priority fo r precise measurements resulting in better 

model predictions. Additionally, it will also help in pointing out parameters that are 

unimportant and can be set to fixed value during model runs. From a manager perspective, the 

knowledge of uncertainty will not only result in more confidence in model predictions, but will 

also be vital in devising a site-specific sustainable grazing management plan both fo r short-term 

and long-term conservation by assessing the range o f possible outcomes. Since GNP's plan is to 

increase heterogeneity of biomass to  have a range o f biodiversity, by knowing the range of 

effects on the carbon balance of grasslands as a result o f change in stocking rates will certainly 

help in implementing grazing systems that are more sustainable in the long-term.

The simulated results also suggested that < 40% removal o f live shoots removed by grazing 

event per month would result in only slight changes to  plant productivity, total soil and plant 

system carbon compared to  >40% removal o f live shoots, where > 70% removal o f live shoots 

will result in a significant loss o f total soil and plant system carbon, as well as likely cause a shift 

in vegetation composition. Holechek et al. (2006) study also concluded that grazing in arid and 

semi-arid areas has a positive impact on grazing lands provided it is conservative and does not 

remove more than 40% o f the plant growth. Therefore, it is important to  restrict the grazer 

population within a specified intensity (light, moderate or heavy) not only to  maintain the 

carrying capacity of grasslands for livestock but also to  avoid any unintended vegetation 

changes causing homogeneity and leading to  loss o f biodiversity.
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The most significant limitation o f this study is the lack o f site-specific soil carbon data which 

would have helped in knowing whether the model predictions were overestimated or 

underestimated. It is also acknowledged that a more rigorous soil texture data is required for 

the study area to reduce the uncertainty to some extent in the model predictions. 

Furthermore, since all the model simulations used stochastic weather based on past 30 years, it 

is acknowledged that the model predictions may not represent what will be experienced in 

coming years.

6.6 Conclusions

Based on modelling results using a long- term grazing scenario, moderate grazing (45 -  57%GI) 

is predicted to be the best option out o f all three grazing intensities in terms o f maintaining 

sufficient heterogeneity in ALB to  support species diversity, as well as fo r carbon management 

in the mixed grassland ecosystem. Although the heavy grazing option leads to  a predicted 

increase in ALB when higher fraction o f live shoots value is used, there is substantial decrease in 

both soil and plant system carbon suggesting negative impact. Therefore, it does not seem to 

be a very sustainable option from a management or ecological point of view.

The model results conclude that when soil texture parameter is combined w ith management 

options, the model predictions show a discernible effect on the above-ground and below

ground productivity, as well as on the SOMTC and TOTSYC than one w ith soil texture alone. 

Overall, light and moderate grazing intensity showed higher ALB, SOMTC and TOTSYC compared 

to heavy grazing intensity. Finally, the sensitivity results based on change in fraction of live
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shoots removed per month within the same grazing intensity option also concludes that grazing 

management decisions are important controls on the carbon balance in the GNP area.
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7.0 Summary and Conclusions

The research presented in this thesis focused on examining the impact o f variable grazing 

intensities on SM and ALB heterogeneity using semivariogram analysis at a range o f scales using 

direct measurements and ground- and satellite-based remote sensing. In addition, the 

CENTURY model was used to assess the effect of variability in soil texture and grazing intensity 

on the grasslands' annual net primary productivity, total soil and plant system carbon over 

longer time periods. The modelling part o f the research also looked at the sensitivity o f model 

predictions on two input parameters, sand, silt and clay fractions within a given soil texture 

class and fraction of live shoots removed per month during a grazing event. Since GNP is 

considering terminating grazing in the East Block o f GNP by 2013, the impact o f grazing 

termination on ALB and carbon dynamics was tested.

Productivity in semi-arid regions responds to  both climatic variability and grazing pressure. 

Analysis of field data quantified spatio-temporal patterns in SM and ALB. Significant impacts o f 

intra-seasonal weather variability, slope position and grazing pressure were found for SM and 

ALB across a range of scales (plot and local (within pasture)). The statistical results conclude 

that some of the observed differences in plot scale SM and ALB are a result of introduction of 

grazing disturbance in addition to other factors. These results were based on only a few 

months o f grazing and follow-up measurements would be needed to verify these results. 

However, these measurements and results provided the necessary baseline conditions for 

remote sensing-based analysis and ecosystem modelling that can be used to explore this 

landscape's ecological responses to changing climate and land use management.
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Satellite based ALB estimates at a pasture scale were used to examine the impact of all five 

grazing intensities on the spatio-temporal pattern o f ALB in mixed grasslands beyond the 2008 

field season when grazing was initiated and field measurements were carried out. The results 

showed that vegetation spatial characteristics varied greatly by grazing intensity, time and 

slope position at a coarse scale (30 m). Overall, low to moderate grazing intensity was 

associated with increased ALB heterogeneity over time, whereas no change in ALB 

heterogeneity over time was observed under heavy grazing intensity. As expected, all grazing 

intensities showed decrease in semivariogram range (patch size) over tim e confirming that 

grazing is a patchy process (Vallentine 2001). The study demonstrates that cattle grazing with 

variable intensity both maintained and changed the spatial patterns o f ALB in the studied 

mixed-grassland ecosystem. This is important from a biodiversity management perspective in 

GNP, as pastures with very light-to-moderate grazing intensity may provide suitable habitat for 

species preferring more vegetative cover, while heavy grazing may provide suitable habitat for 

species preferring less cover.

From the combination of field and satellite data analyses, it was found that factors such as 

grazing disturbance and local weather conditions cause heterogeneity in SM and ALB, and 

should be considered in the model for better site-specific predictions on productivity and total 

soil and plant system carbon. Past research has also shown that plant available water in a soil is 

affected by soil properties such as texture (Famiglietti et al. 1998; Wilson et al. 2005). For 

example, soils with high clay content have very large surface areas, resulting in the soil being 

able to hold more water and have greater nutrient retention than coarser textured soils. 

Despite the importance o f soil texture, the difficulty o f getting detailed regional soils data
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especially with respect to  the way it varies in space is an issue for understanding grassland 

ecosystem functioning. Since it is difficult to  capture the dynamics of environmental processes 

using field experimentation alone, a modeling approach was also used in this thesis to  acquire 

knowledge of ecological issues in GNP as a result o f change in grazing intensity and spatial 

variations in soil texture.

The modelling part o f the research demonstrates that plant productivity (both aboveground 

and belowground) and soil carbon and total plant system carbon over the longer time period 

are sensitive to soil texture and grazing intensity. Overall, based on simulation results, 

moderate grazing is the best option out o f all three grazing intensities in terms o f maintaining 

sufficient ALB essential to  support diversity o f species, as well as fo r carbon management in the 

mixed grassland ecosystem. Although the heavy grazing option predicts an increase in ALB, this 

is coupled with a substantial decrease in both soil and plant system carbon. Therefore, it does 

not seem to be a very sustainable option from a carbon management point o f view. For 

example, > 70% removal o f live shoots per month will result in a 10 -15% loss o f total soil and 

plant system carbon, as well as cause a shift in vegetation composition. Any change in 

vegetation composition and structural characteristics will likely reduce biodiversity (Evans 

1998) which does not complement Parks Canada's goal o f increasing biodiversity. Holechek et 

al. (2006) concluded that grazing in arid and semi-arid areas has a positive impact on grazing 

lands provided it is conservative and does not remove more than 40% of the plant growth.

The impact o f soil texture variations on ALB were marginal but when a change in soil texture 

parameters was combined with grazing disturbance, the effect on grassland productivity and
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soil carbon was more discernible. This implies that model predictions were sensitive to  the 

interaction between grazing and moisture status. The sensitivity of model predictions to  a 

change in the fraction o f live shoots removed per month within a grazing intensity category was 

substantial and indicates that grazing management decisions are important controls on the 

carbon balance and maintaining sufficient ALB in the GNP area. Overall, the modeling results 

indicate that for accurate predictions of plant productivity and soil and plant system carbon 

dynamics, knowledge of climate, soils and management history is essential.

Proper rangeland management is essential for sustaining the ecological integrity w ithin a 

grazed system. This is because improper grazing pressure and stocking rate would severely 

degrade the grassland productivity, as well as affect processes such as carbon cycle w ithin the 

ecosystem (Wang 2008). Satellite based analysis in this research showed how variation in 

stocking rates can result in ALB heterogeneity; however it  was not possible to  see the effect of 

variation in stocking rates on grassland processes such as carbon cycle. Since grasslands are 

important sources o f carbon stocks, it is imperative to  have an understanding o f how different 

grazing intensities can affect the carbon cycle. This understanding is essential for development 

o f an effective grazing system that increases the biodiversity w ithout degrading the mixed 

grassland ecosystem within the park. The modelling component o f this research complements 

the satellite based analysis in this context. Since GNP's plan is to increase heterogeneity o f 

biomass to  have a range of biodiversity, knowing the range of effects on the carbon balance o f 

grasslands as a result o f change in stocking rates will certainly help in implementing grazing 

systems that are more sustainable in the long-term. Overall, based on this research, low- to
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high-moderate grazing (45 -  57%GI) is recommended in terms of maintaining sufficient 

heterogeneity in ALB to support species diversity and carbon management w ithin GNP.

To conclude, this research contributes to the knowledge o f how variation in stocking rates can 

cause heterogeneity in ALB and affect grassland productivity and carbon balance in a grassland 

ecosystem. This can be used as a tool in development o f effective grazing system designs to 

maintain heterogeneity and restore biodiversity in grassland ecosystem, which is one o f the 

main goals o f Parks Canada. However, land management practices and processes must 

continually be monitored to  ensure that sustainable productivity o f grasslands is being 

maintained and enhanced. Organizations, and programs such as Parks Canada-Grasslands 

National Park o f Canada (PC-GNP), Agriculture and Agri-Food Canada, Prairie Farm 

Rehabilitation Administration (AAFC-PFRA), and the Nature Conservancy in North America 

should strive to  develop and use the best scientific information available to  support ecological, 

economic and social sustainability. The knowledge base should be continuously improved 

through research and monitoring, to enhance the scientific understanding o f ecosystems, 

including human use o f land and to support decision-making and sustainable management of 

grassland areas.

202



Bibliography

Aber, J.D. and Melillo J.M. (1991). Terrestrial Ecosystems. Saunders College Publishing, 429 pp.

Acton, D.F., Padbury G.A., and Stushnoff C.T. (1998). The Ecoregions o f Saskatchewan. Regina: 
Canadian Plains Research Center and Saskatchewan Environment and Resource 
Management.

Adams, D.C., Clark, R.T., Klopfenstein, T.J., and Volesky, J.D. (1996). Matching the cow with the 
forage resources. Rangelands, 18, 57-62.

Adams, B.W., Poulin-Klein, L., Moisey, D. and McNeil, R.L. (2004). Rangeland plant communities 
and range health assessment guidelines for the mixed-grass natural sub-region o f Alberta. A 
Report (T/03940), Public Lands Division, Alberta Sustainable Resource Development. 
Lethbridge AB.

Adler-Goldon, S.M., Mathew, M.W., Bernstein, L.S., Levine, R.Y., Berk, A., Richtsmeier, S.C., 
Acharya, P.K., Anderson, G.P., Felde, G., eta l. (1999). Atmospheric correction fo r short-wave 
spectral imagery based on MODTRAN4. SPIE proceedings on Imaging Spectrometry, 3753, 
61-69.

Adler, P. B. and Lauenroth, W. K. (2000). Livestock exclusion increases the spatial heterogeneity 
o f vegetation in Colorado Shortgrass Steppe. Applied Vegetation Science, 3 (2), 213 -  222.

Adler, P. B., Raff, D. A., and Lauenroth, W. K. (2001). The effect o f grazing on the spatial 
heterogeneity o f vegetation. Oecologia, 128, 465-479.

Akinremi, O.O. and McGinn, S.M. (2000). Seasonal and Spatial patterns o f rainfall trends on the 
Canadian Prairies. Notes and Correspondence. Journal o f Climate, 14, 2177-2182.

Alvarez, R. (2001). Estimation o f carbon losses by cultivation from soils o f the Argentine Pamap 
using the Century model. Soil use and management, 17, 62 -  66.

Anderson, M. A., Norman, J. M., Meyers, T. P., and Diak, G. R. (2000). An analytical model for 
estimating canopy transpiration and carbon assimilation fluxes based on canopy light-use 
efficiency. Agricultural and Forest Meteorology, 100, 265- 289.

Anderson, M.C., Neale, C.M.U., Li, F., Norman, J.M., Kustas, W.P., Jayanthi, H. and Chavez, J. 
(2004). Upscaling ground observations o f vegetation water content, canopy height, and leaf 
area index during SMEX02 using aircraft and Landsat imagery. Remote Sensing o f 
Environment, 92, 447-464.

Ardo, J. and Olsson, L. (2003). Assessment o f soil organic carbon in semi-arid Sudan using GIS 
and the CENTURY model. Journal o f Arid Environments, 54, 633-651.

Augustine, D.J., and Frank, D.A., (2001). Effects o f migratory grazers on spatial heterogeneity of 
soil nitrogen properties in a grassland ecosystem. Ecology, 82, 3149-3162.

203



Babish, G. (2006). Geostatistics w ithout tears: A practical guide to surface interpolation, 
geostatistics, variograms and kriging. Environment Canada, 104pp.

Bailey, D.W., Gross, J.E, Laca, E.A., Rittenhouse, L.R, Coughenour, M.B., Swift, D.M., and Sims, 
P.L. (1996). Mechanisms that result in large herbivore grazing distribution patterns. Journal 
o f Range Management, 49, 386-400.

Bailey, D. W., and Welling, G. R. (1999). Modification o f cattle grazing distribution with 
dehydrated molasses supplement. Journal o f Range Management, 52, 575-582.

Balesdent, J. and May, B. (1996). Major contribution o f roots to soil carbon storage inferred 
from maize cultivated soils" short communication, Soil Biol. Biochem., 28(9), 1261-1263.

Baldocchi, D., Falge, E., Gu, L, et al. (2001). FLUXNET: A new tool to  study the temporal and 
spatial variability o f ecosystem-scale carbon dioxide, water vapour, and energy flux 
densities. Bulletin o f the American Meteorological Society, 82(11), 2415-2434.

Baldocchi, D.D., Xu, L. and Kiang, N. (2003). How plant functional-type, weather, seasonal 
drought, and soil physical properties alter water and energy fluxes of an oak-grass savanna 
and an annual grassland. Agricultural and Forest Meteorology, 123,13-39.

Band, L.E., Peterson, D.L., Running, S.W., Coughlan, J. and Nemani, R. (1991). Forest ecosystem 
processes at the watershed scale: basis fo r distributed simulation. Ecological Model, 5 6 ,171- 
196.

Bannari, A., Morin, D., Bonn, F. and Huete, A.R. (1995). A review o f vegetation indices. Remote 
sensing Reviews, 13, 95-120.

Barbour, M. G., and Christensen, N. L. (1993). Contemporary vegetation and phytogeography. In 
Flora o f North America Editorial Committee, (eds.), Flora o f North America, part III, 
Contemporary vegetation and phytogeography, Oxford University Press, New York, USA, pp 
97-131.

Bark, D. (1997). Chapter 11 - Konza Prairie Research Natural Area. In Greenland, D. and Kittel, 
T.A (eds.) Climatic Analysis o f Long-Term Ecological Research Sites. Retrieved from the 
World Wide Web:
http://intranet.lternet.edu/archives/documents/Publications/climdes/knz/knzclim.htm

Bartolome, J.W., Fehmi, J.S., Jackson, R.D., and Allen-Diaz, B. (2004). Response o f a native 
perennial grass stand to  disturbance in California's coast range grassland. Restoration 
Ecology, 12(2), 279-289.

Bell, M.L. and Grunwald, G.K. (2004). Mixed models fo r the analysis of replicated spatial point 
patterns. Biostatistics, 5, 633-648.

Blair, J.M. (1997). Fire, Nitrogen availability and plant response in grasslands: a test o f the 
transient maxima hypothesis. Ecology, 78 (8), 2359-2368.

204

http://intranet.lternet.edu/archives/documents/Publications/climdes/knz/knzclim.htm


Bleho, B. (2009). Passerine relationships with habitat heterogeneity and grazing at multiple 
scales in northern mixed grass prairie. A thesis submitted in conformity w ith the 
requirements for the Master o f natural resources management, Natural resource institute, 
University of Manitoba, 132p.

Bock, C. E., Jones, Z.F., and Bock, J.H. (2006). Rodent communities in an exurbanizing 
southwestern landscape (U.S.A.). Conservation Biology, 2 0 ,1242-1250.

Boerner, R. E. J., Scherzer, A. J., and Brinkman, J. A. (1998). Spatial patterns o f inorganic N, P 
availability, and organic C in relation to  soil disturbance: a chronosequence analysis. Applied 
Soil Ecology, 7 ,159-177.

Bowman, W.D. and Turner, L. (1993). Photosynthetic sensitivity to  temperature in populations 
o f two C4 Bouteloua (Poaceae) species native to different altitudes. American Journal o f 
Botany, 80(A), 369-374.

Boyd, D.P. (2003). Conservation o f North American Bison: Status and Recommendations, 
Masters' thesis, University o f Calgary, Calgary, Alberta 222pp.

Bradley and O'Sullivan (2011). Assessing the short-term impacts o f changing grazing regime at 
the landscape scale with remote sensing. International Journal o f Remote Sensing, 32 (20), 
5797-5813.

Brennan, L. A. and Kuvlesky, W. P. (Jr.) (2005). North American grassland birds: an unfolding 
conservation crisis? Journal o f Wildlife Management, 6 9 ,1-13.

Bricklemyer, R.S., Miller, P.R., Turk, P.J., Paustian, K., Keck, T. and Nielsen, G.A. (2007).
Sensitivity o f the century model to  scale related soil texture variability. Soil Sci. Soc. Am. J., 
71 (3), 784-792.

Bridge, S.R.J. and Johnson, E.A. (2000). Geomorphic principles o f terrain organization and 
vegetation gradients. Journal o f Vegetation Science, 11, 57-70.

Brierley, T. (2012). Personal communication. Senior Land Resource Scientist. Agriculture and 
Agri-Food Canada, Edmonton, Alberta, April.

Briggs, J.M. and Knapp, A.K. (1995). Inter-annual variability in primary production in tall grass 
prairie: climate, soil moisture, topographic position, and fire as determinants of 
aboveground biomass. American Journal o f Botany, 82(8), 1024-1030.

Briske, D. D., Derner, J. D., Brown, J. R., Fuhlendorf, S. D., Teague, W. R., Havstad, K. M., Gillen, 
R. L., Ash, A. J., and Willms, W. D. (2008). Rotational grazing on rangelands: reconciliation of 
perception and experimental evidence. Rangeland Ecology and Management, 61, 3 -1 7 .

Bruland, G.L. and Richardson, C.J. (2005). Spatial variability of soil properties in created, 
restored and paired natural wetlands. Soil Sci. Soc. Am. J., 69, 273-284.

205



Bruce, C. M. and Hilbert, D. W. (2004). Pre-processing Methodology fo r Application to Landsat 
TM/ETM+ Imagery o f the Wet Tropics. Cooperative Research Centre for Tropical Rainforest 
Ecology and Management. Rainforest CRC, Cairns, 44 pp.

Buchmann, N. (2000). Biotic and abiotic factors controlling soil respiration rates in Picea abies 
stands. Soil Biology and Biochemistry, 3 2 ,1625-1635.

Burke, I.C., Yonker, C.M., Parton, W.J., Cole, C.V., Flach, K., and Schimel, D.S. (1989). Texture, 
climate and cultivation effects on soil organic matter contents in U.S. grassland soils. Soil 
science society o f America Journal, 53, 800-805.

Burke, I.C., Kittle, T.G.F., Lauenroth, W.K., Snook, P., Yonker, C.M. and Parton, W.J. (1991). 
Regional analysis of the central Great Plains: sensitivity to  climate variability. Bioscience, 41, 
685-692.

Burke, I.C., Lauenroth, W.K., and Parton, W.J. (1997). Regional and temporal variation in net 
primary production and nitrogen mineralization in grasslands. Ecology, 78(5), 1330-1340.

Burrows, S. N., Gower, S. T., Clayton, M. K., Mackay, D. S., Ahl, D. E., Norman, J. M., et al. 
(2002). Application o f geostatistics to  characterize LAI fo r flux towers to  landscapes. 
Ecosystems, 5, 667- 679.

Calera, A., Gonzalez-Piqueras, J. and Melia, J. (2004). Monitoring barley and corn growth from 
remote sensing data at field scale. International Journal o f Remote Sensing, 25(1), 97-109.

Callicott, J.B. (1995). Intrinsic value in Nature: A Metaethical Analysis. The Electronic Journal of 
Analytic Philosophy, 3.

Campbell Scientific Incorporation (2001). Hydrosense Instruction Manual: Revision 2/01, 
Available online at: http://www.campbellsci.com/documents/manuals/hydrosns.pdf

Cambardella, C.A., Moorman, T.B., Novak, J.M., Parkin, T.B., Karlen, D.L., Turco, R.F. and 
Konopka, A.E. (1994). Field scale variability of soil properties in Central Iowa soils. Soil Sci. 
Soc. Am. Journal, 58(5), 1501-1511.

Cannell, M.G.R., Milne, R., Sheppard, L.J. and Unsworth, M.H. (1987). Radiation interception 
and productivity of willow. Journal o f Applied Ecology, 24, 261-278.

Canadian Environment Assessment Agency (CEAA) (2008). Project: Bison Holding Area
Prescribed Burn Grasslands National Park o f Canada. Canadian Environmental Assessment 
Archives, Registry Archive 06-01-22251.

Carlyle, S.A. (2006). Distribution of Soil Moisture in Pothole Prairies. Master's Thesis, London, 
Ontario: University of Western Ontario.

Casals, P., Garcia-Pausas, J., Romanya, J., Camarero, L., Sanz, M.J. and Sebastia, M.T. (2007). 
Effects of livestock management on carbon stocks and fluxes in grassland ecosystems in the 
Pyrenees. Grassland Science in Europe, 9 ,136 -  138.

206

http://www.campbellsci.com/documents/manuals/hydrosns.pdf


Cerri, C.E.P., Keith, P., Bernoux, M., Victoria, R.L., Melillo, J.M. and Cerri, C.C. (2004). Modeling 
changes in soil organic matter in Amazon forest to  pasture conversion w ith the Century 
model. Global Change Biology, 10, 815 -  832.

Chavez Jr., P.S. (1996). Image-based atmospheric corrections - Revisited and improved. 
Photogrammetric Engineering and Remote Sensing, 62, 1025-1036.

Cheng, Y., Tsubo, M., Ito, T.Y., Nishihara, E. And Shinoda, M. (2011). Impact o f rainfall variability 
and grazing pressure on plant diversity in Mongolian grasslands. Journal o f Arid 
Environments, 75, 471-476.

Christian J.M., and Wilson, S.D. (1999). Long-term ecosystem impacts of an introduced grass in 
the Northern Great Plains. Ecology, 80 (7), 2397-2407.

Cid, M. S., Detling, J. K., Whicker, A. D., and Brizuela, M. A. (1991). Vegetational responses o f a 
mixed-grass prairie site following exclusion of prairie dog and bison. Journal o f Range 
Management, 4 4 ,100-105.

Cid, M. S. and Brizuela, M. A. (1998). Heterogeneity in tall fescue pastures created and 
sustained by cattle grazing. Journal o f Range management, 51, 644 - 649.

Clifford, N. and Valentine, G. (eds.) (2006). Key methods in Geography, Sage publications Ltd., 
572p.

Coffin, D.P. and Lauenroth, W.K. (1990). A gap dynamics simulation model o f succession in the 
short-grass steppe. Ecological Modeling, 49, 229-266.

Coffin, D.P. and Lauenroth, W.K. (1994). Successional dynamics o f a semi-arid grassland: effects 
of soil texture and disturbance size. Vegetatio, 110, 67-82.

Coffin, D.P. and Lauenroth, W.K. (1996). Transient responses of North-American grasslands to 
changes in climate. Climate Change, 34, 269-278.

Coghenour, M. B. (1991). Spatial components of plant-herbivore interactions in pastoral, 
ranching, and native ungulate ecosystems. Journal o f Range Management, 44, 530 - 542.

Collins, S.L., Knapp, A.K., Briggs, J.M., Blair, J.M. and Steinauer, E.M. (1998). Modulation of 
diversity by grazing and mowing in native tall grass prairie. Science, 280, 745-747.

Comins, H.N. and McMurtrie, R.E. (1993). Long-term response o f nutrient-lim ited forests to  C02 
enrichment: equilibrium behaviour of plant-soil models. Ecological Applications, 3, 666-681.

Connaughton, C.A. (1948). Grass and Water and Trees. In Stefferud, A. (ed.) Grass: The 1948 
yearbook o f agriculture. US Gov. Print Office, Washington, DC, p. 239.

Conner, J.R. (1994). Assessing the socioeconomic impacts o f climate change on grazinglands. 
Climatic Change, 2 8 ,143-157.

207



Coops, N. C., Waring, R. H., and Landsberg, J. J. (1998). Assessing forest productivity in Australia 
and New England using a physiologically based model driven w ith averaged monthly weather 
data and satellite derived estimates o f canopy photosynthesis capacity. Forest Ecology and 
Management, 104 ,113-127.

Cosby, B.J., Hornberger, G.M., Clapp, R.B. and Ginn, T.R. (1984). A statistical exploration o f the 
relationships o f soil moisture characteristics to the physical properties o f soils. Water 
Resources Research, 20 (6), 682-690.

Coupland, R.T. (1991). Chapter 10 Mixed Prairie. In Natural grasslands: Introduction and 
Western Hemisphere, pp. 151-182.

Crave, A., Gascuel-odux, C. (1997). The influence o f topography on the time and space 
distribution of soil surface water content. Hydrological Processes, 11, 203-210.

CropScan (1994). Multispectral Radiometer User's Manual. CropScan, Inc. Rochester,
Minnesota, USA.

Csillag, F., Kertesz, M., Davidson, A. and Mitchell, S. (2001). On the measurement o f diversity- 
productivity relationships in a northern mixed grass prairie (Grasslands National Park, 
Saskatchewan, Canada). Community Ecology, 2(2), 145-159.

Cunningham, G.L., Syvertsen, J.P., Reynolds, J.F. and Willson, J.M. (1979). Some effects o f soil- 
moisture availability on above-ground production and reproductive allocation in Larrea 
tridentata (DC) Cov. Oecologia, 40 (2), 113-123.

Dalla-Tea, F. and Jokela, E.J. (1991). Needlefall, canopy light interception, and productivity o f 
young intensively managed slash and loblolly pine stands. Forest Science, 37,1298-1313.

Daly, E. and Porporato, A. (2006). Impact o f hydroclimatic fluctuations on the soil water 
balance. Water Resources Research, 42, doi:10.1029/2006WR004606.

Daniel et al. (2005). Midday values o f gross C02 flux and light use efficiency during satellite 
overpasses can be used to  directly estimate eight day flux mean. Agricultural and Forest 
Meteorology, 131, 1-12.

Damhoureyeh, S.A. and Harnett, D.C. (1997). Effects of bison and cattle on growth,
reproduction, and abundances o f five tallgrass prairie forbs. American Journal o f Botany, 84 
(12), 1719-1728.

Davidson, A. and Csillag, F. (2001). The influence o f vegetation index and spatial resolution on a 
two-date remote sensing derived relation to  C4 species coverage. Remote Sensing o f 
Environment, 75, 138-151.

Davidson A. (2002). Integrating field sampling and remotely sensed data for monitoring the 
function and composition of northern Mixed Grass prairie. A thesis submitted in conformity 
with the requirements fo r the Degree o f Doctor o f Philosophy, Graduate Department of 
Geography, University o f Toronto, National Library of Canada, Ottawa, Canada.

208



Davidson, A., Wang, S. and Wilhurmst, J. (2006). Remote sensing of grassland-shrubland 
vegetation water content in the shortwave domain. International Journal o f applied Earth 
observation and geoinformation, 8, 225-236.

Davis, S. K. (2004). Area sensitivity in grassland passerines: effects o f patch size, patch shape, 
and vegetation structure on bird abundance and occurrence in southern Saskatchewan. Auk, 
1 2 1 ,1130-1145.

Davis, P. A. (2006). Calibrated Landsat ETM+ non-thermal-band image mosaics of Afghanistan, 
U.S. Geological Survey Open-File Report 2006-1345 ,18  p.

Dekker, S.C. Bouten, W . and Verstraten, J.M. (2000). Modeling forest transpiration rates from  
different perspectives. Hydrological Processes, 14, 251-260.

De Lima, J.L.M.P. (1990). The effect o f oblique rain on inclined surfaces: a nomograph for the  
rain-gauge correction factor. Journal o f Hydrology, 155, 407-412.

Demsar U. (2005). A strategy for observing soil moisture by rem ote sensing in the Murray- 
Darling basin. Retrieved from the World Wide Web:
http://www.geomatics.kth.se/~demsaru/publications/50_Urska%20Demsar_AGILE2005.pdf

Dent, C. L., and Grimm, N. B. (1999). Spatial heterogeneity of stream water nutrient 
concentration over successional tim e. Ecology, 80, 2283 - 2298.

Derner, J.D., Lauenroth, W.K., Stapp, P. and Augustine, D.J. (2009). Livestock as ecosystem 
engineers for grassland bird habitat in the Western Great Plains of North America.
Rangeland Ecol. Manage.,62, 111-118.

Dickinson, R.E. (1995). Land processes in climate models. Remote sensing o f Environment, 51(1), 
27-38.

Douglas, E.A., Stith, T.G., Mackay, D.S., Sean, N.B., Norman, J.M., Diak, G.R. (2004). 
Heterogeneity of light use efficiency in a Northern Wisconsin forest: implications for 
modeling net primary production with remote sensing. Remote Sensing o f Environment, 93, 
168-178.

Downing, J.A. (1991). Biological heterogeneity in aquatic ecosystems. In Kolsa, J. and Pivkett, 
S.T.A (eds.) Ecological Heterogeneity. Springer-Verlag, Berlin, pp. 160-180.

Dutilleul, P. and Legendre, P. (1993). Spatial Heterogeneity against heteroscedasticity: an 
ecological paradigm versus a statistical concept. Oikos, 6 6 ,152-167.

Dyer, M .I., Turner, C.L. and Seastedt, T.R. (1993). Herbivory and its consequences. Ecological 
Applications, 3(1), 10-16.

El Hajj, M ., Begue, A., Lafrance, B., Hagolle, O., Dedieu, G. and Rumeau, M. (2008). Relative 
Radiometric Normalization and Atmospheric Correction of a SPOT 5 Time Series. Sensors, 8, 
2774-2791.

209

http://www.geomatics.kth.se/~demsaru/publications/50_Urska%20Demsar_AGILE2005.pdf


Environment Canada. (2010). National climate data and information archive. Accessed online 
at: http://www.climate.weatheroffice.gc.ca/climateData/canada_e.html

ENVI (2008). FLAASH module version 4.5 user guide. ITT Visual Information Solutions.

Epstein H.E., Burke, I.C., Lauenroth, W.K. (2002). Regional patterns of decomposition and 
primary production rates in the U.S. Great Plains. Ecology, 83, 20-327.

Fay, P.A., Carlisle, J.D., Knapp, A.K., Blair, J.M. and Collins, S.L. (2000). Altering rainfall timing  
and quantity in a mesic grassland ecosystem: design and performance of rainfall 
manipulation shelters. Ecosystems, 3, 308 -  319.

Fay, P.A., Jonathan, D. C., Knapp, A.K., Blair, J.M. and Collins, S.L. (2003). Productivity responses 
to altered rainfall patterns in a C4- dominated grassland. Oecologia, 137, 245-251.

Farkas, C., Rajkai, K., Kertesz, M ., Bakacsi, Z.S. and Meirvenne, M .V. (2008). Chapter 8 Spatial 
variability o f soil hydro-physical properties: A case study in Herceghalom, Hungary. In 
Krasilinikov, P., Carre, F. and Montanarella, L. (eds.) Soil Geography and Geostatistics: 
concepts and applications. Joint Research Centre Scientific and Technical Reports, European 
Communities, Luxembourg, pp.107-128.

Field C.B., Behrenfeld, M.J., Randerson, J.T. e ta l. (1998). Primary production of the biosphere: 
integrating terrestrial and oceanic components. Science, 281, 237-240.

Flanagan, L.B., Wever, L.A. and Carlson, P.J. (2002). Seasonal and interannual variation in 
carbon dioxide exchange and carbon balance in a northern tem perate grassland. Global 
Change Biology, 8, 599-615.

Flombaum, P. and Sala, O. E. (2007). A non-destructive and rapid method to  estimate biomass 
and aboveground net primary production in arid environments. Journal o f Arid 
Environments, 69, 352-358.

Flynn, E. S., Dougherty, C.T. and Wendroth, O. (2008). Assessment of pasture biomass with the 
normalized difference vegetation index from active ground-based sensors. Agronomy 
Journal, 1 0 0 ,114-121.

Foereid, B. And Hogh-Jensen, H. (2004). Carbon sequestration potential o f organic agriculture in 
northern Europe -  a modelling approach. Nutrient Cycling in Agroecosystems, 6 8 ,13-24.

Fontaine, A. L., Kennedy, P. L., and Johnson, D. H. (2004). Effects o f distance from cattle w ater 
developments on grassland birds. Journal o f Range Managem ent, 57, 238-242.

Fortin, D., Fryxell, J.M., O'Brodovich, L. and Frandsen, D. (2003). Foraging ecology of bison at 
the landscape and plant community levels: the applicability of energy maximization 
principles. Oecologia, 134, 219 - 227.

Fortin, M.J. and Dale, M.R.T. (2005). Spatial Analysis: A guide fo r ecologists. Cambridge 
University Press, 365p.

210

http://www.climate.weatheroffice.gc.ca/climateData/canada_e.html


Franco, A.C., and Luttge, U. (2002). Midday depression in savanna trees: coordinated
adjustments in photochemical efficiency, photorespiration, CO2 assimilation and w ater use 
efficiency. Oecologia, 131, 356-365.

Frank, D.A. and Inouye, R.S. (1994). Temporal variation in actual evapotranspiration of 
terrestrial ecosystems: patterns and ecological implications. Journal o f Biogeography, 21, 
401-411.

Frank, D.A. and Groffman, P.M. (1998). Ungulate vs. Landscape Control of Soil C and N 
Processes in Grasslands of Yellowstone National Park. Ecology, 79 (7), 2229-2241.

Fu, B., Wang, J., Chen, L. and Qiu, Y. (2003). The effects o f landuse on soil moisture variation in 
the Danangou catchment of the Loess Plateau, China. Catena, 5 4 , 197 -  213.

Fuhlendorf, S. D. and Smeins, F. E. (1999). Scaling effects of grazing in a semi-arid grassland. 
Journal o f Vegetation Science, 10, 731-738.

Fuhlendorf, S. D., Briske, D.D. and Smeins, F. E. (2001). Herbaceous vegetation change in
variable rangeland environments: the relative contribution of grazing and climatic variability. 
Applied Vegetation Science, 4 ,177-188 .

Fuhlendorf, S.D. and Engle, D.M. (2004). Application of the fire-grazing interaction to restore a 
shifting mosaic on tall grass prairie. Journal o f Applied Ecology, 41, 604-614.

Gamma Design Software (2008). GS+ Geostatistics fo r  the Environmental Sciences, version 9  
build 11), Plainwell, Michigan 49080 USA (www.gammadesign.com).

Gamon J.A., Field, C.B., Fredeen, A.L. and Thayer, S. (2001). Assessing photosynthetic down 
regulation in sunflower stands with an optically-based mode. Photosynthesis Research, 67, 
113-125.

Gamon J.A., Field, C.B., Goulden, M ., Griffin, K., Hartley, A., Joel, G., Penuelas, J. and Valentini,
R. (1995). Relationships between NDVI, canopy structure, and photosynthetic activity in 
three Californian vegetation types. Ecological Applications, 5(1), 28-41.

Ganjegunte, G.K., Vance, G.F., Preston, C.M., Schuman, G.E., Ingram, L.J., Stahl, P.D., and 
Welcker, J.M. (2005). Soil organic carbon composition in a Northern mixed-grass prairie: 
effects of grazing. Soil Science Society o f America Journal, 69, 1746 -  1756.

Gao, Q., Zhao, P., Zeng, X., Cai, X.A., and Shen, W. (2002). A model of stomatal conductance to 
quantify relationships between leaf transpiration, microclimate and soil w ater stress. Plant 
Cell Environment, 2 5 ,1373-1381.

Gao, Q., Zhang, X., Huang, Y. and Xu, H. (2004). A comparative analysis of four models of 
photosynthesis for 11 plant species in the Loess Plateau. Agricultural and Forest 
Meteorology, 126, 203-222.

211

http://www.gammadesign.com


Gardner, W. H. (1965). W ater Content, in Methods of Soil Analysis: Part 1 - Physical and
mineralogical properties, including statistics of measurement and sampling. In Black C. A. et 
al. (eds.), p. 770, American Society o f Agronomy, Inc., Madison.

Gauthier, D.A. and Wiken, E.B. (2003). Monitoring the conservation of Grassland habitat, prairie 
ecozone, Canada. Environmental Monitoring and Assessment, 88, 343-364.

Gedney, N. and Cox, P. M. (2003). The sensitivity of global climate model simulations to the 
representation of soil moisture heterogeneity. Journal o f Hydrometeorology, 6, 1265-1275.

Gibson, C.W.D. and Brown, V.K. (1992). Grazing and Vegetation Change: Deflected or modified 
succession? The Journal o f Applied Ecology, 29(1), 120-131.

Gill, R.A. (2007). Influence of 90 years of protection from grazing on plant and soil processes in 
the subalpine of the Wasatch Plateau, USA. Rangeland Ecology and M anagem ent, 60  (1): 88 
- 9 8 .

Gillen, R.L., Eckroat, J.A. and McCollum (III), F.T. (2000). Vegetation response to stocking rate in 
southern mixed-grass prairie. Journal o f Range Managem ent, 53, 471-478.

Gilmanov, T.G., Parton, W.J., and Ojima, D.S. (1997). Testing the CENTURY ecosystem level 
model on data sets from eight grassland sites in the  form er USSR representing wide 
climatic/soil gradient. Ecological Modelling, 9 6 ,191-210.

Glenn, S. M ., Collins, S. L., and Gibson, D. J. (1992). Disturbances in tallgrass prairie: local and 
regional effects of community heterogeneity. Landscape Ecology, 7, 243-251.

Glenn, E.P., Squires, V., Olson, M. and Frye, R. (1993). Potential for carbon sequestration in the 
drylands. Water, Air and Soil Pollution, 70, 341-355.

Gordon, D. R., Provencher, L., and Hardesty, J. L. (1997). Measurement scales and ecosystem 
management. In Pickett, S. T. A., Ostfeld, R. S., Shachak, M ., and Likens, G. E., (eds.). The 
ecological basis o f conservation: heterogeneity, ecosystems, and biodiversity. Chapman and 
Hall, New York, NY. pp 262-273.

Golluscio, R.A., Sala, O.E. and Lauenroth, W.K. (1998). Differential use of large summer rainfall 
events by shrubs and grasses: a manipulative experiment in the Patagonian Steppe. 
Oecologia, 1 1 5 ,17-25.

Golluscio, R.A., Perez, J.A., Paruelo, J.M. and Ghersa, C.M. (2005). Spatial heterogeneity at 
different grain sizes in grazed versus ungrazed sites of the Patagonian Steppe. Ecoscience, 
12(1), 103-109.

Gomez-Plaza, A., M artinez-Mena, M ., Albaladejo, J., Castillo, V.M . (2001). Factors regulating 
spatial distribution of soil water content in small semiarid catchments. Journal o f Hydrology, 
253, 211-226.

212



Goudie, A. (2000). The Human Impact: on the natural environment, 5th edition. M IT Press, 
Cambridge, Massachusetts.

Goward, S.N., Tucker, C.J., and Dye, D.G. (1985). North American vegetation patterns observed 
with NOAA-7 advanced very high resolution radiometer. Vegetatio, 64, 3 -1 4 .

Grayson, R.B., Western, A.W. (1998). Towards areal estimation of soil water content from point 
measurements: time and space stability of mean response. Journal o f Hydrology, 207, 68 - 
82.

Gu, L., Baldocchi, D.D., Verma, S.B. et al. (2002). Superiority of diffuse radiation for terrestrial 
ecosystem productivity. Journal o f Geophysical Research, 107, 101029-101042.

Guo, X., Price, K.P., and Stiles, J.M. (2000). Modeling biophysical factors for grasslands in 
Eastern Kansas using Landsat TM data. Transactions o f the Kansas Academy o f Science, 
103(3/4), 122 - 1 3 8 .

Gupta, S.C., and Larson, W.E. (1979). Estimating soil w ater retention characteristics from
particle size distribution, organic matter content and bulk density. W ater Resource Research, 
15 (6), 1633 - 1635.

Gurevitch, J., Scheiner, S.M., and Fox, G.A. (2002). The Ecology o f Plants. Sinauer associates,
Inc., Publishers, 523 p.

Hall, C.A.S. and Day, J.W. (Jr.) (1990). Chapter 1 Systems and models: terms and basic principles. 
In Hall, C.A.S. and Day, J.W. (Jr.) (eds.) Ecosystem Modeling in theory and practice: An 
introduction with case histories, University Press of Colorado, pp. 6-36.

Harrington, R.A. and Fownes, J.H. (1995). Radiation interception and growth of planted and 
coppice stands of four fast-growing tropical trees. Journal o f Applied Ecology, 3 2 ,1-8.

Harrison, S., Inouye, B. D., and Safford, H. D. (2003). Ecological heterogeneity in the effects of 
grazing and fire on grassland diversity. Conservation Biology, 17, 837-845.

Harley, P.C., Thomas, R.B., Reynolds, J.F. and Strain, B.R. (1992). Modelling photosynthesis of 
cotton grown in elevated C 02. Plant, Cell and Environment, 15, 271-282.

Harper, C.W., John M. B., Philip A. F., Alan K. K., and Jonathan, D. C. (2005). Increased rainfall 
variability and reduced rainfall amount decreases soil C 02flux in a grassland ecosystem. 
Global Change Biology, 11, 322-334.

Harrell, W. C. and Fuhlendorf, S. D. (2002). Evaluation of habitat structural measures in a 
shrubland community. Journal o f Range M anagem ent, 55, 488-493.

Hartnett, D.C., Hickman, K.R. and W alter, L.E.F. (1996). Effects o f bison grazing, fire and
topography on floristic diversity in tallgrass prairie. Journal o f Range M anagem ent, 49, 413- 
420.

213



Hartnett, D. C., Steuter, A. A., and Hickman, K. R. (1997). Comparative ecology o f native and 
introduced ungulates. In Knopf, F. L. and Samson, F. B. (eds.) Ecology and conservation o f  
Great Plains vertebrates. Springer-Verlag, New York, NY, pp. 72-101.

Haugland, E. and Froud-Williams, R.J. (1999). Improving grasslands: the influence of soil 
moisture and nitrogen fertilization on the establishment of seedlings. Journal o f Applied 
Ecology, 36, 263-270.

Hawley, M.E., Jackson, T.J. and McCuen, R.H. (1983). Surface soil moisture variation on small 
agricultural watersheds. Journal o f Hydrology, 6 2 ,179-200.

He, Y., Guo, X., Wilmhurst, J. and Si, B.C. (2006). Studying mixed grassland ecosystems II: 
optimal pixel size. Canadian Journal o f Remote Sensing, 32(2), 108-115.

He, N.P., Zhang, Y.H., Yu, Q., Chen, Q.S., Pan, Q .M ., Zhang, G.M. and Han, X.G. (2011). Grazing 
intensity impacts soil carbon and nitrogen storage of continental steppe. Ecosphere, 2(1), 
Article 8, pages 1 - 1 0 .

Heitschmidt, R.K., Klement, K.D. and Haferkamp, M.R. (2005). Interactive effects o f drought and 
grazing on Northern Great Plains Rangelands. Rangeland Ecological Managem ent, 5 8 ,11-19.

Helming, K. (2001). Wind speed effects on rain erosivity. In Stott, D.E., M ohtar, R.H. and
Steinhardt, G.C. (eds.) Sustaining the Global Farm: A Farmer's View, Selected papers from  the 
10th international soil conservation organization meeting, M ay 24-29 ,1999, West Lafayette, 
IN. International soil conservation organization in cooperation with the USDA and Purdue 
University, West Lafayette, IN. pp. 771-776.

Henderson, D.C., Ellert, B.H. and Naeth, M.A. (2004). Grazing impact on organic carbon across a 
gradient of Alberta native rangelands. Journal o f Range Management, 57, 402-410.

Henderson, D.C. (2006). Restoring grazing-induced heterogeneity in Grasslands National Park o f 
Canada: Landscape-scale experiment and long-term monitoring plan. Parks Canada Agency, 
Western and Northern Service Centre, Winnipeg, MB.

Henley, W.J., Levasseur, G., Franklin, L.A., Osmond, C.B. and Ramus, J. (1991). Photoacclimation 
and photoinhibition in Ulva rotundata as influenced by nitrogen availability. Planta, 184, 
235-243.

Herben, T., Krahulee, F., Hadincova, V., and Skalova, H. (1993). Small-scale variability as a 
mechanism for large scale stability in mountain grasslands. Journal o f vegetation science, 
4(2), 163-170.

Hobbs, R.J. and Mooney, H.A. (1995). Spatial and Temporal variability in California annual 
grasslands: results from a long-term study. Journal o f vegetation science, 6(1), 43-56.

Hobbs, N.T. (1996). Modification of ecosystems by ungulates. Journal of Wildlife Management, 
60, 695-713.

214



Holecheck, J.L., Baker, T.T., Boren, J.C. and Galt, D. (2006). Grazing impacts on rangeland
vegetation: what we have learned livestock grazing at light to moderate intensities can have 
positive impact on rangeland vegetation in arid to  semiarid areas. Rangelands, 28  (1), 7 -  13.

Holland, E.A., Parton, W.J., Detling, J.K., and Coppock, D.L. (1992). Physiological responses of 
plant populations to herbivory and their consequences for ecosystem nutrient flow. 
American Naturalist, 140  (647), 685-706.

Hook, P.B. and Burke, I.C. (2000). Biogeochemistry in a shortgrass landscape: control by 
topography, soil texture, and microclimate. Ecology, 81(10), 2686-2703.

Hooper, D.U. and Johnson, L.C. (1999). Nitrogen limitation in dryland ecosystems: responses to 
temporal and geographical variation in precipitation. Biogeochemistry, 46, 247-293.

Huete, A.R., Liu, H., Batchily, K., and van Leeuwen W . (1997). A Comparison of Vegetation 
Indices Over a Global Set of TM  Images for EOS-MODIS. Remote Sensing o f Environment, 
59(3), 440-451.

Hui, B., Huang, K. and Lenton, J. (2000). Prairie Parks. In Scott, D. and Suffling, R. (eds.) Climate 
Change and Canada's National Park System, Environment Canada, Hull, pp.68-69.

Hulme, P.D., Pakeman, R.J., Torvell, L., Fisher, J.M. and Gordon, I.J. (1999). The effects of 
controlled sheep grazing on the dynamics of upland Agrostis-Festuca grassland. Journal o f 
Applied Ecology, 36, 886-900.

Humphrey, J.W. and Patterson, G.S. (2000). Effects o f late summer cattle grazing on the  
diversity of riparian pasture vegetation in an upland conifer forest. Journal o f Applied 
Ecology, 37, 986-996.

Hunter, M. L. (1991). Coping with ignorance: the coarse-filter strategy fo r maintaining
biodiversity. In Kohn, K. (eds.) Balancing on the Brink o f Extinction. Island Press, Washington, 
D.C., pp. 266-281.

IBM Corporation. (2011). SPSS for windows: standard version 20.0. New York, USA.

Isenberg, A.C. (2000). The destruction o f the bison: an environmental history, 1750-1920, 
Cambridge University Press, New York, NY.

Iqbal, J., Thomasson, J.A., Jenkins, J.N., Owens, P.R. and Whisler, F.D. (2005). Spatial variability 
analysis of soil physical properties of alluvial soils. Soil Sci. Soc. Am. J., 6 9 ,1 -  14.

Ingram, L.J., Schuman, G.E., Buyer, J.S., Vance, G.F., Ganjegunte, G.K., Welker, J.M. and Derner, 
J.D. (2008). Grazing impacts on soil carbon and microbial communities in a mixed-grass 
ecosystem. Soil Science Society o f America Journal, 72, 939 -  948.

Irving, B.D., Rutledge, P.L., Bailey, A.W., Naeth, M.A. and Chanasyk, D.S. (1995). Grass utilization 
and grazing distribution within intensively managed fields in Central Alberta. Journal o f 
Range Management, 48, 358 -  361.

215



Iwaasa, A. D. and Schellenberg, M. P. (2004). Re-establishment o f a mixed native grassland in 
southwest Saskatchewan: potential grazing impacts. In Trottier, G. C., Anderson E., and 
Steinhilber M. (eds.) Proceedings o f the seventh prairie conservation and endangered species 
conference. Provincial Museum of Alberta, Edmonton, AB, pp. 218-224

Izurralde, R.C., McGill, W.B., Jans-Hammermeister, D.C., Haugen-Kozyra, K.L., Grant, R.F. and 
Hiley, J.C. (1996). Development of a technique to calculate carbon fluxes in agricultural soils 
at the eco-district level using simulation models and various aggregation techniques. Final 
report. Agriculture and Agri-Food Canada Greenhouse Gas Initiative. Edmonton, Canada, 
University of Alberta. 67 pp.

Jadhav, R.N., Kimothi, M .M . and Kandya, A.K. (1993). Grassland mapping/monitoring of Banni, 
Kachch (Gujarat) using remotely-sensed data. International Journal of Remote Sensing, 
14(17), 3093-3103.

Janzen, A.A. (2004). Carbon cycling in earth systems -  a soil science perspective: A Review. 
Agriculture, Ecosystems and Environment, 104, 399-417.

Jaramillo, V. J., and J. K. Detling. (1988). Grazing history, defoliation, and competition: effects on 
shortgrass production and nitrogen accumulation. Ecology, 69, 1599-1608

Jaramillo, V.J. and Detling, J.K. (1992). Small-scale grazing in a Semi-arid North American
Grassland. 2. Cattle grazing of Simulated Urine Patches. Journal o f Applied Ecology, 29, 9-13.

Jacobs, J.M., Mohanty, B.P., Hsu, E.C. and Miller, D. (2004). SMEX02: field scale variability, time 
stability and similarity of soil moisture. Remote Sensing o f Environment, 92, 436-446.

James, S.E., Partel, M ., Wilson, S.D. and Peltzer, D.A. (2003). Temporal Heterogeneity of Soil 
Moisture in Grassland and Forest .Journal o f Ecology, 91(2), 234-239.

Jamiyansharav, K., Ojima, D., Pielke, R.A., Parton, W ., Morgan, J., Beltran-Przekurat, A., LeCain, 
D., and Smith, D. (2011). Seasonal and interannual variability in surface energy partitioning 
and vegetation cover with grazing at shortgrass steppe. Journal o f Arid Environments, 75, 
3 6 0 -3 7 0 .

Jensen, J. R. (2000). Remote sensing o f the environment: an Earth resource perspective, Prentice 
Hall series in geographic information science.

Jin, S., Zhou, X. and Fan, J. (2003). Modeling daily photosynthesis o f nine major tree species in 
northeast China. Forest Ecology and M anagem ent, 1 8 4 ,125-140.

Joern, A. and Keeler, K.H. (eds.) (1995). The Changing Prairie: North American Grasslands. 
Oxford University Press, Inc., 244 p.

Johnson, T. (2010). Direct and indirect effects of livestock grazing intensity on processes 
regulating grassland bird populations. A thesis submitted in conformity with the 
requirements for the Degree of Doctor of Philosophy to Oregon State University, USA. 178 
pages.

216



Johnson, L.C. and M atchett, J.R. (2001). Fire and grazing regulate belowground processes in tall- 
grass prairie. Ecology, 82, 3377 -  3389.

Jones, M.B. and Donelly, A. (2004). Carbon Sequestration in Temperate Grassland Ecosystems 
and the Influence of Management, Climate and Elevated C 02. New Phytologist, 164  (3), 423- 
439.

Jung, W. K., Kitchen, N. R., Sudduth, K. A., and Anderson, S. H. (2006). Spatial Characteristics of 
Claypan Soil Properties in an Agricultural Field. Soil Sci. Soc. Am. J., 7 0 ,1387-1397.

Keatley, M . (2000). Influences on the flowering phenology on three Eucalyptus. Proceedings of 
ICB-ICUC'99, Sydney, W M O /TD  No 1026, Geneva.

Keatley, M.R. and Fletcher, T.D. (2003). Australia in Phenology: An Integrative Environmental 
Science. (Chapter 2.2), edited by M.D. Schwartz, Kluwer Academic press, 27-44.

Kim, S.H. and Lieth, J.H. (2003). A coupled model of photosynthesis, stomatal conductance and 
transpiration for a Rose Leaf (Rosa hybrida L.). Annals o f Botany, 91, 771-781.

Kitanidis, P.K. (1997). Introduction to geostatistics: applications o f hydrogeology. Cambridge 
University Press, 249 p.

Kleidon, A. and Heimann, M. (1998). A method of determining rooting depth from a terrestrial 
biosphere model and its impacts on the global w ater and carbon cycle. Global Change 
Biology, 4, 275-286.

Klute, D. S., Robel, R. J., and Kemp, K. E. (1997). Will conversion of Conservation Reserve 
Program (CRP) lands to pasture be detrimental for grassland birds in Kansas? American 
Midland Naturalist, 137, 206-212.

Knapp, A.K. (1985). Effect of fire and drought on the ecophysiology of Andropogon gerardii and 
Panicum virgatum in a tallgrass prairie. Ecology, 66, 1309 -1 3 2 0 .

Knapp, A.K., Briggs, J.M., Hartnett, D.C. and Collins, S.L. (eds.) (1998). Grassland Dynamics: long 
term ecological research in tallgrass prairie. Oxford University Press, 364 p.

Knapp, A.K., Blair, J.M., Briggs, J.M., Collins, S.L., Hartnett, D.C., Johnson, L.C. and Towne, G. 
(1999). The keystone role of bison in North American tallgrass prairie. Bioscience, 48(1), 39- 
50.

Knapp, A.K. and Smith, A.D. (2001). Variation among biomes in temporal dynamics of above 
ground net primary productivity (ANPP). Science, 291, 481-484.

Knapp, A.K., Fay, P.A. e ta l. (2002a). Rainfall variability, carbon cycling, and plant species 
diversity in a Mesic Grassland. Science, 298, 2202-2205.

Knapp, A.K., Fay, P.A., Blair, J.M., Collins, S.L. and Smith, M . (2002b). Increases in rainfall 
variability related to global climate change alter productivity and plant community

217



composition. National Science Foundation (NSF), Article retrieved from World W ide Web: 
http://w w w .nsf.gov/od/lpa/new s/02/pr0298.htm .

Knapp, A.K., Briggs, J.M., Childers, D.I., and Sala, O.E. (2007). Estimating aboveground net 
primary production in grasslands and herbaceous dominated ecosystems. In Fahey, T.J., 
Knapp, A.K. (Eds.), Principles and standards fo r  measuring primary production, Oxford 
University Press, US, p. 268.

Knowles, C.I., Stoner, C.I., and Gieb, S.P. (1982). Selective use of blacktailed prairie dog towns 
by mountain plovers. Condor, 84, 71-74.

Koper, N., Henderson, D., Wilmshurst, J.F., Fargey, P.J., and Sisson, R.A. (2008). Design and 
Analysis of Rangeland Experiments Along Continuous Gradients. Rangeland Ecology and 
Management, 61(6), 605-613.

Kottek, M ., Grieser, J., Beck, C., Rudolf, B. and Rubel, F. (2006). World map of the Koppen- 
Geiger climate classification updated Meteorologische Zeitschrift, 15, 259-263.

Krasilnikov, P. (2008). Chapter 2 Variography o f discrete soil properties. In Krasilinikov, P., Carre, 
F. and Montanarella, L. (eds.) Soil Geography and Geostatistics: concepts and applications. 
Joint Research Centre Scientific and Technical Reports, European Communities, Luxembourg, 
p.12-25.

Kristoffersen, A. 0 . and Riley H. (2005). Effects of soil compaction and moisture regime on the 
root and short root growth and phosphorus uptake of barley plants growing on soils with  
varying phosphorus status. Nutrient Cycling in Agroecosystems, 72,135-146

Krummelbein, J., Peth, S., Zho, Y. and Horn, R. (2009). Grazing induced alterations of soil 
hydraulic properties and functions in Inner Mongolia, PR China. Journal o f Plant Nutrition 
and Soil Science, 172, 769 -  776.

Kuzyakov, Y. And Chang, W. (2001). Photosynthesis controls of rhizosphere respiration and 
organic matter decomposition. Soil Biology and Biochemistry, 33, 1915-1925.

Laca, E.A. and Ortega, I.M . (1996). Integrating foraging mechanisms across spatial and temporal 

scales. In: West, N.E. (Ed.) Rangelands in a sustainable biosphere, Society fo r  Range 

Management, Denver, CO, 129 -  132.

Lakhankar, T., Jones, A.S., Combs, C.L., Sengupta, M ., Vonder Haar, T.H. and Khanbulvardi, R.
(2010). Analysis of large scale spatial variability of soil moisture using a geostatistical 
method. Sensors, 10, 913 -  932.

Lambers, H., Chapin III, F.S., and Pons, T.L. (1998). Plant Physiological Ecology. Springer-Verlag 
New York, Inc. 540pp.

Lauenroth, W.K., and Whitman, W.C. (1977). Dynamics o f dry m atter production in a mixed 
grass prairie in Western North Dakota. Oecologia, 27, 339 -  351.

218

http://www.nsf.gov/od/lpa/news/02/pr0298.htm


Lauenroth, W.K., Milchunas, D.G., Dodd, J.L., Hart, R.H., Heitschmidt, R.K. and Rittenhouse, L.R. 
(1994). Effects of grazing on ecosystems of the Great Plains. In M . Vavra, W.A. Laycock and 
R.D. Pieper (eds.). Ecological implications o f livestock herbivory in the West. Denver,
Colorado, USA: Society for range management, pp 69-100.

Lauenroth, W.K., Burke, I.C., and Gutmann, M.R. (1999). The structure and function of
ecosystems in the central North American grassland region. G reat Plains Research, 9, 223- 
259.

Lauzon, J.D., O'Halloran, I.P, Fallow, D.J, Bertoldi, A.P., and Aspinall, D. (2005). Spatial variability 
of soil test phosphorus, potassium, and pH of Ontario soils. Agron. J., 97, 524-532 .

LeCain, D.R., Morgan, J.A., Schuman, G.E., Reeder, J.D., and Hart, R.H. (2000). Carbon exchange 
rates in grazed and ungrazed pastures of Wyoming. Journal o f Rangeland Managem ent, 53, 
199 -  206.

Lefsky, M.A., Cohen, W.B., Harding, D.J., Parker, G.G., Acker, S.A., and Gower, T. (2002). Lidar 
remote sensing of above-ground biomass in three biomes. Global Ecology and Biogeography, 
11 (5), 393 -  399.

Legendre, P. and Fortin, M.J. (1989). Spatial pattern and ecological analysis. Vegetatio, 8 0 ,1 0 7 -
138.

Legendre, P. and Legendre, L. (1998). Numerical Ecology. 2nd English edition, Amsterdam: 
Elsevier.

Lenihan, J. and Neilson, R. (1995). Canadian Vegetation Sensitivity to Projected Climatic Change 
at Three Organizational Levels. Climatic Change, 30, 27-56.

Li, F., Kustas, W.P., Anderson, M.C., Prueger, J.H. and Scott, R.L. (2008). Effect of remote sensing 
spatial resolution on interpreting tower-based flux observations. Remote Sensing o f 
Environment, 112, 337-349.

Li, H. and Reynolds, J.F. (1995). On definition and quantification o f Heterogeneity. Oikos, 73(2), 
280-284.

Lillesand, T.M., and Kiefer, R.W. (2000). Remote sensing and image interpretation, 4th edition. 
John Wiley & Sons Inc., New York, pp 236-246, 431-434, 513-518, 579-580.

Lin, Y., Hong, M., Han, G., Zhao, M., Bai, Y. and Chang, S.X. (2010). Grazing intensity affected 
spatial patterns of vegetation and soil fertility in a desert steppe. Agriculture, Ecosystems 
and Environment, 138  (3-4), 282-292.

Lovett, G. M . (2005). Ecosystem Function in Heterogeneous Landscapes. Lovett G.M., Jones C.G., 
Turner M.G., Weathers K.C. (eds.), Springer Science and Business Media, Inc., New York, NY.

219



Lu, D., Mausel, P., Brondizio, E., and Moran, E. (2002). Assessment o f atmospheric correction 
methods for Landsat TM  data applicable to Amazon basin LBA research. International Journal 
of Remote Sensing, 23 (13), 2651-2671.

Lu, D. (2006). The potential and challenge of remote sensing based biomass estimation. 
International Journal o f Remote Sensing, 2 7 ,1297 -1328 .

Lueders, A. S., Kennedy, P. L. and Johnson, D. H. (2006). Influences of management regimes on 
breeding bird densities and habitat in mixed-grass prairie: an example from North Dakota. 
Journal o f Wildlife Managem ent, 70, 600-606.

Mahiny, A.S., and Turner, B.J. (2007). A comparison of four common atmospheric corrections 
methods. Photogrammetric Engineering and Remote Sensing, 73 (4), 361-368.

Mandle, L. and Ticktin, T. (2012). Interactions among fire, grazing, harvest, and abiotic 
conditions shape palm demographic responses to disturbance. Journal o f Ecology, doi:
10.1111/j. 1365-2745.2012.01982.x

Mangan, J.M., Overpeck, J.T., Webb, R.S., Wessman, C. and Goetz, A.F.H. (2004). Response of 
Nebraska sand hills natural vegetation to drought, fire, grazing and plant functional type 
shifts as simulated by the Century model. Climate Change, 63, 49 -  90.

Martin, T.A. and Jokela, E.J. (2004). Developmental patterns and nutrition impact radiation use 
efficiency components in southern pine stands. Ecological Applications, 14(6), 1839-1854.

Marriott, C.A., Hood, K., Fisher, J.M. and Pakeman, R.J. (2009). Longterm impacts o f extensive 
grazing and abandonment on the species composition, richness, diversity and productivity of 
agricultural grassland. Agriculture, Ecosystems and Environment, 1 3 4 ,190-200.

Mastad, M . (2010). Personal communication. Coordinator, Stacks services, MacOdrum Library, 
Carleton University, October.

Matthew, M .W ., Adler-Golden, S.M., Berk, A., Richtsmeier, S.C., Levine, R.Y., Bernstein, L.S., 
Acharya, P.K., Anderson, G.P., Felde, G.W., Hoke, M.P., Ratkowski, A., Burke, H.H., Kaiser, 
R.D., and Miller, D.P. (2000). Status of Atmospheric Correction Using a MODTRAN4-based 
Algorithm. SPIE Proceeding, Algorithms fo r  Multispectral, Hyperspectral, and Ultraspectral 
Imagery VI, 4 0 4 9 ,199-207.

Matsushita eta!., (2007). Sensitivity of the Enhanced Vegetation Index (EVI) and Normalized 
Difference Vegetation Index (NDVI) to Topographic Effects: A Case Study in High-Density 
Cypress Forest. Sensors, 7, 2636-2651.

McCulley, R. L., Burke, I. C., Nelson, J. A., Lauenroth, W. K., Knapp, A. K., and Kelly, E. F. (2005). 
Regional patterns in carbon cycling across the Great Plains of North America. Ecosystems, 8, 
1 0 6 -1 2 1 .

220



McIntyre, S., Heard, K.M., and Martin, T.G. (2003). The relative importance of cattle grazing in 
subtropical grasslands: does it reduce or enhance biodiversity? Journal o f Applied Ecology,
40, 445 -  457.

McNaughton, S.J. (1985). Ecology of a grazing ecosystem: the Serengeti. Ecological Monograph, 
55, 259-295.

McNaughton, S.J. (1993). Grasses and grazers, science and management. Ecological 
Applications, 3(1), 17-30.

Medlyn, B.E. (1996). Interactive effects of atmospheric carbon dioxide and leaf nitrogen 
concentration on canopy light use efficiency: a modeling analysis. Tree Physiology, 16, 201- 
209.

Medlyn, B.E. (1998). Physiological basis of the light use efficiency model. Tree Physiology, 18, 
167-176.

Merchant, C. (2005). M ajor problems in American Environmental History, (2nd edition).
Houghton Mifflin Company, Boston, USA, 542p.

Metherell, A. K., Harding, L. A., Cole, C. V. and Parton, W. J. (1993). CENTURY Soil Organic
M atte r Model Environment, Technical Documentation, Agroecosystem Version 4.0. Technical 
Report No. 4, United States Department of Agriculture, Agricultural Research Service, Great 
Plains System Research Unit. 250 pp.

Michalsky, S.J., and Ellis, R.A. (1994). Vegetation o f Grasslands National Park. DA Westworth  
and Associates, Calgary.

Mikhailova, E. A., Bryant, R. B., DeGloria, S. D., Post, C. J. and Vassenev, 1.1. (2000). Modeling  
soil organic m atter dynamics after conversion of native grassland to long term continuous 
fallow using the CENTURY model. Ecological Modelling, 132, 247-257.

Milchunas, D.G., Sala, O.E., and Lauenroth, W.K. (1988). A generalized model of the effects of 
grazing by large herbivores on grassland community structure. American Naturalist, 132, 87- 
106.

Milchunas, D.G., Forwood, J.R. and Lauenroth, W.K. (1994). Productivity of long-term grazing 
treatments in response to seasonal precipitation. Journal o f range management, 4 7 ,133 -
139.

Milchunas, D. G., Laurenroth, W . K., and Burke, I.C. (1998). Livestock grazing: animal and plant 
biodiversity of shortgrass steppe and the relationship to ecosystem function. Oikos, 83, 65- 
74.

Miles, S.R. (2009). Relationships between net primary production, soil moisture and topography 
in semi-arid grassland environments. A thesis submitted in conformity with the requirements 
for the Degree of Master of Science, Department of Geography and Environmental Studies, 
Carleton University, Ottawa, Canada.

221



Mitchell, S.W. and Csillag, F. (2001). Assessing the stability and uncertainty o f predicted 
vegetation growth under climatic variability: northern mixed grass prairie. Ecological 
Modelling, 1 3 9 ,101-121.

Mitchell S.W. (2003). Does Pattern Matter? Spatio-temporal modelling strategies to predict 
grassland productivity dynamics, Grasslands National Park, Saskatchewan. PhD thesis, 
Department o f Geography, University of Toronto, 158pp.

Mohanty, b.P., Skaggs, T.H. and Famiglietti, J.S. (2000). Analysis and mapping of field scale soil 
moisture variability using high resolution ground based data during the Southern Great 
Plains 1997 (SGP97) Hydrology Experiment. W ater Resources Research, 3 6 ,1023 -1 0 3 2 .

Mohanty, B.P. and Skaggs, T.H. (2001). Spatio-temporal evolution and time-stable
characteristics of soil moisture within remote sensing footprints with varying soil, slope and 
vegetation. Advances in W ater Resources, 2 4 ,1051 -1067.

M onteith, J.L. (1977). Climate and the efficiency of crop production in Britain. Philosophical 
Transactions of the Royal Society o f London, 281, 277-294.

Moran, P. (1948). The interpretation on statistical maps. J.R. Stat. Soc. B, 10, 243-251.

Morgan, J.A. et al. (2004). W ater relations in grassland and desert ecosystems exposed to 
elevated atmospheric C 02" (concepts, reviews and syntheses). Oecologia, 1 4 0 ,11-25.

Moorhead, D.L. and Reynolds, J.F. (1991). A general model of litter decomposition in the 
northern Chihuahuan desert. Ecological Modeling, 5 9 ,197-219.

Naesset, E. and Gobakken, T. (2008). Estimation of above and below ground biomass across 
regions of the boreal forest zone using airborne laser. Remote sensing o f environment, 112  
(6 ), 3079 -  3090.

Narayan, U., Lakshmi, V. and Njoku, E.G. (2002). Retrieval o f soil moisture from passive and 
active L/S band sensor (PALS) observations during the soil moisture experiment in 2002  
(SMEX02). Remote Sensing o f Environment, 92, 483-496.

NASA (2009). Landsat-7 Science Data User's Handbook. Retrieved from the World W ide Web: 
http://landsathandbook.gsfc.nasa.gov/handbook/handbook_toc.html

Neufeld, S.J. (2008). An evaluation of plant litter accumulation and its benefits in Manitoba  
pastures. MSc thesis, University o f Manitoba.

Nippert, J.B., Knapp, A.K. and Briggs, J.M. (2006). Inter-annual rainfall variability and grassland 
productivity: can the past predict the future?. Plant Ecology, 184{1), 65-74.

Noborio, K. (2001). Measurement of soil water content and electrical conductivity by time  
domain reflectometry: a review. Computers and Electronics in Agriculture, 31, 213-237.

222

http://landsathandbook.gsfc.nasa.gov/handbook/handbook_toc.html


Noss, R. (1990). Indicators for monitoring biodiversity: a hierarchical approach. Conservation 
Biology, 4 (4), 355-364.

Noy-Meir, I. (1973), Desert ecosystems: environment and producers. Annual Review o f Ecology 
and Systematics, 4, 25-52.

Nye, P.H. and Tinker, P.B. (1977). Solute movement in the soil-root system. University of 
California Press, Berkeley.

Oijen, V., Rougier, M.J. and Smith, R. (2005). Bayesian calibration of process-based forest 
models: bridging the gap between models and data. Tree Physiology, 25, 915-927.

Ojima, D. S., Parton, W. J., Schimel, D. S., and Owensby, C. E. (1990). Simulated impacts of 
annual burning on prairie ecosystems. In S. L. Collins and L. L. Wallace, (eds.) Fire in North 
American grasslands. University o f Oklahoma Press, Norman, Oklahoma, USA, pp 118-132

Ojima, D.S., Dirks, B., Glenn, E.P., Owensby, C.E. and Scurlock, J. (1993). Assessment of carbon 
budget for grasslands and drylands of the world. Water, Air and Soil Pollution, 70, 95-109.

Olff, H. and Ritchie, M . E. (1998). Effects of herbivores on grassland plant diversity. Trends in 
Ecology and Evolution, 13, 261 - 265.

Oliver, M.A. and Webster, R. (1986a). Semivariograms for modelling the spatial pattern of 
landform and soil properties. Earth surface processes and landforms, 11, 491 - 504.

Oliver, M.A. and Webster, R. (1986b). Combining nested and linear sampling for determining  
the scale and form of spatial variation of regionalized variables. Geographical Annals, 18, 227 
- 242.

Oliver, M.A. (1987). Geostatistics and its application to soil science. Soil Use Managem ent, 3 , 8 -  
20.

Onset Computer Corporation (2007). Soil Moisture Smart Sensors (S-SMx-M005), Document #  
11426-A. Available at: http://www.m icrodaq.com /occ/docum ents/ssm c_m anual.pdf.

Osem, S. Perevolotsky, A. and Kigel, J. (2002). Grazing effect on diversity of annual plant 
communities in a semi-arid rangeland: interactions with small-scale spatial and temporal 
variation in primary productivity. Journal o f Ecology, 90, 936 - 946.

Owensby, C.E. (1998). Role of grasslands as modifiers of global climate change. Session 9- 
Climate change: Implications and role of grasslands. Retrieved on September 28, 2005 from  
the World Wide Web: http://spuds.agron.ksu.edu/canadaigc.pdf

Pachepsky, L.B., Haskett, J.D. and Acock, B. (1996). An adequate model o f photosynthesis-1 
Parametrization, Validation and comparison of models. Agricultural Systems, 50, 209 - 225.

223

http://www.microdaq.com/occ/documents/ssmc_manual.pdf
http://spuds.agron.ksu.edu/canadaigc.pdf


Pachepsky, L.B., Lu, Z.H. and Reddy, V.R. (2000). Analysis o f abaxial and adaxial stomatal 
regulation in leaves of Pima cotton (Gossypium Barbadense L.) using the 2Dleaf, tw o- 
dimensional model of leaf gas exchange. Biotronics, 29, 79 - 95.

Padbury, G. et al. (2002). Agroecosystems and land resources of the Northern Great Plains. 
Agronomy Journal, 94, 251 - 261.

Painter, E.L. and Belsky, A.J. (1993). Application of herbivore optimization theory to rangelands 
of the western united states. Ecological Applications, 3 (1), 2 - 9 .

Palmer, A.R., Hobson, C.G. and Hoffman, M.T. (1990). Vegetation change in a semi-arid 
succulent dwarf shrubland in the eastern Cape, South Africa. South African Journal o f 
Science, 86, 392 - 395.

Paruelo, J.M., Putz, S., Weber, G., Bertiller, M ., Golluscio, R.A., Aguiar, M.R. and Wiegand, T. 
(2008). Long-term dynamics of a semiarid grass steppe under stochastic climate and 
different grazing regimes: A simulation analysis. Journal o f Arid Environments, 72, 2211 - 
2231.

Parks Canada (2002). Grasslands National Park o f Canada: Managem ent Plan, 79 pp.

Parks Canada (2006). Restoring grazing induced heterogeneity in Grasslands National Park of 
Canada. A Landscape scale experiment and long term monitoring plan, 65 pp.

Parks Canada (2005). [GNP Holdings (as of 2002) and Roads] [map], 1:2,300,000 approx. 
Grasslands National Park Map Files [ESRI Shapefiles], DEM. Parks Canada, 2008, Using: 
ArcMap [GIS Software], Version 9.2, ESRI, 1999 - 2006

Parks Canada (2009). Grasslands National Park of Canada: Coming Full Circle -  Bison Release. A 
web article, Retrieved online on November 11, 2009 from the World W ide Web: 
http://www.pc.gc.ca/pn-np/sk/grasslands/ne/ne2.aspx

Parton, W.J., Schimel, D.S., Cole, C.V., and Ojima, D.S. (1987). Analysis of factors controlling soil 
organic m atter levels in Great Plains grasslands. Soil Sci. Soc. Am. J., 5 1 ,1173 - 1179.

Parton, W.J., Scurlock, J.M.O., Ojima, D.S., Gilmanov, T.G., Scholes, R.J., Schimel, D.S., Kirchner, 
T., Menaut, J-C, Seastedt, R., Garcia Moya, E., Kamnalrut, A., and Kinyamario, J.l. (1993). 
Observations and modelling of biomass and soil organic m atter dynamics for the grassland 
biome worldwide. Global biogeochemical cycles, 7 (4), 785 - 809.

Parton, W.J., Schimel, D.S., and Ojima, D.S. (1994). Environmental change in grasslands:
Assessment using models. In Frederick, K.D. and Rosenberg, N.J. (eds.) Assessing the Impacts 
of Climate Change on Natural Resource Systems, Kluwer Academic Publishers, pp. I l l  -1 4 1 . 
(Note: Reprinted from Climatic Change, vol. 28, nos. 1 - 2 ,1994).

Parton, W. and Greenland, D. (1997). Chapter 18 Shortgrass Steppe. In Greenland, D. and Kittel, 
T. A Climatic Analysis o f Long-Term Ecological Research Sites. Retrieved from the World

224

http://www.pc.gc.ca/pn-np/sk/grasslands/ne/ne2.aspx


Wide Web:
http://intranet.lternet.edu/archives/documents/Publications/climdes/sgs/sgsclim.htm

Parton, W.J., Ojima, D.S., Grosso, S.D., and Keough, C. (2001). Century Tutorial. Supplement to 
Century User's manual. 145 p.

Pastor, J., Dewey, B., Moen, R., Mladenoff, D. J., W hite, M ., and Cohen, Y. (1998). Spatial 
patterns in the moose-forest soil ecosystem on Isle Royale, Michigan, USA. Ecological 
Applications, 8, 411 - 424.

Patenaude, G., Hill, R.A., Milne, R., Gaveau, D.L.A., Briggs, B.B.J., and Dawson, T.P. (2004). 
Quantifying forest above ground carbon content using LiDAR remote sensing. Remote 
sensing o f environment, 93, 368 -  380.

Payne, W.A. (2000). Optimizing crop water use in sparse stands of pearl millet. Journal o f 
Agronomy, 92, 808 - 814.

PCAP (2003). Saskatchewan Prairie Conservation Action Plan 2003-2008. Canadian Plains 
Research Center, University of Regina, Regina, Saskatchewan, Canada, 46 pp.

Pedersen, H.S. and Hasholt, B. (1995). Influence of wind speed on rain splash erosion. Catena, 
24, 39 - 54.

Persson, J. and Kirchmann, H. (1994). Carbon and nitrogen in arable soils as affected by supply 
of N fertilizers and organic manures. Agriculture, Ecosystems and Environment, 51, 249 - 255.

Pearcy, R.W. and Ehleringer, J. (1984). Comparative ecophysiology of C3 and C4 plants. Plant,
Cell and Environment, 7 , 1 - 13.

Philips, R.L., Trlica, M.J., Leininger, W.C., and Clary, W.P. (1999). Cattle use affects forage quality 
in montane riparian ecosystem. Journal o f Range Management, 52, 283 -  289.

Piepho, H.P., Buchse, A., and Emrich, K. 2003. A hitchhiker's guide to mixed models for 
randomized experiments. Journal o f Agronomy and Crop Science, 189, 310 - 322.

Pieper, R.D. (2005). Chapter 6 Grasslands of central North America. In J.M. Suttie, S.G. Reynolds 
and C. Batello (eds.) Grasslands o f the World. Food and Agriculture organization of the 
United Nations (FAO), Rome, pp. 221 - 264.

Pimm, S.L. and Raven, P. (2000). Extinction by numbers. Nature, 403, 843 - 845.

Pinchak, W.F., Smith, M.A., Hart, R.H. and Waggoner, Jr., J.W. (1991). Beef cattle distribution 
patterns on foothills range. Journal o f Range Managem ent, 44, 267 -  275.

Poorter, H. and Nagel, O. (2000). The role of biomass allocation in the growth response of 
plants to different levels of light, CO2, nutrients and water: a quantitative review. Australian 
Journal o f Plant Physiology, 27, 595 - 607.

225

http://intranet.lternet.edu/archives/documents/Publications/climdes/sgs/sgsclim.htm


Potter, C.S., Randerson, J.T., Field, C.B., Matson, P.A., Vitousek, P.M., Mooney, H.A. and 
Klooster, S.A. (1993). Terrestrial ecosystem production: a process model based on global 
satellite and surface data. Global Biogeochemical Cycles, 7, 811 - 841.

Prazak, J., Sir, M ., and Tesar, M. (1994). Estimation of plant transpiration from meteorological 
data under conditions of sufficient soil moisture. Journal o f Hydrology, 162, 409-427.

Prince, S.D. (1991). Satellite remote sensing of primary production: comparison of results of 
Sahelian grasslands 1981 -1 9 88 . International Journal o f Remote Sensing, 12(6), 1301 -1 3 11 .

Qiu, Y., Fu, B., Wang, J. and Chen, L. (2001). Soil moisture variation in relation to topography 
and landuse in a hillslope catchment o f the Loess Plateau, China. Journal o f Hydrology, 240, 
243-263.

Rahman A.F., Gamon, J.A., Fuentes, D.A., Roberts, D. and Prentiss, D. (2001). Modeling spatially 
distributed ecosystem flux of boreal forests using hyperspectral indices from AVIRIS imagery. 
Journal ofGeophys. Res., 106  (D24), 33579 - 33591.

Rahman, M.F. (2005). Mapping surface soil moisture and roughness by radar remote sensing in 
the semi-arid environment. PhD dissertation, Uni. Of Arizona, 158pp.

Rastetter, E.B., King, A.W., Cosby, B.J., Hornberger, G.M., O'Neill, R.V. and Hobbie, J.E. (1992). 
Aggregating fine-scale ecological knowledge to model coarser-scale attributes of 
ecosystems. Ecological Applications, 2  (1), 55 - 70.

Rawls, W.J., Brakensiek, D.L., and Saxton, K.E. (1982). Estimation of soil w ater properties. 
Transactions o f the American Society o f Agricultural Engineers, 1316 -  1328.

Reiners, W.A. (1995). Chapter 2 Ecosystems of the Great Plains: Scales, Kinds and Distributions. 
In S.R. Johnson and A. Bouzaher (eds.) Conservation o f Great Plains Ecosystems: Current 
Science, pp. 11 - 32.

Rietkerk, M ., Ketner, P., Burger, J., Hoorens, B., Olff, H. (2000). Multi-scale soil and vegetation 
patchiness along a gradient of herbivore impact in a semi-arid grazing system in West Africa. 
Plant Ecology, 148, 207 - 224.

Research Branch (1976). Glossary of terms in soil science. Canada department of Agriculture, 
Ottawa, 44p. (http://sis.agr.gc.ca/cansis/glossary/texture,_soil.html#figurel).

Reynolds, S.G. (1970). The gravimetric method of soil moisture determination, part III: an 
examination of factors influencing soil moisture variability. Journal o f Hydrology, 11, 288 -  
300.

Reynolds, J.F., Kemp, P.R., Chen, J., Moorhead, D. and Whitney, R. (1993). Modeling the 
response of Ecosystems to C 02 and climate change. A progress report, Submitted to U.S. 
department of Energy, U.S.A.

226

http://sis.agr.gc.ca/cansis/glossary/texture,_soil.html%23figurel


Rhoades, C.C., Brosi, S.L, Dattilo, A.J. and Vincelli, P. (2003). Effect of soil compaction and 
moisture on incidence of phytopthora root rot on American chestnut (Castanea dentata) 
seedlings. Forest and Ecology Management, 184, 47-54.

Riedo, M., Gyalistras, D., and Fuhrer, J. (2000). Net primary production and carbon stocks in 
differently managed grasslands: simulation of site-specific sensitivity to an increase in 
atmospheric C 02 and to climate change. Ecological Modelling, 134  (2-3), 207 -  227.

Rietkerk, M ., Ketner, P., Burger, J., Hoorens, B. and Olff, H. (2000). Multiscale soil and
vegetation patchiness along a gradient of herbivore impact in a semi-arid grazing system in 
West Africa. Plant Ecology, 148, 207-224

Ripley, B.S., Gilbert, M.E., Ibrahim, D.G. and Osborne, C.P. (2007). Drought constraints on C4 
photosynthesis: stomatal and metabolic limitations in C3 and C4 subspecies o f Alloteropsis 
semialata. Journal o f Experimental Botany, 58(6), 1351-1363.

Robertson, G. P., Crum J. R, and Ellis B. G. (1993). The spatial variability of soil resources 
following long-term disturbance. Oecologia, 96, 451-456 .

Robertson, G. P. (2008). GS+: geostatistics fo r  the environmental sciences. Gamma Design 
Software, Plainwell, Michigan.

Robock, A. (2003). Soil Moisture. Encyclopedia of soil science, Elsevier Science Ltd., pp 987-993.

Rode, A.A. (1969). Theory o f Soil Moisture. Israel Program for Scientific Translations, Jerusalem, 
560p.

Rogler, G.A. and Lorenz, R.J. (1983). Crested Wheatgrass: Early history in the United States. 
Journal o f Range Managem ent, 36(1), 91-93.

Rolston, H. (1994). Conserving natural value. Columbia University Press, NY, 259 pp.

Rouse, J.W., Hass, R.H., Schell, J.A. and Deering, D.W. (1974). Monitoring Vegetation Systems in 
the great plains with ERTS. Proceedings, 3 rd earth resources technology satellite-1 symposium 
and greenbelt: NASA SP-351, 301-317.

Ruiz-Sinoga, J.D., Martinez-Murillo, J.F., Gabarron-Galeote, M.A. and Garcia-Marin, R. (2011). 
The effects of soil moisture variability on the vegetation pattern in Mediterranean  
abandoned fields (Southern Spain). Catena, 85, 1-11.

Sahai, H. and Ageel, M .l. (2000). The analysis of variance: fixed, random and mixed models. 
Birkhauser, Boston, MA.

Saiwana, L., Holecheck J.L, Tembo A, Valdez R., and Cardenas M. (1998). Scaled quail use of 
different serai states in the Chihuahuan Desert. Journal o f Wildlife M anagem ent, 62, 550-56.

Sala, O.E., Parton, W.J., Joyce, L.A., and Lauenroth, W.K. (1988). Primary production o f the  
central grassland region of the United States. Ecology, 69(1), 40-45.

227



Sala, O.E, (1992). Long-term soil water dynamics in the shortgrass steppe. Ecology, 73 (4), 1175- 
1181.

Sala, E.O., and Paruelo, J.M. (1997). Ecosystem services in grasslands. In G.C. Daily (eds.)
Nature's Services, Societal Dependence on Natural Ecosystems, pp. 237-252, Washington, 
D.C.: Island Press.

Sala, O.E. (2001). Chapter 12 Productivity o f Temperate Grasslands. In Roy, J., Saugier, B., and 
Mooney, H.A. (eds.) Terrestrial Global Productivity. Academic Press, pp 285-300.

Samson, F.B., Knopf, F.L., and Ostlie, W.R. (1998). Grasslands. In M.J. Mac, P.A. Opler, C.E. 
Puckett, and P.D. Doran (eds.) Status and Trends o f the Nation's Biological Resources, 2, 437- 
472. Reston, VA: U.S. Department of the Interior, U.S. Geological Survey.

Samson, F.B. and Knopf, F.L. (eds.) (1996). Prairie Conservation: Preserving North America's 
most Endangered Ecosystem, Island press, 339 p.

Saskatchewan Institute of Pedology (1992). Grasslands National Park Soil Survey. University of 
Saskatchewan, Saskatoon.

Sasaki, T., Okayasu, T., Ohkuro, T., Shirato, Y., Jamsran, U., and Takeuchi, K. (2009). Rainfall 
variability may modify the effects of long-term exclosure on vegetation on Mandalgobi, 
Mongolia. Journal o f Arid Environments, 73, 949-954.

Savory, A. (1999). Holistic Management: A new fram ew ork fo r decision making, second edition, 
Island Press, 616 p.

Saxton, K.E., Rawls, W.J., Romberger, J.S., and Papendick, R.l. (1986). Estimating generalized 
soil-water characteristics from texture. Soil Sci. Soc. Am. J., 50(4), 1031-1036. 
(http://www.pedosphere.com /resources/texture/triangle.cfm 7173,188)

Schuman, G.E., Reeder, J.D., Manley, J.T., Hart, R.H. and Manley, W.A. (1999). Impact o f grazing 
management on the carbon and nitrogen balance of a mixed grass rangeland. Ecological 
Applications, 9(1), 65-71.

Schulze, E.D., Lange, O.L., Buschbom, U., Kappen, L. and Evenari, M . (1972). Stomatal responses 
to changes in humidity in plants growing in the desert. Planta, 108, 259 -  270.

Scott, D. and Suffling, R. (2000). Climate change and Canada's national park system: A screening 
level assessment. Environment and Parks Canada, 183 pp.

Schmidt, M ., Albrecht, N., Riedo, M. and Fuhrea, J. (2001). Process-based modeling of nitrous 
oxide emissions from different nitrogen sources in mown grassland. Nutrient Cycling in 
Agroecosystems, 6 0 ,177-187.

Seastedt, T.R., Ramundo, R.A., Hayes, D.C. (1988). Maximization of densities of soil animals by 
foliage herbivory: empirical evidence, graphical, and conceptual models. Oikos, 51, 243-248.

228

http://www.pedosphere.com/resources/texture/triangle.cfm7173,188


Seastedt, T.R., Coxwell, C.C, Ojima, D.S. and Parton, W.J. (1994). Controls of plant and soil 
carbon in semi-humid tem perate grassland. Ecological Applications, 4, 344-353.

Secretariat of the Convention on Biological Diversity, Netherlands Commission for 
Environmental Assessment (2006). Biodiversity in Impact Assessment. Background 
Document to CBD Decision VIII/28: Voluntary Guidelines on Biodiversity-Inclusive Impact 
Assessment, Montreal, Canada, 73pp.

Senft, R.L., Coughenour, M.B., Bailey, D.W., Rittenhouse, L.R., Sala, O.E., and Swift, D.M. (1987). 
Large herbivore foraging and ecology hierarchies. BioScience, 37, 789 -  799.

Shaver, G. R., Laundre, J. A., Giblin, A. E. and Nadelhoffer, K. J. (1996). Changes in live plant 
biomass, primary production, and species composition along a riverside toposequence in 
arctic Alaska, U.S.A. Arctic and Alpine Research, 28, 363-379.

Shein, E.V., Ivanov, A.L., Butylkina, M.A., and Mazirov, M.A. (2001). Spatial and temporal 
variability of agro-physical properties of gray forest soils under intensive agricultural use. 
Euras. Soil Science, 5, 512-517.

Shen,M., Tang, Y., Klein, J., Zhang, P., Gu, S., Shimono, A., and Chen, J. (2008). Estimation of 
aboveground biomass using in situ hyper-spectral measurements in five major grassland 
ecosystems on the Tibetan Plateau. Journal o f Plant Ecology, 1(4), 247-257.

Shogren, J.F. and Crocker, T.D. (1995). Valuing ecosystems and biodiversity. In Johnson, S.R. and 
Bouzaher, A. (ed.) Conservation o f Great Plains Ecosystems. The Netherlands: Kluwer 
Academic Publishers, pp. 33-46.

Sieg, C.H., Flather, C.H. and McCanny, S. (1999). Recent biodiversity patterns in the Great Plains: 
Implications for restoration and management. Great Plains Research, 9(2), 277-313.

Singh, J.S., Milchunas, D.G. and Lauenroth, W.K. (1998). Soil w ater dynamics and vegetation 
patterns in a semiarid grassland. Plant Ecology, 134, 77-89

Sims, P.L. and Risser, P.G. (2000). Chapter 9 Grasslands. In Barbour, M. G. and William D.W. 
(eds.) North American Terrestrial Vegetation. (2nd edition). Cambridge University Press, pp. 
324-356.

Sivakumar, M.V.K., and Hatfield, J.L. (1990). Spatial variability of rainfall at an experimental 
station in Niger, West Africa. Theor. Appl. Climatol., 42, 33-39.

Slater, B. (2006). Spatial Variability. In LaL. R (eds.) Encyclopedia o f soil science, CRC press, pp 
1670-1674.

Smith, R.L. and Smith, T.M. (1998). Elements o f Ecology. (4th edition). The Benjamin /Cummings 
Publishing Company, Inc., Menlo Park, CA, 555p.

Smoliak, S. (1956). Influence of climatic conditions on forage production of short-grass 
rangeland. Journal o f Range Management, 9, 89-91.

229



Snedecor, G.W. and Cochran, W.G. (1989). Statistical Methods, Eighth Edition, Iowa State 
University Press.

Snyman, H.A. (1998). Dynamics and sustainable utilization of rangeland ecosystems in arid and 
semi-arid climates of southern Africa. Journal o f Arid Environments, 39, 645 -  666 .

Soil Survey Division Staff (1993). Soil survey manual. Soil Conservation Service. U.S. departm ent 
of agriculture handbook, pp 18.

Sokal R. R. (1979). Ecological parameters inferred from spatial correlograms. In G. P. Patil and 
M. L. Rosenzweig [eds.], Contemporary quantitative ecology and related ecometrics, 1 6 7 -  
196. International Cooperative Publishing House, Fairland, Maryland, USA.

Song, C., Woodcock, C.E., Seto, K.C., Lenney, M.P., and Macomber, S.A. (2001). Classification 
and change detection using Landsat TM data: When and how to correct atmospheric effects? 
Remote Sensing of Environment, 75, 230-244.

Spanner, M.A., Pierce, L.L., Running, S.W., and Peterson, D.L. (1990). The seasonality of AVHRR 
data of tem perate coniferous forests: relationships with leaf area index. Remote sensing of 
Environment, 33, 97-112.

Stafford, W. (2002). Saskatchewan Digital Elevation Model (NTS50), SDE Raster Digital Data. 
(Originally published by NASA). Information M anagem ent Branch Saskatchewan 
Environment, Prince Albert, Saskatchewan.

Still, C.J., James, T.R. and Fung, I.Y. (2004). Large-scale plant light use efficiency inferred from  
the seasonal cycle o f atmospheric CO2. Global Change Biology, 1 0 ,1240-1252.

Stylinski, C.D., Gamon, J.A., and Oechel, W.C. (2002). Seasonal patterns of reflectance indices, 
carotenoid pigments and photosynthesis of evergreen chaparral species. Oecologia, 131, 
366-374.

Steinauer, E.M. and Collins, S.L. (1996). Chapter 3 Prairie Ecology-The Tall grass prairie. In 
Samson, F.B. and Knopf, F.L. (eds.) Prairie Conservation: Preserving North America's most 
Endangered Ecosystem. Island press, 39-52 pp.

Steinauer, E.M. and Collins, S.L. (2001). Feedback loops in ecological hierarchies following urine 
deposition in tallgrass prairie. Ecology. 82: 1319 -1 3 2 9 .

Sternberg, M ., Gutman, M., Perevolotshy, A., Ungar, E.D. and Kigel, J. (2000). Vegetation 
response to grazing management in a Mediterranean herbaceous community: A functional 
group approach. J. Appl. Ecol., 37, 224-237.

Stohlgren, T. J., Schell, L. D., and Vanden Heuvel, B. (1999). How grazing and soil quality affect 
native and exotic plant diversity in Rocky Mountain grasslands. Ecological Applications, 9, 45- 
64.

230



Stubbendieck, J., Lamphere, J.A., and. Fitzgerald, J.B. (1997). The blowout penstemon, an 
endangered species. Lincoln: Nebraska Game and Parks Commission.

Sulzman, E.W. (2000). The carbon cycle. An instructional module produced by the Global 
Change Instruction Program of the University Corporation for Atmospheric Research with 
support from the National Science Foundation. Retrieved online on December 21, 2006 
from the world wide web:
http://www.dpc.ucar.edu/globalChange/m2ccycle/m2pdfoverview.html

Tague, C.L. (1999). Modeling seasonal hydrologic response to forest harvesting and road 
construction: The role of drainage organization. PhD thesis, Department of Geography, 
University of Toronto, 146pp.

Tan, S.Y. (2007). The influence of tem perature and precipitation climate regimes on vegetation 
dynamics in the US Great Plains: A satellite bioclimatology case study. International Journal 
of Remote Sensing, 28(22), 4947-4966.

Tarnavsky, E., Garrigues, S. and Brown, M.E. (2008). Multiscale geostatistical analysis of AVHRR, 
SPT-VGT, and MODIS global NDVI products. Remote sensing of Environment, 112, 535 -  549.

Teillet, P.M., and Fedosejevs, G. (1995). On the dark target approach to atmospheric correction 
of remotely sensed data. Canadian Journal o f Remote Sensing, 21, 374-387.

Thornley, J.H.M. and Cannell, M.G.R. (1997). Temperate grassland responses to climate change: 
an analysis using the Hurley Pasture model. Annuals o f Botany, 80, 205 -  221.

Thompson, R.B., Gallardo, M ., Fernandez, M .D., Valdez, L.C. and Martinez-Gaitan, C. (2007). 
Salinity Effects on Soil Moisture Measurement Made with a Capacitance Sensor. SoilSci. Soc. 
Am.J., 7 1 (6 ), 1 6 4 7 -1 6 5 7 .

Tiejun, W., Zlotnik, V.A., Wedin, D., and Wally, K.D. (2008). Spatial trends in saturated hydraulic 
conductivity of vegetated dunes in the Nebraska Sand Hills: Effects of depth and topography. 
Journal o f Hydrology, 349, 88-97.

Tieszen, L.L., Reed, B.C., Bliss, N.B., Wylie, B.K., and DeJong, D.D. (1997). NDVI, C3 and C4 
production, and distribution in Great Plains grassland land cover classes. Ecological 
Applications, 7 (1), 59 -  78.

Tobler, W. (1979). A transformational view of cartography, The American Cartographer, 6, 101- 
106.

Tole, L. (2000). An estimate of forest cover extent and change in Jamaica using Landsat MSS 
data. International Journal of Remote Sensing, 23(1), 91-106.

Tollner, E.W., Calvert, G.V. and Langdale, G. (1990). Animal trampling effects on soil physical 
properties of two southeastern US ultisols. Agriculture, Ecosystems & Environment, 33  (1), 75 
- 8 7 .

231

http://www.dpc.ucar.edu/globalChange/m2ccycle/m2pdfoverview.html


Topp, G. C., Davis, J. L., and Annan, A. P. (1980). Electromagnetic determination of soil w ater 
content: measurements in coaxial transmission lines. W ater Resources Research, 16, 574 - 
582.

Townsend, D. E. and Fuhlendorf, S. D. (2010). Evaluating relationships between spatial
heterogeneity and the biotic and abiotic environments. American Midland Naturalist, 163, 
3 5 1 -3 6 5 .

Trlica, M J. and Biondini, M.E. (1990). Soil w ater dynamics, transpiration, and w ater losses in a 
crested wheatgrass and native shortgrass ecosystem. Plant Soil, 1 2 6 ,187 -  201.

Truett, J.C., Phillips, M., Kunkel, K., and Miller, R. (2001) Managing Bison to restore biodiversity. 
Great Plains Research, 1 1 ,123-144.

Truett, J.C. (2003). Migrations of Grassland communities and grazing philosophies in the Great 
Plains: A review and implications for management. Great Plains Research, 13(1), 3-26.

Thornton, P. (1998). Regional ecosystem simulation: Combining surface and satellite based 
observations to study linkages between terrestrial energy and mass budgets. Ph.D. thesis, 
School of Forestry, University of Montana, Missoula, 200 pp.

Tucker, C.J., Holben, B.N., Elgin, J.H. (Jr.) and M cM urtrey, J.E. (1981). Remote sensing of total 
dry m atter accumulation in winter wheat. Remote sensing o f Environment, 1 1 ,171-189.

Turner, C.L., Seastedt, T.R., Dyer, M .I., Kittel, T.G.F., and Schimel, D.S. (1992). Effects of
management and topography on the radiometric response of a Tallgrass prairie. Journal o f 
Geophys. Res., 9 7 ,18,855 -  18,866.

Underwood, A. J. (1994). On Beyond BACI: sampling designs that might reliably detect 
environmental disturbances. Ecological Applications, 4, 3-15.

University of Saskatchewan (1991). [Soils_project] [map], 1:3,200 approx. Saskatchewan 
Institute of Pedology, 1991 [ESRI Shapefiles], Using: ArcMap [GIS Software], Version 9.2,
ESRI, 1999-2006.

United States Geologic Survey (USGS) Earth Resource Observation and Science Center (EROS).
(2011). USGS Global Visualization Viewer. Accessed online at: http://glovis.usgs.gov/

Updegraff, J., Zimmerman, P.R., Kozak, P., Chen, D-G., Price, M. (2010). Estimating the  
uncertainty o f modeled carbon sequestration: The GreenCert™ system. Environmental 
Modelling and Software, 2 5 ,1565-1572.

Ursino, N. (2009). Above and below ground biomass patterns in arid lands. Ecological 
Modelling, 220, 1411-1418.

Vachaud, G., Passerat de Silans, A., Balabanis, P. and Vauclin, M. (1985). Temporal stability of 
spatially measured soil water probability density function. Soil Science Society o f America 
Journal, 49, 822-828.

232

http://glovis.usgs.gov/


Vallentine, J. F. (2001). Grazing management. Academic Press, New York, NY.

Van de Veer, D. and Pierce, C. (1998). The environmental ethics and policy book. Wadsworth 
Publishing Company, Belmont, CA, 673 pp.

Vermeire, L.T., Mitchell, R.B., Fuhlendorf, S.D., and Gillen, R.L. (2004). Patch burning effects on 
grazing distribution. Journal o f Range Managem ent, 57, 248-252.

Verdu, J.R., Crespo, M.B. and Galante, E. (2000). Mediterranean ecosystems: the effects of 
protection from grazing on biodiversity. Biodiversity and Conservation, 9, 1707-1721.

Vieira, S.R and Gonzalez, A.P. (2003). Analysis o f the spatial variability of crop yield and soil 
properties in small agricultural plots. Bragantia Campinas, 62(1), 127-138.

Vinton, M.A. and Burke, I.C. (1997). Contingent effects of plant species on soils along a regional 
moisture gradient in the Great Plains. Oecologia, 110, 393-402.

Vitousek, P. M ., Mooney, H. A., Lubchenco, J., and Mellilo, J. M. (1997). Human domination of 
Earth's ecosystems. Science, 277, 494-499.

Vogt, K.A., Vogt, D.J., Palmiott, P.A., Boon, P., O'Hara, J., and Asbjornsen, H. (1996). Review of 
root dynamics in forest ecosystems grouped by climate, climatic forest type and species. 
Plant and Soil, 187, 159 -219.

W alter, D.W., Johan, F.D., Barry, W.A. and Harriet, E.D. (2002). Response of the mixed prairie to 
protection from grazing. Journal o f Range M anagem ent, 55, 210-216.

Wallace, L. L., Turner M. G., Romme W. H., O'Neil R. V., and Wu Y. (1995). Scale of
heterogeneity o f forage production and w inter foraging by elk and bison. Landscape Ecology, 
10, 75 - 83.

Wallace, L.L. and Crosthwaite, K.A. (2005). The effect of fire spatial scale on Bison grazing 
intensity. Landscape Ecology, 20, 337-349.

Wang, T., Zlotnik, V.A., Wedin, D. and Wally, K.D. (2008). Spatial trends in saturated hydraulic 
conductivity of vegetated dunes in the Nebraska Sand Hills: Effects of depth and topography. 
Journal o f Hydrology, 349, 88-97.

Wang, Y., Zhou, G., and Jia, B. (2008). Modeling SOC and NPP responses of meadow steppe to  
different grazing intensities in Northeast China. Ecological Modelling, 217, 72 -  78.

Wang, W. and Fang, J. (2009). Soil respiration and human effects on global grasslands. Global 
and Planetary Change, 67  (1-2), 20-28

Ward R.C. and Robinson M. (1990). Principles o f hydrology. (3rd ed.). Maidenhead (UK): 
McGraw-Hill, pp 450.

233



Waring, R. H., Landsberg, J. J. and Williams, M . (1998). Net primary production of forests: a 
constant fraction of gross primary production? Tree Physiology, 1 8 ,129-134.

Weber, G.E., Jeltsch, F., Van Rooyen, N. and Milton, S.J. (1998). Simulated long-term vegetation 
response to grazing heterogeneity in semi-arid rangelands. Journal of Applied Ecology, 35  (5), 
687 -  699.

Weber, K.T. and Gokhale, B.S. (2011). Effect of grazing on soil w ater content in semi-arid 
rangelands of southeast Idaho. Journal of Arid Environments, 75, 464-470.

Webster, R. and Oliver, M.A. (1992). Sample adequately to estimate variograms of soil 
properties. European Journal o f Soil Science, 43(1), 177 -1 9 2 .

Webster, R. and Oliver, M.A. (2001). Geostatistics fo r  Environmental Scientists. Chichester:
Wiley publications.

Wedin, D.A. and Tilman, D. (1996). Influence of Nitrogen loading and species composition on 
the Carbon balance of Grasslands. Science, 2 7 4 ,1720 -1 7 2 3 .

Welker, J. M ., Fahnestock, J.T., Povirk, K. L., Bilbrough, C. J., and Piper, R. E. (2004). Alpine 
grassland CO2 exchange and nitrogen cycling: grazing history effects, Medicine Bow Range, 
Wyoming, USA. Arctic Antarctic and Alpine Research, 36, 11 - 20.

Western, A.W. and Bloschl, G. (1999). On the spatial scaling of soil moisture. Journal o f 
Hydrology, 217, 203 - 224.

Western, A.W., Zhou, Sen-Kin, Grayson, R.B., McMohan, T.A., Bloschl, G. and Wilson, D.J.
(2004). Spatial correlation of soil moisture in small catchments and its relationships to 
dominant spatial hydrological processes. Journal o f Hydrology, 286  (1-4), 113 -  134.

W hite, R.P., Murray, S. and Rowheder, M. (2000). Pilot Analysis of Global Ecosystems: Grassland 
Ecosystems. A Report published by World Resource Institute, Washington D.C., Retrieved 
from World Wide Web: h ttp ://w w w .w ri.o rg /w r2000.

Wiens, J.A. (1989). Spatial scaling in ecology. Functional Ecology, 3, 385 -  397.

Wilhite, D.A. and Hubbard, K.G. (1990) Climate. In Bleed, A. and Flowerday, C. (eds.) An Atlas o f 
Sand hills, Resource Atlas no. 5A. Conservation and Survey division, Institute of Agriculture 
and Natural Resources, University o f Nebraska, Lincoln, pp. 17-28.

Willms, W.D. (1990). Distribution of cattle on slope w ithout water restrictions. Canadian Journal 
of Animal Science, 7 0 ,1 - 8 .

Wilsey, B.J., Coleman, J.S. and McNaughton, S.J. (1997). Effects of elevated CO2 and defoliation 
on grasses: A comparative ecosystem approach. Ecological Applications, 7(3), 844-853.

Wilsey, BJ. and Polley, H.W. (2003). Effects of seed additions and grazing history on diversity 
and productivity of sub-humid grasslands. Ecology, 84(4), 920-931.

234

http://www.wri.org/wr2000


Wilson, S.D. and Gerry, A.K. (1995). Strategies for mixed-grass prairie restoration: herbicide, 
tilling and nitrogen manipulation. Restoration Ecology, 3(4), 290-298.

Wilson, E.H. and Sader, S.A. (2002). Detection of forest harvest type using multiple dates of 
Landsat TM imagery. Remote sensing o f Environment, 80, 385-396.

Wilson, D.J., Western, A.W., Grayson, R.B., Berg, A.A., Lear, M.S., Rodell, M ., Famiglietti, J.S., 
Woods, R.A. and McMahon, T.A. (2003). Spatial distribution of soil moisture over 6 and 30cm 
depth, Mahurangi river catchment, New Zealand. Journal o f Hydrology, 276, 254-274.

Willms, W.D., Dormaar, J.F., Adams, B.W. and Douwes, H.E. (2002). Response of the mixed 
prairie to protection from grazing. J. Range Managem ent, 55, 210-216.

Williams, M., Eugster, W ., Rastetter, E. B., McFadden, J. P. and Chapin, F. S., Ill (2000). The 
controls on net ecosystem productivity along an arctic transect: a model comparison with  
flux measurements. Global Change Biology, 6  (suppl. 1), 116-126.

Williams, M. and Rastetter, E. B. (1999). Vegetation characteristics and primary productivity 
along an arctic transect: implications for scaling-up. Journal o f Ecology, 87, 885-898.

Wylie. B.K., DeJong, D.D., Tieszen, L.L. and Bondini, M.E. (1996). Grassland canopy parameters 
and their relationship to remotely sensed vegetation indices in the Nebraska Sand Hills. 
Geocarto International, 11 (3), 39-52.

Yang, L., Wylie, B.K., Tieszan, L.L. and Reed, B.C. (1998). An Analysis of relationships among 
climate forcing and time-integrated NDVI of grasslands over the U.S. northern and central 
Great Plains. Remote Sens. Environment, 65, 25-37.

Yang, X., Guo, X., and Fitzsimmons, M. (2012). Assessing light to moderate grazing effects on 
grassland production using satellite imagery. International Journal o f Remote Sensing, 
33(16), 5 0 8 7 -5 1 0 4 .

Zhao, Y., Peth, S., Hallett, P., Wang, X., Giese, M ., Gao, Y., and Horn, R. (2010). Factors
controlling the spatial patterns of soil moisture in a grazed semi-arid steppe investigated by 
multivariate geostatistics. Ecohydrology, Published online in Wiley Inter Science, DOI: 
10.1002/eco.l21.

Zhang, C., Guo, X., Wilmhurst, J. and Fargey, P. (2003). The role of satellite imagery resolution in 
the grasslands heterogeneity measurement. Environmental Informatics Archives, 1, 497 -  
504.

Zavaleta, E. S. (2001). Influences of climate and atmospheric changes on plant diversity and 
ecosystem function in a California grassland. Dissertation, Stanford University, Stanford, 
California, USA.

Zavaleta, E.S., Shaw, M.R. et al. (2003a). Grassland responses to three years of elevated 
temperature, CO2, precipitation and N deposition. Ecological Monographs, 73(4), 585-604.

235



Zavaleta, E.S. et al. (2003b). Plant reverse warming effect on ecosystem w ater balance. PNAS, 
100(17), 9892-9893.

Zazueta, S. F. and Xin J. (1994). Soil moisture sensors. Bulletin, 1 - 1 2  pp, University of Florida.

236



Appendices

Appendix 1: Field Analysis (Chapter 4)

A l.l Averaged weather conditions in the East Block experimental area at the time of soil moisture 
data acquisition

Date of soil 
moisture Data 
acquisition

Pasture
number

Air Temp. 
(°C)

Soil Temp, 
(at 4-6cm) 
(°C)

Relative
Humidity
(%)

PAR
m

Wind 
speed 
(m s'1)

May 16 P9 24.0 16.9 18.4 NA 2.45
May 17 P6 24.6 17.3 17.0 1,900 3.66
May 21 P8 15.2 12.0 33.0 500 5.80
May 22 P I, P6 14.5 9.5 34.0 1,000 10.72
May 25 P9 10.3 11.5 82.2 M 7.70
May 28 P8 12.8 10.7 52.8 M 5.03
May 30 P I 20.3 16.0 42.5 M 6.04
June 04 P8 14.2 15.5 64.3 M 5.30
June 06 P9 15.0 16.8 70.0 M 4.80
June 09 P6 12.5 12.9 67.3 1,174 1.80
June 10 P6 14.1 12.1 64.6 492 6.30
June 13 P I 20.1 16.5 41.2 1,767 6.10
June 15 P8 15.1 16.1 57.1 1,721 5.05
June 16 P6 21.3 17.3 36.3 1,828 4.07
June 23 P9 23.2 22.2 28.8 1,904 2.58

Note: SM = soil moisture; NA = data not available due to delay in instrument installation; M = data missing due to 
instrument malfunction.

A1.2 Averaged weather conditions in the East Block experimental area at the time of ALB data 
acquisition

Date of ALB 
Data
acquisition

Pasture
number

Air
Temp.
(°C)

Soil Temp, 
(at 4_6cm) 
(°C)

Relative
Humidity
(%)

PAR
(PE)

Wind
speed
(m s 1)

General
Comments

May 17 P6 24.6 17.3 17.0 1,900 3.66 Sunny
May 19 P9 20.3 17.8 24.0 1,770 3.12 Sunny
May 27 P8 10.9 10.3 38.7 M 4.70 Sunny and Windy
May 29 P I, P8 17.5 15.3 53.6 M 2.10 Sunny with some 

cloudy periods, very 
warm with light 
breeze

May 31 P I 20.8 20.4 32.0 M 3.60 Sunny and windy at 
times

June 15 P8 15.1 16.1 57.1 1,721 5.05 Sunny
June 16 P6 21.3 17.3 36.3 1,828 4.07 Sunny with some 

cloud breaks
June 23 P9 23.2 22.2 28.8 1,904 2.58 Sunny
June 27 P I 17.8 20.2 33.4 1,700 11.30 Sunny and very 

windy
June 28 P9 22.3 24.2 36.8 1,741 3.87 Sunny

Note: ALB = above-ground live plant biomass; M = data missing due to instrument malfunction.
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A1.4 Correlation between soil moisture at 5cm depth (m3 m'3) and soil temperature (Tsoh) at 4- 
6 cm

0.25

0.20 -

0.15

0.10  - y = -0.0102X + 0.2971 
R2 = 0.61
p = 0.001

0.05 -

0.00
0.00 5.00 10.00 15.00 20.00 25.00 30.00i/t

Soil Temperture at 4-6cm (°C)

A1.5 Correlation between soil moisture at 5cm depth (m m ) and air temperature (Tair)

25.00 -j

20.00 -

15.00 -
u

10.00 -
1-

5.00 -

0.00 -

♦  ♦

y = -57.871X + 23.355 
R2 = 0.20 
p = 0.043

0.00 0.05 0.10 0.15 0.20 0.25

Soil moisture at 5 cm depth (m3 nr3)

A1.6 Correlation between soil temperature (Tsoi|) at 4 -6 cm depth and air temperature (Tair)

35.00

30.00 -

25.00 -

20.00  -

15.00 -

10.00 

5.00

0.00

0.9016X + 3.3504 
R2 = 0.74 
p = 0.000

0.00 5.00
i i----------------- r

10.00 15.00 20.00 25.00 30.00

Tair{°C)

238



A1.7 Correlation between soil moisture and ALB
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A1.8 Semivariogram parameters and other statistics for May SM in all the pasture plots

Pasture
Month/
Day

Nugget
Co

Sill
C+Co

Range
Ao(m) MSH CR SDR R2 RSS

P9U May-16 0.026 0.064 5.91 0.59 0.292 41.16 (M) 0.726 0.001
P9M May-16 0.046 0.121 15.64 0.62 0.273 37.60 (M) 0.919 0.002
P9D May-16 0.012 0.024 15.54 0.56 0.297 42.24 (M) 0.649 0.000
P6U May-17 0.009 0.023 7.65 0.62 0.276 38.04 (M) 0.637 0.000
P6M May-17 0.010 0.026 24.57 0.62 0.276 38.07 (M) 0.820 0.000
P6M-2 May-17 0.014 0.035 19.64 0.59 0.292 41.27 (M) 0.826 0.000
P8U May-21 0.005 0.037 4.77 0.88 0.109 12.30 (S) 0.726 0.001
P8M May-21 0.015 0.033 26.10 0.54 0.316 46.25 (M) 0.778 0.000
P8D May-21 0.021 0.204 7.17 0.90 0.093 10.29 (S) 0.680 0.012
P6U May-22 0.014 0.028 8.95 0.51 0.327 48.58 (M) 0.463 0.000
P6M May-22 0.023 0.047 35.16 0.51 0.329 49.04 (M) 0.626 0.001
P6M-2 May-22 0.013 0.033 36.43 0.60 0.288 40.38 (M) 0.770 0.000
P1U May-22 0.017 0.156 3.00 0.89 0.100 11.15 (S) 0.609 0.012
P1M May-22 0.013 0.090 2.91 0.86 0.123 14.05 (S) 0.398 0.005
P1D May-22 0.011 0.103 9.96 0.89 0.096 10.60 (S) 0.754 0.004
P9U May-25 0.002 0.022 3.12 0.89 0.100 11.08 (S) 0.795 0.000
P9M May-25 0.035 0.077 38.19 0.55 0.317 46.32 (M) 0.747 0.001
P9D May-25 0.00 0.014 2.97 0.87 0.118 13.42 (S) 0.068 0.001
P8U May-28 0.010 0.072 5.02 0.50 0.118 13.35 (S) 0.473 0.002
P8M May-28 0.033 0.092 28.90 0.65 0.261 35.36 (M) 0.673 0.005
P8D May-28 0.065 0.158 19.83 0.64 0.292 41.15 (M) 0.863 0.004
P1U May-30 0.010 0.082 5.79 0.87 0.109 12.22 (S) 0.741 0.005
P1M May-30 0.021 0.124 3.54 0.84 0.142 16.53 (S) 0.648 0.000
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| PIP | May-30 | 0.014 [ 0.101 | 2.79 | 0.86 | 0.122 | 13.86 (S) | 0.668 | 0.004
N o t e :  U  =  u p s l o p e ;  M  =  m i d s l o p e  a n d  D  =  d o w n s l o p e  s i t e .  D / M  =  D a t e / M o n t h ;  M S H  =  m a g n i t u d e  o f  s p a t i a l  

h e t e r o g e n e i t y ;  C R  =  C o r r e l a t i o n  R a t i o  ( v a l u e s  n e a r  t o  z e r o  i n d i c a t e  c o n t i n u i t y  i n  s p a t i a l  d e p e n d e n c e ) ;  a n d  S D R  =  

S p a t i a l  D e p e n d e n c e  R a t i o  ( S = S t r o n g ;  M = M o d e r a t e  a n d  W = W e a k ) .

A1.9 Semivariogram parameters and other statistics for June SM in all pasture plots

Pasture
Month/
Day

Nugget
Co

Sill
C+Co

Range
Ao(m) MSH CR SDR R2 RSS

P8U Jun-04 0.006 0.049 1.800 0.88 0.11 12.17 (S) 0.75 0.001
P8M Jun-04 0.016 0.037 21.30 0.58 0.30 42.24 (M) 0.72 0.000
P8D Jun-04 0.007 0.072 5.340 0.901 0.09 9.90 (S) 0.62 0.001
P9U Jun-06 0.041 0.041 29.44 0.00 0.50 100.00 (W) 0.10 0.002
P9M Jun-06 0.025 0.076 15.12 0.67 0.25 33.22 (M) 0.76 0.001
P9D Jun-06 0.004 0.035 7.56 0.88 0.11 11.78 (S) 0.64 0.001
P6U Jun-09 0.007 0.053 6.18 0.87 0.12 13.07 (S) 0.62 0.000
P6M Jun-09 0.003 0.049 1.35 0.94 0.06 5.97 (S) 0.20 0.001
P6M-2 Jun-10 0.019 0.053 15.41 0.64 0.27 36.23 (M) 0.64 0.002
P1U Jun-13 0.000 0.028 2.56 0.99 0.20 22.39 (S) 0.45 0.005
P1M Jun-13 0.010 0.031 11.280 0.68 0.24 31.67 (M) 0.17 0.005
P1D Jun-13 0.006 0.021 17.370 0.71 0.22 28.67 (M) 0.79 0.001
P8U Jun-15 0.002 0.019 2.850 0.86 0.08 8.66 (S) 0.45 0.000
P8M Jun-15 0.002 0.018 2.580 0.90 0.10 10.56 (S) 0.62 0.000
P8D Jun-15 0.001 0.033 2.880 0.96 0.04 4.19 (S) 0.47 0.005
P6U Jun-16 0.003 0.020 3.06 0.87 0.12 13.22 (S) 0.16 0.000
P6M Jun-16 0.002 0.014 1.20 0.88 0.11 12.36 (S) 0.19 0.000
P6M-2 Jun-16 0.003 0.035 2.01 0.91 0.08 8.91 (S) 0.23 0.001
P9U Jun-23 0.002 0.014 1.49 0.88 0.10 11.18 (S) 0.85 0.000
P9M Jun-23 0.013 0.082 7.65 0.85 0.13 15.41 (S) 0.66 0.003
P9D Jun-23 0.002 0.018 1.78 0.88 0.11 12.31 (S) 0.69 0.000

N o t e :  U  =  u p s l o p e ;  M  =  m i d s l o p e  a n d  D  =  d o w n s l o p e  s i t e .  D / M  =  D a t e / M o n t h ;  M S H  =  m a g n i t u d e  o f  s p a t i a l  

h e t e r o g e n e i t y ;  C R  =  C o r r e l a t i o n  R a t i o  ( v a l u e s  n e a r  t o  z e r o  i n d i c a t e  c o n t i n u i t y  i n  s p a t i a l  d e p e n d e n c e ) ;  a n d  S D R  =  

S p a t i a l  D e p e n d e n c e  R a t i o  ( S = S t r o n g ;  M = M o d e r a t e  a n d  W = W e a k ) .

A1.10 Semivariogram parameters and other statistics for ALB in all the pasture plots

Pasture
Day/
Month

Nugget
Co

Sill
C+Q

Range
Ao(m) MSH CR SDR R2 RSS

P6U 17-May 0.008 0.032 33.120 0.76 0.19 23.75 (S) 0.84 0.000
P6M 17-May 0.000 0.231 28.110 0.99 0.00 0.04 (S) 0.80 0.062
P6M-2 17-May 0.008 0.028 22.98 0.72 0.22 27.50 (M) 0.69 0.000
P9U 19-May 0.002 0.005 25.47 0.59 0.29 40.98 (M) 0.73 0.000
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P9M 19-May 0.007 0.029 29.50 0.74 0.20 25.60 (M) 0.86 0.000
P9D 19-May 0.013 0.049 42.86 0.73 0.21 26.42 (M) 0.72 0.001
P8U 27-May 0.001 0.019 5.38 0.93 0.06 6.80 (S) 0.81 0.000
P8M 27-May 0.004 0.015 17.73 0.73 0.21 27.31 (M) 0.78 0.000
P8D 29-May 0.004 0.028 14.91 0.87 0.12 13.07 (S) 0.74 0.000
P1D 29-May 0.000 0.015 6.84 0.99 0.00 0.07 (S) 0.91 0.000
P1U 31-May 0.003 0.040 20.97 0.94 0.06 6.53 (S) 0.84 0.001
P1M 31-May 0.019 0.074 35.65 0.67 0.20 25.61 (M) 0.91 0.000
P8U 15-Jun 0.003 0.019 7.05 0.85 0.13 14.88 (S) 0.76 0.000
P8M 15-Jun 0.001 0.018 3.74 0.92 0.06 6.55 (S) 0.69 0.000
P8D 15-Jun 0.001 0.028 6.40 0.96 0.04 4.46 (S) 0.83 0.000
P6U 16-Jun 0.003 0.028 45.00 0.63 0.10 10.71 (S) 0.83 0.000
P6M 16-Jun 0.013 0.051 29.92 0.74 0.21 26.06 (M) 0.79 0.001
P6M-2 16-Jun 0.008 0.027 19.89 0.70 0.23 30.56 (M) 0.83 0.000
P9U 23-Jun 0.009 0.017 7.36 0.50 0.33 50.17 (M) 0.80 0.000
P9M 23-Jun 0.028 0.132 22.42 0.79 0.18 21.55 (S) 0.86 0.005
P9D 23-Jun 0.019 0.115 29.61 0.84 0.14 16.46 (S) 0.59 0.014
P1U 27-Jun 0.017 0.130 15.22 0.87 0.12 13.19 (S) 0.91 0.005
P1M 27-Jun 0.020 0.173 7.84 0.89 0.10 11.32 (S) 0.92 0.004
P1D 27-Jun 0.013 0.151 42.00 0.92 0.08 8.33 (S) 0.91 0.004
P9U 28-Jun 0.016 0.031 18.18 0.50 0.11 12.44 (S) 0.70 0.000
P9M 28-Jun 0.044 0.293 21.30 0.85 0.13 15.02 (S) 0.90 0.017
P9D 28-Jun 0.038 0.309 38.22 0.88 0.33 49.84 (M) 0.79 0.041

Note: U = upslope; M = midslope and D = downslope site. MSH = magnitude of spatial heterogeneity; CR = 

Correlation Ratio (values near to zero indicate continuity in spatial dependence); and SDR = Spatial Dependence 

Ratio (S=Strong; M=Moderate and W=Weak).
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A l . l l  Mixed effect model results for SM and ALB

Variable Effects Degree of
freedom
(d.f.)

F-value P-value N

SM

Slope location 2, 5537 147.63 < 0.0001 5580
Time (Date) 13, 5537 450.77 <0.0001 5580
Slope location x time 26, 5537 21.13 <0.0001 5580
Pasture 1, 5537 829.27 <0.0001 5580
Slope location x pasture 6 , 5568 110.62 <0.0001 5580
Treatment 1, 222 125.74 <0.001 223
Time 1, 222 727.06 0.02 223
Treatment x tim e 1, 222 327.95 <0.05 223

ALB

Slope location 2, 2968 17.15 <0.001 2970
Time (Month) 1, 2969 2677.25 <0.001 2970
Slope location x time 2, 2969 30.11 <0.001 2970
Pasture 3, 2964 88.85 <0.001 2970
Slope location x pasture 6, 2964 9.59 <0.001 2970
Treatment 1, 270 23.03 0.002 271
Time 1, 270 2982.35 <0.0001 271
Treatment x time 1, 270 37.83 <0.0001 271
Treatment x slope location 2, 637 6.29 0.002 643
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Appendix 2: Satellite based Analysis (Chapter 5)

Other Community Pastures (in

West Block 
(GIMP)

Mankota
Community
Pasture

East Bloclj 
(GIMP)

Frenchman
River

A2.1 Landsat TM scene (July 2000) for the Study area in South-western Saskatchewan (A) Full Landsat scene in CIR showing parts of both south-western 

Saskatchewan and Northern Montana (B) Landsat scene showing only south-western Saskatchewan community pastures (in blue)and Grasslands National Park 

(in yellow) boundaries (C) CIR composite showing portion of West Block, GNP (ungrazed site) with Frenchman river and (D) CIR composite showing portions of 

East Block, GNP (ungrazed site) and Mankota community pasture (grazed site) in south-western Saskatchewan.
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A2.2 Semivariogram statistics for ALB in pastures with variable grazing intensity (Gl) (shown 
in subscript in column 'pasture with Gl', where UG refers to ungrazed).

Here, SH % = Relative heterogeneity (SH % = MSH*100); CR = Correlation Ratio (values near to zero 
indicate continuity in spatial dependence); and SDR = Spatial Dependence Ratio (S = Strong; M = 
Moderate and W = Weak); RSS = Residual Sums of Squares (RSS provides an exact measure of how well 
the model fits the variogram data; the lower the reduced sums of squares, the better the model fits).

Note: During 2007, East block experimental pastures 1 to 9 were ungrazed so subscript BG for the 
grazed pastures (2, 3,4, 6, 7, 8) = before grazing; CUG = controlled and ungrazed pastures 1, 5 and 9.

Pasture 
with Gl Year

Nugget
Co

Sill
C+Co

Range Ao 
(m) MSH CR SDR R2 RSS

PlcUG 2007 0.028 0.128 729 0.782 0.18 21.79 (S) 0.97 0.00069

PlcUG 2008 0.017 0.082 930 0.791 0.17 20.88 (S) 0.98 0.00021

PlcUG 2009 0.012 0.047 1,059 0.751 0.20 24.89 (S) 0.98 0.00007

P5cug 2007 0.014 0.183 387 0.924 0.07 7.60 (S) 0.96 0.00174

P5Cug 2008 0.004 0.083 351 0.948 0.05 5.21 (S) 0.95 0.00040

P5cug 2009 0.005 0.081 339 0.933 0.06 6.65 (S) 0.93 0.00095

P5Cug 2010 0.005 0.072 228 0.926 0.07 7.44 (S) 0.96 0.00017

P9cug 2007 0.079 0.231 1,968 0.658 0.25 34.21(M) 0.82 0.00938

P9cug 2008 0.054 0.161 2,202 0.664 0.25 33.58(M) 0.84 0.00392

P9cug 2009 0.041 0.118 2,100 0.652 0.26 34.80(M) 0.83 0.00218

P9Cug 2010 0.051 0.126 2,028 0.600 0.29 40.45(M) 0.82 0.00219

P2Bg 2007 0.003 0.148 249 0.903 0.02 1.69 (S) 0.97 0.00065

P22o 2008 0.000 0.086 249 0.965 0.00 0.12 (S) 0.98 0.00014

P22o 2009 0.001 0.067 252 0.988 0.01 1.19 (S) 0.94 0.00026

P220 2010 0.000 0.062 180 0.998 0.00 0.16 (S) 0.95 0.00012

P6Bg 2007 0.006 0.139 399 0.867 0.04 4.32 (S) 0.97 0.00068

P6j3 2008 0.005 0.064 360 0.922 0.07 7.85 (S) 0.97 0.00013

P633 2009 0.001 0.053 261 0.990 0.01 0.94 (S) 0.97 0.00008

P633 2010 0.000 0.065 234 0.998 0.00 0.15 (S) 0.98 0.00007

P7bg 2007 0.016 0.187 180 0.915 0.08 8.49 (S) 0.86 0.0053

P745 2008 0.005 0.095 184 0.943 0.05 5.67 (S) 0.83 0.0017

P745 2009 0.001 0.071 168 0.999 0.00 0.14 (S) 0.83 0.0009

P745 2010 0.000 0.103 159 0.999 0.00 0.10 (S) 0.84 0.0015

P3bg 2007 0.022 0.212 257 0.854 0.10 10.58 (S) 0.97 0.0016

P3s7 2008 0.017 0.107 324 0.838 0.14 16.23 (S) 0.99 0.0002

P3s7 2009 0.014 0.090 329 0.844 0.13 15.60 (S) 0.99 0.0002

P3s7 2010 0.010 0.133 212 0.925 0.07 7.45 (S) 0.99 0.0004

P4bg 2007 0.025 0.249 222 0.898 0.09 10.18 (S) 0.97 0.0028

P470 2008 0.014 0.120 254 0.885 0.10 11.54 (S) 0.96 0.0009

P47o 2009 0.011 0.092 203 0.891 0.11 12.36 (S) 0.97 0.0004
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P470 2010 0.019 0.162 236 0.883 0.10 11.73 (S) 0.97 0.0012

800Q_ 2007 0.005 0.229 122 0.978 0.02 2.38 (S) 0.97 0.0023

o|M
00 2008 0.000 0.136 121 0.999 0.00 0.07 (S) 0.96 0.0009

P8yo 2009 0.001 0.091 113 0.989 0.01 1.10 (S) 0.97 0.0004

P870 2010 0.000 0.143 124 0.999 0.00 0.07 (S) 0.98 0.0005

A2.3 Semivariogram statistics for ALB in Mankota community pastures 10,12 and 13 with 
Low-moderate grazing intensity (45 -  50 %).

Pasture 
with Gl Year

Nugget
Co Sill C+C0

Range Aq 
(m) MSH CR SDR R2 RSS

PIO50 2000 0.030 0.071 1,209 0.586 0.29 41.37 (M) 0.91 0.0004

PIO50 2007 0.012 0.066 251 0.822 0.15 17.82 (S) 0.92 0.0003

PIO50 2008 0.002 0.039 249 0.944 0.05 5.55 (S) 0.97 0.0000

PIO50 2009 0.001 0.018 225 0.968 0.03 3.19 (S) 0.66 0.0001

PIO50 2010 0.004 0.065 198 0.967 0.06 6.34 (S) 0.96 0.0001

P125o 2000 0.014 0.069 204 0.798 0.17 20.35 (S) 0.95 0.0002

P12so 2007 0.032 0.154 900 0.759 0.19 24.09 (S) 0.97 0.0009

P1250 2008 0.016 0.071 576 0.774 0.18 22.63 (S) 0.93 0.0004

P1250 2009 0.020 0.066 816 0.697 0.23 30.34 (M) 0.94 0.0003

P1250 2010 0.014 0.115 423 0.880 0.11 12.17 (S) 0.93 0.0010

P135o 2000 0.016 0.097 152 0.830 0.14 16.46 (S) 0.96 0.0003

P13so 2007 0.021 0.171 204 0.877 0.11 12.30 (S) 0.96 0.0012

P135o 2008 0.011 0.096 162 0.885 0.10 11.46 (S) 0.97 0.0003

P1350 2009 0.005 0.072 150 0.926 0.02 1.87 (S) 0.96 0.0001

P13so 2010 0.002 0.096 165 0.981 0.02 1.87 (S) 0.98 0.0003
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Appendix 3: Modeling (Chapter 6)

A3.1 Century model parameters

Most o f the parameters in the mankota6.100 file were adjusted to account for the unique 
properties o f the study area. However, some sets of parameters are more important than 
others. For example, climate and soil physical are very important but the initial organic matter 
and water parameters are not important if an equilibrium block in the schedule (.sch) file is 
included. We modified only the monthly precipitation, monthly minimum and maximum air 
temperature, sand/silt/clay fractions, bulk density, w ilting point, and field capacity in the 
mankota6,100 file. Additionally, grazing parameters in grz.100 file were also modified to 
simulate effects o f light, moderate and heavy grazing intensity o f grassland productivity and 
total soil and plant system carbon.

Mankota6.100 file included the following parameters:

CENTURY model inputs

Climate Parameters:
Parameter Explanation Value References /  Notes
PRECIP Precipitation for January through December 

(cm)
Daily meteorological data from  
1970 -  2007 observed from an 
Environment Canada station at 
Mankota were used to  
determine the precipitation and 
temperature data (Environment 
Canada 2010).

TM N2M January through December minimum air 
temperature (°C)

TMX2M January through December maximum air 
temperature (°C)

Site and Control parameters
Parameter Explanation Value
IVAUTO controls how SOM pools are initialized

--ivauto=0 the initial SOM values in your
<site>.100 file are used
--ivauto=l an equation for native grass soil
initializes SOM pools
-ivau to =2 an equation for
cropped/disturbed soils initializes SOM pools

use Burke’s equations to initialize soil C 
pools.

1 Mitchell and Csillag (2001)

NELEM Controls number of elements (besides C) to 
be simulated 
= 1 simulate N 
= 2 simulate N and P 
= 3 simulate N, P, and S

1
(Only C and 
N were  
simulated)

Mitchell and Csillag (2001)

SITLAT Latitude of site
--Is used in the calculation of monthly

49.09917
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potential evapotranspiration (cm)

SITLONG Longitude of site 107.02445
SAND Sand in soil layer (%) Soil* Based on field data (2008) and 

park's soil survey (Saskatchewan 
Institute of Pedology 1992)

SILT Silt in soil layer (%) Soil*
CLAY Clay in soil layer (%) Soil*
BULKD Bulk density of soil (gem4 ) used to compute 

soil loss by erosion, wilting point, and field 
capacity

Soil*

pH soil pH used to calculate the solubility of 
secondary P within the boundaries specified 
by phesp(l) and phesp(3)

--phesp(l) = minimum pH for determining 
the effect of pH on the solubility of 
secondary P
--phesp(3) = maximum pH for determining 
effect on solubility of secondary P

6.8 Saskatchewan Institute of 
Pedology 1992

NLAYER Number of soil layers in w ater model 
(maximum of 9)
--used only to calculate the amount of water 
available for survival of the plant

5.0

NLAYPG number of soil layers in the top level of the 
water model; determines avh2o (l) , used for 
plant growth and root death

--avh2o (l)  = water available to 
grass/crop/tree for growth in soil profile

4.0 Field data 2008

DRAIN the fraction of excess water lost by drainage; 
indicates whether a soil is sensitive for 
anaerobiosis (drain=0 ) or not (drain=l)

-Excessively to moderately well drained, 
drain = 1.0
-Som ewhat poorly drained, drain = 0.75 
-Poorly drained , drain = 0.5 
-V ery  poorly drained, drain = 0.25 
-N o  drainage from solum, drain = 0.0

1.0 Mitchell and Csillag (2001)

BASEF the fraction of the soil water content of layer 
NLAYER + 1 which is lost via base flow

0.3 Mitchell and Csillag (2001)

These param eters con tro l 
m onth ly  d is tribu tion  o f  
stream flow , b u t they have no 
effect on w a te r balance, 
decom position, o r  p roduction

STORMF Is the fraction of excess water that runs off 
immediately in the current month; the  
remainder goes to the baseflow storage pool 
in asmos (nlayer+1).

0.6

ROCK Rock effect on field capacity and wilting 
point values.

0 A value of 0 means no rock effect

SWFLAG Flag indicating the source o f the values for 0

249



AWILT and AFIELD either from actual data 
from the site.100 file or from equations from  
Gupta and Larson (1979) or Rawls et al. 
(1982).

swflag = 0 use actual data from the site.100 
file
swflag = 1 use G & L for both awilt (-15 bar) 

and afiel (-0.33 bar)
swflag = 2 use G & L for both awilt (-15 bar) 

and afiel (-0.10  bar)
swflag = 3 use Rawls for both awilt (-15 
bar) and afiel (-0.33 bar) 
swflag = 4 use Rawls for both awilt (-15 
bar) and afiel (-0.10 bar) 
swflag = 5 use Rawls for afiel (-0.33 bar) 

with actual data for awilt 
swflag = 6 use Rawls for afiel (-0.10 bar) 

with actual data for awilt
AWiLT the wilting point (cm) of soil layer X, where X 

= 1-10 (fraction); used only if swflag = 0, 5 or 
6

Soil*

AFIELD the field capacity (cm) of soil layer X, where 
X = 1-10 (fraction); used only if swflag = 0

Soil*

Controls on Phosphorus Sorption
SORPMX Set the value for sorpmx to the maximum P 

sorption capacity for the soil (0-20 cm) 
expressed as g P sorbed /  m2 (extreme values 
are 1-3 for sands and 10-20 for high sorption 
capacity clays)

10 Mitchell and Csillag (2001)

External nutrient input parameters
SIRRI No irrigation 0
EPNFA (2) values for determining the effect of annual 

precipitation on atmospheric N fixation (wet 
and dry deposition) (g/m 2/y )
(1) = intercept (2 ) = slope

0.007 Mitchell and Csillag (2001)

EPNFS (2) values for determining the effect of annual 
precipitation on non-symbiotic soil N 
fixation; not used if nsnfix = 1 (g /m 2/y )
(1) = intercept (2 ) = slope 

--nsnfix = equals 1 if non-symbiotic N fixation 
should be based on N:P ratio in mineral pool, 
otherwise non-symbiotic N fixation is based 
on annual precipitation

0.015 Mitchell and Csillag (2001)

SATMOS values for atmospheric S inputs as a linear 
function of annual precipitation (g S 
/m 2/yr/cm  precipitation)
(1) = intercept (2) = slope

0 Mitchell and Csillag (2001)

SIRRI S concentration in irrigation water (mgS/l) 0
(no

Mitchell and Csillag (2001)
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irrigation
effect)

Organic matter initial values
— Initial litter and soil carbon storages 
(used only if IVAUTO = 0)

Mitchell and Csillag (2001)

Other Parameters
No. Parameter Value
1 Potential aboveground monthly production 

for study area (gnrf2)
V* Mitchell and Csillag (2001) 

Field data 2008
2 Optimum temperature for production (°C) V* Measured data from literature
3 Maximum temperature for production (°C) V* Measured data from literature
4 Initial SOM C/N, C/P, C/S ratios Mitchell and Csillag (2001)
5 Grass/crop organic matter initial 

parameters such as aboveground (agliv), 
belowground (bgliv) and standing dead 
(stdede) for nitrogen, phosphorus and 
sulphur

Mitchell and Csillag (2001)

6 Effect o f grazing on production (GRZEF) 1 and 2 Holland e t al. 1992
7 Fraction of live shoots removed by a grazing 

event [f lg re m )
(range = 0.0  to 1.0 )

0.2 to 0.8 Default as well as modified to see 
the effect

8 Fraction of standing dead removed by a 
grazing event 
(range = 0.0  to 1.0 )

0.05 Default value

Note: V*, Soil* mean the parameters were related to  vegetation type, soil type respectively.

A3.2 The graz.100 file will contain these parameters for each option:

flgrem -- fraction of live shoots removed by a grazing event 
fdgrem-- fraction of standing dead removed by a grazing event 
gfcret — fraction of consumed C which is excreted in faeces and urine 
gret(3) -  fraction of consumed E which is excreted in faeces and urine (should take into

account E losses due to leaching or volatilization from the manure)
(1) = N (2) = P (3) = S

grzeff -  effect of grazing on production 
= 0 no direct effect
= 1 moderate effect (linear decrease in production)
= 2 intensively grazed production effect (quadratic effect on production) 

fecf(3) -- fraction of excreted E which goes into faeces (rest goes into urine)
(1) = N (2) = P (3) = S

feclig -- lignin content of feces

A3.3 Grazing parameters used to run simulations:

GL— Grazejowjntensity no effect_on_production
0.10000 'FLGREM'
0.05000 'FDGREM'
0.30000 'GFCRET'
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0.80000 'GRET(l)'
0.95000 ’GRET(2)'
0.95000 ’GRET(3)'
0.00000 'GRZEFF'
0.50000 'FECF(l)'
0.90000 ’FECF(2)'
0.50000 'FECF(3)'
0.25000 'FECLIG'

GM—graze_moderate_intensity_linear_effect_on_root_shoot_ratio
0.1 'FLGREM'
0.01 'FDGREM'
0.30000 'GFCRET'
0.80000 'GRET(l)'
0.95000 ’GRET(2)'
0.95000 'GRET(3)'
1.00000 'GRZEFF'
0.50000 'FECF(l)'
0.90000 'FECF(2)'
0.50000 ’FECF(3)'
0.25000 'FECLIG'

GH—graze_high_intensity quadratic_effect_on_production
0.30000
0.15000
0.30000
0.80000
0.95000
0.95000
2.00000
0.50000
0.90000
0.50000
0.25000

'FLGREM'
'FDGREM'
'GFCRET'
'GRET(l)'
’GRET(2)'
’GRET(3)'
'GRZEFF'
'FECF(l)'
' FECF(2)' 
'FECF(3)' 
'FECLIG'
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A3.4 Schedule file for Simulations

Block 1:

Time: 0 -1990
Management: Continuous grass/grazing
Crop: GNP2C3 (Mixed vegetation)

Life Cycle:
April (FRST, start of grass growth); Oct (LAST, end of grass growth); Nov 
(SENM, senescence)

Cultivation: None
Fertilizer: None

Grazing:

Winter Grazing (W) (Jan to April); Summer grazing (GM
(Grazejowjntensity_moderate_(linear)_effect_on_production) (June -
Oct.);Winter grazing (W) (Nov -Dec)

Harvest: None
Weather: M
Block 2:

Time: 1991 - 2005
Management: Continuous grass/No grazing
Crop: GNP2C3 (Mixed vegetation)

Life Cycle:
April (FRST, start of grass growth); Oct (LAST, end of grass growth); Nov 
(SENM, senescence)

Cultivation: None
Fertilizer: None
Grazing: None
Harvest: None
Weather: S, Stochastic
Block 3:

Time: 2006 - 2012
Management: Grazing (variable intensities; Low (GL), moderate (G), Heavy (GH, GH4))
Crop: GNP2C3 (Mixed vegetation)

Life Cycle:
April (FRST, start of grass growth); Oct (LAST, end of grass growth); Nov 
(SENM, senescence)

Cultivation: None
Fertilizer: None

Grazing:
Summer grazing (GH,
Graze_high_intensity__Quadratic_effect_on_production) (June - Oct.)

Harvest: None
Weather: S, Stochastic
Block 4:

Time: 2013 - 2020
Management: Continuous grass/No grazing
Crop: GNP2C3 (Mixed vegetation)
Life Cycle: April (FRST, start of grass growth); Oct (LAST, end of grass growth);Nov
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(SENM, senescence)
Cultivation: None
Fertilizer: None
Grazing: None
Harvest: None
Weather: S, Stochastic
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A3.5: Century model simulation structure and flow-charts for grassland/crop sub-model, 
water sub-model and flows of carbon in century model

GRAZ
100

IRRI
.100

CULT
.100

FERT
.100

TREE
100

TREM
.100

'FIX
.100

CROP
.100

FIRE
100 .100

FILE100
File Manager

file

.SCH PLT

file

EVENT100
Schedule crops 

and events
Plots and Lists

VIEW
Soil Organic Matter 

Model

CENTURY

A3.5.1 The Century model environment showing the relationship between programs and the 
file structure (Metherell et al. 1993).
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GPPT = Grow Season Precipitation 
SM = Initial Soil Moisture 
FSDETH = Shoot Death Rate 
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RDR= Root Death Rate 
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A3.5.3 Flow diagram for the water sub-model. The structure represents a model set up to 
operate with NLAYER set to 5 (Metherell et al. 1993).
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A3.5.4 The pools and flows of carbon in the CENTURY model. The diagram shows the major 
factors which control the flows (Metherell etal. 1993).



A3.6 Changes in Century 4.5 version from previous versions 

Grazing change:
The GRET (1) parameter from the GRAZ.100 file is no longer being used. The value for GRET(l) 
now being used in the model equations is calculated based on soil texture so that the fraction 
o f consumed N that is returned is now a function o f clay content, 

if (clay .It. 0.0) then 
gret (iel) = 0.7 

else if (clay .gt. 0.30) then 
gret (iel) = 0.85 

else
gret (iel) = line(clay, 0.0, 0.7, 0.30, 0.85) 

endif

The line function returns the following value: 
line = (y2 - y l)  /  (x2 - x l)  * (x - x2) + y2 
Where: 
x = clay 
x l  = 0.0 
y l  = 0.7 
x2 = 0.30 
y2 = 0.85

Potential production calculation change:
Potential production is now taking into account the photo period effect on growth. In the fall, 
when the day length is decreasing, growth will slow down. The definitions for PRDX(l), 
CROP.100, and PRDX(2), TREE.100, have been changed. These parameters now represent the 
coefficient used when calculating the potential production as a function o f solar radiation 
outside o f the atmosphere. Potential grass/crop production is now being computed in the 
same manner as potential forest production using an estimate fo r total production rather than 
estimating potential aboveground production only. The allocation o f aboveground to 
belowground production for the grass/crop is now based on the fraction o f root carbon rather 
than the root to shoot ratio.
It is recommended to use a value of 0.5 for PRDX(l) and PRDX(2).

Fractional volume of rock used to modify field capacity and wilting point:
The ROCK parameter has been added to the <site>.100 file  and w ill be used for modifying the 
AFIEL(*) and AWILT(*) values when SWFLAG is not equal to  0. This parameter value is set to  0.0 
to run a simulation with no rock effect on field capacity and wilting point values.
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A3.7 Mixed effect model results for Scenario 2: Grazing Termination 

Descriptive Statistics for ALB, SOMTC and TOTSYC for light, moderate, heavy and grazing 
termination simulation

Note: LG = light grazing; MG = moderate grazing; HG = heavy grazing; BG = before grazing (1990 -  2005); AG = after 
grazing (2006 -  2012); GT = grazing termination (2013 -  2020).

TREATMENT Mean Std.
Deviation

Std.
Error

95% Confidence Interval

ALB LG

Lower Bound Upper
Bound

AG 28.38 25.48 2.77 22.85 33.91

BG 46.99 40.61 2.53 42.03 51.96

GT 42.73 39.29 3.58 35.69 49.77

SOMTC_LG

AG 8913.08 50.64 5.52 8902.09 8924.07

BG 8905.07 50.68 3.90 8897.42 8912.73

GT 8945.76 68.33 5.52 8934.91 8956.62

TOTSYC_LG

AG 9969.49 47.44 5.17 9959.19 9979.79

BG 10051.86 68.08 5.04 10041.96 10061.77

GT 10126.89 98.84 7.14 10112.86 10140.93

ALB_MG

AG 33.73 30.49 3.32 27.12 40.35

BG 46.99 40.61 2.63 41.83 52.15

GT 42.82 39.26 3.72 35.51 50.13

SOMTC_MG

AG 8923.55 52.22 5.69 8912.21 8934.89

BG 8905.07 50.68 3.92 8897.37 8912.78

GT 8977.56 67.73 5.56 8966.64 8988.48

TOTSYC_MG

AG 10005.67 40.63 4.43 9996.85 10014.49

BG 10051.86 68.08 4.99 10042.07 10061.66

GT 10162.11 90.94 7.07 10148.22 10176.00

ALB_HG

AG 30.68 27.55 3.01 24.69 36.65

BG 46.99 40.61 2.57 41.95 52.04

GT 42.84 39.34 3.64 35.69 50.00

SOMTC_HG

AG 8910.26 49.98 5.45 8899.41 8921.11

BG 8905.07 50.68 3.89 8897.42 8912.72

GT 8939.41 68.61 5.52 8928.57 8950.26

TOTSYC_HG

AG 9961.14 49.52 5.40 9950.39 9971.89

BG 10051.86 68.08 5.09 10041.87 10061.86

GT 10120.16 101.16 7.21 10105.98 10134.33
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Multiple comparisons based on Tukey's HSD test:
Note: LG = light grazing; MG = moderate grazing; HG = heavy grazing; BG = before grazing (1990 -  2005); AG = after 
grazing (2006 -  2012); GT = grazing termination (2013 -  2020).

Dependent
Variable

(1)
TREATMENT

(J) TREATMENT
Mean

Difference
(l-J)

Std.
Error

Sig.
(p-value)

95% Confidence Interval

Lower Bound Upper Bound

ALB_LG

AG BG -19.40 3.63 0 .000* -27.94 -10.85
GT -15.14 4.43 0 .002* -25.56 -4.71

BG AG 19.40 3.63 0 .000 * 10.85 27.94
GT 4.26 4.38 0.595 -6.05 14.57

GT AG 15.14 4.43 0 .002 * 4.71 25.56
BG -4.26 4.38 0.595 -14.57 6.05

SOMTC_LG

AG BG 0.91 5.60 0.986 -12.26 14.08
GT -39.78 6.83 0 .000 * -55.85 -23.71

BG AG -0.91 5.60 0.986 -14.08 12.26
GT -40.69 6.76 0 .000* -56.58 -24.79

GT AG 39.78 6.83 0 .000* 23.71 55.85
BG 40.69 6.76 0 .000* 24.79 56.58

TOTSYC_LG

AG BG -71.19 7.24 0 .000 * -88.22 -54.16
GT -146.22 8.84 0 .000 * -167.00 -125.44

BG AG 71.19 7.24 0 .000 * 54.16 88.22
GT -75.03 8.74 0 .000 * -95.58 -54.48

GT AG 146.22 8.84 0 .000 * 125.44 167.00
BG 75.03 8.74 0 .000 * 54.48 95.58

ALG_MG

AG BG -14.33 3.77 0 .000 * -23.21 -5.46
GT -10.16 4.60 0.071 -20.99 0.67

BG AG 14.33 3.77 0 .000* 5.46 23.21
GT 4.17 4.55 0.630 -6.54 14.88

GT AG 10.16 4.60 0.071 -0.67 20.99
BG -4.17 4.55 0.630 -14.88 6.54

SOMTC_MG

AG BG 26.30 5.63 0 .000* 13.05 39.55
GT -46.18 6.88 0 .000* -62.35 -30.01

BG AG -26.30 5.63 0 .000* -39.55 -13.05
GT -72.48 6.80 0 .000* -88.47 -56.49

GT AG 46.18 6.88 0 .000* 30.01 62.35
BG 72.48 6.80 0 .000 * 56.49 88.47

TOTSYC_MG
AG BG -23.83 7.17 0.003* -40.68 -6.97

GT -134.08 8.75 0 .000 * -154.64 -113.51
BG AG 23.83 7.17 0.003* 6.97 40.68

GT -110.25 8.65 0 .000 * -130.59 -89.91
GT AG 134.08 8.75 0 .000* 113.51 154.64

BG 110.25 8.65 0 .000* 89.91 130.59

ALB_HG

AG BG -17.11 3.69 0 .000* -25.79 -8.43
GT -12.96 4.50 0 .012* -23.55 -2.37

BG AG 17.11 3.69 0 .000* 8.43 25.79
GT 4.15 4.46 0.620 -6.32 14.63

GT AG 12.96 4.50 0 .012* 2.37 23.55
BG -4.15 4.46 0.620 -14.63 6.32
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SOMTC_HG

AG BG -5.37 5.60 0.603 -18.53 7.79
GT -39.71 6.83 0 .000 * -55.76 -23.65

BG AG 5.37 5.60 0.603 -7.79 18.53
GT -34.34 6.75 0 .000 * -50.22 -18.46

GT AG 39.71 6.83 0 .000* 23.65 55.76
BG 34.34 6.75 0 .000* 18.46 50.22

TOTSYC_HG

AG BG -83.15 7.31 0 .000* -100.35 -65.95
GT -151.44 8.92 0 .000* -172.43 -130.46

BG AG 83.15 7.31 0 .000* 65.95 100.35
GT -68.29 8.83 0 .000* -89.05 -47.54

GT AG 151.44 8.92 0 .000* 130.46 172.43
BG 68.29 8.83 0 .000* 47.54 89.05

*The mean difference is significant at the 0.05 level.

A3.8 Sensitivity analysis results for variation within a soil texture class and fraction of live 
shoots removed during a grazing event

S I  S2  S3  S4  S5  S6

200.00

150.00
Ungrazed Grazed

3  100.00

50.00

0.00
cm m  ld  ud oo
o  o  o  o  o  o

CM CO in
H

r*v <r> o
rH  rH  CM

Time (month/year)

A3.8.1 Effect of change in % sand and % silt within a soil texture on ALB: An example of clay- 
loam soil texture.

Note: S I = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29; S2 = sand 27%, silt 37.06%, clay 35.94%, BD = 1.3; S3 = 

sand 31%, silt 33.06%, clay 35.94%, BD = 1.3; S4 = sand 35%, silt 29.06%, clay 35.94%, BD = 1.31; S5 = sand 39%, silt 
25.06%, clay 35.94%, BD = 1.32; S6 = sand 44%, silt 20.06%, clay 35.94%, BD = 1.34. In this simulation % clay was 

held constant to see the effect of change in % sand and % silt within a soil texture on the model predictions.
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A3.8.2 Effect of change in % sand and % silt within a soil texture on SOMTC: An example of 
ciay-loam soil texture.

Note: S I = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29; S2 = sand 27%, silt 37.06%, clay 35.94%, BD = 1.3; S3 = 

sand 31%, silt 33.06%, clay 35.94%, BD = 1.3; S4 = sand 35%, silt 29.06%, clay 35.94%, BD = 1.31; S5 = sand 39%, silt 
25.06%, clay 35.94%, BD = 1.32; S6 = sand 44%, silt 20.06%, clay 35.94%, BD = 1.34. In this simulation % clay was 

held constant to see the effect of change in % sand and % silt within a soil texture on the model predictions.
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A3.8.3: Effect of change in % sand and % silt within a soil texture on TOTSYC: An example of 
clay-loam soil texture.

Note: S I = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29; S2 = sand 27%, silt 37.06%, clay 35.94%, BD = 1.3; S3 = 

sand 31%, silt 33.06%, clay 35.94%, BD = 1.3; S4 = sand 35%, silt 29.06%, clay 35.94%, BD = 1.31; S5 = sand 39%, silt 

25.06%, clay 35.94%, BD = 1.32; S6 = sand 44%, silt 20.06%, clay 35.94%, BD = 1.34. In this simulation % clay was 

held constant to see the effect of change in % sand and % silt within a soil texture on the model predictions.
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A3.8.4 Combined effect of variation within a soil texture and fraction of live shoots (flgrem) 
removed during a grazing event on ALB: An example of clay-loam soil texture.

Note: ungrazed period = 1991 -  2005; Grazed period with heavy grazing = 2006 -  2020; CL = clay-Loam; CL1 = sand 

40%, silt 24.06%, clay 35.94%, BD = 1.32; CL2 = sand 44%, silt 16.31%, clay 39.69%, BD = 1.31; CL3 = sand 35%, silt 
35%, clay 30%, BD = 1.34; CL4 = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29. 0.3 = model predictions based on 

flgrem value of 0.3; 0.6 = model predictions based on flgrem value of 0.6.
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A3.8.5 Combined effect of variation within a soil texture and fraction of live shoots (flgrem) 
removed during a grazing event on SOMTC: An example of clay-loam soil texture.

Note: ungrazed period = 1991 -  2005; Grazed period with heavy grazing = 2006 -  2020; CL = clay-Loam; CL1 = sand 

40%, silt 24.06%, clay 35.94%, BD = 1.32; CL2 = sand 44%, silt 16.31%, clay 39.69%, BD = 1.31; CL3 = sand 35%, silt
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35%, clay 30%, BD = 1.34; CL4 = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29. 0.3 = model predictions based on 

flgrem value of 0.3; 0.6 = model predictions based on flgrem value of 0.6.
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A3.8.6 Combined effect of variation within a soil texture and fraction of live shoots (flgrem) 
removed during a grazing event on SOMTC: An example of clay-loam soil texture.

Note: ungrazed period = 1991 -  2005; Grazed period with heavy grazing = 2006 -  2020; CL = clay-Loam; CL1 = sand 

40%, silt 24.06%, clay 35.94%, BD = 1.32; CL2 = sand 44%, silt 16.31%, clay 39.69%, BD = 1.31; CL3 = sand 35%, silt 
35%, clay 30%, BD = 1.34; CL4 = sand 22%, silt 42.06%, clay 35.94%, BD = 1.29. 0.3 = model predictions based on 

flgrem value of 0.3; 0.6 = model predictions based on flgrem value of 0.6.
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