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Abstract 

Habitat loss through human expansion and the spread of pastoralism is a cause for 

concern in many parts of Africa. If wildlife species are to be effectively conserved there 

is a need for reliable predictions of their resource requirements and spatial distribution 

patterns in harmony with their population dynamics. In this thesis, I examined the feeding 

behaviour and movements of Burchell's zebra (Equus burchelli) during the dry season, in 

the Makgadikgadi, Botswana. Global positioning system (GPS) collars were used to 

record zebra's patterns of movement and spatial distribution. These patterns were related 

to resource availability and environmental constraints. 
Limited availability of water during the dry season forced zebra to behave as central 

place foragers around waterholes. Environmental constraints associated with central place 
foraging restricted their distribution, but spatial patterns of distribution within these limits 

were regulated by a selective preference for sward of high biomass, which was 

maintained across spatial and temporal scales. Zebra used area-restricted search paths to 

locate preferred resources and improved their foraging efficiency by revisiting distinct 

foraging patches with potentially greater resource quality. 

Foraging time of zebra was a fixed constraint, but their physiological dependency 

on water was elastic and stretched towards its limit. This permitted zebra to expand their 

foraging radius into the National Park, rather than utilising potential foraging resources 

outside of the Park. Cattle had an overlapping resource use with zebra and possibly 

excluded them from foraging resources closer to waterholes. 
The distribution of water supplies must be improved along the length of the Boteti 

riverbed to improve the long-term viability of the Makgadikgadi zebra population. This 

would reduce the current dependency of zebra on the centrally placed waterholes around 

Kumagha. Failure to do this will leave zebra vulnerable to poor resource availability 

during drought and after fires. 



Acknowledgments 

I would like to thank my supervisor Prof. Stephen Harris for believing in this 
project all those years ago, while providing me with encouragement and advice 
throughout the course of the project. I am eternally grateful to Dr. Karen Ross, without 
whom the funding for this project would not have been raised. 

I would like to take this opportunity to thank the Department of Wildlife and 
National Parks of Botswana for granting me permission to conduct this research and for 
the opportunity to work in the Makgadikgadi. Logistical support provided by the 
Department of Wildlife was essential in capturing and collaring zebra and wildebeest for 
this project. A big thanks goes to the chopper flying of Barney O'Hara and the trusty aim 
and shot of Dr. Larry Patterson while darting. 

Logistical support provided by the University of Botswana and the Harry 
Oppenheimer Okavango Research Centre was vital for the chemical analysis of grass and 
water samples for this study. The laboratory work would not have been possible if it was 
not for the time and energy of Phillipa Huntsman-Mapila, who trained my highly valued 
laboratory assistant Onkeme Kerepile. I would also like to thank all the other staff at the 
centre for their time in helping this project. The University of Botswana provided the 
Simplex GPS collars used for this project. This would not have been possible without the 
help and friendship of Dr. Casper Bonyongo. 

The Makgadikgadi is a vast, untouched wilderness where the constraints of the 
environment are liable to be the end of the researchers as well as their study animal. The 
support of local safari camps (Jack's Camp, Leroo La Tau and Meno-a-Kwena) and all of 
the staff who worked there was more than welcomed and not a little essential. I am 
therefore indebted to Ralph Bousfield and Catherine Raphaely, all of the Watson family, 
David Dugmore and also Steve and Heidi, Craig and Laura, and Jacko and Irene. 

Working alongside close friends through long, hot, dusty hours sometimes even 
made grass sampling a pleasure. I would not have been able to face the spikes and pains 
of Odysseapaucinervis without some fantastic research assistants, all of whom I'd like to 
thank, but especially Gill, Ro and Hattie. Huge thanks must also go to my girlfriend Nic, 
who put up with more than her fair share of endeavours in the bush and has somehow 
managed to put up with me for all these years. I am eternally indebted. 

While working in the Makgadikgadi I have had the chance to live with some great 
friends and fellow researchers, whose support, advice and company was worth more than 
its weight in gold. Thanks to Glyn Maude, Dr. Graham 'G' Hemson, Dr. Graham 
'McTuck' McCulloch, Seamus McClennan and all of my brilliant friends in Botswana 
including of course Jimmy Torr, who saved my sanity?? on more than one occasion. 

The advice provided by Dr. Ignas Heitkonig in the field on all matters grassy and 
herbivorous was invaluable. Returning to Bristol after years in the bush was fairly 
daunting and I would like to thank the mammal group for their friendship, especially Dr. 
Michael Pocock, Dr. Phil Baker and Dr. Nik Cole for their support and advice over the 
last year. This project was funded by charitable donations from: The Rufford Foundation, 
The Walt Disney Company Foundation, Columbus Zoo, San Antonio Zoo, Ken Moore of 
the Moore Foundation, Barbara Bauer, Paula Ely and The Gilchrist Educational Trust. 
All of whom I would like to thank personally for allowing this project to happen. 

III 



Dedication 

For Paul and Myrtle, my parents 

Without their tireless support, none of this would have been possible. 

iv 



Declaration 

I declare that the work in this dissertation was carried out in accordance with the 

regulations of the University of Bristol. 

In Appendix One the habitat classification of the study area was produced in 

collaboration with Andre Jellema and Thorolf Mayer, using the facilities of the Harry 

Oppenheimer Okavango Research Centre. 

For Appendix Three, Graham Hemson provided raw data from the Makgadikgadi 

Lion Project, which formed part of his doctoral thesis on the ecology of lions in the 

Makgadikgadi. 

With these exceptions I declare that the work in this dissertation is my own, none 

of which has been submitted for any other academic award elsewhere. The views 

expressed in this dissertation are my own and do not represent those of the University of 

Bristol. 

Date .... 
:; ý 7-1ý 

..... 
Mcme 

M. 
ýý 

n 
... 

ZOOS - 

V 



Contents 

Abstract 
Acknowledgments 
Dedication 
Declaration 
Contents 
List of Figures 
List of Tables 

Chapter One: Introduction 

iv 
v 
A 
x 
xii 

1.1 Conservation, management and science 1 
1.2 Optimal foraging theory 2 
1.3 Herbivore foraging strategies 4 
1.4 Burchell's zebra ecology 8 

1.4.1 Resource preference 10 
1.4.2 Social structure and reproduction 11 
1.4.3 Population regulation 12 
1.4.4 Conservation and management of zebra 13 

1.5 The study area 15 
1.5.1 Location, geomorphology and wildlife 15 
1.5.2 Water availability and patterns of rainfall 17 
1.5.3 Conflict and fencing 19 

1.6 Zebra and wildebeest population changes in the Makgadikgadi 22 
1.7 Aims of the Thesis 23 
1.8 Seasonal analysis 26 

Chapter Two: The impact of temporal constraints on foraging 
behaviour in a central place foraging zebra population 

2.1 Introduction 28 
2.2 Method 32 

2.2.1 Zebra movements 32 
2.2.2 Habitat preference 35 
2.2.3 Behavioural observations 38 
2.2.4 Environmental variables 39 
2.2.5 Water availability 40 

2.3 Results 40 
2.3.1 Central place foraging 41 

2.3.1.1 Testing the first prediction for a central place forager 41 
2.3.1.2 Testing the second prediction for a central place forager 43 
2.3.1.3 Testing the third prediction for a central place forager 44 
2.3.1.4 Testing the fourth prediction for a central Place forager 45 

vi 



2.3.2 Foraging behaviour of zebra during the dry season 47 
2.4 Discussion 49 

2.4.1 Central place foraging 50 
2.4.2 Diurnal foraging behaviour 56 

2.5 Conclusion 57 
2.6 Link to the next Chapter 58 
2.7 Limitations 59 

Chapter Three: How do ecological constraints at the large-scale affect 
patch selection at the small-scale? 

3.1 Introduction 60 
3.2 Method 62 

3.2.1 Spatial and temporal variation in sward quality 62 
3.2.2 Sward preference 63 

3.3 Results 68 
3.3.1 The riverbed 68 
3.3.2 The dense Acacia 74 
3.3.3 The open Acacia 76 
3.3.4 The Schmidtia grasslands 79 

3.4 Discussion 81 
3.4.1 Foraging at the scale of the grazing site 82 
3.4.2 Foraging at the scale of the patch 83 
3.4.3 Foraging at the scale of the landscape 86 

3.5 Conclusion 89 
3.6 Link to the next Chapter 90 
3.7 Limitations 90 

Chapter Four: Patch selection in a stochastic environment: do individual 
foraging strategies change with ecological constraint? 

4.1 Introduction 
4.2 Method 
4.3 Results 

4.3.1 First hypothesis 
4.3.2 Second hypothesis 
4.3.3 Third hypothesis 
4.3.4 Fourth hypothesis 
4.3.5 Fifth hypothesis 
4.3.6 Sixth hypothesis 

4.4 Discussion 
4.4.1 First hypothesis 
4.4.2 Second hypothesis 
4.4.3 Third hypothesis 
4.4.4 Fourth hypothesis 

92 
96 
103 
103 
104 
109 
109 
112 
113 
114 
115 
115 
116 
118 

vii 



4.4.5 Fifth hypothesis 119 
4.4.6 Sixth hypothesis 120 

4.5 Conclusion 120 
4.6 Link to the next Chapter 121 
4.7 Limitations 122 

Chapter Five: Do cattle competitively exclude zebra and wildebeest 
from preferred foraging resources? 

5.1 Introduction 123 
5.2 Method 126 

5.2.1 Sward structural composition 126 
5.2.2 Grass species selection 130 
5.2.3 Nutritional quality of selected sites 131 

5.3 Results 132 
5.3.1 Wet season: sward sampling preferences 134 
5.3.2 Dry season: sward sampling preferences 139 

5.4 Discussion 145 
5.4.1 Resource use overlap 145 

5.4.1.1 Wet season 145 
5.4.1.2 Dry season 148 

5.4.2 The potential for competition 151 
5.4.3 Management suggestions for the Makgadikgadi 153 

5.5 Conclusion 155 
5.6 Limitations 156 

Chapter Six: General Discussion 

6.1 Foreword 157 
6.2 Key findings 159 

6.2.1 Foraging strategy 159 
6.2.2 Dry season spatial distribution patterns 160 
6.2.3 Key foraging resources 163 
6.2.4 Competition for resources 164 

6.3 Predictions for the impact of the Makgadikgadi fence on the zebra population 165 
6.4 Future work 168 
6.5 Wider implications for the results from this study 169 

References 171 

viii 



Appendix One: Habitat classification of the Makgadikgadi and Nxai 
Pan National Park and surrounding community areas 

A 1.1 Introduction 195 
A 1.2 Method 195 
A 1.3 Results 197 
A 1.4 Description of Habitats 202 
A 1.5 References 205 

Appendix Two: The paradigm of collar weight: improved standards are 
required to support the emergence of the GPS collar 

A2.1 Abstract 206 
A 2.2 Introduction 207 
A 2.3 Study area 209 
A 2.4 Method 211 
A 2.5 Results 214 

A 2.5.1 GPS location error 214 
A 2.5.2 The rate of travel recorded between different collar types 215 

A 2.6 Discussion 219 
A 2.7 Aknowledgements 223 
A 2.7 References 224 

Appendix Three: Lion activity around the waterholes of the Boteti 
River 

A 3.1 Introduction 229 
A 3.2 Method 229 
A 3.3 Results 229 
A 3.4 Discussion 230 
A 3.5 References 231 

Appendix Four: Flora of the Makgadikgadi and Nxai Pan 233 
National Park and surrounding areas 

Appendix Five: Directional patch selection by individual zebra 236 

A 5.1 Note 236 
A 5.2 References 239 

ix 



List of Figures 

I. I. Historical distribution of Burchell's zebra (Equus burchelli) (c. 1800). 8 
1.2. Makgadikgadi and Nxai Pan National Park. 15 
1.3. Total annual rainfall records from DWNP scout camps. 18 
1.4. The proposed alignment of the new Makgadikgadi fence. 20 

2.1. The positional fixes of a GPS-collared zebra during the 2003 dry season. - 36 
2.2. Dry season kernel home range estimates for zebra during 2002 and 2003.37 
2.3. Foraging pattern of a zebra mare during one month in 2003.40 
2.4. Foraging distance of grazing patches from utilised Boteti waterholes. 41 
2.5. IvIev's electivity index of the dry season habitat preference of zebra. 42 
2.6. Proportional time allocation of zebra in habitat types. 43 
2.7. Average monthly rainfall. 44 
2.8. Bout duration. 45 
2.9. Rate of travel for 2002 and 2003.46 
2.10. Proportional time allocation of zebra to each defined category of activity. 47 
2.11. Daily activity budget of zebra averaged across the dry season. 48 

3.1. Nutritional quality of preferred grazing sites selected by zebra. 68 
3.2. IvIev's electivity index of principal grass species abundance in preferred 69 

sites selected by zebra in the riverbed. 
3.3. Nutritional qualities of the available sward in each habitat in the dry season 70 

range of zebra. 
3.4. IvIev's electivity index of principal grass species abundance in preferred 75 

sites selected by zebra in the dense Acacia habitat. 
3.5. IvIev's electivity index of principal grass species abundance in sites a) 76 

preferred and b) ignored by zebra in the open Acacia habitat. 
3.6. Biomass and structural composition of S. uniplumis and E. rigidior. 78 
3.7. Biomass and structural composition of S. pappophoroides 78 

and D. eriantha. 
3.8. IvIev's electivity index of principal grass species abundance in sites a) 80 

preferred and b) ignored by zebra in the Schmidtia grasslands habitat. 

4.1.100% MCPs of separate foraging bouts for a zebra during the dry 
season in 2003. 

4.2. The relationship between arc length and foraging distance. 
4.3. a) the Shannon-Wiener index of patch distribution and b) angular variance 

of patches for individuals during 2003. 
4.4. The relationship between the Shannon-Wiener index of patch distribution 

with foraging distance in a) 2002 and b) 2003. 
4.5. The relationship between circular variance of patch dispersion and 

foraging distance for a) 2002 and b) 2003. 

99 

101 
105 

110 

III 

x 



4.6. Comparison of a) Shannon-Wiener index of Patch distribution and 113 
b) circular variance of patch distribution for 2002 / 2003. 

5.1. The impact zone of cattle. 133 
5.2. Kernel home range estimates for zebra during the wet and dry seasons. 134 
5.3. Structural composition of preferred grazing sites for zebra, wildebeest 136 

and cattle during the wet season. 
5.4. IvIev's electivity index of grass species selection by a) zebra, b) wildebeest 138 

and c) cattle in the pan grasslands. 
5.5. The structural composition of sites selected by zebra, wildebeest and 140 

cattle in the open Acacia during the dry season and dry/early wet season. 
5.6. IvIev's electivity index of grass species selection by a) zebra and b) cattle 142 

in the dense Acacia. 
5.7. IvIev's electivity index of grass species selection by a) zebra, b) wildebeest 143 

and c) cattle in open Acacia. 
5.8. Nutritional quality of sites selected by zebra, wildebeest and cattle during 144 

the dry season, combined across all frequented habitats. 
5.9. Dietary crude protein of zebra, wildebeest and cattle during the dry season. 144 

A. 1.1. Habitat classification of the Makgadikgadi study area into the 25 initial 196 
habitat categories. 

A. 1.2. A linear discriminant function plot of the PCA scores for the vegetation 199 
variables recorded in each habitat. 

A. 1.3. The habitat classification of the Makgadikgadi region. 202 
A. 2.1 Makgadikgadi and Nxai Pan National Park 210 
A. 2.2 a) 3-D fix success rate by the different collar types during the dry season. 215 
A. 2.2 b) 3-D fix success rate by both collars across the three identified 215 

categories of activity. 
A. 2.3. Rates of travel in all collared zebra mares in the three identified 218 

categories of activity during 2002 and 2003. 
A. 3. I. Proportional activity of GPS collared lions during the dry season. 230 
AA 1. ZI during 2002.236 
A. 4.2. Z2 during 2002.236 
A. 4.3. Z3 during 2002.237 
AAA Z4 during 2002.237 
A. 4.5. Z5 during 2002.237 
AAA V during 2003.237 
A. 4.7. Z8 during 2003.237 
A. 4.8. Z9 during 2003.237 
A. 4.9. Z 10 during 2003.238 
AA 10. Z 12 during 2003.238 
A. 4.1 1. Z13 during 2003.238 
A. 4.12. Z14 during 2003.238 
A. 4.13. Z15 during 2003.238 
A. 4.14. Patch selections by all collared zebra during the 2002 dry season. 239 
A. 4.15. Patch selections by all collared zebra during the 2003 dry season. 239 

xi 



List of Tables 

2.1. Diurnal activity budget correlated with temperature changes over days 49 
and across the season. 

3.1. Grass species diversity and nutritional qualities in each of the zebra's 71 
available dry season habitats. 

3.2. Sward structural variables of preferred and ignored sites for zebra in the 72 
open Acacia and Schmidtia grassland habitats and preferred sites in the 
riverbed and the dense Acacia. 

3.3. Principal component analysis of preferred grazing sites within the dry 73 
season habitats. 

4.1. Rayleigh test of uniformity. 103 
4.2. Results for predictions two to five, of the variation between individual 106 

zebra foraging strategies within and between years. 
4.3. Power levels of the statistical difference between individual foraging 108 

strategies described by the Shannon-Wiener index of distribution (J') 
and circular variance of patch dispersion (r). 

5.1. Sward preference sampling was conducted in all the habitat types frequented 129 
by zebra, wildebeest and cattle during the specified sampling week. 

5.2. Results of the principal component analysis of sward structural preferences 135 
for zebra, wildebeest and cattle during the wet season. 

5.3. Discriminant function analysis of zebra, wildebeest and cattle's grazing 135 
preferences during the wet season. 

5.4. Results of the principal component analysis of sward structural preferences 141 
for zebra, wildebeest and cattle during the dry season. 

5.5. Discriminant function analysis of zebra, wildebeest and cattle's grazing 141 
preferences during the dry season. 

A. 1.1. Principal component scores of habitat variables measured within each 198 

of the 25 habitat classes. 
A. 1.2. Vegetation density and species composition in the five principal 201 

habitat types. 
A. 2.1. Differences in rates of travel observed between collar type and year. 217 

xii 



Introduction 

1.1 Conservation, management and science 

Behavioural ecology is used to determine how animals adapt to environmental 

heterogeneity (Owen-Smith, 2002). Animals use the available resources around them in a 

selective manner, which has consequences for their spatial distribution. Their selective 

'Strategy' should be adapted to their specific environment, particularly the specific 

constraints and variation inherent within that environment (Bernstein, Kacelnik & Krebs, 

199 1; Wilmshurst et aL, 1999; Fryxell et aL, 2005). Temporal and spatial variations in 

resource distribution affect animal behaviour, which has consequences for how those 

animals are effectively conserved (Caro & Durant, 1995; Fryxell et aL, 2005). It is 

pointless protecting large tracts of landscape in the course of conserving an animal 

species if that region does not contain a suitable supply of the animal's preferred 

resources. Conservation at the larger scale of the ecosystem therefore requires a detailed 

understanding of the fine scale processes that drive individual animal behaviour (Gordon, 

Hester & Festa-Bianchet, 2004). 

The expansion of human populations and associated livestock species places a 

threat upon wildlife populations around the world, which are becoming more reliant upon 

the protection of national parks and reserves for their conservation (Fleischner, 1994; 

Noss, 1994; Du Toit & Cumming, 1999; Voeten, 1999; Serneels & Lambin, 2001; 

Bagchi, Mishra & Bhatnagar, 2004; Madhusudan, 2004). Large carnivore and migratory 

ungulate populations are unsustainable outside protected areas and even with the 

protection of conservation areas their populations are threatened because of the scale of 
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their resource demands (Woodroffe & Ginsberg, 1998; Caro, 1999; Homewood et aL, 

2001; van Vuuren, Herrmann & Funston, 2005). 

Reliable predictions of seasonal distribution patterns and resource selection 

strategies are required if the management of migratory ungulate species is to be 

successful (Thirgood et A, 2004). One of the prime goals of applied behavioural ecology 

is to understand animal behaviour to provide detailed objective information to ecosystem 

managers to enable them to meet environmental and economic objectives (Gordon, 

Hester & Festa-Bianchet, 2004). Optimal foraging models provide the logical approach 

to investigate how and why animals select certain resources and how animals adapt their 

complex behavioural responses to a variable environment (Houston & McNamara, 1999). 

1.2 Optimalforaging theory 

Models of foraging behaviour are devised to determine what the 'best' food to eat 

is, where to eat it, how long to stay in a food patch and how to get to that patch (Stephens 

& Krebs, 1986). Natural selection favours those strategies that maximise an individual's 

fitness, subject to certain constraints, and are defined as optimal foraging strategies 

(Pyke, Pulliam & Charnov, 1977). Optimality models are a description of nature that 

provide a tool for understanding animal behaviour by applying costs and benefits to each 

activity and are approached using two distinct types of modelling, static and dynamic 

modelling programmes (Mangel & Clark, 1988). The optimal use of an animal's time or 

energy occurs when "an activity is enlarged as long as the resulting gain in time spent per 

unit food exceeds the loss" (MacArthur & Pianka, 1966). The basic hypothesis for these 

models therefore is that the currency is maximised, where the currency is the 

reproductive success of the forager (Pyke, Pulliam & Charnov, 1977). By maximising the 
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amount of energy the animal gains from foraging and the use of its time while foraging, 

the animal is able to improve its reproductive success (Houston & McNamara, 1999). 

Over any given time period an animal should try to maximise its average rate of energy 

gain, and in a heterogeneous environment this is best achieved by maximising its long- 

term rate of energy gain (Stephens & Krebs, 1986). Decisions made by each individual 

can therefore have consequences for the long-term fitness of the population of that 

individual (Fryxell, 1997; Fryxell & Lundberg, 1997). Each activity is viewed as part of a 

sequence, so that every activity impacts the next activity and hence, the future dependent 

state of the animal (Stephens & Krebs, 1986; Houston & McNamara, 1999). 

Both time and energy can operate as intrinsic constraints within models of optimal 

foraging, such as, the biological demands placed on each forager for a minimum period 

of rest or minimum daily energy demands. Time and energy can also operate as extrinsic 

constraints, where restrictions are applied by the environment on the optimal behaviour 

of the forager, such as, the temporal demands required to travel to a limited water supply 

or a limited supply of resources within the ecosystem (Stephens & Krebs, 1986). 

Constraints affect animal decisions by affecting their dependent state and readdressing 

the relative value of each activity. If resource availability or accessible energy is 

constrained within the environment, the amount of time an animal spends foraging should 

increase to allow that animal to meet its minimum energy demands. If the environment 

constraints the amount of time available for foraging, the maximum amount of time 

available should be devoted to foraging (Schoener, 1971). This time constraint should 

affect the strategy that the animal employs to maximise its energy gain, causing a shift 
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ftom a selective to an unselective foraging strategy (Houston & McNamara, 1985; Iason 

et aL, 1999). 

A selective behaviour suggests that animals make a choice between resources and 

different foraging strategies while attempting to optimise their foraging time. Most 

models of optimal foraging investigate how discrete items of prey or foraging patches are 

selected. By choosing an item of prey or a foraging patch the animal is forced to make a 

choice and trade-off the potential benefits of one for the other, thereby taking the risk that 

an opportunity is lost to maximise its time and energy elsewhere (Stephens & Krebs, 

1986). To make an optimal choice the options must be ranked according to their 

profitability. Each item of prey is ranked according to its energetic content and the 

handling time required to obtain that energy (Catania & Remple, 2005). The animal may 

apply a simple rule where prey items are either always taken or never taken when 

encountered i. e., the 'zero-one rule'. The selection of prey is therefore dependent on its 

rank and not on its availability within the environment (Stephens & Krebs, 1986). 

Patches are ranked according to the availability and quality of prey items they contain 

and have an additional cost associated with the energy and time required to travel 

between each patch (MacArthur & Pianka, 1966). In a heterogeneous environment, where 

prey items are scattered across the landscape in patches of varying quality, the decisions 

that need to be made by the animal to maintain an optimal strategy become more 

complex (Stephens & Krebs, 1986). 

1.3 Herbivoreforaging strategies 

The decisions made by grazing ungulates are some of the most complex foraging 

decisions made by animals (Stephens & Krebs, 1986). Discrete prey items are not readily 
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distinguishable from the available sward and the quality of each 'prey' item is affected by 

seasonal rainfall patterns, geographical relief and soil type, which affect the quality and 

distribution of foraging patches across the landscape (Georgiadis & McNaughton, 1990; 

Ben-Shahar & Coe, 1992). Grazing herbivores are faced with a mosaic of these potential 

foraging patches, each composed of different grass species that vary in energetic and 

nutritional content and structural architecture (Georgiadis & McNaughton, 1990; Laca, 

Shipley & Reid, 2001). At the smaller scale, each tuft of grass is structurally diverse, 

composed of a mixture of live and dead leaf and stem components providing a 

heterogeneous resource from which it becomes increasingly difficult for the forager to 

select a discrete 'prey' item (Illius & Gordon, 1987; Wright & Illius, 1995). 

Foraging strategies of grazing ungulates are therefore scale dependent, affected by 

the spatial and temporal variability in sward quality and availability (Senft et aL, 1987). 

To track the change in the quality of these resources optimally across time would be 

costly, and herbivore foraging strategies should be geared towards selecting patches with 

a structure, growth stage and grass species composition that minimises the amount of 

selection required at the grazing site (Owen-Smith & Novellie, 1982; Belovsky, 1986; 

Fryxell, 1991; Bailey et aL, 1996). By selecting these preferred patches, handling time is 

minimised within the grazing site and energy and nutritional intake maximised. The 

preferred foraging patch may not be the 'best' patch and the herbivore must trade-off the 

costs of foraging efficiency with the risks of predation and competition for resources. 

Differences in habitat type can affect the quality of resources and the potential risks from 

predation, forcing some herbivores into sub- optimal habitats (Prins & Iason, 1989; Lima 

& Dill, 1990; Illius & Fitzgibbon, 1994). At increasing spatial and temporal scales 
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extrinsic constraints such as distance from water and diumal temperature become more 

influential in herbivores' patch selection decisions and the influence of foraging resource 

factors should become less important (Senft et aL, 1987; Bailey et aL, 1996; Fortin et aL, 

2003). Herbivores therefore face a constant demand to balance their nutritional 

requirements with other life-enhancing activities. 

The instantaneous intake rate and the degree of selection expressed by the forager to 

the available sward, regulates the forager's ability to maximise energy gain within the 

grazing site (Murray, 1991; Fryxell & Lundberg, 1993; Bergman et aL, 2001). The 

instantaneous intake rate is governed by the bite size and bite rate of the individual 

(Trudell & White, 1981; Illius & Gordon, 1987; Ungar & Noy-Meir, 1988; Laca, Ungar 

& Dernment, 1994; Dresher, 2003), which responds to the selected sward (Spalinger & 

Hobbs, 1992). Variations in forage biomass (Trudell & White, 1981; Wilmshurst, Fryxell 

& Hudson, 1995; Bergman et aL, 2001), stem density (Ruyle, Hasson & Rice, 1987; 

Ginnett et aL, 1999; Bergman, Fryxell & Gates, 2000), sward height (Laca et aL, 1992; 

Wilmshurst, Fryxell & Colucci, 1999), canopy structure (Laca et aL, 1994; Illius et aL, 

1995b) and growth stage (Owen-Smith & Novellie, 1982; Fryxell, 1991; Murray & 

Brown, 1993; Roguet, Prache & Petit, 1998) affect the functional response and impact 

upon the degree of selectivity that the herbivore must maintain if it is to optimise its 

energy gain. Selecting poor quality sward resources can constrain handling time over the 

short- and the long-term. Bite size and bite rate are affected at the short-term and 

digestive efficiency at the long-term. 

To reduce any constraints on their energy gain, grazing herbivores should select a 

diet that maximises their digestive efficiency as a high intake of poor structural quality 
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resources reduces the nutritional uptake (Westoby, 1974; Illius & Gordon, 1992). 

Variation in body size between herbivores affects the impact of this constraint, with 

larger herbivores less affected by poor quality resources due to the relative size of their 

digestive tract (Dernment & Van Soest, 1985; Illius & Gordon, 1987,1992). Adaptations 

in mouth morphology and feeding style also allow different herbivores to select different 

components from the sward layer more efficiently, enabling herbivores to specialise in 

feeding on different 'prey' items and selecting those resources for which their digestion is 

best suited. Differences in body size and mouth morphology allow for niche separation of 

grazing ungulates, reducing competition for the sward layer, which at first sight, would 

seem to the human eye to be a homogenous and continuous resource (Illius & Gordon, 

1987; Murray & Brown, 1993; Dresher, 2003). 

Grazing herbivores fall into two distinct categories, separated by their digestive 

strategy: ruminants and hindgut fermenters. Ruminants utilise a four-chambered stomach, 

filtering digested particles and retaining them for up to 79 hours to complete their 

digestion. Hindgut fermenters digest their food in an enlarged cecum, which has fewer 

constraints on the passage rate of material through the gut, with particle retention reduced 

to approximately 29 hours for a medium-sized animal. Fewer digestive constraints allow 

hindgut fermenters to select more fibrous food than ruminants (Janis, 1976; Duncan, 

1992), and are more efficient at digesting resources from the same range of available 

resources as a ruminant, but they require a much larger quantity of food to maintain 

digestive efficiency (Duncan et aL, 1990; Duncan, 1992; Menard et aL, 2002). Most of 

the smallest, < 5kg and largest > 600kg herbivores are hindgut fermenters, while the 

Equidae are one of the most dominant medium-sized hindgut fermenters (Demment & 
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Van Soest 1985). The equid family includes. arriong others, horses (Equiis callabus). 

donkeys (Equits asinus) and zebra, which includes, the Burchell's zebra (Equus 

burchelli), the mountain zebra (Eclinis zebra) and Grevy's zebra (Equity grevyi). 

1.4 Burchell's zebra ecology 

Burchell's zebra are the most numerous of the zebra species, hereafter referred to as 

zebra, occurring throughout eastern and southern Africa. The species consists of five 

morphologically distinct subspecies, categorised by the lUCN red data list ill a varying 

state of threat (Kingdon. 1997. Hack, East & Rubenstein, 2002) (F ig 1.1 

i. Grant's zebra (Equits b. hoehmi) - lower risk. 

11 . Upper /arnbezi zebra (Equity h. zamheziensis) - data deficient / extinct in tile wild. 

iii. Crawshay's zebra (Equits h. crau, shq. vi) - data deficient /? endangered. 

IV. Chapman's zebra (Equus b. chalmianni) - data deficient. 

V. Darnara zebra (Equits b. anliquoruni) - lower risk. 

Fýiýllre 1.1. Hislorical disfribution 
ol'Burchell's zebra (Equits burchelli) (c. 1800). 

Showing range ofeximusubspecies. Adapledfi-oin Hack ef ul. (2002). 

Filutis b. boehim 

L'timis b. 
-ambeziensis 

h1uns b. craivshaYi 

1,1mis b. chapmanni 

Eqnus b antiquorunt 

3000 0 30DO 60DO Kilomters 
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Differentiation between the subspecies includes a variation in stripe pattern, and a 

decline in body size from the smaller east African subspecies, E. b. boehmi, to the largest 

E. b. antiquorum in southern Africa, which can weigh up to 22-32% more than E. b. 

boehmi with an average weight of 320kg for both stallions and mares (Smuts, 1974; 

Skinner & Smithers, 1990). 

Zebra are one of the most numerous and distinguishable ungulates in Africa and 

play a vital role in herbivore grassland dynamics by facilitating the sward for other 

grazers, while providing a preferred resource for predators in many parts of Africa (Bell, 

197 1; Schaller, 1972; Sinclair & Norton-Griffiths, 1982; Mills & Shenk, 1992). However, 

there have been relatively few published studies with zebra as the principal focal animal. 

Klingel (1965; 1969; 1975) and Smuts (1975a; 1975b; 1976) both conducted early 

seminal work on the social structure, reproductive biology and spatial distribution of 

zebra in the Serengeti and Kruger National Parks, while Schilder (1988; 1990; 1992) 

conducted subsequent research on the behaviour and social structure of captive zebra. 

The dynamics of most zebra populations are unknown outside the Kruger and Serengeti, 

while within these protected areas their resource acquisition strategies, patterns of spatial 

dispersion and regulatory factors are poorly understood (Hack, East & Rubenstein, 2002; 

Grange et aL, 2004). The majority of available information on zebra is based on the 

ecological dynamics and competitive interactions of zebra with their sympatric bovids 

(Lamprey, 1963; Casebeer & Koss, 1970; Owaga, 1975; Sinclair, 1985; Duncan et aL, 

1990; Voeten & Prins, 1999; Twine, 2002; Young, Palmer & Gadd, 2005), their 

associated predators (Kruuk, 1972; Schaller, 1972; Scheel, 1993), the systems they 

inhabit (Bell, 1971; Western, 1975; McNaughton, 1985; Gasaway, Gasaway & Berry, 
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1996; Redfem et A, 2003) and on horses in Europe and America (Berger, 1983; Duncan, 

1992; Menard et aL, 2002). 

1.4.1 Resource preference 

Zebra are obligate drinkers, being purportedly required to drink every day and are 

not normally found further than 10- 1 2krn from surface-available water, although 

occasional records extend up to 16km (Western, 1975; Skinner & Smithers, 1990; 

Kingdon, 1997; Hack, East & Rubenstein, 2002). Habitat preference is negatively 

affected by the presence of predators and an increased density of vegetation (Skinner & 

Smithers, 1990; Scheel, 1993). Zebra forage predominantly on grass swards, while 

browsing behaviour is limited (Lamprey, 1963; Smuts, 1972). Upper and lower incisors 

enable zebra to graze swards down to several centimetres while the digestive advantages 

of being a hindgut fermenter permits zebra to graze on swards of poorer quality than 

would sustain a similar sized ruminant (Duncan et al., 1990; Menard et al., 2002). These 

advantages may have contributed to their distribution throughout a wide range of 

habitats; zebra are currently found in all habitat types apart from dune desert and tropical 

forests (Skinner & Smithers, 1990). Foraging preferences are directed towards taller 

swards of increased biomass (Gwynne & Bell, 1968; Casebeer & Koss, 1970; Bell, 1971; 

Owaga, 1975; Skinner & Smithers, 1990; Ben-Shahar & Coe, 1992; Voeten & Prins, 

1999), although zebra actively select swards of improved structural and nutritional 

quality (Ben-Shahar & Coe, 1992; Voeten & Prins, 1999) and their spatial distribution 

should be related to the distribution of high quality resources (Duncan, 1983). Selection 

for preferred resources and adaptive foraging strategies have been shown to affect the 

spatial distribution patterns of ungulates and improve their long-term reproductive 
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success (Wilmshurst et aL, 1999; Fryxell et aL, 2005). Similar information is lacking for 

zebra. 

The largest concentration of zebra occurs in east Africa, where the Serengeti and 

Tarangire populations annually migrate across their respective ecosystems in search of 

the best available seasonal resources (Grzimek & Grzimek, 1960; Lamprey, 1964). Plains 

zebra are not territorial and individuals are therefore not restricted to a seasonal breeding 

ground (Klingel, 1969), 

1.4.2 Social structure and reproduction 

Zebra herds are composed of family harems, led by a single stallion with between 

one and six mares and associated juveniles and separate bachelor herds. Each harem is an 

independent social unit, formed by an adult stallion of ?: 5yrs, who secures non-related 

mares as virginal one to three year olds, developing the harem over many years. Harem 

size and associated herd size is correlated with habitat quality and the incidence of 

predation in the region (Klingel, 1975; Berger, 1983; Duncan, 1992). The stallion 

dominates each harem, with the mares forming a linear dominance hierarchy, possibly 

based on age (Duncan, 1992), while there is no dominance structure above the level of 

the harem within a zebra herd (Klingel, 1969). The independence of the social harem unit 

allows it to move freely between herds of aggregated, independent harems. Mares gestate 

for between 360-390 days, bearing a single foal once or every other year. Foals are bom 

throughout the year with a birth peak during the wet season between December and 

January, with 85% of births between October and March (Smuts, 1974). 
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1.4.3 Population regulation 

Zebra populations arc thought to be less vulnerable to regulation by resource 

limitation and possibly less sensitive to the seasonal decline of resources than their 

sympatric ruminants, due to their ability to survive on poor quality resources (Saltz, 

2002; Ogutu & Owen-Smith, 2003). However, their demand for a high quantity of 

resources makes them vulnerable to resource limitation in regions of stochastic rainfall 

(Georgiadis, Hack & Turpin, 2003). Rainfall is directly related to the primary 

productivity of the sward layer, in correlation with soil quality (Deshmukh, 1984; East, 

1984), while rainfall and soil quality are positively related to the biomass of medium- 

sized grazing ungulates supported within each ecosystem, suggesting that these 

populations are resource limited (Fritz & Duncan, 1994; Fritz et al., 2002; Georgiadis, 

Hack & Turpin, 2003). Density-dependent resource limitation regulates the Serengeti 

wildebeest (Connochaetes taurinus) population through dry season resource constraints 

(Sinclair, Dublin & Borner, 1985; Mduma, Sinclair & Hilborn, 1999). However, the 

Serengeti zebra population is less affected by annual variation in rainfall and by variation 

in the densities of sympatric ruminant populations. Zebra are possibly held below their 

resource ceiling in the Serengeti by other factors, which limit the population's ability to 

oscillate with environmental variation (Sinclair & Norton-Griffiths, 1982). High rates of 

juvenile mortality and high predation rates have been proposed as the primary factors that 

regulate the Serengeti zebra population, while high predation rates evident in other areas 

of Africa imply that zebra may be vulnerable to predator regulation where predators 

numbers are high (Senzota, 1988; Cooper, 1990; Mills & Shenk, 1992; Gasaway, 

Gasaway & Berry, 1996; Grange et al., 2004). Lions (Panthera leo) and spotted hyaena 
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(Crocuta crocuta) predominantly select adult zebra as prey, which form their principal 

prey in many regions. However, zebra foals are selected as prey more than are 

proportionally available within the population (Kruuk, 1972; Schaller, 1972; Mills & 

Shenk, 1992). The extended foaling period of zebra exposes juveniles to predators 

throughout the year, increasing the potential for greater juvenile mortality rates than 

compared with sympatric ruminants that have more synchronised birth peaks (Estes, 

1976; Grange et aL, 2004). One of the primary causes for the increased predation rates of 

zebra in the Serengeti is their enlarged spatial distribution pattern, which increases their 

proportional overlap with predators, exposing both juveniles and adults to the risks of 

predation throughout the year (Schaller, 1972; Sinclair & Norton-Griffiths, 1982; Grange 

et aL, 2004). 

Over future decades resource limitation may become a major factor in the 

regulation of zebra populations throughout Africa. High demands for forage quantity 

place zebra in conflict with expanding human populations. Overlapping use of resources 

between migratory herds and human activities places an increasing threat on the sizes of 

current populations (Hack, East & Rubenstein, 2002), while in regions where people and 

wildlife have been separated by fences, zebra populations have fallen drastically 

(Gasaway, Gasaway & Berry, 1996). 

1.4.4 Conservation and management ofzebra 

Zebra populations are rarely confined to conserved areas and large migratory 

populations are reliant on unprotected regions to gain access to both wet and dry seasonal 

resources (Cambell & Hofer, 1995; Kahurananga & Silkiluwasha, 1997). Human 
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interference is now possibly one of the most important factors in the regulation of zebra 

populations throughout Africa, with the loss of habitat and illegal hunting cited as the 

principal causes of concern (Hack, East & Rubenstein, 2002). The viability of zebra 

populations outside protected areas is dependent on land-use policies and the extent of 

poaching and hunting within their range (Ottichilo et aL, 2000b; Hack, East & 

Rubenstein, 2002). Zebra populations have declined across most of their range in the last 

few decades, with the transition from pastoralism to mechanised agriculture increasingly 

affecting east African migratory wildlife populations (Homewood et aL, 2001; Hack, East 

& Rubenstein, 2002). In central parts of Africa illegal hunting of zebra has been 

exacerbated by war and internal conflict, while in southern Africa, continued loss of land 

is cited as the major concern (Hack, East & Rubenstein, 2002). In Namibia, the fencing 

of Etosha National Park led to the subsequent decline of the once migratory zebra and 

wildebeest herds, the population falling by >75% (Gasaway, Gasaway & Berry, 1996). 

While fencing reduces the risks of poaching and enables wildlife populations to be 

managed more carefully, density-dependent resource limitation can occur if management 

is not proactive. Fencing policies in Botswana have been linked to dramatic die-offs in 

the Kalahari wildebeest populations (Williamson, Williamson & Ngwamotsoko, 1988) 

and continued fencing policies within Botswana threaten the viability of one of the 

largest remaining mass migrations of zebra in Africa. Botswana contains the third largest 

population of zebra in Africa, approximately 34,000, of which, 15,500 migrate annually 

across the Makgadikgadi ecosystem (Kgathi & Kalikawe, 1993; Wint, 2000; Meynell & 

Parry, 2001; Hack, East & Rubenstein, 2002). 
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1.5 The studr area 

1.5.1 Localion, geonimphologi, und 

The Makgadikgadi and Nxai Pan National Park, located between S 19' 32'- 20' 50" 

and E24' 16- 25' 07' in central northern Botswana, supports the largest mass migration 

of zebra and wildebeest in southern Africa. The National Park covers an area of 7,300km 2 

2 and lies within the 37,000k m Makgadikgadi basin, Botswana's largest wetland 

ecosystem and a relic of lacustrine deposits from Lake Paleo-Makgadikgadi (Grey & 

Cooke, 1977-, Cooke & Verstappen, 1984) (Fig. 1.2). Evaporation and associated 

salination of the palco-lake resulted in the formation of the present-day pans (Seaman, 

Ashton & Williams. 1991 . Thomas & Shaw, 199 1). 

1, Jgure 1.2. Afakgadikgudi and Nxui Pun Nulional Park. 

I 
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"( Boteti River waterholes 
A/ Boteti River 

Makgadikgadi and Nui Pan 
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Makgadikgadi salt pans 
Existing cattle fences 
(2004) 
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the region is now ail internal drainage basin, catching seasonal rainfall and river 

flow and accurnulating salts from the Surrounding country within its catchment basin 

(Parry, 1995; Alexander el a/., 2002; McCulloch, Aebischer & Irvine, 2003). The flooded 

pans form vital breeding grounds for hundreds of thousands ot'greater and lesser 

(: 3 Makeadlkg, di and Naxi Pan 
N ti. n. 1 P., k 

7", Mail, 111- in B, ftw, n, 

15 



ýChapter I 

flamingos (Phoeniconaias ruber roseus and P. minor), instigating the nomination of the 

region as Botswana's second RAMSAR site (McCulloch, Aebischer & Irvine, 2003). 

Elevation across the study area is limited, from an altitude of 91 Om in Ntwetwe Pan 

to the south and east of the National Park, to 945m to the north and west of the park 

(Grey & Cooke, 1977). Vestiges of the paleo-lake's shorelines provide the regions only 

relief at 912m, 920m and 945m (Cooke & Verstappen, 1984). Bedrock exposure is 

limited and surface soils are characterised by lacustrine clays and silts (solonchaks) in the 

Makgadikgadi pans and shallow calcareous soils; calcisols, leptosols and calcaric 

regosols along the pan fringes, which are replaced by deeper aeolian sand deposits to the 

north and west of the pans (De Wit & Nachtergaele, 1990; Parry, 1995). 

Vegetation gradually changes across the study area from the salt pans, following 

soil texture and declining salinity gradients (Parry, 1995). The calcareous soils along the 

pan fringe support halophytic grasslands, which cover the south-eastem region of the 

Makgadikgadi and Nxai Pan National Park and attract mass herds of zebra and 

wildebeest during the wet season. Tree and shrub cover increases with distance from the 

pans. The aeolian sands support. 4cacia savanna, which dominates the north and west of 

the park with an increasing density of vegetation towards the Boteti River (see Appendix 

One for details of the habitat classification for the study area). 

Restricted dry season surface-water availability within the ecosystem increases the 

density of wildlife around waterholes located within the dry Boteti riverbed. Water- 

dependent wildlife species in the region include the migratory zebra (Equus b. 

antiquorum) and wildebeest and the resident impala (Aepyceros melampus). Transient 

herds of bull elephants (Loxodonta africana) move through the region, while a lone group 
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of hippo (Hippopotamus amphibious) are isolated from more suitable surroundings in the 

Boteti waterholes. Xeric species dominate the biodiversity of the National Park and 

include springbok (Antidorcus marsupialis), kudu (Tragelaphus strepsiceros), gemsbok 

(Oryx gazella), giraffe (Giraffa camelopardalis), hartebeest (Alcelaphus buselaphus), 

steenbok (Raphicerus campestris) and common duiker (Sylvicapra grimmia) (Wint, 

2000; Department of Wildlife and National Parks, 2002). Predator numbers in the 

National Park have been negatively affected by human conflict and the lion population is 

estimated at approximately 50 (G. Hemson personal communication), while the spotted 

hyaena, leopard (Pantherapardus), cheetah (Acinonyxjubatus) and wild dog (Lycaon 

pictus) populations are negligible. Brown hyaena (Hyaena brunnea) are persecuted in the 

region, but a stable population is present within the park and surrounding areas (Wint, 

2000; Maude, 2004). 

1.5.2 Water availability andpatterns ofrainfall 

The semi-arid region lies within 250mm and 450mm isohyets, with one seasonal 

rainfall between October and April (Thomas & Shaw, 199 1). Un-seasonal rainfall is rare. 

Recorded temperatures oscillate between a mean minimum of 6.90C - 19.90C and mean 

maximum annual temperature of 25.31C - 35.2*C (Alexander et al., 2002). Rainfall is the 

most important ecological variable within the system, affecting resource availability and 

the initiation of migratory movement by zebra and wildebeest across the Makgadikgadi 

(Kgathi & Kalikawe, 1993). Thomas & Shaw (199 1) suggest that an 18 year wet and dry 

cycle exists across the Kalahari, while rainfall records by Department of Wildlife and 

National Park (DWNP) game scouts within the Makgadikgadi and Nxai Pan National 
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Park indicate that stochastic variation is evident within this 18 year cycle, with a co- 

efficient of variation >50% since 1990 (Fig. 1.3). 

Figure 1.3. Total annual rainfall recordsfrom DWNP scout camps inside the 
Makgadikgadi and Nxai Pan National Park. 
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High wind speeds combined with high temperatures increase evaporation rates, 

rapidly reducing surface-water availability after periods of rainfall and restricting access 

to surface-available water during the dry season. Vertical movement of the water table 

over time has caused the formation of calcrete and silcrete (silicified sandstone and karst) 

deposits within the lacustrine and aeolian soil deposits. These rock formations can hold 

fresh water, forming 'perched aquifers', which often lie close to the surface and can be 

accessed by tree roots and shallow boreholes, while other ground water is often deeper 

and saline (Ferrar, 1995). 

Three permanent, operational man-made water supplies are located within the 

National Park, one placed in Nxai Pan and two located in the central northern region of 

the Makgadikgadi Pans section of the National Park. The only reliable natural dry season 

water supplies are those of the Boteti River, which forms the dry season range of the 

zebra and wildebeest and the south-westem boundary of the Makgadikgadi and Nxai Pan 
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National Park (Fig. 1.2). The Boteti is an overflow of the Okavango delta, which floods 

in the dry season. Historically the Boteti was a permanent flowing river that formed a 

steep-sided watercourse (5-30m deep and 50-300m. wide) with little or no valley (Ferrar, 

1995). The river had two distinct periods of water flow: a low period from January-May 

and a higher flow period from June-December. Shifts in the dynamics of water movement 

through the Okavango affected the reliability of water flow down the Boteti River, with 

the last period of flow in 1989 (Alexander et aL, 2002). Prior to 1989 erratic flooding of 

the river limited the predictability of dry season water availability, while after 1989 water 

supplies in the Makgadikgadi region were restricted to approximately 80 natural 

waterhole sites, concentrated within a 23km stretch of the riverbed (Fig. 1.2). The 

waterholes are maintained by groundwater base-flow and replenished during the rains, 

which increase surface-water availability to approximately 170 sites along the riverbed. 

The Boteti River alluvial aquifer, which maintains the Boteti pools during the dry season, 

is a finite resource, for which the methods of recharge are unclear (Alexander et aL, 

2002). 

1.5.3 Conflict andfencing 

The Boteti River and tribal lands border the National Park to the west. To the east, 

undesignated state land and wildlife management areas create a buffer zone for wildlife 

use outside of the National Park next to adjoining tribal lands (Ferrar, 1995). Over 6,500 

people are located around the village of Gweta in these eastern tribal lands (CSO, 2001). 

The location of perched aquifers and access to fresh water dictate the location of over 100 

cattleposts to the east of the park, with one cattlepost every 12 kmý. The area contains 

over 13,000 cattle (Bos taurus) with a further 4700 mixed smaller livestock (Department 
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of Animal Health and Production. 2002). The Boteti region is inhabited by over 5,500 

people within the study area. based within four major villages and approximately 12 1 

cattleposts at a density of three cattleposts km -2 (CSO, 200 1; personal observation). The 

local population maintains over 10,400 cattle and 1000 other srnaller livestock 

(Department ofAnirnal Health and Production, 2002), which are densely concentrated 

along the Boteti River to gain access to natural waterholes and water from wells in the 

dry riverbed. 

The dry riverbed forms the boundary to the park, but livestock and wildlife 

transgress the boundary and the Boteti region is the focus ofthe most prevalent conflict 

between people and wildlife in the region (Meynell & Parry, 2001; Hernson, 2004). A 

fencing policy was mooted in 1995 to separate wildlife from people along the Boteti 

region and to recreate the physical boundary that was lost when the river stopped flowing 

(Ferrar, 1995) (Fig. 1.4). 

Figure 1.4. The proposed ulignment ofthe new Mukgadikgudi. fence. The westernsection 

of1he. /ence was completed in 2004, wilh lhe easlernseclion lo be comp1cled in Me 

fi)llowingyears. 

Dry Boteti 

riverbed 

100 0 100 

New fence alignment 

Makgadikgadi saltpans 
4MO Possible migratory movement 

ol'zebra and wildebeest 

[: \isting cattle lences (2004) 

Makgadikgadi and Nxai Pan 
National Park 

200 Kilomet- 

20 



ýChapter I 

The potential impact of the new fence on the zebra and wildebeest populations is 

not yet known, although the historical susceptibility of the region's migratory wildlife to 

drought and variable rainfall patterns suggests that large areas of foraging resources are 

required to sustain the population in drought years (Thomas & Shaw, 1991; Meynell & 

Parry, 200 1; Fryxell et al., 2005; R. D. Estes, personal communication). 

The new fence will consist of a 2.4m high, electrified game proof fence and a 1.2m 

high cattle fence, although neither fence will be sunk into the ground. The fence is 

designed to achieve the following: - 

i. To separate high densities of cattle to the west, south and east of the Makgadikgadi 

and Nxai Pan National Park from wildlife, thereby reducing the risk of disease 

transmission and enabling beef production from these areas to be exported to the 

European Union, increasing their economic value. 

ii. To exclude wildlife from community areas to mitigate conflict between wildlife and 

livestock. 

iii. To reduce the number of predators killed due to conflict in the region. 

iv. To exclude livestock from the National Park, as they possibly denude important 

foraging resources required for wild herbivores (Meynell & Parry, 2001). 

Both zebra and wildebeest migrate outside the National Park into community lands to the 

west and east of the park and there was concern that the fence would: - 

i. Restrict wildlife access to waterholes along the dry Boteti riverbed, promoting the 

risk of overgrazing around these water points. 

ii. Restrict the access of zebra and wildebeest to important foraging areas to the west 

and east of the fence alignment. 
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iii. Trap wildlife during the course of fires, which regularly occur within the region 

(Meynell & Parry, 2001). 

1.6 Zebra and wildebeestpopulation changes in theMakgadikgadi 

No detailed study of the zebra and wildebeests population dynamics, migratory 

routes and resource requirements has been undertaken, although an initial assessment of 

its migratory movement has been made (Kgathi & Kalikawe, 1993). The zebra population 

has possibly declined by more than 50% in the last 17 years and is currently estimated at 

15,500, but aerial census estimates by DWNP prior to 2000 had a low transect width, 

producing confidence intervals of up to 200%, which prevent an accurate assessment of 

population trends (Wint, 2000; Department of Wildlife and National Parks, 2002). The 

Makgadikgadi wildebeest population, currently estimated at 3,300, has historically been 

estimated in the tens of thousands. The eradication of rinderpest in the early 1900s from 

Botswana may have initiated a rapid increase in the wildebeest population, similar to that 

observed in the Serengeti during the 1960s and 1970s (see Sinclair & Arcese, 1979; R. D. 

Estes, personal communication). By the 1920s one surveyor estimated a single 

wildebeest herd in the Makgadikgadi as "one mile wide, which took five hours to pass". 

Severe droughts in the 1930s caused mass die-offs, with several thousand wildebeest 

moving as far as Hwankie National Park in Zimbabwe, which had recently established 

artificial waterholes. Botswana's chief wildlife warden estimated the wildebeest 

population at 60,000 in the early 1960s, after severe drought-associated die-offs in 1958 

and 1959, when approximately 40-60,000 wildebeest died. In 1959,19,000 wildebeest 

skins alone were sold at Nata village in the Makgadikgadi. Further drought-associated 

die-offs occurred in 1962, when a further 15-20,000 wildebeest died, leaving only 5,000 
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to 6,000 by 1967 when the population was counted by R. D. Estes (R. D. Estes, personal 

communication). At this stage zebra and wildebeest were estimated to be present in 

similar numbers, with the region dominated by springbok. Since the 1960s both zebra and 

wildebeest populations have recovered. Aerial surveys in 1974 estimated the zebra and 

wildebeest populations at 22,748 ± 2,287 and 23,495 ± 3,837 respectively (Graham, 

Dawson & Parker, 1974) and Liversidge, quoted in Skinner & Smithers (1990), recorded 

seeing mass herds of wildebeest in 1980. The wildebeest population has since declined to 

its present estimate of approximately 3,300 and springbok numbers have fallen to 

approximately 800 (Department of Wildlife and National Parks, 2002), while the zebra 

population, although also declining, has remained more stable relative to that of the 

wildebeest. The decline in the wildebeest population may be related to the drying of the 

Boteti River in 1989. Although it is unclear why zebra numbers have not declined to a 

similar extent. Fences have been linked to the mass die-offs of the Kalahari wildebeest 

population during the 1970s and 1980s (Williamson, Williamson & Ngwamotsoko, 

1988). However, fences around the Makgadikgadi were limited until present and the 

historical die-offs of zebra and wildebeest during the 1900s were probably associated 

with ecologically variations. 

1.7 Ahns of the Thesis 

This study aims to determine the dry season spatial distribution patterns of the 

Makgadikgadi zebra population and define how these distribution patterns relate to 

resource availability and the extrinsic and intrinsic constraints induced by the region. 

This thesis focuses principally on the dry season rather than looking at the interplay 

between the wet and dry seasons, as the dry season is the limiting season in African 
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ecosystems (Sinclair, 1974). Environmental constraints on foraging behaviour should 

then be at their most severe during the dry season (Owen-Smith, 1993,1998), restricting 

the spatial distribution of foraging ungulates across the landscape (Bailey et aL, 1996) 

and increasing the potential for competition for resources (Prins, 2000). It is of critical 

importance to understand what factors regulate the spatial distribution patterns of zebra 

during the dry season, if the effects of the Makgadikgadi fence are to be determined 

accurately. 

In Chapter Two I investigate how environmental constraints affect and possibly 

limit the dry season distribution patterns of zebra. Looking at movement patterns and the 

temporal allocation of activity patterns, I tried to determine if spatial distribution was 

regulated by resource availability or the environmental constraints of the region. Do 

zebra maximise their foraging time due to the constraints of poor resource availability 

and quality or do they minimise their foraging time to account for the constraints of 

limited water availability and a restrictive central place foraging behaviour around the 

Boteti waterholes? 

At increasing spatial scales, environmental constraints are supposed to have a 

greater effect on the spatial distribution patterns of foragers than diet preferences (Bailey 

et aL, 1996; Fortin et aL, 2003). In Chapter Three I asked whether the spatial distribution 

patterns of zebra were regulated by their resource preferences or environmental 

constraints. I investigated if zebra used energy-maximising principles to select preferred 

key resources from across multiple spatial and temporal scales, or if resources were 

selected according to their availability in the dry season range. Density-independent 

selection of resources is costly (Murray, 1991), i. e. use which is independent of 
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availability, and time constraints imposed by central place foraging should have forced 

zebra to graze less selectively (Iason et aL, 1999). 

The availability of high quality resources declines in the dry season (Sinclair, 1974) 

and the ability of zebra to select preferred resources should have been difficult during this 

season. Foraging patterns should have been affected by the heterogeneity of resource 

distribution across the landscape and the stochastic rainfall patterns in the region. In 

Chapter Four I investigate how zebra searched for foraging patches. Do zebra select 

foraging patches at random from the landscape or use their cognitive ability to revisit 

previously located patches of preferred high quality resources? The constraints of the 

environment and differences in the cognitive ability of individuals may induce different 

spatial foraging patterns between individuals and in this chapter I attempt to determine 

how possible variations in individual foraging strategy affect the spatial distribution 

patterns of the population. 

Limited surface-water availability during the dry season, increases the spatial 

overlap between livestock and wildlife along the Boteti River (Wint, 2000), creating a 

hotspot for human-wildlife conflict (Meynell & Parry, 2001; Hemson, 2004). In Chapter 

Five the resource preferences of zebra, wildebeest and cattle are compared during both 

the wet and dry seasons to determine if there was a potential for resource competition 

before the erection of the fence. If cattle had an overlapping use of resources with zebra 

and wildebeest, then it is possible that their exclusion from the National Park would be of 

benefit to wildlife. 

In Chapter Six I discuss how the fence might possibly affect the spatial distribution 

patterns of the zebra population, based on the results from the previous chapters. I discuss 
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how ecosystem managers can use the results from this study to help conserve the 

Makgadikgadi zebra population. The erection of the fence creates a natural laboratory 

and the results from this study can be tested against post-fence data to determine the true 

impact of the fence. It is intended that this investigation form part of a long-term study 

into the foraging behaviour and spatial distribution patterns of zebra in the 

Makgadikgadi. 

1.8 Seasonal analysis 

This thesis focuses on the dry season foraging patterns of zebra, but data on the wet 

season foraging patterns were also collected. It is intended that the results from this thesis 

be combined with wet season data to establish a more complete understanding of the 

seasonal and migratory foraging patterns of zebra. 

9 Throughout the thesis I refer to the dry season, which is defined as the temporal 

period that zebra are resident along the Boteti River. This study was conducted during 

2002 and 2003, when the duration of the dry season varied from March - December in 

2002, and from April - October in 2003. The dry season range is the spatial limit used by 

zebra during these dry season periods. 

The wet season is defined as the temporal period that zebra are resident on the open 

grasslands of the Makgadikgadi to the east and north-cast of the Boteti River. The wet 

season range is the spatial limit used by zebra while resident around the ephemeral wet 

season waterholes. For the purpose of this study, the wet season is only introduced as part 

of the investigation of resource partitioning between zebra, wildebeest and cattle in 

Chapter Five. 
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To ensure grass sampled during the year and transects used to estimate abundance, 

captured transition periods of grass growth, the year was divided into four equal temporal 

seasons, which represent the seasonal patterns of rainfall in the region, where: - 

" Wet season (December - February). 

" Late wet season (March - May). 

" Dry season (June - August). 

" Dry / early wet season (September - November). 
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The impact of temporal constraints on foraging behaviour in a central 

place foraging zebra population 

ZI Introduction 

Most models of ungulate foraging behaviour (Westoby, 1974; Owen-Smith & 

Novellie, 1982; Belovsky, 1986) are based on the strategy of a forager maximising its 

rate of energy gain (Stephens & Krebs, 1986). Schoener (197 1) distinguishes two 

foraging types within this strategy, 'time-minimisation' and 'energy-maximisation', 

separated by the relative proportion of time the individual spends foraging (Hixon, 1982). 

An individual adopting an energy-maximising strategy will maximise the amount of 

energy it gains within any period of time (Stephens & Krebs, 1986). In contrast, a time- 

minimising individual will spend the minimum amount of time foraging that is necessary 

to obtain its minimum daily energy requirements, using the same foraging behaviour and 

strategy as an energy maximiser, but limiting the time spent foraging thereby freeing time 

for other f itness-enhancing activities (Schoener, 197 1). 

Time-minimisation and energy-maximisation are not mutually exclusive (Hixon, 

1982) and either or both have been used to explain ungulate foraging behaviour (van 

Wieren, 1996; Bergman et aL, 2001; Fortin, Fryxell & Pilote, 2002). Time constraints 

can compromise foraging behaviour, as such, foraging models are sensitive to temporal 

scale. Increasing temporal demands e. g. where males have to devote time to defending 

territories from other males, is best served by a time-minimising strategy (Hixon, 1982). 

Increasing nutritional demands e. g. such as those found in lactating females, should cause 

a shift towards an energy-maximising strategy (Newman et aL, 1995) 
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This study investigated the temporal allocation of foraging behaviour by zebra in 

the Makgadikgadi region during the dry season. This is the limiting season, when 

resource quality is poor and resource availability is limited (Sinclair, 1974; Fryxell, 1987; 

Prins, 2000). The energy gain and fitness of the forager can be restricted by digestive 

constraints if an unselective foraging strategy is adopted on these poor quality swards 

(Van Soest, 1994; Illius et aL, 1995a; Bergman, Fryxell & Gates, 2000) and although the 

digestive system of zebra is well suited to accommodating a poor quality diet, they are 

still detrimentally affected by a decline in the structural quality of ingested food (Foose, 

1982 sited in Duncan et aL, 1990). So adopting a selective strategy to maximise energy 

gain during the dry season should improve the zebra's long-term energy gain. 

Makgadikgadi zebra have a spatially-confined dry season home range due to 

surface water restrictions, requiring them to behave as central place foragers to locate 

foraging resources (Orians & Pearson, 1979; Schoener, 1979; Stephens & Krebs, 1986). 

Central place foraging placed temporal constraints on the forging behaviour of zebra, 

forcing them to divide their time between searching for foraging resources, grazing, 

travelling between foraging patches and waterholes, and resting. A selective foraging 

strategy has high temporal costs (Murray, 1991), which, combined with the restrictions of 

being central place foragers may have limited the ability of zebra to adopt a selective 

grazing strategy. Therefore, zebra faced a trade-off between minimising foraging time to 

allow for the travel demands for central place foraging and maximising energy gain from 

the poor quality resources within the dry season home range. 

It was not possible to determine the energetic costs and benefits to zebra of either 

strategy during this study, but it was possible to examine the temporal costs of foraging 
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within these environmental constraints. Zebra are bulk foraging grazers (Bell, 1971) and 

must spend between 59% - 69% of their available time grazing to maintain a positive 

energy gain, while spending a minimum of 23% - 26% of their time resting to achieve the 

biological requirements for rest (Duncan, 1992). Foraging times should not alter 

significantly with seasonal variations in resource quality and availability, although 

foraging times can increase slightly with a decline in resource quality (Duncan, 1992). In 

effect, zebra behaviour is constrained by their hindgut digestive system, restricting their 

ability to offset the demands of grazing for other life-enhancing activities. 

Constraints form an integral part of foraging models and the relative elasticity of 

these constraints can restrict the options of foraging behaviour available to each forager 

(Stephens & Krebs, 1986). Owen-Smith (1993; 1994; 1998) has suggested many 

physiological constraints are more flexible than previously thought, only coming into 

effect under extreme conditions. If the zebra's temporal constraints of foraging are 

flexible it would permit the Makgadikgadi zebra to adjust their foraging behaviour under 

the increasing temporal demands required for central place foraging. The aim of this 

chapter was to investigate how behavioural patterns are adjusted under temporal 

constraints, using the central place foraging constraints of zebra as a model system: 

1) Did the ecological constraints of poor dry season forage quality require zebra to 

maximise their foraging time? If so, zebra would have demonstrated a long-term 

cnergy-maximising strategy. Or, 

2) Did central place foraging constraints restrict the temporal allocation of foraging 

behaviour? If so, zebra would have been forced to obtain their minimum daily energy 

requirements in the shortest possible time period, demonstrating a time-minimi sing 
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strategy. The criteria used to distinguish between an energy maximising and time- 

minisimising strategy is the difference in the proportional amount of time that zebra 

denote towards foraging in the face of the environmental constraints of the region. 

The underlying theory behind central place foraging is formed by a set of 

hypotheses and models that try to predict the behaviour of animals collecting food and 

returning to a single central place. The replecative foraging behaviour of central place 

foragers makes the quantitative assessment of their patch residence times and rates of 

travel to and from their foraging patches to be defined more precisely than for itinerant 

foragers (Kacelnik, 1984), and has enabled this study to try and quantify how these 

replicated behaviours alter with variations in resource availability. Theoretical predictions 

of the optimal behaviour for central place foragers are used to determine if any variation 

in the foraging behaviour of zebra during the dry season was an artefact of their central 

place foraging behaviour or a response to their temporal constraints. 

L Foraging distance should increase as resources closer to the central place are depleted 

during the course of the season (Andersson, 1978). 

ii. The maximum foraging distance should be related to the availability of resources 

close to the central place (Andersson, 1978). 

iii. Patch residency, the time spent in the selected foraging patch, should be positively 

related to foraging distance, where patch quality is assumed to be consistent 

(Kacelnik, 1984). 

iv. As foraging distance increases there should be a decline in search effort i. e. time 

spent foraging per unit area (Andersson, 1978), which for this study is expressed by 

an increased rate of travel out from the central place to the selected foraging patch. 
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Foraging behaviour and movement patterns of zebra were assessed in association 

with enviromnental variables over two consecutive dry seasons during 2002 and 2003. 

2.2 Method 

2.2.1 Zebra movements 

It was important for this study to be able to determine how zebra allocated their 

time between travelling, grazing and drinking during diumal and nocturnal periods, while 

moving across large seasonal home ranges. Global positioning system (GPS) capable 

collars (n=l 5) were used to identify patterns in large-scale movement behaviour, 

assessing the response of zebra movement patterns and rates of travel to the in situ 

ecological conditions. Individuals that were collared were selected from herds across the 

Makgadikgadi to reduce any regional bias in habitat preference or foraging behaviour. 

The potential for variation between sex and age cohort movement patterns and spatial 

preferences were reduced by the zebra's harem system, which encompasses variation in 

don-Anance rank and age / sex cohorts (Klingel, 1969). Adult zebra mares were selected to 

reduce the risk of collar damage that might have occurred in fighting between stallions. 

Mares were selected at random and darted from helicopter by an experienced wildlife 

veterinarian, using the tranquilliser M998. Collars were placed close behind the zebra's 

head, while a carbon paper rubbing of the upper incisors was taken to assess age (Smuts, 

1972). Collared individuals were revived with the antidote M50-500 and were active, 

having safely rejoined their harem, within ten minutes of the initial darting. 

GPS-capable collars (Televilt, GPS-Simplexe (n--6), weight 1.85kg; GPS-Posrec5 

(n--9), weight I. 2kg) were programmed to take a positional fix every hour, 24 hours per 

day. Over 60,000 positional fixes were collected from the 15 GPS-collared zebra for this 
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study, with a mean of 95% of all programmed positions recorded (see Appendix Two for 

details of GPS location accuracy and precision). 

Area-restricted search (ARS) paths (Tinbergen, Impekoven & Frank, 1967) were 

used by all individuals while foraging and were identified from the relative position and 

distance of each positional GPS fix (Fig. 2.1). Large inter-fix distances or extensive 

search behaviours (Benhamou, 1992) were observed from the central place to the selected 

foraging patch. On entering the grazing patch, long, straight, inter-fix distance decreased 

from an average of 1.1 kin to 0.3km and was associated with sideways or backwards 

movement of fix position relative to the direction of travel out from the central place. The 

shift in fix position characterised the change in activity as zebra initiated ARS foraging 

behaviour (Turchin, 199 1). Every positional fix was assessed in relation to the previous 

and subsequent three to allocate activity patterns using ArcView 3.2 GIS (ESRI, 1992). 

Positional fixes were divided into four activity categories: (1) walking out from the river 

to the grazing patch, (2) in the grazing patch, (3) walking back to the river from the 

grazing patch and (4) in the riverbed. Fixes designated to the category of 'in the riverbed' 

were defined as; any positional fix that was within I 00m of a waterhole within the 

riverbed, and fixes spatially assigned to the riverbed habitat on a Landsat 5 satellite 

image of the region using ArcView 3.2 GIS (ESRI, 1992). The definition of each activity 

category was assisted by information gathered during diumal focal observations during 

2002 (Altmann, 1974). The proportional time spent within each activity was assessed by 

calculating the time from the first to the last GPS fix within each activity. This provided 

details of the change in activity accurate to the nearest hour throughout the year. The 

breakdown of activities was investigated as a proportional allocation of time within each 
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month. Multivariate and one-way analysis of variance (MANOVA and one-way 

ANOVA) were used to determine the effect of dry season month and year on the 

allocation of time to each activity. 

For each separate foraging bout, or each separate renewal cycle from the central 

place to the foraging patch and back (Houston & McNamara, 1999), the mean foraging 

distance was measured from the nearest Boteti waterhole, with a confirmed presence of 

water through field observations and signs of use by zebra for that month to every 

positional fix categorised within the grazing patch of that foraging bout. The analysis of 

foraging distance was undertaken using the Animal Movement Extension (Hooge, 

Eichenlaub & Soloman, 1999) in ArcView 3.2 GIS (ESRI, 1992). Monthly foraging 

distance was determined as the mean distance of all foraging bouts within each month for 

each individual. 

The rate of travel during each foraging bout and within each category of activity 

was estimated by dividing the sum of total inter-fix distance within each activity by the 

duration of time from the first to last positional fix within that activity. As inter-fix 

distance was measured across the hour, rate of travel will be an underestimate of the true 

rate, but provided an indication of the zebra's speed within each activity and the variation 

in rates of travel during the dry season. The correlation of foraging distance with the time 

spent in each activity and the rate of travel was tested using Pearson's correlation. 

Differences in the rate of travel between months during the dry season were analysed 

using one-way ANOVAs, while differences between each category of behaviour and each 

year were analysed using a one-way ANOVA or non-parametric statistics if the data 

could not be normalised. The rate of travel recorded in the grazing area was divided into 
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diurnal and nocturnal periods. A repeated measures design ANOVA, with year as the 

factor, was used to test for diurnal variation in the rate of travel. A Pearson correlation 

was used to test for a relationship between activity patterns and daily and monthly 

variations in diumal and seasonal temperature. In order to adjust for deviations from 

normality and to improve the homogeneity of variance, foraging distance and rate of 

travel data were log transformed (using the natural log) prior to analysis, while 

proportional activity data were arcsine transformed and then log transformed. All 

analyses were performed using SPSS 12.0 for Windows (SPSS, 2003). Zebra mare Z6 

was not used in the analysis, as the GPS collar was only operational for one month, while 

ZI I was lost in the field, reducing the total sample size of GPS collars to 13. All P values 

are Bonferroni corrected where appropriate. 

2.2.2 Habitat preference 

Habitat preference was assessed to determine if an active selection for any habitat 

type influenced the central place foraging pattern of zebra during the dry season. IvIev's 

electivity index was used to determine which habitats zebra preferred while in the grazing 

patch, reflecting their grazing preferences without bias from the proportion of time that 

could be spent in habitats while travelling to and from the grazing patch (Johnson, Parker 

& Heard, 2001). Monthly kernel home ranges were estimated using the combined fixes 

from all collared individuals. The proportion of habitats within each monthly home range 

was related to the proportional availability of each habitat within the annual home range. 

Annual home range was estimated using GPS fixes from all categories of behaviour from 

all individuals (De Solla, Bonduriansky & Brooks, 1999) (Fig. 2.2) (see Appendix One 

for details of habitat classification). 
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2.2.3 Behavioural observations 

Monthly focal and scan observations were conducted to provide an indication of the 

changes in diurnal allocation of behaviour through the dry season. Focal zebra herds were 

selected on the basis of monthly radio-telemetry tracking data. GPS-collared zebra were 

radio-tracked along with a further 10 VHF radio-collared zebra mares, which were darted 

and collared using the same protocol as for GPS-collared mares. 

There was a 61.8% tracking success rate for all collared individuals. Radio- 

telemetry tracking identified foraging patches with the largest number of collared zebra 

per month. A focal herd with > 30 individuals was selected within that patch by the 

location of a random, collared individual. Zebra were observed for two consecutive days 

per month, from sunrise to sunset during 2002. Nocturnal observations were not possible; 

zebra were nervous around human activity, with a greater tendency to run from the 

vehicle at night. This restricted the use of lights or following zebra while grazing on full 

moon nights, when nocturnal observations may otherwise have been possible. 

A focal observation of a randomly selected mare without foal was conducted for 5 

minutes every 20 minutes, with an observational scan of the entire herd every half hour 

(Altmann, 1974; Underwood, 1982). Activities were recorded following Duncan (1985) 

with the inclusion of an activity category for standing-resting in shade. Zebra were 

observed with a Nikon x400 telescope mounted on the roof of a vehicle, parked 200- 

400m away to minimise interference with the zebra's natural behaviour. Observations 

were conducted personally or by a field assistant for whom observational recordings had 

been tested for compatibility with myself and other observers. Observations were noted 
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directly into a palmtop computer and the duration of each activity recorded to the nearest 

second using a hand-held stopwatch. 

Difference in average daytime behaviour during the year was tested using a one- 

way ANOVA followed by Tukey's HSD post hoc comparison to determine which month 

was significant. The relationship between the dominant activities of resting and grazing 

were correlated with month, temperature and the average foraging distance using 

Pearson's correlation. Proportional activities were arcsine transformed prior to analysis. 

2.2.4 Environmental variables 

Temperature can affect daily activity patterns by imposing a biological constraint 

on activity periods (Owen-Smith, 1998), so was recorded throughout the day at half hour 

intervals during direct focal observations using an electronic thermometer in the shade of 

an open car. Pearson's correlation was used to determine if temperature was correlated to 

variations in foraging behaviour. 

Sward availability within the dry season home range was estimated from the 

preceding wet seasons precipitation. Deshmukh (19 84) showed that peak sward biomass 

is related to precipitation. Regional variation in soil quality, plant species mortality and 

the impact of grazing limit the generalisation of this estimate (Deshmukh & Baig, 1983; 

Fritz & Duncan, 1994), but in reference to one region within the same ecological system 

with limited variation in soil quality (De Wit & Nachtergaele, 1990), the relationship 

provides a good estimate of the variation in peak biomass, where: - 

Peak biomass (kg ha") = 8.488 x precipitation (mm) - 199.768 (Deshmukh, 1984) 
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Rainfall was recorded from 33 rain gauges placed across the region in a stratified 

manner within each habitat. Gauges were topped with oil to prevent evaporation and 

placed on stakes 1.5m from the ground. Gauges were checked at the end of every month 

across the 2001-2002,2002-2003 and 2003-2004 wet seasons. 

2.2.5 Water availability 

Seventy nine waterhole sites along the Boteti riverbed were checked every month 

for a period of two years for the presence and use of water (Fig. 2.1). These data allowed 

an estimate of foraging distance to be determined from the nearest available waterhole to 

each GPS fix. Waterholes were included in the analysis of foraging distance if water was 

present and fresh zebra tracks were visible around the edges of the waterhole and leading 

into the water. 

Z3 Results 

Evidence of a central place foraging pattern was apparent and evident across all 

individuals and years. A graph of the movement patterns and foraging distance from 

water provides a representation of the cyclic foraging pattern or renewal cycle (Houston 

& McNamara, 1999) (Fig. 2.3). 

Figure 2.3. Foraging pattern ofa zebra mare during one month in 2003. 
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2.3.1 Central place foraging 

2.3.1.1 Testing thefirstpredictionfor a central place forager: foraging distance should 

increase as resources closer to the centralplace are depleted during the course ofthe 

season. 

Foraging distance increased from the start of both the observed dry seasons, but did 

not continue to increase across the entire season. Foraging distance increased to a local 

peak in June of both years, followed by a subsequent decline, and a further peak again 

during the same month as the first rains of the dry season for that year (Fig. 2.4). 

Figure 2.4. Foraging distance ofgrazingpatchesfrom utilised Boteti waterholesfor 

zebra during the dry season. Grey line 2002, black line 2003 (± SD). 

25 ] 

20 d 

10 

5 
!4 2003 0 

i 
First rainfall of the year in: 

2002 

Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

No single habitat was preferentially selected for the duration of the dry season in 

2002 or 2003, although there was a positive trend in the selection for the Schmidtia 

grasslands and a negative trend for the dense Acacia habitats during months with 

increasing foraging distance (Figs 2.5 a, b). Zebra foraged within the open Acacia 

proportionally more than any other habitat in both 2002 and 2003 (Figs 2.6 a, b). 

41 



ýChapter 2 

Figure2.5. IvIev's electivity index of the dry season habitat preference ofzebra while in 

theforaging patch during a) 2002 and b) 2003. 
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Figure 2.6. Proportional time allocation ofzebra in each habitat while in theforaging 

patch during a) 2002 and b) 2003. 
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2.3.1.2 Testing the secondpredictionfor a central placeforager: the maximumforaging 

distance should be related to the availability of resources close to the centralplace. 

Foraging distance was greater in 2003 than in 2002 (one-way ANOVA: 

FI, 89=13.044, P=0.001). Variation in the shape of the foraging pattern between years was 

probably related to differences in the monthly variation of rainfall patterns and the 

availability of dry season foraging resources between the two years of the study. Sward 

availability was estimated at 1,391 kg ha7l during the 2003 dry season, less than half that 

available in 2002 (2,944 kg ha7l). While total rainfall varied between years (370mm in 

2001/2002, compared to 187mm in 2002/2003) there was no difference in the spatial 
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distribution of rainfall across the dry season home range (Kruskal-Wallis test: Xý=0.554, 

d. f. =12, P=1.000), or with increasing distance from the riverbed (Kruskal-Wallis test: 

(Xý=0.22, d. f. =3, P=0.975). 

The mean maximum foraging distance was 17.5krn in June 2003 compared to 

12.5krn in June 2002, while the maximum observed foraging distance of zebra during the 

two years was 34.5krn in June 2003. Foraging distance in 2002 peaked during September 

and was associated with early wet season rainfall during this month (Fig. 2.7). 

Figure 2.7. Average monthly rainfall. Recordedfrom 33 gauges across the 
Makgadikgadi. Solid line, 2001- 2002, dotted line, 2002-2003. 
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2.3.1.3 Testing the thirdpredictionfor a central placeforager: patch residency should he 

positively related toforaging distance. 

Patch residency and total bout duration were both positively correlated with 

foraging distance (patch residency; Pearson correlation: r =0.520, n=91, P--0.002; bout 

duration; Pearson correlation: r =0.759, n=9 1, P<0.00 1) (Fig. 2.8). Although patch 

residency was correlated with foraging distance, it did not increase significantly between 

years (one-way ANOVA: FI, 89=0.102, P=0.75 1). Average bout duration did increase 
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between years (one-way ANOVA: FI, 89= 4.13, P=0.045), with zebra spending an average 

of 87 hrs between drinking periods in June 2003 compared to 70hrs in June 2002. 

However, time spent without drinking regularly exceeded I 00hrs in all individuals in 

both years, with a maximum duration of 170hrs spent without drinking. As the time 

required to travel greater foraging distances increased, the number of foraging bouts per 

month declined (Pearson correlation: r= -0.206, n=91, P=0.050). 

Figure 2.8. Bout duration. Measuredfrom the hour the zebra leaves the Boteti riverbed 

to the hour it returns to the riverbed. This measures total time of the renewal cycle and 

the time period that zebra are able to remain without water. Grey line 2002, black line 

2003 (± SD). 
140 -1 

, 120 ý 

100 ý 

80 

60 

40 

20 -4 
Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

2.3.1.4 Testing thefourth predictionfor a central placeforager: asforaging distance 

increases there should be a decline in search effort. 

Search rate declined with increasing foraging distance. Rate of travel to the grazing 

patch was positively correlated with foraging distance (Pearson correlation: r =0.456, 

n=9 1, P<0.00 1), but variation in observed travel speed was limited. Rate of travel 

increased from 1.06km/hr at the start of the dry season when foraging distance was at its 

lowest point, to 1.20 km/hr at maximum foraging distances. The rate of travel returning 
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to the river from the foraging patch was not correlated with foraging distance (Pearson 

correlation: r =0.192, n=9 1, P=0.068) and was faster than the rate of travel out to the 

grazing patch by 22% ± 4.5% (SD) throughout the dry season (Fig. 2.9). 

Although rate of travel was correlated with changes in foraging distance, there was 

no significant change in the rate of travel out to the patch and back to the river during the 

dry season, averaged over both years (rate out to the patch, one-way ANOVA: 

Fg, 81=0.605, P=0.789; rate returning to the river, one-way ANOVA: F9,81=0.596, 

P=0.797), nor did the rate of travel out to the patch change significantly between years 

(one-way ANOVA: FI, 89= 1.969, P=O. 164). However, there was an increase in the rate of 

travel in the grazing patch and returning to the river between years (in the grazing patch, 

Mann-Whitney U-test: W=1946, n1=39, n2=52, P<0.001; returning to the river, one-way 

ANOVA: FI, 89=9.368, P=0.003). Rate of travel was significantly different between the 

three categories of activity recorded outside of the riverbed, averaged over both years 

(Friedman Test: Xý=162.35, d. f. =2, P<0.001). 

Figure 2.9. Rate of travelfor 2002 and 2003. Solid black line refers to rate of travel out 
to the grazing patch, black dotted line is rate of travel in the grazing patch and grey 
barred line is the rate of travel returning to the river to drink (± SD). 
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2.3.2 Foraging hehaviour ofzebra during the dry season 

The central place foraging requirement of zebra restricted their mean monthly 

allocation of time within the selected foraging patch to only 65% - 72% of their total 

available time (Fig. 2.10). The zebra's mean monthly time spent within the foraging 

patch increased with foraging distance but there was no significant change through the 

dry season (one-way ANOVA: F9,29=1.09, P=0.388). Of the remaining 28% - 35% of the 

zebra's available time, approximately 30% was spent travelling between the selected 

foraging patch and the river, with the remaining 5% spent in the riverbed. There was no 

significant difference between the percentage time allocated to different activities 

between years (MANOVA: F4,86=0.809, P=0.523). The proportional amount of time that 

zebra spent in the grazing patch was not significantly correlated with increasing foraging 

distance (Pearson correlation: r= -0.179, n=91, P=0.089). 

Figure 2.10. Proportional time allocation ofzebra to each defined category of activityfor 
2002 and 2003 (± SD). 
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Behavioural observations of zebra during the dry season showed that only 43% 

(Fig. 2.11) of their diurnal activity within the foraging patch was spent grazing. As only 
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65% -72% of their total time was spent within their preferred foraging patch, the zebra's 

diurnal grazing time was limited to approximately 28% of their total available diurnal 

time. Diurnal grazing was negatively correlated with temperature (Table 2.1, Fig. 2.11). 

Zebra conducted the majority of their grazing within the cooler hours of the day, from 

6am- 9am, and 3pm - 6pm, although afternoon temperatures were higher than in the 

morning. By resting during the middle of the day, where possible in the shade of trees, 

zebra achieved 90% of their required rest time during the diurnal period. Seasonal 

variation in activity patterns showed a limited correlation to seasonal changes in 

temperature (Table 2.1). 

Figure 2.11. Daily activity budget ofzebra averaged across the dry seasonfrom monthly 
focal observations. Temperature is averaged across the dry season. 
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Table 2.1. Diurnal activity budget correlated with temperature changes over days and 

across the season. 

Activity Diumal temperature Seasonal temperature 

rnPrnP 
% time wallcing -0.642 12 0.024 -0.449 12 0.371 

% time grazing -0.583 12 0.047 -0.552 12 0.256 

% time resting 0.707 12 0.010 0.838 12 0.037 

% time head-up vigilance 0.200 12 0.533 -0.542 12 0.267 

As nocturnal observations were not possible, I investigated the difference between 

diurnal and nocturnal activity patterns with rates of travel recorded by GPS collars. 

Results showed that nocturnal rates of travel were on average 20% greater than diurnal 

periods for all individuals (repeated measures ANOVA of movement patterns between 

nocturnal and diurnal periods: FI, 12=25.988, P<0.001), but the difference between diumal 

and nocturnal rates of travel for 2003 were reduced in comparison to 2002 (repeated 

measures ANOVA of movement patterns between years: F1,1 2= 15.194, P--0.002). Focal 

observations were not recorded in 2003, but these results suggest that diumal activity 

increased in 2003 to compensate for lower resource available during that year. 

24 Discussion 

Zebra foraging patterns met the underlying predictions for central place foraging, 

bearing in mind that these predictions are made by theoretical models. Thermal 

constraints associated with long foraging bouts, when zebra were deprived of water, 

limited diurnal grazing behaviour. Zebra did not maximise their diurnal foraging 

behaviour; instead daily activity patterns suggest that they adopted a time-minimising 
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strategy within the foraging patch. However, foraging patterns across the larger spatial 

scale were not consistent with a pure time-minimising strategy. 

2.4.1 Central placeforaging 

1) The first prediction for central place foragers, that foraging distance should increase 

as resources closer to the central place are used, was upheld for zebra. Foraging distance 

increased from the start of the dry season. The mean monthly maximum foraging distance 

of 17.5km is similar to Pennycuick's (1979) estimate of 16 km for a walking zebra, while 

corroborating results for foraging distances of zebra in east Africa (Western, 1975). 

Foraging patterns did not however follow the suggestion of Pennycuick (1979) that 

herbivores confined by water during the dry season should "merely continue to push 

further out from the water as the food gets used up". Had zebra conformed to this theory, 

their foraging distance would have steadily increased from the start of the dry season, 

reaching a maximum radius towards the end of the season. The difference between 

Pennycuick's prediction and the observed foraging patterns of zebra found during both 

years of this study could be explained if zebra had grazed selectively from the dry season 

range. Foraging distance is affected by the forager's selective strategy (Murray, 1991). If 

had zebra grazed selectively within the dry season range, their foraging distance should 

have increased at a rate proportional to the availability of these preferred resources, rather 

than the availability of undifferentiated forage biomass. Zebra could have reached a time 

or physiological constraint at peak foraging distance, constraining their ability to continue 

selecting their preferred resources and increasing their foraging radius. Maximum 

foraging distance would therefore be attained before the end of the season if resource 

quality was poor. Foraging distance may be limited by a combination of the biotic and 
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abiotic constraints associated with the zebra's extended foraging bouts and by the 

energetic limit of their foraging radius. However, by extending their foraging radius 

rapidly towards the start of the dry season, zebra expose themselves to greater ecological 

constraint than they would if they were less selective while foraging. Further research 

into the grazing preferences of zebra is required to determine if a selective grazing 

strategy is adopted, and how their resource selection strategy changes with time and with 

variations in foraging distance during the dry season. These issues are investigated in 

Chapter Three. 

After the initial mid-season peak in foraging distance by zebra, the subsequent 

decline in foraging distance was not complete i. e., foraging distance did not return to Okm 

at the riverbank. Zebra did not lower their mean monthly foraging distance to < 5km at 

any point during the dry season. Mean foraging radius was reduced to 12.5km in July 

2002 and 13.5km in August 2003. Foraging resources were observed closer to the Boteti 

River at this stage of the dry season (personal observations), suggesting that zebra 

maintained a selective preference for preferred resources and ignored less preferred 

resources, potentially influencing their limited decline in foraging radius. 

The threat of predation is greatest near water. Lions spend 87% of their time within 

5km of the Boteti waterholes (Hemson, 2004; see Appendix Three). The Boteti 

waterholes also provide drinking water to the migratory wildebeest population and to 

local livestock. Wildebeest and cattle do not forage as far from water on a regular basis as 

zebra have been recorded to in this study (Western, 1975; Verlinden, 1997; Bergstrom & 

Skarpe, 1999; Redfern et al., 2003). If either or both wildebeest and cattle select the same 

foraging resources as zebra, density-dependent pressure and competition for resources 
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may affect the zebra's selection of habitats closer to the central place. The skewed home 

range of zebra towards the national park and the avoidence of the community areas to the 

west of the Boteti River also suggests that competitive interactions with sympatric 

grazers and / or human interference in these populated is affecting the spatial distribution 

of zebra. The potential for competitive interactions between zebra and livestock is 

investigated in Chapter Five, while further research is required into the relationship 

between predation and foraging distance to the Boteti waterholes. 

Habitat preference was associated with foraging distance. There was a positive 

trend in selection for the Schmidtia grasslands with foraging distance. Variation in 

resource quality between habitats might have affected foraging patterns. In Chapter 

Three, habitat quality was defined by stratified monthly sampling and combined with the 

analysis of resource preference to determine how variation in resource quality between 

habitats might have affected the spatial distribution of zebra. 

2) The second prediction for a central place forger was upheld for zebra. Foraging 

distance increased with a decline in resource availability between years and foraging 

patterns were affected by variations in rainfall. Rainfall is correlated with increasing 

resource availability (Deshmukh, 1984). It might have been expected that foraging 

distance would decrease during the dry season with associated periods of rainfall, but this 

was not found to be the case. Mean monthly foraging distance increased in both years 

with the first rainfall of each year. While there was no significant difference in the spatial 

variation of rainfall across the dry season home range, initial late dry / early wet season 

rainfall was localised (personal observations). Increased spatial variation in the 

distribution of high quality resources could have influenced a change in the patch 
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selection strategy of zebra, causing an increase in foraging radius while searching for 

localised patches of high quality resources. The relationship between ecological variation 

and individual patch selection decisions by zebra is investigated in Chapter Four. 

Variation in foraging distance between years reflects the difference in resource 

availability between years, with poor resource availability in 2003 resulting in a greater 

foraging distance. If spatial distribution at large scales is regulated by abiotic constraints 

(Bailey et A, 1996; Fortin et A, 2003), zebra must have made a trade-off between the 

benefits of continuing to increase their foraging distance in 2003 to obtain preferred 

resources and the increasing constraints associated with foraging across such large spatial 

scales. The elasticity of intrinsic constraints (Owen-Smith, 1993,1994,1998) could have 

allowed zebra to increase their foraging distance when the benefits provided by the 

potential resources at increasing distances outweighed the costs of travel. Intrinsic 

constraints may only be reached at the extremes of environmental constraints (Owen- 

Smith, 1994). These extremes of envirom-nental constraint may have been observed 

within this study, but further research during periods of reduced resource availability will 

determine if zebra are able to stretch their intrinsic constraints yet further. 

3) The third prediction for a central place forager was upheld for zebra. Patch residency 

increased with foraging distance as expected, but the high foraging distances were 

associated with greater than expected bout durations. Results did not agree with the 

common misconception that zebra need to drink on a daily basis (Hack, East & 

Rubenstein, 2002). Zebra were observed to forage without water for a mean period of 

four days throughout the dry season. This elastic behaviour permitted zebra to increase 
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their foraging distance without having to expend increasing temporal and energetic costs 

in returning to drink in the riverbed every day. 

Zebra stretched their physiological water constraints to increase their foraging 

distance and extend their foraging bouts. The maximum bout duration of seven days was 

close to the critical limit of endurance for equids. Maloiy & Boarer (197 1) demonstrated 

that donkeys lost 2- 4% body weight per day in temperatures of 22 - 40*C when access to 

water was restricted, reaching critical water loss of 21% in seven days. Water constraints 

at maximum foraging distances could have limited the zebra's foraging distance. While it 

was possible to measure the temporal costs of foraging for zebra, more information is 

required on the dependent state of zebra during the dry season to determine how these 

temporal costs affected their foraging decisions. 

4) The fourth prediction for a central place forager was upheld for zebra. Search rate 

declined with foraging distance, but variation in the speed of travel was limited. An 

energy-maximising individual should maximise its foraging time, enabling it to select the 

best possible resources available (Stephens & Krebs, 1986). However, by maintaining a 

relatively slow rate of travel throughout the dry season, zebra were not found to 

maximise their time within the foraging patch. 

The fastest rate of travel recorded by zebra with a GPS collar was 0.69 m s-1 in 

2003 while travelling back from the grazing patch to the riverbed, with a mean dry season 

travelling speed of 0.29 m s" for all zebra mares. While the rates of travel recorded in 

this study will be an underestimate of the zebra's true rate of travel, the observed speeds 

are more closely associated with a constant walking speed than with trotting. Walking 

speed in horses varies between 0.2 and 2.2 m. s" (Minetti et aL, 1999), with an optimal 
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walking speed of 0.9 - 1.25m s-1 (Griffin et aL, 2000), while optimal trotting speeds 

approximate to 2.7 m s" (Pennycuick, 1979). A curvilinear scale of cost occurs within 

each gait. By maintaining the speed of travel at the optimal point along the curvilinear 

scale and switching gait to change speeds, the energetic costs of travel are held constant, 

regardless of the speed (Hoyt & Taylor, 198 1; Griffin et aL, 2004). The relative cost is 

associated with the time spent travelling. Therefore by travelling at the optimal trotting 

speed, zebra could have extended their average foraging distance to 23km and increased 

their percentage time allocation within the foraging patch without negatively affecting 

their energy budget (Pennycuick, 1979). However, travel speed during the journey to and 

from the grazing patch would have been compromised by the sandy terrain of the Boteti 

region, increasing the relative costs of locomotion (Fancy & VVUte, 1987) and by water 

loss through evaporative cooling while travelling at faster speeds (Schmidt-Nielsen, 

1975; Hodgson, Davis & McConaghy, 1994; Matsui et aL, 2002). A mixed use of gaits 

could have helped zebra maximise their foraging time, matching observations by D. 

Western in Amboseli, Kenya (cited in Pennycuick, 1979). 

The energetic and temporal costs of foraging would have been minimised however 

by the use of an area-restricted search strategy (Fortin, 2003). Rather than foraging across 

the entire dry season range searching for preferred resources during each foraging bout, 

zebra limited travel costs by restricting the area of intensive search to distinct foraging 

patches, accessed by travelling at relatively faster speeds across large regions of the home 

range. However, mean travelling time to the grazing patch was 12hrs, during which time 

the zebra's gut fill would have been reduced, detrimentally affecting digestive efficiency 

(Duncan, 1992). This constraint should have forced zebra to graze during the travelling 
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period, reducing their average travel speed. Rate of travel is associated with search effort 

and resource availability (Shipley et A, 1996), but sward quality within the foraging 

radius would have consisted of a mosaic of previously ignored patches (Andersson, 1978; 

Bailey et aL, 1996), lin-ýiting the zebra's potential to maximise its energy gain while 

grazing along these extended journeys. It is possible that the zebra's grazing behaviour 

changed during this travelling period (Gillingham & Bunnell, 1989; Newman et A, 

1995). Selecting poor quality resources along the search patch would however have acted 

as a lost opportunity by zebra to maximise energy gain within their preferred patch, and 

should therefore have been minin-ýised (Lucas, 1983). 

2.4.2 Diurnalforaging behaviour 

The observed daily activity patterns of zebra suggest they adopt a time-minimising 

strategy more than an energy-maximising strategy. Zebra have been found to graze 

throughout the day (Twine, 2002) but did not do so here. Temporal restrictions associated 

with central place foraging combined with thermal constraints during the day and a 

restricted water budget acted to limit the diurnal grazing behaviour of zebra. The 

recorded time spent grazing was less than half the time recorded for zebra by C. Gakahu 

in Amboseli during the dry season (cited in Duncan, 1992) and short of equids required 

59-69% grazing time (Duncan, 1992). Zebra remained within the foraging patch over 

night and possibly used nocturnal periods for grazing to compensate for their time- 

minimising diumal strategy. This suggestion is supported by GPS movement patterns. By 

achieving 90% of their required rest during the day, zebra would have been able to graze 

for the majority of the night. If nocturnal foraging was important for zebra to maximise 

their foraging time, predation risks might have increased because lion activity in the 
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Makgadikgadi was greater during the night (Hemson, 2004). Vigilance behaviour by 

zebra increases at night with an increase in lion activity (Scheel, 1993). Increased 

vigilance is costly, reducing intake rates, especially if resource quality is poor (Illius & 

Fitzgibbon, 1994). Zebra may have been able to reduce the threat of predation and 

maximise nocturnal foraging rates by foraging away from areas with increased lion 

activity. The Makgadikgadi lion population is not large (Hemson, 2004) and the relative 

threat imposed by these lions is hard to quantify without further research on lion 

predation rates. Further observational research on the potential association between 

activity patterns, distance from the central place and the risks of predation are required to 

determine if vigilance behaviour declines with foraging distance and how this might be 

associated with foraging behaviour. 

Z5 Conclusion 

Zebra stretched their physiological, intrinsic constraints to adapt to the abiotic, 

extrinsic constraints of the environment. As obligate drinkers, it was believed that zebra 

would have to drink every day, but by resting in the shade of trees during the day to 

reduce the effects of water stress rather than grazing, they stretched their physiological 

dependency on water. Zebra were able to remain within the grazing patch for an average 

of four days and up to a maximum of seven days. Zebra increased their potential grazing 

time by remaining in the grazing patch over these extended periods, rather than returning 

to the riverbed every night to drink as might have been expected if zebra were unable to 

stretch their physiological constraints. 

This study demonstrated that zebra foraged using a central place foraging pattern 

while foraging for resources. The extent of these foraging patterns were greater than 
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expected and presumably associated with foraging preferences and possibly with anti- 

predator behaviour. Environmental constraints associated with central place foraging may 

ultimately have restricted their foraging distance. Zebra were constrained by the temporal 

demands of central place foraging while trying to maintain their minimum demands of 

grazing and resting. Zebra maintained an almost constant allocation of time in the grazing 

patch and did not alter their diurnal allocation of time spent grazing and resting while in 

the grazing patch during the dry season, regardless of variations in resource quality and 

availability. 

The temporal allocation of activity suggests that zebra followed a time-minimising 

strategy over the 24hr period, avoiding the thermal constraints of grazing in the day and 

of excessive energetic costs while travelling at faster speeds to and from the grazing 

patch. Zebra possibly concentrated their grazing time within nocturnal periods to reduce 

water stress, allowing them to extend their foraging periods towards their critical limit. 

2.6 Link to the next Chapter 

9 The foraging behaviour of zebra described in this chapter suggests that their spatial 

distribution patterns across large spatial scales are influenced by the selection of preferred 

resources. 

9 In the next chapter I investigate if zebra show an active selection for foraging 

resources in a density-indpendent manner. This would suggest that resources are 

preferentially selected from the available sward of the dry season range. 

91 investigate if zebra able to maximise their energy gain within their foraging patch by 

selecting preferred resources, or if temporal constraints limit their ability to select their 

preferred resources. 
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9 Resource preferences are investigated across multiple spatial and temporal scales in 

reference to variation in the ecological constraints of the environment. Abiotic constraints 

have an increasing effect at the larger scale and the influence of resource preference may 

decline at increasing spatial scales. 

27 Limitations 

1) Focal observations were only conducted during the first year of the investigation. 

Suggestions that diurnal activity increased during this year when resource quality was 

lower cannot be verified. 

2) GPS fixes were programmed to record a positional fix once per hour to maximise 

battery life. Intensified data collection would have enabled a more accurate assessment of 

travel speeds and provided data for a detailed investigation of the energetic costs of 

travelling across large inter-patch distances and foraging within selected grazing patches. 

3) Fifteen GPS collars was used to observe zebra movement patterns during this study, 

but the initial failure of seven GPS collars and the loss of two further collars during the 

study reduced sample sizes within each year of the study. 
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How do ecological constraints at the large-scale affect patch selection at 

the small-scale? 

3.1 Introduction 

Foraging behaviour must operate within the restrictions imposed by environmental 

constraints, which increase with spatial scale and have a diverse effect across the 

temporal scale (Belovsky, 1986; Belovsky & Slade, 1986; Newman et aL, 1995). 

Optimal diet models are effective at predicting animal behaviour at smaller scales of time 

and space (Owen-Smith & Novellie, 1982), but several authors have suggested that this 

success breaks down at the larger scale due to the impact of abiotic factors (Johnson, 

Parker & Heard, 200 1; Fortin et aL, 2003), which have an increasing effect at the larger 

scale (Senft et aL, 1987; Bailey et aL, 1996). Spatial and temporal scales can affect both 

foraging behaviour and the ability to correctly interpret those behaviours (Gross et aL, 

1993; Langvatn & Hanley, 1993; Bergman et aL, 2001; Fortin et aL, 2003), with different 

(Senft et aL, 1987; Orians & Wittenberger, 199 1; Johnson, Parker & Heard, 200 1; Fortin 

et al., 2003) or similar strategies observed at increasing scales (Ward & Saltz, 1994). 

Spatial foraging patterns suggest that Makgadikgadi zebra use a selective grazing 

strategy, which could affect their spatial distribution across the landscape (Chapter Two). 

This chapter investigates if foraging preferences of zebra could be detected at the smaller 

scale of the grazing site and if these preferences were maintained across multiple spatial 

and temporal scales. Duncan (1983) has demonstrated that the selection of resources by 

equids is not random, and that resource preference affects their habitat selection. 

However, the ability of zebra to spend time selecting preferred resources from the dry 
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season range should have been constrained by their central place foraging behaviour 

(Chapter Two). 

During the dry season, Makgadikgadi zebra can select between four different 

habitat types within the range of their maximum foraging radius (Fig. 2.2). Habitat type 

changes with increasing distance from the central place, altering vegetation density and 

sward composition (Appendix One). Variations in resource quality between each habitat 

combined with the effects of abiotic constraint on the dependent state of zebra with 

increasing foraging distance should have promoted the use of different selection criteria 

by zebra within each habitat (Edwards et aL, 1994; Newman et aL, 1995; Fortin et aL, 

2003). 

Evidence of density-independent selection of preferred key resources would suggest 

that the spatial distribution patterns of zebra were influenced by resource quality. 

However, active selection for a key resource was not expected in the case of the 

Makgadikgadi zebra due to the temporal cost of selective grazing (Murray, 1991), and it 

was predicted that zebra should follow an unselective foraging strategy This would allow 

them to limit the impact of high temporal costs that are associated with a selective 

foraging strategy (Murray, 1991). Spatial distribution patterns of zebra across the scale of 

the landscape should have been regulated by the limitations imposed by the abiotic 

constraints of the environment and not the spatial distribution of resources. 

This study aims to determine: 

1) if foraging strategies are congruent across the spatial scales of the dry season range, 

2) if resource selection at the small scale affected the spatial distribution patterns of zebra 

across the large scale. 
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3.2 Method 

3.2.1 Spatial and temporal variation in sward quality 

To determine how a variation in nutritional content may have influenced habitat and 

grass species preference, it was important to record how available sward quality varied 

between the principal habitats of the Makgadikgadi. Temporal variation in sward quality 

within and between habitats was recorded by monthly sampling from March to December 

2002. In each habitat type five sampling patches, consisting of 2kmý quadrats were 

randomly located during the last week of every month. Sampling patches were designed 

to overcome any spatial auto-correlation in grass species diversity. The 2kmý quadrats 

were quartered, with one sampling site randomly located within each lkrný area. Sward 

characteristics were measured with four 50 x 50cm. quadrats at each site. Sward height 

was recorded with the mean of five measurements at leaf table height, after which the 

sward was clipped to I cm. Separated grass species were stored and air dried. 

Collected sward was hand sorted into leaf and stem, oven dried and weighed. 

Percentage calcium (Ca) and phosphorous (P) in the leaves and stems was measured after 

a Kjeldahl digest. Measurements were recorded using a Varian Atomic Absorption 

Spectrometer 220 for Ca and an Auto-Analyser 3 (Bran+Luebbe) for P. Leaf and tern 

nitrogen (N) was determined using a CHNS-0 Thermoquest with pure ground samples. 

Variation between the nutritional qualities of the grass species within and between 

habitats was investigated with a one-way ANOVA of percentage Ca and P and crude 

protein content. Crude protein content was derived by multiplying I/oN by 6.25 (Skarpe & 

Bergstrom, 1986). Nutritional data were transformed using the square root or the Box- 

Cox transformation prior to analysis to adjust for deviations from normality and to 
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improve the homogeneity of variance. All of the chemical analysis was conducted at the 

Harry Oppenheimer Okavango Research Centre laboratories in Botswana by trained 

technicians. 

3.2.2 Swardpreference 

To investigate how the foraging behaviour of zebra was related to the spatial and 

temporal constraints of the region, gazing preferences were recorded on a monthly basis 

within all frequented habitats during 2003. Selection for foraging resources was 

investigated at the grass species and structural level of the sward. I tried to identify a key 

resource that was selected in a density-independent manner and separated preferred 

grazing patches from ignored patches during the dry season. Grass species abundance 

was estimated seasonally using the step-point method (Evans & Love, 1957) along 200m 

vegetation transect lines (n--60) stratified across the dry season range during 2003. 

Temporal seasons are defined in Chapter One. Transects were placed at 3krn intervals 

along 10 stratified transect lines, placed perpendicular to the riverbed. Grass species 

abundance in the riverbed was assessed from 200m transect lines stratified along the 

riverbed (n--5). The Schmidtia grasslands were poorly represented within the vegetation 

transects from the riverbed and additional sampling information for the Schmidtia 

grasslands was gathered from 200m vegetation transects (n--7) conducted seasonally 

during 2002. Selection for grass species was determined using IvIev's electivity index of 

the proportional biomass of different species recorded in the preferred grazing sites 

compared to the proportional availability of grass species tufts within each habitat. 

Biomass was used to determine preference rather than tuft number as it provided a better 

representation of the characteristics of the selected site. Sward sampling was composed 
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of preferred and ignored sites. Areas selected or ignored by zebra were defined after 

Johnson, Parker & Heard (2001), i. e.: - 

"A sampling site is a discrete location selected or ignored for grazing by a zebra herd, 

which contained a respectively high or low concentration of those preferred resources 

being selected for. 

"A patch is a collection of feeding sites and is defined as the region selected by a zebra 

on an individual grazing bout. 

" The landscape consists of the habitats that are accessible within the seasonal home 

range. 

Preferred foraging patches were identified by radio-telemetry tracking GPS capable 

collars (n= 15) and VHF-collared (n= 10) zebra once per month with a 61.8% tracking 

success rate. At the end of each month an assessment was made of zebra distribution 

patterns using the observed positions and associated herds of collared zebra for reference. 

Areas with the greatest density of zebra activity were then selected to locate preferred 

sampling patches. Zebra herds of > 30 individuals sighted within those patches acted as 

the locator of a single preferred sampling site. Following the methodology of Voeten & 

Prins (1999), animals were driven away from the site, ensuring that those qualities which 

attracted the zebra to the site were still in place. Three preferred sites per month were 

sampled in separate patches from each of the four habitats in the dry season home range 

within a period of 2-3 days to minimise any temporal effects upon sward quality. 

Although it has been shown that these small temporal variations can affect the nutritional 

content of the sward (Parsons et aL, 1994), it was impossible to complete sampling 

within a shorter period or within the restrictions or a given diurnal time period, because 
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sites were spread over 1900kmý and located using time-consuming radio-tclcmetry 

tracking of collared zebra. 

Three ignored sites per month were sampled from the open Acacia and Schmidlia 

grassland habitats. Sites were identified as those areas where herds of zebra walked past 

sward with their heads up and showing no sign of foraging activity, or sites where herds 

were previously sighted grazing by tracking individuals that month and were now ignored 

with no sign of zebra activity in the area. It was difficult to sight zebra within the dense 

Acacia habitat without initially disturbing their behaviour and direct observations of 

actively preferred and ignored sites were restricted. When grazing herds of zebra could 

not be sighted within the dense Acacia, preferred sites were placed in patches of known 

zebra activity. Sites were selected by looking for zebra herds and signs of concentrated 

activity that suggested recent grazing behaviour, such as high densities of fresh hoof 

prints that depicted potential arca-restricted search (ARS) behaviour. ARS is associated 

with grazing behaviour in African ungulates (Underwood, 1982) and signs of ARS were 

suggestive of recent grazing by zebra in the dense Acacia. However, preferred sites 

selected by observing grazing herds of zebra were sampled at all given opportunities. 

Ignored sites were not sampled in the dense Acacia due to the difficulty of locating 

undisturbed zebra herds. In the riverbed, intensified zebra activity reduced the ability to 

distinguish between preferred and actively ignored sites, and only preferred sites were 

sampled. 

At each preferred and ignored site the same method of sampling was used. Four 50 

x 50cm quadrats were randomly placed within the site. For every grass species within 

each quadrat the individual tuft numbers and leaf table height were recorded with five 
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measurements per species. Inter-tuft distance was calculated with a maximum of ten 

measurements between all tufts. Before cropping the sward down to I cm, evidence of 

fresh grazing on each grass species was looked for. Identification of freshly cut leaves 

and stem indicated the selection of grazing on that tuft and if any selection between leaf 

and stem had taken place. Sward rouglmess or the variation in height across the surface of 

the sward was measured by dropping aI Ocm diameter polystyrene disc onto the sward 

surface down a marked pole and recording the height of the disc to the nearest cm. The 

sward was measured at every I Ocrn along one 2m transect line (Dresher, 2003). Sward 

roughness was analysed by calculating the root mean square (RMS) height, which is the 

square root of the average of the squared deviation from the average height. The RMS 

height of a surface indicates the degree to which surface measurements vary above or 

below a nominal plane. The greater the spread of height measurements, the greater the 

value of RMS height (Oelze, Sabatier & Raspet, 2003), where: - 

-E sx -sx 

N 

X=l 

2] 

a= root mean square height 

N= the number of recorded sward heights measured along the sward transect. 

sx = sward height at the Xth position along the N length measured transect., 

sx = mean sward height of the transect. 

Sward samples were sorted into leaf and stem, oven dried and weighed. Chemical 

analysis of preferred and ignored sward samples was conducted on grass samples pooled 

within temporal seasons. Seasonal analysis was undertaken due to time restrictions 

imposed for chemical analysis. Only crude protein was analysed, which provides a good 
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indicator of nutritional quality and digestibility (Prins, 1996). Plant nitrogen was 

measured using the same method as for the 2002 sward samples. 

Analysis of structural variables followed Vocten & Prins (1999), by distinguishing 

a series of sward characteristics from the proportional availability of the leaf and stem 

content. Principal component analysis (PCA) was used to reduce the numerous correlated 

sward structural variables into a smaller number of uncorrelated components that 

explained most of the variation in the data within selected sites. The correlation matrix 

was selected as the structural sward variables were measured in different units (Quinn & 

Keough, 2002). PCA identified groups of correlated structural variables within each 

principal component, identifying key structural characteristics in the preferred samples of 

each habitat. High loading scores indicate a strong correlation of those variables with that 

component and a greater contribution to the separation of that component, thereby 

helping to explain more of the variance within the data. The regression component scores 

from separate PCAs of the preferred and ignored open Acacia and Schmidtia grassland 

sites were saved and entered into a discriminant function analysis (DFA) to distinguish 

between the preferred and ignored swards. DFA formed independent linear combinations 

of the PCA scores. By separating these scores maximally along the discriminant axis, 

each PCA score was correctly assigned to either the preferred or ignored sward category, 

using the standardized canonical coefficients for each of the PCA scores (Quinn & 

Keough, 2002). A one-way ANOVA was used to test the significance of the 

discrimination. A change in the possible selection of key resources between months was 

investigated using a DFA of the PCA scores with month as the factor. All analyses were 
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conducted using SIISS 12.0 for Windows (SPSS, 2003), with all appropriate P values 

Bonferroni corrected. 

3.3 Results 

3.3.1 The rhei-bed 

Preferred grazing sites selected by zebra in the riverbed provided the highest 

nutritional quality ofall the preferred sites selected across the dry season range (one-way 

ANOVA of' leafcrude protein: F-,. 5()=20.4 14, P< 0.00 1, Tukey's IISD posl hoc P< 0.002) 

(Fk,,. 1.1 ) and the best available sward quality compared with the other four habitats in 

the dry season horne range (one-way ANOVA of crude protein content: F3.1 85ý 12.200, 

1)< 0.00 1. Gabriel I)os/ hoc P< 0.00 1 ). 

Figure 3.1. Nutritional quali1v ofprefý, rred gra-zing sites selected by zebra in all ofihe 

(IV(1i1Uh1C (11-I'SeUS017 hUbiIUIS 
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('17IM1017 ýhh'111'017 and Ptinicurn i-epens accounted for 99% of the available sward 

(Table 3.1 ), forming short, densely tufted, grazing lawns xvith a high leaf: stern ratio 

(Table 3.2). Density-independent selection for the more nutritious species, P. i-epens was 
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limited and zebra selected the dorninant species C. ductlyon for the majority of the dry 

season (Fig. 3.2). However, zebra only grazed in the riverbed shortly before and after 

drinking and the region was not used by them as a primary grazing habitat. It is possible 

that the available sward biornass was too low to sustain zebra for extended periods of 

tirne. 

Figure 3.2. IvIev's electivilY index ofprincipul gruss qvcies abundance in prekrredsiles 

. ve/ecled bY zcbru in lhe riverbed. 
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The short grass lawns were continuOUSly grazed by both wildlife and livestock 

species Frorn nearby cattleposts (Chapter One), which in association Nvith the moist. 

1'ertile riverbed soil (Parry, 1995), promoted leafgrowth and increased the nutritional 

quality oftlic sward (McNaUghton, 1983) (Figs 3.3 a, b, c). There was only a small 

biornass ofstern material available within the riverbed sward and this was associated with 

taller, denser swards ofincreased biomass (Table 3.2). A PCA of the riverbed samples 

highlighted the relative importance ofthese variables within the preferred grazing sites of 

zebra (Table 1.3). 
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Figure 3.3. Nutritional qualities of'the available sivard in each habitat in the dt: v season 

range qf zebra. 
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A DFA of the PCA scores was performed to separate months of the dry season. 

October was distinguished from the other dry season months, with total dry biomass 

shown to be the most important variable that changed in the structure of selected sites 

between months (DFA: I" function was significant and accounted for 68.5% of the 

variance, canonical correlation =0.874, Z=38.309, d. f. =18, P'---0.004). However, total 

sward biomass did not change significantly between months (one-way ANOVA: 

F7,16=1.270, P--0.325). Observations of the sward within selected sites showed that zebra 

did not distinguish between the structural components of leaf and stem while grazing. 

3.3.2 Yhe dense Acacia 

The dense Acacia habitat is dominated by annual grass species (Table 3.1). Grazing 

pressure and the effects of trampling by animals traversing the habitat to drink in the 

Boteti riverbed possibly contributed to the low sward biomass and tuft density recorded 

in the preferred grazing sites of zebra. The dense Acacia provided the lowest total 

available biomass of all the habitats and was depleted of most of its leaf biomass before 

the start of the dry season, leaving stem material as the principal sward contingent (Table 

3.2). A PCA showed that stem biomass along with the limited availability of leaf and a 

low inter-tuft distance were key factors in the structural quality of preferred grazing sites 

selected by zebra (Table 3.3). A DFA of the PCA scores was performed to separate 

months of the dry season. August, September and October were separated from the other 

months. Total sward biomass was the greatest contributing factor in the discrimination 

between months, declining in sampled sites during the dry season (DFA: I" function was 

significant and accounted for 74.4% of the variance, canonical correlation = 0.879, 

X2 =36.042, d. f. =18, P--0.007). 
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There was no significant difference in the nutritional qualities of preferred grazing 

sites selected by zebra in the dense Acacia compared with the preferred sites selected in 

the open Acacia and Ychmidlia grasslands (Fig. 3.1), but the available sward in the dense 

Acacia contained a lower crude protein content than the other three habitats (one-way 

ANOVA: F3,185ý 12.200, P< 0.00 1, Gabriel post hoc comparison, P< 0.003) (Fig. 3.3 a). 

No trend in the selection for grass species was observed within the dense Acacia, but the 

dominant grass species, Schmidlia kalahariensis, occurred in a greater proportion than 

available in selected sites more consistently than other grass species (Fig. 3.4). However, 

there was no significant difference between the nutritional qualities of the grass species 

with in the habitat (one-way ANOVAs of-, leaf crude protein content: F, 1,37=2.015, 

P 0.275, leafCa: /"I 1,37=0.966, P= 1, leaf P: P'] 1,37= 1.967, P- 0.248). Observations of the 

sward grazcd , vithin sites selected by zebra showed that there was no distinction between 

the strLICtUral components ofthe sward. 

Figure3.4. lilev's clectivily index o1principal grass species abundance in pre rred fe 

siiesselecled by zebra in 1he dense Acacia. 
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During both years of the study the open Acacia habitat was the most preferred and 

Frequented habitat by zebra while grazing (Chapter Two). The habitat is dominated by 
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tufted perennial grass species with four of the zebra's most prelerred grass species 

Eragroslis i-igidioi-, Slipagroslis uniplinnis, Schmidlia papj)ophoroides and Digilaria 

eriantha accounting for 85% of the available species diversity (Table 3.1, Fig. 3.5 a). 

Figure 3.5. IvIev's electiviýv index ofprincipal grassspecies abundance in sites a) 

preferred and h) ignored by zebra in the open Acacia. 
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There was no significant difTerence between the nutritional qualities of the grass 

species within the habitat (one-way ANOVAs of the difference between grass species 

leafcrude protein content: P_9,42ý0.846, P=0.579, leaf Ca: F9,42=2.059, P=O. 112, leaf P: 

F, ), 12- 2.2 10, P=O. 123) (Table 3.1 ). 
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The same grass species dominated both preferred and ignored grazing sites selected 

by zebra in the open Acacia, but the proportional content of these species varied between 

sites and changed during the dry season (Figs 3.5 a, b). Variation in the relative biomass 

and structure of these dominant grass species could account for the difference in relative 

preference shown by zebra for these grasses. Density-independent selection for E. 

rigidior characterised site selection with increasing foraging distance from April to June 

and in September. E. rigidior represented 8% of the available sward in the open Acacia 

but accounted for 24 - 33% of the biomass in preferred sites during May and June. 

Preferential selection for S. uniplumis also increased with foraging distance, but with a 

lower relative preference than shown for E. rigidior (Fig. 3.5 a). Both of these grasses 

have a high relative tuft biomass but a low structural quality, containing a low leaf. stem 

ratio (Fig. 3.6). S. pappophoroides and D. criantha were preferentially selected during 

April and from July to August when the mean monthly foraging distance of zebra was 

closer to the riverbed (Chapter Two). S. pappophoroides and D. eriantha provided a 

lower relative biomass than S. uniplumis and E. rigidior, but provided sward of a greater 

structural quality (Figs 3.6,3.7). 

Evidence of grazing was observed on all the tufts of E. rigidior within selected 

grazing sites, but evidence of grazing on S. uniplumis varied during the dry season. 

Where zebra had grazed S. uniplumis there was strong evidence of structural selection. 

Zebra selected only the green portions of the stem located at the bottom of the tuft, 

ignoring the senescent, top part of the tuft. A distinction between structural components 

of the tuft was also displayed for D. eriantha. Zebra only selected stem material and 

avoided the dense moribund leaf material at the base of the tuft. 
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Figure3.6 Biomass and structural composition of S. uniplurnis and E. rigid ior within 

preferred grazing sites ofzebra in the open Acacia habitat. Both species were actively 

selected asforaging distance increasedfrom April to June. 
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Figure 3.7. Biomass and structural composition of S. pappophoroides and D. eriantha 

within preferred open Acacia grazing sites. Either or both species were preferentially 

selected duringforaging periods closer to the central place. 
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Total biomass was identified as the key factor in the PCA of preferred open Acacia 

grazing sites. The predominance of stem material within the open Acacia sward was 

reflected in the almost equal loading attached to the importance of stem biomass in the 

scores of principal component one (Table 3.3). There was a significant difference 

between the sward structures of preferred and ignored sites (DFA: I" discriminant 
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function accounted for 100% of the variance between sites, canonical correlation =0.582, 

X2 =1 5.696, d. f=2, P< 0.00 1) and the key structural resources identified by the PCA were 

significantly different between preferred and ignored sites (Table 3.2). 

Although zebra selected different grass species during the dry season, a preference 

for the identified key structural components of the sward was maintained throughout the 

dry season. A DFA of the PCA scores for preferred open Acacia sites could not 

discriminate between different months (DFA: 0 function accounted for 100% of the 

variance, canonical correlation =0.508, ý=15.705, d1=10,11ý---0.108). 

3.3.4 The Schmidtia grasslands 

Schmidtia grasslands were actively selected by zebra at peak foraging distances, 

with 50% of all foraging bouts over 20 kin selected within the grasslands (Chapter Two). 

The nutritional quality of the available sward was not significantly different to that in the 

open Acacia (one-way ANOVA: F3 "42.200, P< 0.001, Gabriel's post hoc of available , 18 5- 

sward: P> 0.218) (Fig. 3.1), nor was the preferentially selected sward nutritionally 

different to that selected in the open Acacia (one-way ANOVA of leaf crude protein in 

preferentially selected sward between habitats: F3,50=20.414, P< 0.001, Tukey's HSD 

post hoc: P--0.94 1) (Figs 3.3 a, b, c., Table 3.1). 

Zebra selected sites with a greater diversity of grasses than available in the open 

Acacia, such as Sporobolus ioclados, Odysseapaucinervis and Cenchrus ciliaris (Figs 

3.7 a, b), while also selecting the high biomass grass S. uniplumis. A significant 

difference was found between the nutritional qualities of the grass species within the 

habitat, but differences were limited (one-way ANOVAs of the difference between grass 

species leaf crude protein content: F12,6 1=0-93 8,11--0.516, leaf Ca: F12,6 1=3.824, P<0.00 1, 
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leafP: F] 2.01 ý0.972, P=0.485) (Table 3.1). Calcium levels were higher in D. ei-ianiha 

than in 0. paucinervis (Gabriel's post hoc P=0.003). 

S. uniphimis was preferentially selected in all months (Figs 3.8 a, b). As in the open 

Acacia, a similar selection for distinct structural components was observed for S. 

uniphimis. All the other grass species in selected sites showed fresh signs of grazing 

except flor 0. paucinei-vis. There was no evidence of distinction between leaf or stem 

components flor any ofthe other grass species. 
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PCA of preferred sites in the Schmidtia grasslands identified a high leaf availability 

and reduced stem material, and an increased tuft density as important structural variables 

in the selection of preferred sites (Table 3.3), although these variables were not 

significantly different in preferred and ignored sites (Table 3.2). No significant difference 

could be found between the structural composition of preferred and ignored sites in the 

Schmidtia grasslands using the recorded structural variables (DFA: Is'discrin-dnant 

function accounts for 100% of the variance; canonical correlation 0.413, Xý=4.394, d. f. =3, 

P--0.222). There was no significant difference in the structure of selected sites during the 

dry season (DFA: I st function accounted for 61.8% of the variance, canonical correlation 

=0.856, ý=50.194, d. f. =36, P---0.058). 

3.4 Discussion 

Preference for swards of high relative biomass was congruent across all spatial and 

temporal scales, but selection criteria changed with resource availability. No single grass 

species was identified as the key resource for which a density-independent selection was 

observed across the spatial and temporal scales. Rather, foraging selection was based 

upon the structural properties of the sward. At the finer spatial scale of the grazing site, 

zebra behaved predominantly as unselective grazers. At increasing scales zebra showed a 

preference for patches containing grass species with a high proportional biomass, which 

may have influenced their spatial dispersion. 

A preference for sward of high biomass is indicative of a short-term energy 

maxin-dsing, long-term time-minimising strategy (Bergman et aL, 2001) and is in 

accordance with results on the foraging preferences of equids elsewhere during times of 

poor resource availability and quality (Duncan, 1983). Selection of high sward biomass is 
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usually associated with an unselective foraging strategy (Bergman et aL, 2001). 

However, zebra did not graze in an unselective manner at the scale of the foraging patch. 

Time-minimising principles predict the density-dependent use of the most dominant high 

biomass grass species in the dry season range, S. uniplumis. Relative avoidance of this 

grass species was found at shorter foraging distances in the open Acacia, although it was 

selected for to a greater extent than other grass species in the Schmidtia grasslands. Zebra 

also distinguished between different sward components when feeding on S uniplumis. 

Selection for resources of preferred biomass and structure at the scale of the grazing 

patch may have had an influential effect on the temporal and spatial distribution of zebra 

across the scale of the landscape. 

3.4.1 Foraging at the scale of the grazing site 

At the smaller temporal scales the greatest foraging constraints are (1) the time 

available for foraging, (2) the intake rate and (3) the selection criteria used by the forager, 

which all have a subsequent effect upon digestive efficiency at greater temporal scales 

(Owen-Smith, 1994). The daily foraging time of Makgadikgadi zebra is constrained 

(Chapter Two), which should compell them to maximise their intake rate and lower their 

selective tolerance to the available sward (Iason et al., 1999), if they are to meet 

minimum daily energy demands. 

Intake rate was not measured for this study, but observations of grazed sward 

suggest that zebra grazed unselectively at the scale of the grazing site, within the majority 

of preferred sites throughout the dry season. It is suggested that zebra maximised their 

intake rate and potential energy gain across the short-term, following an unselective 

strategy at the scale of the grazing site and the results are consistent with previous 
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research that depicts zebra as less selective grazers (Gwynne & Bell, 1968; Bell, 1971; 

Owaga, 1975). However, zebra were not unselective at increasing scales. 

Equids are constrained by their demands for a large daily food intake, to support 

their hindgut digestive system. This requires a large temporal investment in foraging time 

and a high intake rate (Duncan, 1992). Potential intake rate increases, but quality declines 

with increased sward biomass, detrimentally affecting digestive efficiency (Bergman, 

Fryxell & Gates, 2000; Bergman et aL, 2001). Zebra may have been able to optimise both 

energetic demands and temporal constraints by selecting swards of maximum biomass, 

but preferred structure and grass species composition at the larger spatial scale of the 

patch. 

3.4.2 Foraging at the scale of the patch 

At increasing spatial scales zebra faced increasing degrees of temporal constraint. 

Temporal constraints associated with central place foraging limited the time available to 

zebra for them to select their preferred grazing sites, suggesting that they would be best 

served by adopting an unselective strategy. However, there is evidence that zebra selected 

preferred resources independently of their proportional availability from the dry season 

range. 

Zebra maintained a selection for swards of increased biomass, distinguishing 

preferred from ignored sites, but other potential selection criteria, such as grass species 

composition changed across the spatial and temporal scales. These variations in site 

selection criteria within each habitat could have been affected by changes in resource 

availability during the dry season (Newman et al., 1995). 
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Maintaining a selection strategy for their preferred resources would have induced 

high temporal and energetic costs to zebra. By using an area restricted search foraging 

strategy (Tinbergen, Impekoven & Frank, 1967; Fortin, 2003), zebra reduced the 

energetic and temporal demands of a selective grazing preference (Murray, 1991; 

Benhamou, 1992). Density-dependent use of resources is expected when the foraging 

area is restricted and preferred resources are spatially auto-correlated (Fortin et aL, 2003). 

While further research is required to determine the spatial heterogeneity of foraging 

resources across the dry season range it is possible that zebra select discrete patches using 

knowledge gained from previous foraging bouts to locate areas with high densities of 

preferred resources. These issues are investigated in Chapter Four. 

The large inter-tuft distance of grasses recorded in the dry season range should have 

reduced the ability of zebra to maximize their intake rate per feeding station (Roguet, 

Prache & Petit, 1998). Selection for grazing sites with a greater density of plant species 

of increased biomass i. e. E. rigidior, would have enabled zebra to reduce the energetic 

costs of foraging by maximizing intake per feeding station. The zebra's bite rate within 

the grazing site would have been limited by the handling time required to process the 

large tufts of E rigidior, rather than the search time required to locate the next suitable 

tuft or grazing site (Spalinger & Hobbs, 1992; Farnsworth & Illius, 1996). However, the 

high proportional stem biomass associated with E. rigidior should have limited the 

zebra's intake rate, by constraining their rate of mastication per bite (Gross et aL, 1993; 

Laca, Ungar & Dernment, 1994; Ginnett et al., 1999). A trade-off between bite size and 

bite rate per feeding station in swards containing high densities of E. rigidior and 

stepping rate between feeding stations in sites of shorter grass species of increasing inter- 
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tuft distance may have affected the zebra's preferential selection of grass species. 

Selecting grasses with increased structural biomass provided zebra with 'spare' time 

while chewing to lift their head from the sward layer. As the zebra were constrained 

across the temporal scale, an increased availability of time for predator vigilance or social 

observations within the herd may have become increasingly important (Illius & 

Fitzgibbon, 1994). 

The digestive costs associated with a highly fibrous diet (Van Soest, 1994; 

Wilmshurst, Fryxell & Hudson, 1995; Bergman et aL, 2001) are reduced for equids in 

comparison to ruminants (Dernment & Van Soest, 1985; Duncan et aL, 1990; Illius & 

Gordon, 1992; Menard et aL, 2002). While the zebra's hindgut digestive system requires 

a high intake rate to maintain digestive efficiency, equids are able to maintain passage 

rates through their gut even with a poor quality diet with higher fibre content (Janis, 

1976; Duncan, 1992). Increasing fibre content does, however, reduce the efficiency of 

nutrient extraction, but the increased intake volume compensates for the decline in 

quality (Duncan et aL, 1990; Menard et aL, 2002). 

A trade-off between the lower resource quality and increased digestive constraints 

of high biomass tufts and maximizing intake per feeding station was observed as zebra 

ignored sites dominated by S. uniplumis. As with E. rigidior, S. uniplumis provides a 

relatively high biomass per tuft, but is one of the least digestible and poorest quality grass 

species within the Kalahari (Skarpe & Bergstrom, 1986). 

Selective preference for S. uniplumis is predicted by a time-minimising strategy, 

due to its predominance across the dry season home range and its high proportional tuft 

biomass. It is possible that its poor structural and nutritional quality limited its inclusion 
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in the zebra's diet. Zebra selected preferred patches from across the open Acacia, locating 

grazing sites with high densities of E. rigidior and of improved structural quality, while 

ignoring sites with a greater inter-tuft distance and lower leaf and total biomass. 

Preferential selection of grazing sites was based on sward structural quality, which 

has been found during the growing season for sward growth stages (Murray & Brown, 

1993). However, in this study selection was based on the pre-grazed structural quality of 

senescent sward. E. rigidior was preferentially selected based on the pre-grazed structural 

quality of its tufts and ignored in the later stages of the season when biomass had been 

depleted. Zebra maintained their preferential selection for sites of increased biomass but 

adjusted their selective criteria for grass species according to the availability and quality 

of resources. 

No distinction was found between ignored potential grazing sites and selected 

grazing sites in the Schmidtia grasslands. The distinction between patch selection 

strategies between the Schmidtia grasslands and the open Acacia is probably related to 

variations in resource quality between these habitats, and possibly the state of the 

individual (Newman et aL, 1995; Nonacs, 2001). 

3.4.3 Foraging at the scale of the landscape 

At the scale of the landscape patch selection strategies vary, producing different 

foraging strategies in each habitat according to the respective resource availability and 

quality within those habitats. However, preference for swards of high biomass was 

maintained in each of the dry season habitats. 

The zebra's use of the riverbed and dense Acacia habitats for grazing was limited 

and possibly restricted by low sward biomass in each habitat. The riverbed provided the 
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most nutritious sward throughout the majority of the dry season, but was only selected for 

grazing when the zebra descended into the riverbed to drink. The dense Acacia was used 

primarily as a through fare to gain access to the waterholes of the Boted River and only 

selected as the principal grazing habitat in both years of the study at the start of the dry 

season when resource availability was greater closer to the central place (Chapter Two). 

The open Acacia was the habitat most selected by zebra for grazing, but did not 

contain sward of an improved nutritional quality in comparison to the dense Acacia or 

Schmidtia grasslands. The structural quality of the available sward is critical in 

distinguishing between preferred and ignored grazing sites within the open Acacia, and 

may be important in affecting the zebra's preference for the Schmidtia grasslands. At 

increasing foraging distances zebra showed a selective preference for the Schmidtia 

grasslands. The grasslands lack shade and tree cover (Appendix One), and zebra would 

not have been able to avoid the thermal constraints associated with standing in the heat of 

the sun (Finch, 1972; Bennett, Finch & Holmes, 1985), as they did in the open Acacia 

(Chapter Two). Long foraging bouts associated with the high foraging distance of the 

grasslands (Chapter Two) and the associated stress on the zebra's water budget from the 

then-nal constraints (Maloiy, 1970), could have affected the zebra's foraging behaviour 

within the habitat and should have limited its selection. Conducting a posteriori tests on 

activity within each habitat, bout duration was found to be significantly lower in the 

Schmidtia grasslands than in the open Acacia at similar foraging distances (MANOVA: 

F2,29=3.405, P--0.039), suggesting that thermal constraints affected foraging behaviour at 

maximal foraging distances. However, preferential selection of the Schmidtia grasslands 
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at increased foraging distances suggests that resource preference may have been 

influential in the spatial distribution of zebra at these larger landscape scales. 

The grasslands were dominated by short grass species, providing improved leaf 

content, less varied tuft density and less variation between preferred and ignored sites, 

with a lower mean inter-tuft distance than available in the open Acacia. The more 

homogeneous sward height, less rough sward layer and less variable tuft density, should 

have improved the search rate between grazing sites, reducing the costs of selective 

grazing, while improving the potential bite rate compared to that attainable within the 

open Acacia (Roguet, Prache & Petit, 1998; Bergman, Fryxell & Gates, 2000; Dresher, 

2003). Furthermore, the improved leaf content of the grassland's sward should have 

reduced handling time and improved digestive efficiency (Ginnett et al., 1999). It is also 

possible the open nature of the grasslands reduced the threat of predation, enhancing 

intake rate by limiting the need for vigilance (Scheel, 1993; Illius & Fitzgibbon, 1994; 

Fortin et al., 2004). 

Selectivity between grass species declined in the Schmidtia grasslands and zebra 

were observed to increase their selection of S. uniplumis. However, zebra restricted their 

intake of the grass to the lower green section of the stem, avoiding the senescent, more 

fibrous and less profitable sections of the plant. Skarpe & Bergstrom (1986) showed that 

S. uniplumis, while providing a low nutrient load, contained the highest available 

moisture content of analysed grasses during the dry season in the Kalahari. Selecting S 

uniplumis should have helped zebra to offset the detrimental effects of water stress within 

the Schmidtia grasslands, suggesting that the zebra's state of health influenced their 

resource selection (Newman et al., 1995). Selection for the habitat was also correlated 
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with late dry season rainfall in September 2002, when sward moisture content would 

have been greater and the zebra's water budget less constrained. 

3.5 Conclusion 

Resource preference at the small scale of the grazing patch affected the spatial 

distribution of zebra across the larger scale of the landscape. Zebra responded to temporal 

and thermal constraints by potentially maximising their intake rate at the smallest scale 

by grazing unselectively within each grazing site. Zebra adapt their selection criteria for 

resources with increasing scale, changing their selection according to variations in 

resource availability. Selective criteria may also have been affected by their state of 

health and environmental constraints at large foraging distances. 

The scale of the investigation was critical in discerning the zebra's foraging 

strategy. At the scale of the grazing site, zebra maximised their energy gain by grazing 

unselectively with a high potential intake rate. Preference for sward of high biomass 

indicates that zebra behaved as time-n-iinimisers within the grazing patch, while area- 

restricted search may have allowed zebra to maximise their foraging time within the dry 

season range. As patches may have been selected in a time consuming strategy, it is 

important to determine how zebra located preferred grazing patches and chose between 

different potential patches. 

By altering site selection criteria to maintain their preference for swards of 

increased biomass, zebra ignored potential resources closer to the central place leading to 

a faster rate of increase in their mean monthly foraging distance. Environmental 

constraints increased with spatial scale (Chapter Two), but zebra respond to short-term 

resource preferences, rather than long-term environmental constraints. Abiotic constraints 
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might ultimately have limit the extent of the zebra's foraging distance, but resource 

preference regulates the zebra's large-scale distribution patterns within the extreme limits 

of these constraints. 

3.6 Link to the new Chapter 

9 Results from this chapter indicate that it is essential for zebra to locate foraging 

patches with a high density of preferred resources if they are able to maintain their 

energy-maximi sing foraging strategy at the scale of the foraging patch, but how are they 

able to locate patches of high quality resources from the dry season range on each of their 

foraging bouts for the duration of the dry season? 

9 In the next chapter I investigate where zebra select their foraging patches. Are patches 

selected at random from across the dry season range or do zebra use their cognitive 

ability to remember the location of discrete patches? 

9 The effects of environmental variation within and between dry seasons are analysed 

to determine if all of the zebra use the same foraging strategy, and how individual 

foraging patterns affect the spatial distribution of the population. 

3.7 Limitations 

1) The comparison between preferred and ignored grazing sites was restricted to the 

open Acacia and Schmidtia grasslands, rather than across all of the available habitats. 

2) Only three preferred and three ignored sites were sampled within each habitat per 

month. The scale of the dry season range and the need to track and find grazing herds 

before sampling restricted the number of sites that could be sampled within any month. 
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3) Analysis of the fibre content of available and preferred grass species within the dry 

season range would provide more information on grass species preference. 

4) Crude protein content data was not available for the wet season (Fig 3.1). Nitrogen 

analysis for all wet season samples was not viable due to early technical difficulties. 

These samples are stored in Botswana, awaiting further analysis. 

5) Natural foraging behaviour could not be observed while zebra walked from the 

riverbed to the grazing patch, due to the nervous reaction of zebra to vehicles. 
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Patch selection in a stochastic environment: do individual foraging 

strategies change with ecological constraint? 

4.1 Introduction 

Patch selection by animals at landscape scales has an influential effect on patch 

availability and their choice of patches at smaller scales (Senft et aL, 1987; Orians & 

Wittenberger, 1991). Making the wrong decision at the larger scale can lead to the 

availability of poor quality resources at smaller scales and impact on the fitness of the 

individual (Stephens & Krebs, 1986). However, foragers need to have an awareness of 

the surrounding resource potential if they are to make the 'best' or optimal foraging 

decisions, which go on to maximise their long-term rate gain (Stephens & Krebs, 1986). 

In a predictable environment most individuals follow the same strategy; that which 

is optimal, but in a stochastic environment the 'best' strategy is less obvious, and multiple 

strategies are expressed as each forager strives to increase its individual fitness (Fryxell, 

1997; Fryxell & Lundberg, 1997). Foragers use their cognitive ability to remember the 

location of good patches, so they can sample the quality of alternative patches, while 

being able to return to previously visited and preferred patches (Edwards et al., 1996; 

Laca, 1998; Baum & Grant, 2001; Ksiksi & Laca, 2002). However, a stochastic 

environment erodes the value of learnt information over time, making it increasingly 

difficult for the forager to behave optimally and track the quality of resources between 

patches. The forager must trade-off the benefits of learning about the potential quality of 

resources elsewhere and the costs of expending energy and time in gathering that 

information, while minimising the risks of losing the opportunity to forage in a known 
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good patch if a poor quality patch is otherwise located (Oaten, 1977; Blanckenhom, 

1991; Orians & Wittenberger, 1991; Krakauer & Rodriguez-Girones, 1995). The fitness 

of the forager is maximised by improving its foraging efficiency within and minimising 

travelling costs between good patches (Cuthill et aL, 1990; Hirvonen et aL, 1999). The 

balance between selecting a new patch and returning to an old patch therefore depends on 

the relative costs of locating a new patch. As the costs increase, the forager should search 

for fewer new patches (B ernstein, Kac elnik & Krebs, 199 1), which can be selected near 

to or far from the last patch depending upon the quality of the previous patch (Stephens & 

Krebs, 1986). If resource quality in the most recent patch was good, each forager should 

select another patch near to the last. If resource quality was poor, then a patch far from 

the last should be selected by the individual (Selten & Shmida, 1991). The spatial 

distribution of the population can therefore be affected by variation in individual 

behaviour, which is influenced by differences in cognitive ability and the genetic 

predisposition of each individual (Sutherland, 1996; Hirvonen et al., 1999). It is crucial to 

understand how ecological variability affects individual behaviour and the spatial 

distribution of the population if that population is to be effectively conserved, especially 

in a stochastic environment (Gordon, Hester & Festa-Bianchet, 2004; Fryxell et aL, 

2005). 

The Makgadikgadi zebra population lives in an unpredictable environment, where 

the selection of preferred high biomass resources is essential if zebra are to maintain 

fitness through the dry season. The dry season home range of zebra is restricted to the 

region around waterholes in the dry Boteti riverbed. All of the individuals in the 

population follow a central place foraging pattern, where the extent of the average 
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foraging radius is affected by resource availability and the previous years rainfall 

(Chapter Two). Rainfall within the Makgadikgadi is unpredictable within each wet 

season and between years with a co-efficient of variation of annual rainfall >50% for the 

last 15 years. This study investigated the foraging decisions of zebra over two 

consecutive years. The first year of the study was preceded by a good wet season, 

improving resource availability during the dry season in comparison to the second year of 

the study, which had less than half the rainfall of the first year and subsequently poorer 

resource availability (Chapter Two). 

It is important for zebra to locate foraging patches of high structural sward quality 

to maximise energy gain within the time constraints of their central place foraging 

pattern, where a patch is a collection of feeding sites and is defined as the area selected 

by a zebra on each separate foraging bout or renewal cycle (Chapter Three). Zebra adopt 

the energetically and temporarily efficient area-restricted search foraging strategy to 

locate patches of high quality resources, concentrating their foraging efforts within 

preferred patches while moving rapidly across less-preferred areas (Turchin, 1991; 

Walsh, 1996; Chapters Two & Three). Once a patch of high quality resources had been 

located a zebra could decide to use that same patch repeatedly. Alternatively it could 

elect to forage in a new direction out from the central place and select a new grazing 

patch, thereby increasing its knowledge of the available resources across the dry season 

home range. Or a zebra could choose a mixture of selecting new sites and revisiting old 

sites. Foraging ungulates are known to use their cognitive ability to locate known patches 

of high quality resources, but most studies have been restricted to pen trials, where 
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conditions are stable and controlled (Gillingham & Bunnell, 1989; Bailey, 1995; Edwards 

et al., 1997; Howery et al., 2000; Ksiksi & Laca, 2002). 

To determine what the benefits and costs of each strategy are, it is important to 

relate individual foraging patterns to individual costs and benefits. It is assumed that one 

of the objectives for zebra is to locate patches of high quality and to revisit those patches 

to improve their foraging efficiency. As it was not possible to record the sward quality of 

each individual within each of their selected patches, I used their rate of travel recorded 

while in those patches to estimate resource quality. The rate of travel while grazing and 

searching for resources is associated with the quality of those resources. As resource 

quality improves the rate of travel declines, as the rate of inter-patch movement and the 

distance between each patch or tuft of high quality declines (Shipley et al., 1996). 

The aim of this study was to determine how the ecological variation of the 

Makgadikgadi environment affected individual patch selection decisions by zebra across 

the large scale of their dry season home range. Six hypotheses were tested to investigate 

individual patch selection decisions: - 

1. Each individual zebra selectsforaging patches that are relocated throughout the dry 

season. It is predicted that sensory and cognitive ability will enable each zebra to relocate 

previously visited patches of preferred resource quality. 

2. The proportion ofdistinctly identifiable patch selection strategies increases in years 

ofpoor resource availability. It is predicted that different individual patch selection 

strategies will be identified in both years of the study. Poor resource availability in the 

second year of the study should cause an increase in the proportional number of different 

strategies identified. 
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3. A zebra with a more dispersedforaging strategy has a lowerforaging distance than a 

zebra with a less dispersedpatch selection strategy. It is predicted that a zebra with a 

greater spatial awareness of the distribution of high quality resources across the scale of 

the dry season home range will be able to locate the best possible foraging patches closer 

to the central place, when compared with an individual that selects patches from a small 

area of the home range. This individual should not have as good a spatial awareness of 

resource potential across the scale of the home range and should select preferred patches 

further from the central place. 

4. Each zebra selectsfewer new patches as the dry season progresses. It is predicted 

that as each zebra gathers knowledge of resource distribution during successive foraging 

bouts, preferred patches will be re-visited more frequently, reducing the sampling costs of 

visiting new patches. 

5. The spatial dispersion ofpatches selected by each zebra is greater in years ofpoor 

resource availability. It is predicted that in years of poor resource availability, each zebra 

must maintain a high sampling rate of new patches to search for high quality resources. 

6. The rate of travel within the selectedpatch isfaster in patches of lower quality. It is 

predicted that rate of travel will increase in patches of poor resource quality as the speed 

of travel while foraging is associated with the quality of the available resources (Murray, 

199 1; Shipley et al., 1996). 

4.2 Methods 

Two methods of analysis were employed to investigate the first five hypotheses: 

a) Producing a diversity index of patch selection, based on the number of new patches 

selected each month to the number of revisited patches. 
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b) Measuring the angular dispersion of selected patches each month around the central 

place. 

Movement patterns were monitored using GPS-capable collars (n=13) across two 

consecutive dry seasons, from March 2002 - December 2002, and April 2003 - October 

2003. Rainfall patterns and the duration of each dry season are shown in Figure 2.7. 

Minimum convex polygons (MCPs) were created for each foraging patch selected by 

each individual on separate foraging bouts. Patches were identified in Chapter Two by 

categorising GPS fix locations, based on the relative distance and position of each 

successive fix. Only those GPS fixes defined as 'in the grazing patch' were used to create 

MCP patches (Figs 2.1,4.1). The use of MCPs was appropriate as the area-restricted 

search strategy and foraging movement of zebra within their foraging patch reflected a 

small-scale space-filling home range use. 100% MCPs were used to assess total possible 

foraging and perceptive range. 

Travel speed in the selected foraging patch was 3-4 times slower than when 

travelling on extended j oumeys walking out from and back to the riverbed (Fig. 2.9). As 

the ability to assess potential resource quality is directly linked to travel speed (Shipley el 

aL, 1996; Fortin, 2002; Johnson et aL, 2002), it was assumed that the ability to assess 

resource quality was at its greatest while in the foraging patch. As animals can only 

properly assess resource quality within their perceptive field (Edwards et aL, 1997; 

Howery et aL, 2000), knowledge of resource quality should be restricted to the area of the 

zebra's foraging patch and the region through which they travel to the foraging patch and 

returning to the riverbed. 
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The Shannon-Wiener index of diversity (H') is a measure of the order / disorder 

contained within a system (Krebs, 1998; Zar, 1999), where: - 

H'-=-l 
.., 

(Pixloglopi) 
i-I 

H' Shannon-Wiener index of patch diversity 

s number of patches selected per month 

pi proportion of total foraging bouts per month within the ith patch 

ia single foraging patch selected on each separate foraging bout 

The index (H') was standardised to a scale of 0 -1 by dividing by logio(s), to 

provide an evenness measure of the Shannon-Wiener index (F) (Krebs, 1998). A score of 

1 reflects an even use of patches (pi =11s) i. e. a high level of patch diversity. A score 

close to 0 occurs if there is repeated use of a single patch for most of the month i. e. a low 

level of patch diversity. The index measured the diversity of patch selection by zebra 

across time. Patches were identified from each separate foraging bout and a patch was 

defined as a new patch when it did not overlap with any other previously visited patch. 

Patches were defined as revisited patches if any patch touched or overlapped with any 

previous 'old' patch, the new overlapping patch sharing the identity of the underlying old 

patch (Fig. 4.1). 

A monthly index of distribution was used as this time scale is about the same as the 

cognitive ability of 21-48 days for foraging cattle to remember locations of food (Bailey, 

1995; Ksiksi & Laca, 2002). The distance of each patch from the central place was 

determined by the mean distance of each GPS position within that patch to the nearest 

waterhole with a confinned presence of water and signs of active use by zebra (Chapter 
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Two) using the Animal Movement Extension for ArcView 3.2 (1-looge, Eichcnlaub & 

Soloman, 1999). 
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around an averaged central point 

// 
ý, ý Makgadikgadi and Nxai Pan National Park 
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Foraging bout MCPs of 
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\Wl's ofthe zchra's tra, ellino leo out to the selected grazing patch were also 

analy scd to determine if knowledge gained from the slower outward leg affected patch 

selection. 'I ravel speed was 22% slower on the outward leg of the foraging bout than 

returning to the river (Fig. 2.9). Information on resource quality being walked passed and 

, ignored' on the way to the selected patch could possibly have been remembered for 

I-Liture reference, \01le periodic sampling ofthe sward could have occurred during this 

travelling phase, thereby improving knowledge of resource quality (Chapter Two). If any 

new grazing patch overlapped with the walking out MCP from any previous travelling 

phasc. then the new patch was categorised as returning to the previous grazing patch of 

that travelling phase. 

vepurule. 1braging bouls. 1br a zebra during lhe dryseason 
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The use ofof the Shannon-Wiener index of patch distribution was limited by its 

inability to differentiate between patches near to each other and patches situated far apart 

across the dry season home range. To overcome this limitation, circular statistics 

(Batschelet, 198 1; Zar, 1999) were used to differentiate between the variance in the 

degrees of dispersion of selected patches around the central place (Fig. 4.1). 

Circular statistics takes the dispersion of angles from north to produce an index of 

angular variance (r). This index was defined for each individual from the distribution of 

all the selected foraging patches within each month. The angular variation from north was 

taken from the last GPS positional fix categorised in the outward leg of the foraging bout, 

originating from a centralised water point. An 'average' geographic central point was 

required as the zebra's central place foraging strategy was based around a series of 

waterholes extending for 23krn around a bend in the Boteti River (Figs 2.1,4.1). The 

central point was specific to each individual zebra depending upon its waterhole 

preference during the dry season. The angular variance (r) is distributed from 0-1. A 

score of I indicates a low level of variance in the angular dispersion of patches (a 

concentrated group of patches), while a score of 0 indicates a high angular variance 

(patches dispersed across the dry season home range). 

If foraging patches were dispersed across a set arc length for the duration of the dry 

season, then the angular variance would diminish with increasing foraging distance (Fig. 

4.2). 
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Figure 4.2. The relationship between arc length andforaging distance. Ifselected 

patches are separated by an arc length ofX km at aforaging distance of d km and arc 
length remains constant, the relative angular variance oftlispersion will decline as 
foraging distance increases. Patches with the most divergent angular distribution per 

month were used as an indicator ofarc length to determine if arc length varied during 

the dry seasonfor each individual. 

angle 0 
I 

x 

d 

d, 

Angular variance (r) should decline as a function of radial (foraging) distance if arc 

length remains constant, where: - 

X= arc length (km), and is the spatial dispersion of selected patches around the 

circumference of the foraging radius. 

0= angular variance of patch dispersion, and is the angle of dispersion between selected 

patches. 

d= foraging distance (km), the averaged monthly distance of selected foraging sites. 

A general linear model was used to analyse the difference in monthly foraging 

patterns between individuals and years for the second and fifth hypotheses. Sample size 

was the number of months that each zebra was observed within the dry season of each 

year of the study. In 2002, five zebra mares selected 389 different foraging patches 

during a total of 38 months from March to December, while in 2003 eight zebra mares 

selected 480 different patches during a total of 51 months from April to October. Results 

from November and December 2002 were not included in the analysis as they were only 
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available for two zebra mares, reducing monthly sample size to a total of 34 months 

during 2002. 

A discriminant function analysis (DFA) was used to detern-iine if spatial foraging 

patterns of individuals foraging far from the central place could be discriminated from 

those foraging closer to the central place. Individuals were categorised as foraging further 

than or less than the average annual foraging distance, taken as 10.5km for 2002 and 

13.7km for 2003 (Chapter Two). The DFA formed a linear combination of the foraging 

index variables that maximised the probability of correctly assigning each individual to 

the pre-determined foraging distance category (Quinn & Keough, 2002). 

A Pearson correlation was used to determine if the circular variance and diversity of 

patches selected was related to the duration of time across the dry season for the fourth 

hypothesis. For the sixth hypothesis, travel speed within the selected foraging patch was 

recorded from the hour each zebra entered their selected foraging patch to the hour they 

left the patch by dividing the total time spent within the patch by total distance travelled 

within that patch. The hourly rate of travel was used to differentiate between the qualities 

of available resources within each selected patch. Different GPS collar types used in the 

study were analysed separately and further divided by year (see Appendix Two on the 

effects of collar weight on rate of travel in the foraging area). Non-parametric statistics 

were used when variables could not be normalised or lacked homogeneity of variance. As 

the Shannon-Wiener index and circular variance were calculated on a proportional scale 

of 0-1, monthly values were arcsine transformed prior to analysis. All analyses were 

performed using SPSS 12.0 for Windows (SPSS, 2003). 
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4.3 Results 

4.3.1 First hypothesis: Each individual zebra selectsforaging patches that are relocated 

throughout the dry season. 

Distinct area-restricted foraging patches were identified for all collared zebra. Each 

zebra selected new patches and revisited known patches throughout the dry season. 

Patches were revisited over a mean temporal range of 25 ± 33 days. Mean patch size was 

I 1± 8kmý for all individuals during the dry season. Patches were not selected at random 

from around the central place within the majority of months for all individuals apart from 

Z 15. However, there was no evidence from the spatial distribution patterns of patches 

that selected foraging patches were not randomly distributed in April 2003 (Table 4.1). 

Table 4.1. Rayleigh test of uniformity. Used to testfor the significance of the mean 
direction in a rose-histogram. P values in bold show non-significant dis 

* 
tributions, i. e., 

strictly no evidence that the patches were not randomly distributed. Performed on the 
data ofangular variance ofpatch dispersion using ORIANA for Windows 1.06 (Kovach, 

1994). All P values are Bonferroni corrected. 
Year lIndividual 
2002 
2002 
2002 
2002 
2002 

zi 
Z2 
D 
Z4 
Z5 

2003 1V 
2003 1 Z8 
2003 1 Z9 
2003 1 ZIO 
2003 1 Z12 
2003 1 Z13 
2003 1 Z14 
2003 1 Z15 

Apr May Jun Jul Aug Sep Oct 
0.05 0.00 0.00 0.00 
0.18 0.02 0.00 0.00 0.00 0.00 
0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.10 
0.00 0.03 0.00 0.00 0.04 0.00 0.00 0.36 
0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.02 

0.18 0.94 0.00 0.00 0.00 0.00 0.00 
0.09 0.00 0.00 
031 0.00 0.00 0.00 0.00 0.00 0.00 
0.08 0.14 0.06 0.00 0.00 0.04 0.00 
0.08 0.00 0.00 0.00 0.00 0.26 0.00 
0.17 0.00 0.00 0.00 0.00 0.03 0.14 
0.18 0.00 0.00 0.00 0.06 0.06 0.00 
1.00 0.92 0.30 0.40 0.20 1.00 
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4.3.2 Second hypothesis: The proportion oftlistinctly identifiable patch selection 

strategies increases in years ofpoor resource availability. 

Individually distinct behavioural foraging strategies were identified, with 

differences found between individuals in 2003 with both methods used to investigate 

patch distribution (Table 4.2). A difference between individuals was only found in 2003, 

reflecting a proportional increase in the expression of different strategies when resource 

availability and quality was lower compared to 2002. However differences between 

individuals were limited. The Shannon-Wiener index of patch distribution separated the 

strategy of one individual from three others. Tukey's HSD post hoc comparison of the 

2003 Shannon-Wiener index displayed a significant difference (P< 0.027) between one 

individual with a high J'(Z9) and three individuals with a low Y (ZIO, Z12 and Z14) 

(Fig. 4.3 a). Separation between the same individuals was maintained with the inclusion 

of the walking out MCPs (ANOVA: F6,41= 3.259, ): '-- 0.01, Tukey's HSDpost hoc 

between individuals Z9, and Z 10, Z 12 and Z 14, P< 0.0 19). 

The index of angular variance highlighted a similar degree of separation between 

individuals, but indicated a significant difference between a different subset of those 

individuals. Tukey's HSD post hoc comparison of the 2003 circular variance showed a 

significant difference (P< 0.024) between individuals Z15 and, Z9 and Z12 (Fig. 4.3b). 
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Figure 4.3. a) the Shannon- Wiener index ofpatch distribution and b) angular variance of 

patchesfor individuals during 2003. Differences were apparent between 'B' and all V 

marked individuals. There was no difference between individuals marked Vand any 

other individual. The difference inforaging strategy could not be linked to individual 

foraging distance; clear columns indicate a below average annualforaging distance, 

shaded columns indicate an above average annualforaging distancefor each individual 

zebra during the course of the dry season (± SD). 
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Variation between the two methods of analysing individual patch selection 

behaviour suggests that there was no simple relationship between the relative 

concentration of patches selected by each individual around the central place and the rate 

of re-utilisation of those patches. 

Distinct foraging strategies identified between individuals in 2003 were: 

1. To select patches from only a relatively small area of the potential dry season home 

range throughout the dry season. Z9 and Z12 both had a highly concentrated patch 

selection strategy i. e., a low patch dispersion to the almost complete exclusion of other 

accessible patches, regardless of the ecological variation across the season. However Z9 

selected the same patches repeatedly, demonstrating a low patch diversity compared to 

Z12, which had a high patch diversity and used new patches near to each other 

throughout every month. 

2. To select patches from a wide area. ZIS had a high dispersion of selected patches, but 

selected patches in short consecutive bouts, before selecting a new site of patches far 

from the last, therefore retaining a quite high patch diversity. 

Power analysis was used to test the 'validity' of the result for the comparisons 

between individuals in 2002. Statistical power relates to the probability of accepting the 

null hypothesis when it is true and should be accepted. However, a failure to reject the 

null hypothesis, i. e. a type II error of accepting a significant result, when in fact there 

isn't one, may result from (i) small sample sizes, (ii) large variation within the samples 

and/or (iii) small effect sizes i. e. small absolute differences between mean values. In this 

study, the numbers of levels within sample sizes were small, with five and eight 

individuals collared in 2002 and 2003 respectively. Power analyses were undertaken 
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using Minitab 13 for Windows (MINITAB, 2000). In each case, the number of levels and 

sample size corresponded to the number of individuals and months respectively. 

Maximum difference between means was calculated as the absolute difference between 

the largest and smallest mean value for any two months; a was taken as the square root of 

the mean squared error. High statistical power is typically indicated by a power level of 

0.8 and higher (Thomas & Juanes, 1996). The analyses suggest moderate power in 2003, 

but lower power in 2002 (Table 4.3). This appeared to arise as a result of small 

differences in mean values between months in 2002 relative to those in 2003. The results 

of the power analyses indicate that while more confidence can be placed in the significant 

results observed between individuals in 2003, less confidence can be placed in the lack of 

a significant difference between individuals in 2002. 

Table 4.3. Power levels of the statistical difference between individualforaging strategies 
described by the Shannon- Wiener index of distribution (F) and circular variance ofpatch 
dispersion (r). 

2002 2003 
if it 

Number of levels (GPS collars) 5588 
Sample size (number of months) 8877 
Max. difference between the means 0.293 0.313 0.497 0.747 

Cr 0.245 0.235 0.262 0.383 

Power level 0.39 0.49 0.66 0.69 

Overall, the results suggest that individual zebra follow different spatial foraging 

strategies, although the prediction that a proportional increase in the expression of 

multiple strategies occurred between years could not be accepted or rejected. Graphical 

108 



Chapter 4, 

representations of individual spatial distribution patterns are provided for comparison in 

Appendix Five. 

4.3.3 Third hypothesis: A zebra with a more dispersedforaging strategy has a lower 

foraging distance than a zebra with a less dispersedpatch selection strategy. 

The foraging distances of individuals could not be related to differences in foraging 

strategy. Individuals with a greater mean annual foraging distance were not discriminated 

from those with a lower mean foraging distance with the combined use of patch 

distribution indices in either year (Figs 4.3 a, b. Table 4.2). 

4.3.4 Fourth hypothesis: Each zebra selectsfewer newpatches as the dry season 

progresses 

The Shannon-Wiener index of patch distribution did not decrease with time across 

the dry season (Table 4.2). However, there was a significant negative correlation between 

the circular dispersion of patches within the dry season and the duration of time across 

the season in 2002, although this effect was not evident in 2003 (Table 4.2). Mean 

monthly Shannon-Wiener index scores for all individuals in both 2002 and 2003 showed 

a negative trend with mean foraging distance within each respective year, although this 

relationship was not significant in either year (Pearson correlation: 2002; r= -0.104, 

n=34, P-- 0.560: 2003; r= -0.132, n=51, P-- 0.714) (Figs 4.4 a, b). A relationship between 

circular variance and foraging distance also seemed to be apparent, but as with the 

Shannon-Wiener index, this relationship was not significant and the apparent association 

broke down with the first rainfall of the dry season (Figs 4.4 a, b. 4.5 a, b). 
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Figure 4.4. Yhe relationship between the Shannon- Wiener index ofpatch distribution 

withforaging distance in a) 2002 and b) 2003.. An index score of 0 demonstrates a low 

degree ofpatch distribution, reflecting a high rate of the re-utilisation ofpatches; a score 

of I indicates a high degree ofpatch distribution and a low rate ofpatch re-utilisation: 
black line -foraging distance; grey line - Shannon- Wiener index ofpatch distribution 

(± SD). 
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Figure 4.5. The relationship between circular variance ofpatch dispersion andforaging 
distancefor a) 2002 and b) 2003. Index score of 0 reflects a high dispersion ofpatches 
farfrom each other around the central place and a score of I an increasing 

concentration ofpatches near to each other: black line -foraging distance; grey line - 
angular variance ofpatch dispersion (± SD). 
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Arc length or the measure of the distribution of the most diversely selected patches 

around the foraging radius was positively correlated with foraging distance (Pearson 

correlation: r =0.482, n=85, P= 0.001). This suggests that although zebra increase the 

spatial concentration of their selected patches with increasing distance, they did so less 

than expected i. e., arc length increases with foraging distance, limiting the concentration 

of selected patches. 
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The distance travelled while returning to a known patch was not significantly 

different to that travelling to a new patch within each month regardless of whether the 

patch was near to or dispersed far from the original patch, apart from in June and 

October. A posteriori analysis was conducted on the relationship between foraging 

distance and patch selection. One-way ANOVAs were used to determine if a difference 

could be found between the foraging distances of new patches and revisited patches. 

Analysis was conducted on all the patches combined from both years. Results were only 

significant for June, when new patches were significantly further from the central place 

(17.2km ± 4.9krn) than known patches (9.61an ± 5. lkm) (one-way ANOVA: F2,109 

9.422, P<0.001) and October, when new patches were significantly closer (5.5km 

2. Okm) than known patches (9.41an ± 4.9krn) (one-way ANOVA: F2,74 = 7.144, 

P--0.001). 

4.3.5 Fifth hypothesis: The spatial dispersion ofpatches selected by each zebra is greater 

in years ofpoor resource availability. 

The lower preceding rainfall levels of the 2003 dry season reduced resource 

availability around the Boteti region and a greater distribution of patch selection might 

have been expected in those individuals during 2003. This result was not evident from the 

Shannon-Wiener index of patch distribution but was evident from the circular dispersion 

of patches around the central place (Table 4.2, Figs 4.6 a, b). 
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Figure 4.6. Comparison ofa) Shannon- Wiener index ofpatch distribution and b) circular 

variance ofpatch distributionfor 2002 / 2003: black line 2002, grey line 2003. (± SD). 
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The inclusion of the outward leg MCPs in the analysis of the Shannon-Wiener 

index of patch distribution reduced patch diversity in both years (paired Mest: t= 4.92, 

d. f. = 85, P< 0.001), but did not affect the lack of distinction between years (ANOVA: 

F, "": 0.25, P= 0.62). 
, 72' 

4.3.6 Sixth hypothesis: The rate of travel within the selectedpatch isfaster in patches of 

lower quality. 

Monthly average foraging distance from the central place was greater in 2003 than 

in 2002, reflecting a lower quality and quantity of resources available to the zebra within 
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the dry season home range in 2003 (Chapter Two). Rate of travel in the grazing patch 

was also faster in 2003 (Mest: t=3.814, d. f. = 85, P< 0.001), increasing from 415m/hr in 

2002 to 501m/hr in 2003. Individual variation in travel speed within the foraging patch 

was found within both years, but no distinct relationship could be discerned between 

travel speed and the distance of the selected foraging patch from the central place. These 

results were affected by the effect of collar weight on travel speed in the foraging patch 

(Appendix Two). Difference in the relative effect of collar weight on travel speed by 

different collars used within the study reduced inter-annual sample size and precluded the 

ability to analyse these data in detail. 

4.4 Discussion 

Foraging patches were not selected at random from across the dry season range for 

the majority of months and individuals. The ability of zebra to locate patches of high 

quality resources was essential if they were to be able to maintain their preferred grazing 

strategy (Chapter Three). In a heterogeneous landscape of resource quality, where 

resource availability was changing constantly due to unpredictable rainfall patterns 

(Chapter One), zebra had to be able to locate high quality patches and continue to assess 

changes in resource quality and distribution throughout the dry season. 

The results from this chapter suggest that zebra use their spatial memory to improve 

foraging efficiency. However, patch selection and the ability to locate the same patches 

again from across such a large region may have been assisted by the zebra's use of well- 

defined paths. Paths radiate out from the Boteti waterholes, leading to all areas of the dry 

season home range. Zebra followed these paths while departing from and returning to the 

riverbed, possibly locating them by sight and memory (Howery et aL, 2000). 
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4.4.1 First hypothesis 

For the first hypothesis it was predicted that cognitive ability should enable zebra to 

revisit the same foraging patches. Distinctly identifiable patches were revisited during the 

dry season, while each zebra showed variation in the balance of selecting new patches 

and revisiting patches within each month. This suggests that individual zebra have 

different foraging strategies, which may have been limited by cognitive ability. Patches 

were revisited with a mean window of 25 days, agreeing with results found for cattle in 

controlled environments (Bailey, 1995; Ksiksi & Laca, 2002). The advantages of 

revisiting the same patch decrease in unpredictable, complex environments (Hirvonen et 

al., 1999; Dumont & Hill, 2001). The dry season range of zebra could be viewed as an 

unpredictable, complex environment and it might have been expected to find a shorter 

temporal gap between revisiting patches. 

4.4.2 Second hypothesis 

For the second hypothesis it was predicted that multiple foraging strategies would 

be found between collared zebra. The results from this study suggest that this prediction 

was upheld. Variation between individuals was found in the distribution and selection of 

known and new patches, and in the spatial dispersion of these selected patches across the 

dry season home range during periods of poor resource availability and quality. However, 

it can not be concluded that a proportional increase in the expression of multiple 

strategies occurred between years. 

The spatial distribution of zebra across the dry season home range was dependent 

upon individual foraging decisions. Fryxell (1997) states that the adaptive advantage of a 

single strategy is lost when resource availability is unpredictable. The stochastic nature of 
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resource availability in the Makgadikgadi should then be manifest within the behavioural 

foraging strategies of the zebra population and it might be expected therefore not only to 

find an increase in the proportional occurrence of strategies in 2003, but also a multiple 

of strategies in 2002. 

The importance of an adaptive foraging strategy for the long-term viability of an 

ungulate population in a heterogeneous environment has recently been demonstrated 

(Fryxell, 2005). At the population level, zebra expressed an adaptive behavioural 

response to annual variations in resource availability, but further research is required to 

determine if individual zebra adapted their own foraging strategy between years and how 

ecological variation might affect these strategies between years. 

To help determine why zebra had such distinctive spatial foraging strategies, further 

studies would need to investigate how resource quality varied between defined segments 

of the home range where patches were selected. The relative costs and benefits of 

different foraging strategies could be more easily determined by defining how resource 

quality varied between these 'segments' where patches are selected. 

4.4.3 Third hypothesis 

For the third hypothesis it was predicted that one of the rewards for zebra of 

adopting a spatially diverse patch selection strategy was the ability to locate preferred 

patches closer to the central place than if a concentrated patch selection strategy had been 

adopted. No association between patch selection strategy and foraging distance was 

found. The inability to link the diversity of patch selection strategies to these supposed 

individual benefits may in part be due to the misinterpretation of the risks and rewards 

facing each zebra, or that confounding factors had an increasing influence on foraging 
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decisions at these large spatial and temporal scales. Zebra may have had to trade-off the 

costs associated with a high foraging distance with the potential costs associated with 

foraging closer to the central place. The potential risk from predation increases closer to 

the central place (Appendix Three), which would have detrimentally affected foraging 

efficiency at these lower foraging distances (Lima & Dill, 1990; Nonacs & Dill, 1990; 

Illius & Fitzgibbon, 1994; Fortin et aL, 2004). 

The effects of inter-specific competition for resources may be greater closer to the 

central place. Cattle and wildebeest share the same water resources as zebra and could be 

presumed to forage using a central place foraging strategy similar to that of zebra. 

Preferred resources closer to the central place would therefore be depleted at a greater 

rate if resource partitioning was not evident between these three species. Cattle are 

known to enter the National Park by crossing the dry Boteti riverbed and forage up to a 

mean distance of 6kni from their kraal during the dry season (Hemson, 2004). Wildebeest 

do not forage as far from water as zebra; the majority being found foraging < l2kni from 

water (Western, 1975; Redfern et aL, 2003). Competition for resources may then be 

greater within a 6krn or 12kin radius of the central place. 

Intra-specific competition could also have influenced patch selection, especially as 

resources were limited within the dry season home range (Fritz, de Garine-Wichatitsky & 

Letessier, 1996). Exploitative social foraging can influence patch selection through the 

producer-scrounger game theory (Barnard, 1984; Giraldeau & Beauchamp, 1999; Wu & 

Giraldeau, 2004), where zebra may have elected to follow other herds to exploit known 

resources (scrounger) but then have had to compete for those same resources, or taken 

risks to find resources free of competition (producer). Risks and benefits are attached to 
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the different strategies, depending upon the proportional representation of the strategies 

within the population and the number of predators in the region. Time-series analysis of 

patches selected by all of the collared zebra may provide answers to the effect of social 

factors in patch selection, by investigating how patch selection by any one zebra affects 

the next patch selection by any other zebra. 

The choice between the costs of an increased foraging distance and the risks of 

foraging closer to the central place are more difficult to detennine when viewed across 

such a large scale, where confounding factors have increasing levels of interaction. The 

interpretation of foraging distance from the central place as a scale of cost in the patch 

selection decisions of zebra may be too simplified. 

4.4.4 Fourth hypothesis 

For the fourth hypothesis it was predicted that selected patches would become more 

spatially concentrated with a lower distribution over time. This prediction was justified in 

2002, but not in 2003, when no effect of time across the dry season could be found. Patch 

distribution was also unaffected by time across the dry season in 2003. Spatial diversity 

in patch selection was deemed to be a risk-prone strategy because of (1) the energetic and 

temporal costs of travelling while searching for a new patch of preferred resources at 

unknown distance from the previous patch, and (2) the time lost during a foraging bout if 

a patch of poor quality resources was found. Both of these costs should also have 

increased with mean monthly foraging distance. However, there was no significant 

difference between the distance travelled to a new patch and revisiting a known patch 

during the majority of months. This suggests that the energetic and temporal costs of 

searching for a new patch did not affect the spatial diversity of selected patches. The 
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costs of travel may then have less influence on patch selection for the majority of the year 

than those factors located within each selected patch and the time lost while within each 

poor patch. 

Movement patterns within a selected foraging patch were limited by thermal 

constraints during the day and possibly by the demands of foraging at night (Chapter 

Two). After the zebra had located a patch they remained within that patch for the 

majority of the bout. If a poor foraging patch was selected, the relative cost to the zebra 

was determined by the duration of time that it had to remain within that patch and the lost 

opportunity of foraging in a different patch (Lucas, 1983; Stephens & Krebs, 1986). In 

Chapter Two it was shown that the patch residency of zebra is positively correlated with 

foraging distance. Increasing the concentration of foraging effort and reducing the spatial 

dispersion of patch selection at increasing foraging distances could have reduced the 

potential cost of locating a patch of lower quality at large foraging distances. Foraging 

distance peaked in June and this was the only month where the distance travelled to a 

new patch was significantly further than travelling to a known patch i. e., l5kin to a 

known patch compared to 21krn to a new patch. The greater costs associated with 

searching for new patches at these distances could have affected the patch selection 

strategy of zebra. 

4.4.5 Fifth hypothesis 

For the fifth hypothesis it was predicted that the spatial distribution of patches 

would be greater in 2003, when resource quality was lower than in 2002. The circular 

variance of selected patches decreased between the two years, but zebra did not alter the 

ratio of new patches selected to patches revisited between the years of the study. 
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Variation between patch selection and patch dispersion occurred at the individual level 

and across the population between years, but the relationship between spatial dispersion 

and patch choice is not clear. Spatial dispersion is associated with resource quality, while 

the choice of patches should be related to the risks associated with each patch and the 

costs of travelling there (Caraco, 1980; Real & Caraco, 1986; Bernstein, Kacelnik & 

Krebs, 1991; Edwards et A, 1994; Wilmshurst et A, 1999). Further research is required 

to detennine the risks associated with each strategy. 

4.4.6 Sixth hypothesis 

For the sixth hypothesis it was predicted that the rate of travel would increase when 

zebra were in patches of poor quality resources. A difference in the rates of travel within 

the selected foraging patches was found between individuals, but the effect of foraging 

distance on rates of travel was inconclusive. Patch selection at the large scale cannot be 

linked to the benefits of potential resource quality at the smaller scale within this study. 

Collar weight has an increasing effect on zebra foraging behaviour at slower travel 

speeds and collar effect limited the ability of this study to relate foraging efficiency 

within the selected patch with individual variations in patch selection strategy. An 

enhanced GPS location rate gathered from light, well fitting collars (Appendix Two) 

should permit the link between spatial foraging patterns and the potential resource 

benefits within each patch to be established. 

4.5 Conclusion 

Patch selection by zebra across the scale of the landscape is not random. Zebra use 

their cognitive ability to revisit previously located patches across a large spatial and 

120 



ýChapter 4, 

temporal scale in a heterogeneous environment. The spatial distribution of the zebra 

population was affected by variation in individual foraging strategies, which followed 

both concentrated and dispersed patch selection strategies and the use of different patches 

across space and time. Individuals used different preferred patches, and selected only a 

small proportion of the total dry season home range used by the whole zebra population. 

Variation in foraging strategy between individuals could not be linked to differences in 

the foraging distances of each individual from the central place or to a potential benefit in 

the quality of resources within their preferred patch, when expressed by variations in their 

rate of travel. However, an adaptive foraging behaviour should have allowed zebra to 

minimise the risks and costs associated with a central place foraging strategy and an 

increasing foraging distance. 

4.6 Link to the next Chapter 

o The spatial distribution of zebra within their dry season home range may be affected 

by the depletion of resources around the central place caused by inter-specific 

competition for resources with wildebeest and cattle. 

o The spatial distribution of zebra should only be affected by wildebeest and cattle if 

there are competitive interactions for the limited resources along the Boteti River. 

o In the next chapter I investigate if resource partitioning is evident between zebra, 

wildebeest and cattle. If an overlap in resource use is apparent, where within the home 

range and when during the dry season is the potential for competition most evident? 

o The erection of a fence around the Makgadikgadi ecosystem in 2005 will exclude 

cattle from the National Park and it is important to deten-nine if their removal will have a 

beneficial effect upon foraging strategies and the allocation of resources for zebra. 
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4. Mmitations 

1) Collar failure lead to a decline in the samples size of individuals observed within each 

year and throughout the course of the dry season. The effect of annual and monthly 

variations in resource availability and the differences between individual strategies can be 

investigated with improved clarity and with greater statistical power with a larger sample 

size of collared zebra within each year. 

2) The failure to link rate of travel to resource quality was a major limitation in defining 

the relative costs and benefits of each strategy. Information on the quality of each patch 

selected is required either by detailed rates of travel recorded by GPS collars or resource 

sampling. 

3) Seven Posrec collars were to be used within each year of the study, but collar failure 

required the use of heavier Simplex collars during 2003, while the Posrec collars were 

refurbished. The effects of collar weight from the heavier Simplex collars affected the 

ability of this study to compare the rates of travel between individual zebra while in the 

grazing patch during 2003. While collar effect was unforeseen, due to the low weight 

ratio with body weight, issues have been raised which should improve the long-term 

viability of GPS tracking data (Appendix Two). 
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Do cattle competitively exclude zebra and wildebeest from preferred 

foraging resources? 

5.1 Introduction 

Competition for resources between livestock and wild ungulate populations has 

been investigated around the world (Fleischner, 1994; Putman, 1996; Bagchi, Mishra & 

Bhatnagar, 2004) and is an issue of increasing importance as human and livestock 

populations expand (Prins, 1992; Happold, 1995; Du Toit & Cumming, 1999; Hoare & 

Du Toit, 1999). Research into the competitive interactions that possibly occur between 

livestock and wildlife species has produced disparate answers, reflecting the dynamic 

relationship that occurs between co-existing species (see Sinclair & Arcese, 1979). 

Negative effects of livestock on wildlife have been found (Kie et aL, 1991; Loft, Menke 

& Kie, 1991; Fritz, de Garine-Wichatitsky & Letessier, 1996; Madhusudan, 2004; Mishra 

et al., 2004) and vice versa (Hobbs et al., 1996), although grazing by livestock has been 

found to improve resource availability for wildlife in certain situations (Gordon, 1988; 

Hobbs, 1996). 

Africa contains the greatest remaining diversity of wild ungulates in the world 

(Prins & Olff, 1998; Du Toit & Cumming, 1999; Fritz et al., 2002), which have co- 

evolved since the Pliocene (see Prins, 2000). Ecological separation and niche 

specialisation across this array of wild ungulate species has been enhanced by a diversity 

in body size (Hutchinson & MacArthur, 1959; Illius & Gordon, 1987,1992), digestive 

strategy (Duncan et al., 1990; Perez-Barberia et al., 2004) and adaptations in feeding 

morphology (Illius & Gordon, 1987; Illius et al., 1995a; Shipley et al., 1999). These 

physiological and morphological adaptations have allowed coexisting wild ungulates to 
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select different structural components of the available foraging resources (Murray & 

Brown, 1993; Voeten & Prins, 1999; Murray & Illius, 2000; Woolnough & du Toit, 

2001), while behavioural strategies have increased the spatial separation between some 

species through seasonal dispersal and migration (Lamprey, 1963; Fryxell, Greever & 

Sinclair, 1988; Fryxell & Sinclair, 1988). Similarity between wild sympatric species is 

limited to reduce the potential for competitive interactions (MacArthur & Levins, 1967; 

Abrams, 1975). This is supported by evidence of resource partitioning and facilitation 

between guilds of wild African ungulates (Vesey-Fitzgerald, 1960; Bell, 1971; Jarman & 

Sinclair, 1979), but the potential for competition is evident through overlapping resource 

use (Lamprey, 1963; Field & Laws, 1970; De Boer & Prins, 1990), and is at its greatest 

during the dry season (Prins, 2000). 

An overlap in habitat and resource use is not evidence for competition. It is the 

negative effect upon the inherent fitness of one or another of the sympatric populations, 

caused by a limited access to these resources that is important in determining competition 

(Prins, 2000). Connell (1980) suggested that the natural assemblage of wild species we 

find today reflects the 'ghost of competition past', where strong competitors were 

eliminated in evolutionary history, creating a current assemblage of intermittently or 

weakly competing species (Arsenault & Owen-Smith, 2002). Recently introduced species 

should lack this evolutionary advantage, increasing the potential for competition. 

Cattle were only introduced into southern Africa 2000 years ago, but now constitute 

a greater proportion of the region's ungulate biomass than wild ungulates by a factor of 

six (Denbow & Wilmsen, 1986; Cumming & Cumming, 2003). Overlapping resource use 

between cattle and African ungulates has been documented (Fritz, de Garine-Wichatitsky 
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& Letessier, 1996; Dunham, Robertson & Swanepoel, 2003), especially with both zebra 

and wildebeest (Casebeer & Koss, 1970; Hoppe, Qvortrup & Woodford, 1977; Voeten & 

Prins, 1999; Serneels & Lambin, 2001; Ego, Mbuvi & Kibet, 2003). The similarity in 

body size with cattle and the populous nature and widespread distribution patterns of 

zebra and wildebeest increase the potential for competition (Skinner & Smithers, 1990; 

Estes, 1991; Kingdon, 1997; Prins & Olff, 1998; Hack, East & Rubenstein, 2002). The 

effects of competition with livestock are usually asymmetrical, with little impact upon the 

livestock population (Prins, 2000). However, proof of direct competition has been 

restricted by the need to demonstrate the occurrence of resource limitation and a 

detrimental impact upon one or both of the sympatric populations (De Boer & Prins, 

1990; Prins, 2000). 

Due to the difficulties of establishing resource limitation in the field, evidence of 

resource-mediated segregation between livestock and wildlife has been used to suggest 

that livestock competitively exclude or displace wildlife species from their prefeffed 

resources, thereby causing the wild population to be resource limited (Loft, Menke & 

Kie, 1991; Mishra et al., 2002; Madhusudan, 2004). Exclusion of zebra by cattle has been 

found in Kenya (Wordon, Reid & Gichohi, 2003; Young, Palmer & Gadd, 2005), but 

there is no indication if this had a detrimental effect upon the fitness of the zebra 

populations. 

Makgadikgadi zebra and wildebeest share the same centralised focal foraging point 

and waterholes as cattle in the dry season. Movement patterns of both wildlife and 

livestock species are restricted by the limited availability of surface water, creating 

overlapping habitat use and promoting the possibility of competition. Density-dependent 
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pressure on the zebra's preferred foraging resources will be greater if cattle select these 

same foraging resources from around the Boteti waterholes. An overlap in habitat use 

between cattle and / or wildebeest could cause zebra to artificially increase their foraging 

radius, if they are to maintain their selection of preferred resources. 

This study aimed to demonstrate that an overlap in resource use occurred between 

zebra, wildebeest and cattle before the Makgadikgadi fence was erected. The fence will 

segregate cattle from wildlife in the zebra's dry and wet season ranges. Zebra and 

wildebeest migrate annually across the Makgadikgadi and Nxai Pan National Park 

(Kgathi & Kalikawe, 1993), moving beyond the eastern park boundary into regions 

grazed by cattle. To determine the impact of the fence on the zebra population, both the 

wet and dry season resource preferences of zebra, wildebeest and cattle were recorded to 

investigate variations in resource partitioning between all three species throughout the 

migratory cycle. 

It was predicted that: - 

1) An overlap in resource use would be evident. 

2) If an overlap in resource use were present, competition for resources would be 

asymmetrical, affecting only the wild ungulate populations. 

3) Competition for resources would be diffuse, affecting both zebra and wildlife. 

5.2 Method 

5.2.1 Sward structural composition 

The Makgadikgadi and Nxai Pan National Park and adjoining community areas 

were classified into five principal habitat types with the inclusion of the Boteti riverbed 

as a sixth habitat, from a Landsat 5 satellite image (Appendix One) (Fig. 2.2). The grass 
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species and physical structure of sward selected by zebra, wildebeest and cattle were 

sampled and recorded from December 2002 to November 2003. 

Preferred swards selected by zebra were sampled every month from three sites per 

habitat for the investigation of Chapter Three. Monthly samples were combined into the 

defined temporal seasons for analysis of this investigation. Monthly radio-tracking of 

zebra (n=25) and GPS locations recorded for the dry season analysis of Chapters Two 

and Three were maintained into the wet season to provide an indication of the wet season 

home range of zebra and to assist in locating their preferred grazing sites. Over 24,000 

GPS positional fixes were collected for zebra during the wet seasons of 2002,2003 and 

2004, from 15 GPS collared zebra mares, with a positional success rate of over 98%, of 

which, 63% were three-dimensionally accurate (see Appendix Two for details of dry 

season GPS fixes). Three hundred and seventy one positional fixes used to locate 

preferred grazing sites were located by monthly radio-tclemetry tracking of zebra 

throughout the period of study, which were achieved with a monthly tracking success rate 

of 61-68%. 

Preferred swards selected by wildebeest and cattle were sampled seasonally from all 

habitats they frequented in the study area. Samples were collected in the last week of the 

middle month of each season for each species by: - 

1) Locating grazing herds of wildebcest with > 30 individuals within each habitat by 

radio-tracking collared wildebeest (n= 10) once per month to identify preferred sampling 

sites within those habitats. One hundred and forty three positional fixes, collected at a 

location success rate of 43-63% per month were used to locate preferred grazing sites and 

define wildebeest home range. The location of collared individuals provides an indication 
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of the wet and dry season range of wildebeest. However, radio-telemetry positions 

available for wildebeest will not provide an assessment of home range size and habitat 

preference as accurate as that determined by the GPS data and greater sample size of 

collared individuals available for zebra. Therefore, a comparative assessment of habitat 

use and preference between zebra and wildebeest was not possible for this study. 

2) Locating random herds of grazing cattle with > 15 individuals within each habitat. 

Herds were located by driving on- and off-road throughout a cattle impact zone defined 

by Hemson (2004). Foraging patterns of cattle from nine different cattleposts located to 

the east and west of the National Park were observed during 2003 in a collaborative 

investigation between this study and the Makgadikgadi lion (Hemson, 2004) and brown 

hyaena (Maude, 2004) projects. Cattle foraged at a maximum mean distance of Um from 

their kraals during all temporal seasons in both the wet and dry season ranges. 

Sampled herd sizes were justified using the observed mean grazing herd size for 

each species in the region. Five preferred grazing sites were sampled in each of the 

frequented habitats for both wildebeest and cattle, with a sward sampling protocol 

following that discussed for zebra in Chapter Three. 

Comparative analysis of resource preference between each species use was 

investigated separately within both the wet and dry season ranges of the zebra migration. 

Samples were combined from all of the habitats frequented by each species during the 

entire wet or dry periods. Samples were compared to determine if an overlap in resource 

preference was evident in either the wet or dry season (Table 5.1). 

Principal component analysis (PCA) was used to reduce the numerous correlated 

sward structural variables into a smaller number of uncorrelated components that 
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explained most of the variation in the data between selected sites. The correlation matrix 

was selected as the structural sward variables were measured in different units (Quinn & 

Keough, 2002). PCA identified groups of correlated structural variables within each 

principal component, high loading scores indicating a stronger correlation of each 

variable with that component and indicating a greater contribution of that variable to the 

separation of the principal component, thereby helping to explain more of the variance 

within the data. 

Table 5.1. Swardpreference sampling was conducted in all the habitat typesfrequented 

by zebra, wildebeest and cattle during the specified sampling week Bold marks represent 

samples used in the seasonal statistical analysis. Marks not in bold were either excluded 
due to a lack of overlap in habitat use or analysed separately. 
Migratory season Temporal season Habitat type Zebra Wildebeest Cattle 
Wet season Wet season Mixed-opcn woodlands X 
home range Pan grasslands XXX 

Schmidtia grasslands X 
Late wet season Mixed-open woodlands XX 

Pan grasslands XXX 
Schmidtia grasslands XX 

Dry season Wet season Open Acacia XX 
home range DenseAcacia XX 

Riverbed XXX 
Dry season Schmidtia grasslands X 

Open Acacia XXX 
Dense Acacia XX 

t Riverbed x 
Dry / early wet Schmidlia grasslands x 
scason Open Acacia XXX 

Dense Acacia X 
t Riverbed XX 

Schmidlia grasslands were not included in the dry season analysis due to lack of habitat overlap. 
Grazing herds of wildcbecst could not be located within the dense Acacia habitat during the specified 

sampling period, 
t No grazing herds of cattle were found in the riverbed in the dry and dry/early wet seasons, 

restricting sampling. 
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The regression component scores from the PCA were saved and entered into a 

discriminant function analysis (DFA) to distinguish between the selected sites of zebra, 

wildebeest and cattle within each seasonal home range. The standardised canonical 

discriminant function coefficients produced by the DFA for each of the principal 

components that were entered into the DFA show the relative importance of each 

principal component in discriminating between preferred grazing sites. Reference to the 

key sward variables in each of those principal components shows the sward structures 

that were important in discriminating between sites selected by zebra, wildebeest and 

cattle. A MANOVA was used to determine if a difference could be found between those 

identified variables in each of the herbivores' selected sites. Sward variables were Box- 

Cox or log transformed prior to analysis to adjust for deviations from normality and to 

improve the homogeneity of variance using Minitab 13 for Windows (MINITAB, 2000). 

All statistical analyses were performed with SPSS 12.0 for Windows (SPSS, 2003). 

5.2.2 Grass species selection 

Grass species abundance in the dry season range was estimated seasonally (see 

section 3.2.2). The step-point method (Evans & Love, 1957) was used to assess grass 

species abundance seasonally across the wet season home range using stratified 200m 

transects during 2002 (n=38) and verified for abundance in 2003 by grass species tuft 

availability while assessing habitat classifications of the Landsat 5 satellite image 

(Appendix One). 

IvIev's electivity index was used to determine if any overlap in preference for grass 

species occurred between zebra, wildebeest and cattle. The proportional biomass of each 

grass species in selected sites was compared to the proportional availability of those 
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species tufts in the habitat. Biomass was used as an index of selection as opposed to tuft 

number as it provided the best representation of the quality and quantity of the available 

sward within selected sites. Vegetation transects were conducted seasonally and 

preference was adjusted each season according to the variability of grass species 

abundance during the year. 

5.2.3 Nutritional quality ofselected sites 

If cattle were competitively excluding either zebra or wildebeest from their 

preferred grazing patches, then it might be expected that cattle were grazing on patches of 

greater nutritional quality than those of the excluded species. The nutritional quality of 

selected sites for each herbivore species was determined by the chemical analysis of the 

separated leaf and stem of the selected grass species. Preferred sward samples were 

collected from January 2002 to November 2002, following the same protocol described 

in section 5.2.1. The structural data recorded for these 2002 samples was not to the same 

detail as in 2003 and they were not included in the analysis of structural preference. Grass 

species from preferred sites were combined for each herbivore from each habitat 

separately for both the wet and dry seasons. Grass species were analysed for percentage 

calcium (Ca), phosphorous (P) and nitrogen (N). Percentage N was converted into 

percentage crude protein content prior to statistical analysis, as this is a standard measure 

of resource quality (Skarpe & Bergstrom, 1986). Chemical analysis of grass nutrients was 

undertaken in the same manner as discussed for Chapter Three. The difference in the 

nutritional quality of selected sites was tested statistically using a Kruskall-Wallis test 

due to high variance within the data. Chemical analysis was only performed on 
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wildebeest and cattle sward samples collected during the dry season of 2002 and not 

those samples from 2003 due to problems with chemical analysis. 

Dietary crude protein (CPd) provides one of the best ways to determine the actual 

quality of a grazing herbivore's diet, although the ingestion of browse material can affect 

results due to the incomplete digestion of browse material (Duncan, 1992). CPd was 

estimated by the analysis of faecal samples (n--20 per season), which were collected from 

each of the frequented habitats whilst conducting sward sampling during 2002 and 2003. 

Percentage CPd was calculated separately for wildebeest, cattle and zebra due to the 

difference between their respective ruminant and hindgut digestive systems. Faecal crude 

protein (CPf) equates to 6.25 x% faecal nitrogen, where: - 

" For wildebeest and cattle; %CPd = 2.61 x %CPf - 11.90 (Sinclair, 1977) 

" For zebra; %CPd -ý 1.09 x% CPf-0.32 (Duncan, 1992) 

Difference between CPd was investigated using a Kruskall-Wallis test due to the 

variance within CPd samples. 

5.3 Results 

Spatial overlap between the three herbivore species was greater during the dry 

season. The impact zone of cattle extends into the National Park along the Boteti River, 

but has a limited overlap with the open Acacia (Fig. 5.1). Zebra and wildebeest both 

foraged around the central point of the Boteti watcrholes. Zebra foraged up to 32.5km 

from the waterholes with a mean monthly maximum foraging distance of 17.5krn 

(Chapter Two). Wildebeest were observed foraging up to 21km from the Boteti 

waterholes during the dry season, but had a lower mean foraging distance of 5km. 
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Figure 5.1. The impact zone ofcattle is a series of contiguous Zones. /brined around till of 

the cauleposts in the vicinify oj'lhe Makgadikgadi and Nxai Pan Nalional Park (IkIIIS017, 

2004). The zone represents the mean inaximum. /bruging area used bY cattle in both the 

wel and thý, seusons. The kernel home range estimalefiv wildebeesi provides an 

indication ofthe principal core range used by wildebeest in the wel and drv seasons. The 

kernel home range estimate, lbr zebra is believed to be an accurate assessment ofthe 

extent ofthe zebra populat ion 's, foraging patterns during the period ofthissludv. 

Variations in rain/all Patterns may qff ýct the shape of all qf1hese home range estiniales. 
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/chra had a limited spatial overlap with cattle during the wet season. while 

\, kildebcest \\crc not l'ound to move into the cattle impact zone. Cattle grazed inside the 

National Park during the wet season. but their foraging patterns were limited to a 6km 

110raging radius from their kraals. The wet season range of zebra was located around 

ephemeral \\ýatcrholes in the south-castern region of the Park and extending 15-20km to 

the east ol'the National Park boundary (Fig. 5.2). 
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Figure 5.2. Kernel hotne range estimatesfor zebra during Me wel and dn, seasons. 
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Sward biomass and leafavailability were identified as the principal structural 

characteristics used In the selection of all the wet season grazing sites by zebra, 

wildcheest and cattle (Table 5.2). DFA ol'principal components one and two found that 

there was a significant diff'crence between the structural cornposition of selected sites 

with principal component one, rel'erring to sward biornass, providing the greatest 

C011tI_IhUtIOII toýýards the discrimination between sites (Table 5.3). 

11 11C StRICtI. 11-al composition ofsItes selected by cattle was significantly different to 

that selected by both zebra and wildebeest (one-way ANOVA of discriminant function 

one: F,. 127 13.78, P-- 0.00 1, 'I'Likey's I ISD I)osl hoc-, P< 0.023), while zebra and 

ýk ildcheest Sites Could not be distinguished (Tukey's HSD I)ost hoc, P=0.08 I 
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Cattle selected sites with a lower total and stern biomass than both zebra and 

wi Idebeest (MANOVA: F9,34=3.347. P< 0.00 1, Tukey's 11 SD post hoc-, P< 0.0 11 ) and 

shorter swards with a lower leaf biomass and leaf bUlk density, bUt a greater leaf: stein 

ratio than zebra (Tukey's HSD post hoc. P< 0.040) (Fig. 5.3). 

Figure 5.3. Siruclural composition ol'Pretý, t-redgrazing, viles. 1i)r 
--ebra, wildebeesi and 

calfle during the welseason. Sward measuretnenIs re/er to 1eqfsIcin and total hioinass 

(glm leqf slem and leqf total (no dimension), leqf bulk densitY (glin 3 ), height and 

inler-luli distance (cm). luli numberper m 2. Swards1ruclural ratios defined. fi-oni 

measured variabIcs are presented qfier log transformation to improve visual 

repre'scillatioll (± SI)). 
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A separate analysis ofsampled sites within the pan grasslands was conducted as 

this was the only habitat in ýNhicli all three species were recorded to occur simultaneously 

dUring the wct scason. RCSUltS indicate a similar discrimination between cattle sites and 

sclectcd bý /chra and wildebeest (one-way ANOVA of discriminant function one 

for PCA ofpan grassland sites: F,, -, 4ý 11.42, P< 0.00 1, Tukey's HSD I)ost hoc, P< 0.0 13), 

with sýýard biomass and tuft density identified as the most important sward characteristics 

used to discriminate between the selected sites (Table 5.2,5.3). 
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Overlap in grass species preference was limited in the pan grasslands. Cenchrus 

ciliaris was the only grass species jointly selected by zebra and wildebeest, with a 

minimal overlap for grass species with cattle in both the wet season and the late wet 

season in the pan grasslands (Figs 5.4 a, b, c). Grass species preferences changed across 

the temporal seasons in the pan grasslands as both zebra and wildebeest reduced their 

preference for Sporobolus ioclados and Panicum coloratum and increased their selection 

of Odyssea paucinervis, while maintaining their preference for C ciliaris. Cattle selected 

Sporobolus africanus and 0. paucinervis throughout the wet seasons (Figs 5.6 a, b, c). In 

the mixed-open woodlands overlap in preference between zebra and cattle for grass 

species was restricted to C ciliaris, although both herbivores expressed a wide dietary 

selection. In the Schmidtia grasslands both zebra and wildebeest preferentially selected S. 

ioclados, with a limited preference for other species. Although zebra, wildebeest and 

cattle selected different grass species from the available sward and a distinction was 

made between the structural compositions of their grazing sites, the nutritional qualities 

of their diet was similar. Calcium was significantly lower in swards selected by zebra, but 

there were no other significant differences (one-way ANOVA for Ca content: 

F2,27=6.62 1, P-4.003). Measurements of crude protein for the wet season were not 

available for wildebeest and cattle due to problems with laboratory analysis. This also 

affected the analysis of dietary crude protein for the wet season faecal samples and no 

data are available on the quality of selected wet season resources. 
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Figure 5.4. IvIev's electiviýy index ofgrass species selection by a) zebra, b) wildebeest 

and c) cattle in the pan grasslands. Only the dominant grass species Qf the pan 

grasslands are presented, which account. 1br 94.2% qf the proportional species 

availability. Where mulliple grassspecies are ignored in bothseasons their lines overlap 

ulong the I axis. 
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5.3.2 Dry season: sward sampling preferences 

The structural composition of preferred grazing sites selected by zebra, wildebeest 

and cattle during the dry season could not be discriminated, when all sites apart from the 

riverbed were analysed together (Tables 5.4,5.5). Sward biomass and leaf availability 

were found to be the most important structural characteristics of selected grazing sites. 

Short grazing lawns (3 ±I cm) of Cynodont dactlyon and Panicum repens dominate 

the riverbed, providing swards of low biomass (10 ±7 g/m2). Although there was only a 

limited difference in the structure of the available sward in the riverbed, a difference was 

found in the sward structure of sites selected by cattle and both zebra and wildebeest 

(one-way ANOVA of discriminant function one PCA scores: F2,3 1=21.35, P<0.00 1, 

Tukey's HSD post hoc, P<0.00 1), but there was no difference between zebra and 

wildebeest sites (Tukey's HSD post hoc, P--0.584) (Table 5.5). Cattle selected swards 

with a lower leaf-bulk density than both zebra and wildebeest (0.7 ± 1.1 no dimension vs 

2.1 ± 3.1 no dimension) (MANOVA: Fg, 24=6.402, P<0.001, Tukey's HSDpost hoc, 

P<0.038), and sward with a lower stem biomass than wildebeest (1.3 ± 1.3 g/m2 vs 3.7 

1.8 g1m2) (Tukey's HSD post hoc, Pý-0.025). 

In the dense Acacia no difference was found between the sward structure of sites 

selected by zebra and cattle (Table 5.5). Resource availability was limited in the dense 

Acacia, with a mean total sward biomass of 8± 18 g/rný in sites selected by zebra and 12 

± 11 g/m 2 in sites selected by cattle. Sward height was reduced across the habitat, 

limiting any choice between grazing sites for herbivores (5 ±4 cmvs 5±2 cm in sites 

selected by zebra and cattle respectively). Wildebeest herds could not be found grazing 

within the dense Acacia. 
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In the open Acacia there was a difference between the structural composition of 

sites selected by zebra and wildebeest (one-way ANOVA of discriminant function one of 

the PCA scores: 1". 37ý9.20. P=0.001. Tukey's IISD post hoc-, P< 0.00 1) (Table 5.5). 

Zebra selected taller swards with a greater total dry biomass and stern biomass than 

wildebeest (MANOVA: F9,29=2.47, P=0.033 1, Tukey's HSD posi hoc, P< 0.0 19) (Fig. 

5.5). 1 lo\\cver. there was no difference between the s\%, ard structure ot'sitcs selected by 

cattle and zebra ('I'Likey's HSD 1)osl hoc, P=0.076) or between cattle and wildebeest 

ju key' sIIS 1) post hoc-, P=0.074). 

Figure 5.5. Thes1ruclural composition qfsiIes selected by zebra, wildebeest and cattle in 

the open Acacia thiring the dryseason and dry / early wel season. Sward unils are the 

same as lor Fig. 5.3. Swardstruclural ratios defined. froin measured variables are 

presented afier log Iranslbrmal ion to improve visual representation (±SD). 
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No investigation of resource use overlap was conducted in the Schmidiia grasslands 

clUring the dry season. Cattle were not observed in the Schmidtia grasslands during the 

study, while wildebccst were rarely found in the Schmi(hi(i grasslands. 
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Chapter 5 

In the dense Acacia the difficulty of observing grazing wildebeest herds with > 30 

individuals restricted the comparative analysis of grass species selection to zebra and 

cattle (Figs 5.6 a. b). Cattle shared a preference with zebra for the dominant annual grass 

species Urochlou Irichopus and Schmidlia kalahai-iensis, which accounted for 58% of 

grass species available. Both herbivores maintained their preference for these grasses 

during both seasons and showed an increasing overlap in prefierence for Panic-11111 

maximum. Digilariasanguinalis and Slipagrostis uniplumis in the dry season. 

Figure 5.6. Ivlev's eleclivity index olgrass species selection ky a) zebra and h) caftle in 

the dense Acacia. Wv the dominant grassspecies are presented, which accounifin- 90% 

o/ the grass species diversity within the dense habitat. Cattle herds were not. 1bund 

grazing within the dense Acacia in the d)ývlearýv wet season. Wildebeesl herds were not 

joundgrazinýiý in the dense Acacia. Where multiple grass species are ignored in both 

seasons their lines overlap along the I axis. 
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Zebra, wildebeest and cattle all selected Schmidtia pappophomides in the open 

Acacia. S. uniplumis was selected by both zebra and cattle, but neither cattle or 

wildebeest selected Eragroslis rigidior, which was increasingly selected by zebra (Figs 

5.7 a. b, c). 

Figure 5.7. IvIev's eleclivity index ofgi-as, v, vpec-ie, vs-elec-lioii bY a) --ebra, b) wildebeesi 

and c) caule in open Acacia. The grass species presented accouni. 161- 90% ofthe 

available sward wilhin the open Acacia habitat. Where mulliple grussspecies are 
ignored in bothseasons their lines overlap along the -1 axis. 

a) 1.00 
0.75 
0.50 

-0 0.25 
O. oo 

-0.25 
-0.50 
-0.75 
- 1.00 

Wet Season Dry season Dry/early 
wet season 

h) 
1.00 
0.75 

050 
0.25 

0,00 

-0.25 
-0.50 

-0.75 
- 1.00 

Wet season 

C) 
1.00 

0.75 
0.50 

0.25 

0.00 

*z -0.25 

-0.50 
-0.75 

-1.00 15 

Wet scason 

0 
_. 

Dry season Dry/early 
wet season 

6 13 

Dry season Dry/early 

wet season 
143 

S. pappophoroides 

--o- - S. it 11 ip /it Inis 
D. eriantha 
E. rigidior 
0 pauci nervi s 
14 Irichopus 

S. pappophoroides 
S. lilliplunlis 
1). eriandia 

- F. rigidior 
0 paucinervis 
U. Irichoplis 

G-- I'. -. rigidior 
0. paucinervis 

- -, - - U. frichopus 

S. papp oph oro ides 

-S. unipluntis 
1). eriantha 



Chapter 5 

There was a significant difference in the nutritional quality of sites selected by the 

herbivores during the dry season, with wildebeest selecting the best quality diet of all 

three herbivores (Kruskal-Wallis: Leaf crude protein- X2= I-21.89, P< 0.00 1, Leal'P, X2= 

19.67, P< 0.00 1, Leaf Ca; X2= 17.4 1, P=0.698) (Fig. 5.8). 

Figure 5.8. Nuiritional qualitY of siles selected by zebra, wildebeest and cattle during the 

whole ch-v wason, combined across all. ti-equenied habitals (±SD). 
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I lo\\cver, results obtained from dietary crude protein show that cattle selected 

resources with a greater protein content than wildebeest during the dry season (Kruskal- 

Wallis: X18.95,11=0.01 I) (Fig. 5.9). 
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Zebra have a standard minimum crude protein requirement of between 8-10 % 

(NRC, 1989) but only selected a diet of approximately 6.8% crude protein during the dry 

season. The quality of the wildebeest's diet fell below their standard minimum 

requirement of 8%, the same as the standard minimum requirement for cattle (NRC, 

1984). 

5.4 Discussion 

An overlap in resource use was found between zebra and both wildebeest and cattle 

in the Makgadikgadi, upholding the first prediction of this study, which stated an overlap 

in resource use would be evident. The partitioning of resource use was greater during the 

wet season, when cattle selected sward of a different structure and grass species 

composition. The potential for competition between cattle and both zebra and wildebeest 

was greater during the dry season, although zebra and wildebeest had a divergent 

preference for resources in the dry season. The results presented here follow those of 

other studies, demonstrating that an overlap in the use of foraging resources is to be 

expected when livestock in Africa share the same habitat as wild ungulates (Fritz, de 

Garine-Wichatitsky & Letessier, 1996; Voeten & Prins, 1999; Ottichilo et aL, 2000a; 

Dunham, Robertson & Swanepoel, 2003; Ego, Mbuvi & Kibet, 2003; Young, Palmer & 

Gadd, 2005). 

5.4.1 Resource use overlap 

5.4.1.1 Wet season 

Rainfall is positively associated with the primary productivity of grasses 

(Deshmukh, 1984) and resource availability should not be limiting during this season 
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(Voeten, 1999). An overlap in resource use is often found when resources are plentiful 

(Gordon & Illius, 1989) and zebra were found to have, a similar resource preference to 

wildebeest during the wet season. Resource limitation is however a prerequisite for 

resource competition to be proved (Prins, 2000), and it can be assumed from this that 

zebra and wildebeest were not competing for these same resources. Cattle selected sward 

of a different structural architecture and grass species composition to both zebra and 

wildebeest, limiting the overlap in resource use between wildlife and livestock in the wet 

season. These results differ to those of Voeten & Prinns (1999), who found a high degree 

of overlapping resource use between these three herbivore species during the wet season, 

and may be related to the spatially confined foraging patterns of cattle within the 

Makgadikgadi, increasing the partitioning of resources. 

Makgadikgadi zebra and wildebeest had an overlapping wet season range, 

preferring to graze on the open grasslands along the periphery of the saltpans, rather than 

in the mixed-open woodlands or Schmidtia grasslands to the north and west of the 

saltpans. The spatial distribution of zebra was not confined and movement across the wet 

season range was associated with spatial and temporal variability in rainfall patterns 

(personal observations). The zebra's home range being focused around ephemeral 

waterholes located within the grasslands and on the open saltpans. High evaporation rates 

limited the longevity of these surface water supplies (Alexander et al., 2002), and 

combined with the high salinity of the saltpans (G. McCulloch, personal communication) 

the long-term use of each waterhole was restricted. As a result, zebra moved continuously 

across the wet season range, following localised rainfall patterns and possibly searching 

for fresher water supplies. 
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Waterholes are distributed within and outside of the National Park, with the 

majority located in the pan grasslands, which was the only habitat where all three 

herbivores were found grazing throughout the wet season. In the late wet season, zebra 

foraged with increasing regularity and in larger numbers to the east of the National Park, 

preferring to graze along the periphery of the saltpan on taller swards with greater 

biomass. Zebra increased their preference for the halophytic grass species 0. paucinervis 

at this stage of the wet season and limited their spatial overlap with the cattle impact 

zone. Zebra only moved from the pan edge into the cattle impact zone to drink in the 

ephemeral waterholes. Cattle maintained short grazing lawns around these waterholes, 

lowering the biomass of available sward and possibly limiting the preferential selection 

of these areas by zebra. 

The restricted spatial dispersion of cattle limited the potential for resource overlap 

and possibly restricted the cattle's resource selection strategy. Cattle behaved as in other 

areas of Africa, as central place foragers (Coppolillo, 2001), but with a short maximum 

mean foraging distance from their kraal of 6km, returning to their kraals on the majority 

of nights (Hemson, 2004). This contrasts with cattle in the Kalahari that have been 

observed to forage up to 15-20krn from their cattleposts during the wet season 

(Bergstrom & Skarpe, 1999). It might have been expected to find cattle foraging further 

from their kraals in the Makgadikgadi, decoupling their foraging behaviour from their 

central place foraging pattern as water availability increased during the wet season. Cattle 

to the south of the park were however found to disperse further from their kraals and 

large cattle herds were found up to 20-30krn inside the National Park (personal 

observations). 
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Herd boys did not control cattle movements in either region and the restricted cattle 

distribution pattern to the east of the park may be related to differences in predator 

pressure between these two areas, with a greater potential threat from predation to the 

east of the park than in the south (Hemson, 2004). However, a comparative analysis of 

resource quality between the east and south of the park was not conducted during this 

study and it is not possible to determine why cattle behaviour varied between these two 

locations. If cattle had extendended their spatial foraging patterns in the east as well as in 

the south, a greater overlap in resource use might have been found during the wet season. 

5.4.1.2 Dry season 

The dry season is the limiting season when there is the greatest potential for 

resource competition (Prins, 2000). There was an extensive spatial overlap between all 

three herbivore species, with zebra, wildebeest and cattle all using the limited number of 

waterholes along the Boteti River. Spatial overlap between all three species declined with 

increasing distance from the riverbed. 

Zebra selected similar grass species to wildebeest, but sought taller swards of 

increased biomass. Resource partitioning between zebra and wildebeest limited the 

potential for competition between the wild species during the dry season. The results 

from this study correspond with previous research on these commonly associated wild 

ungulates (Gwynne & Bell, 1968; Owaga, 1975; Ben-Shahar & Coe, 1992; Voeten & 

Prins, 1999). 

Equids are able to outperform bovid nutrient extraction rates on forages of high and 

low nutritional quality, but this advantage is only maintained if a suitable quantity of 

forage can be obtained to sustain their bulk foraging strategy (Duncan et aL, 1990; Illius 
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& Gordon, 1992; Menard et aL, 2002). Zebra were able to maintain their preference for 

increased sward biomass by increasing their foraging radius during the dry season 

(Chapters Two and Three). Wildebeest are more selective grazers than zebra (Ben-Shahar 

& Coe, 1992) and their foraging radius should have been influenced by the availability of 

high quality food items within the dry season home range rather than the declining forage 

biomass (Reffem et aL, 2003). This might explain the wildebeest's smaller home range 

size and their lower foraging distance compared with zebra. Wildebeest selected sward 

with the lowest total biomass and sward height of all three species, while preferentially 

selecting those grass species in the open Acacia that have been shown to provide a 

greater leaf. stem ratio and improved structural quality (Chapter Three). Their smaller 

body size and ruminant digestive system should have enabled them to obtain their daily 

energy requirements from the low sward quantity that remained within the zebra's 

expanding foraging radius (Illius & Gordon, 1992). As wildebeest require less food per 

day than zebra, they would have had more time to search for and select patches of 

improved quality (Bell, 1971). The greater crude protein content of sites selected by 

wildebeest suggests that this was possibly the case. 

Cattle did not have an overlapping resource use with zebra within the riverbed, but 

the lack of resource partitioning in the dense and the open Acacia for both sward 

structure and grass species composition would suggest that there is a high potential for 

competition between these two species during the dry season. The potential for 

competition between zebra and cattle could affect the spatial dispersion patterns of zebra, 

influencing their limited use of regions within a 5krn radius of Boteti waterholes (Chapter 

Two). 
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An overlap in resource use was also found between wildebeest and cattle. Both 

herbivore species selected swards of similar structure and grass species composition in 

the open Acacia. Wildebeest could not be located grazing within the dense Acacia during 

this study, but Wiersma (2003), sampling the foraging preferences of zebra, wildebeest 

and cattle along the Boteti region in late 2002, found an overlap in resource use between 

cattle and wildebeest in the riverbed, dense Acacia and the open Acacia, suggesting that 

the potential for competition with cattle is prevalent across all of the wildebeests' dry 

season range. 

Cattle are classed as non-selective roughage grazers (Hofmann, 1989; Van Soest, 

1994) and selected grazing sites that consistently contained the predominant grass species 

in each habitat. This suggests that cattle were less selective than either zebra or 

wildebeest, increasing the potential for an overlap in resource use between both these 

species. However, as in the wet season range, the impact zone of cattle was limited to a 

6km radius. Bergstrom & Skarpe (1999) found cattle foraging at a mean maximum 

distance of 22 kni from their cattleposts during the dry season in the Kalahari (Bergstrom 

& Skarpe, 1999) and as resource quality is lower during the dry season the foraging 

distance of cattle should have been greater than that observed during the wet season. This 

was not found to be the case in the Makgadikgadi, suggesting that their foraging patterns 

were restricted, or that an alternative source of resources were utilised by cattle during 

the dry season. 

Cattle form a significant proportion of the lion's diet in the Boteti region (Hernson, 

2004), and high predation risks could have influenced their foraging patterns (see Lima & 

Dill, 1990). Hemson (2004) found that cattle only remained outside of their kraal during 
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the night on 20% of occasions, when 80% of cattle predation occurred. Cattle found 

approximately 5km from their cattle posts after 7pm had a greater chance of remaining in 

the bush overnight than returning to the safety of their kraal. Cattle did not remain in the 

grazing patch for longer than two days without returning to the kraal and / or the Boteti 

waterholes to drink during the dry season. The spatial distribution of cattle was therefore 

restricted by their daily foraging radius, limiting the potential size of their impact zone. 

Cattle can diversify their diet to include browse material more than has been 

observed for either wildebeest or zebra. Cattle can obtain 34% of their daily energy 

requirements from browse (Rees, 1974) and their higher dietary crude protein content 

during the earlier period of the dry season is consistent with an increased intake of 

dicotyledonous browse material (Duncan, 1992). The larger body weight of cattle in 

comparison with wildebeest (Estes, 1991; Fynn & O'Connor, 2000) demands that they 

maintain a higher daily intake than wildebeest (Illius & Gordon, 1992). By diversifying 

their diet selection in the dry season, cattle n-dght have been able to escape the 

competitive influence of the large migratory wildlife populations. To determine the extent 

of niche overlap between zebra, wildebeest and cattle during the dry season, further 

research is required to determine the proportional intake of browse: graze material that is 

selected by cattle. 

5.4.2 The potentialfor competition 

The third prediction of this study stated that: if an overlap in resource use were 

evident then potential competition for resources would be diffuse, affecting both zebra 

and wildebeest. Competition is harder to prove than an overlap in resource use, but the 

potential for diffuse competition between cattle and both zebra and wildebeest is evident 
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from the overlapping resource use between all three species. To prove if cattle have 

competed for the same resources as zebra and wildebeest, further research needs to be 

conducted after the erection of the Makgadikgadi fence. The fence creates a large-scale 

natural laboratory that can be used to examine the holistic effects of livestock 

competition in semi-arid environments. By continuing to monitor spatial distribution 

patterns, patch selection strategies and resource preferences of zebra, wildebeest and 

cattle in forthcoming years the dynamic relationship that exists between these potentially 

competing species can be interpreted with greater clarity. 

It is predicted that the removal of cattle from the National Park will lead to an 

increase in the availability of preferred resources for zebra and wildebeest closer to the 

Boteti River. Foraging distance in central place foragers is dependent upon the 

availability of resources closer to the central place (Andersson, 1978; Orians & Pearson, 

1979) so that as their foraging distance declines with improved resource availability, the 

abiotic and biotic constraints endured by zebra at large foraging distances will be 

reduced. Fryxell & Sinclair (1988) stress the importance of a dry season forage reserve 

for migratory ungulates and suggest that the availability of a large quantity of resources 

during the limiting dry season promotes the abundance of migratory species in 

comparison with resident species. The depletion of these dry season reserves by the 

resident cattle population along the Boteti River may have promoted the decline in 

numbers of both zebra and wildebeest over the last few decades. 

The Boteti River stopped flowing in 1989, removing the physical barrier between 

wildlife and livestock and allowing transgression of the park boundary by both wildlife 

and cattle. Since 1989 both the zebra and wildebeest populations have declined, while the 
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cattle population has increased. Between 2000 and 2002 alone, the cattle population rose 

by 14% in the Boteti region and 11% around the Gweta area (Wint, 2000; Department of 

Animal Health and Production, 2002), suggesting that the second prediction for this study 

is upheld. This states that competition between livestock and wildlife would be 

asymmetrical, affecting the wildlife populations, but not livestock. 

5.4.3 Management suggestionsfor the Makgadikgadi 

The erection of the fence down the Boteti River was completed in 2004, while the 

alignment down the eastern region of the Makgadikgadi is still to be agreed. Density- 

dependent pressure for resources around the restricted water supplies of the Boteti River 

could be contributing to the large dry season foraging distances of zebra. These extended 

foraging distance are greater than any observed for zebra anywhere else in Africa and are 

believed to be contributing to the decline in the zebra's population size by increasing 

their exposure to biotic and abiotic environmental constraints. The removal of cattle from 

the National Park will improve resource availability and should reduce the zebra's 

exposure to environmental constraint. 

The skewed, non-circular home ranges of zebra and wildebeest around the Botcti 

waterholes suggest that the erection of the fence might not lead to a large increase in 

density-dependent pressure for resources inside the National Park, when the foraging 

areas to the west of the riverbed are excluded from wildlife. Human settlements affect 

habitat selection by wildlife in Botswana (Verlinden, 1997; Verlinden et aL, 1998; 

Bergstrom & Skarpe, 1999) and the foraging patterns of both zebra and wildebeest may 

be restricted by disturbance from people to the west of the riverbed. 
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However, this prediction is based on a two-year study and more research is required 

to determine how the spatial distribution patterns of zebra change with increased 

ecological constraint. During periods of drought and after fires foraging resources to the 

west of the river could play a vital role in maintaining the fitness of the zebra population. 

The Boteti riverbed acts as a firebreak, protecting the foraging resources to the west of 

the riverbed (D. Dugmore, personal communication). Fires move east to west with the 

prevailing winds and there is the possibility that fires could deplete the restricted 

availability of resources around the Boteti waterholes. This would lead to a dramatic 

increase in exposure to environmental constraint for zebra, wildebeest and the resident 

wildlife species along the Boteti River. 

To limit environmental constraints on the zebra population caused by poor resource 

availability and the demands of a central place foraging pattern (Chapters Two & Three) 

more waterholes are required along the length of the Boteti River. Increasing water 

availability along the length of the riverbed will reduce the foraging restrictions imposed 

by a central place foraging pattern by increasing the availability of resources closer to 

waterholes. The vulnerability of resources to fires would be reduced by improving their 

availability along the length of the river, while reducing the need to maintain access for 

wildlife to the foraging resources to the west of the Boted River. 

The alignment of the fence to the east of the National Park, along the CTI I 

boundary should not dramatically affect the grazing patterns of either zebra or 

wildebeest, but only if this planned alignment is maintained. If the fence is placed down 

the eastern boundary of the National Park, access to critically important late wet season 

waterholes would be affected. The longevity of water supplies within this region to the 
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east of the park boundary, compared with other water supplies within the National Park is 

critical in extending the duration of the wet season, and limiting the long-term exposure 

to environmental constraint that zebras face in the dry season range. The exclusion of 

these waterholes and the loss of foraging areas, which provide important forage reserves 

could detrimentally impact the fitness of the zebra population. 

5.5 Conclusion 

The three initial predictions were found to be representative of the dynamic 

interactions that occur between zebra, wildebeest and cattle in the Makgadikgadi. An 

overlap in resource use was found between all three species, with resource partitioning 

most evident between zebra and wildebeest during the limiting dry season. Cattle affect 

the availability of preferred resources for both zebra and wildebeest, which could affect 

their spatial foraging patterns and exclude them from grazing closer to the central place 

of the Boted waterholes. Cattle may be buffered from the effects of dry season forage 

limitation by adapting their foraging behaviour to select more browse material. 

Competition may be evident between cattle and both zebra and wildebeest in the 

dry season, but there was little evidence for potential competition during the wet season. 

5.6Limitatioiss 

1) Sward variables recorded during the sampling of 2002 were not measured to the same 

detail as for 2003 and were therefore not compatible with the 2003 samples. This limited 

the sample size for comparative analaysis of the resource preferences between zebra, 

wildebeest and cattle. 
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2) Samples used to compare the structural preferences during 2003 were not chemically 

analysed for nutrient content this limited the comparative analysis between resource 

preferences. 

3) No nitrogen results were available for wildebeest and cattle grass samples due to 

complications during analysis. 

4) Wildebeest home range was estimated using VHF radio-telemetry only. The expense 

of GPS collars limited their use to zebra and cattle only. Aerial tracking flights were 

conducted to monitor the position of all VHF collared wildebeest and the home range 

estimate is believed to be an accurate representation of their spatial distribution. 
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6.1 Foreword 

In this chapter I will briefly summarise how far the objectives laid out in the 

introduction to this thesis have been achieved, while highlighting the key findings from 

this study. To conclude I will define how these findings can be used to help conserve the 

Makgadikgadi region and how they can be applied to similar conservation problems in 

other areas while identifying where further studies are required. 

The objectives that I set out for this study were to determine the spatial distribution 

patterns of zebra in relation to the availability of resources and the constraints of the 

environment. This study has gone a long way to achieving these objectives and the aims 

that I outlined in the Introduction to this thesis. I used theories of optimal foraging as a 

framework to interpret the foraging behaviour of zebra in the Makgadikgadi and used 

these interpretations to define how the small-scale processes that drive individual 

behaviour affected the large-scale spatial distribution patterns of the zebra population. 

The spatial distribution patterns of zebra at the larger scale of the landscape are limited 

by the ecological constraints of the environment (Chapter Two & Chapter Three), but 

within the extremes of these constraints, spatial distribution patterns are regulated by 

resource selection strategies at the smaller scale (Chapter Three), variation in individual 

foraging behaviour (Chapter Four) and possibly by the effects of competition for 

resources (Chapter Five). 

The results from this study provide valuable information that can be used to assist 

the long-term management and conservation of the Makgadikgadi zebra population. A 
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detailed analysis of resource selection strategies is provided that can help to predict the 

zebra's seasonal distribution patterns. The extent of knowledge that was previously 

available on zebra ecology has been improved and the findings of this study can be used 

to determine how environmental and human-mediated constraints affect the small- and 

large-scale foraging patterns of other grazing herbivores living in stochastic 

environments. 

Are zebra a good model to test optimality theory? Optimality models require 

information on the costs and benefits attached to each activity to determine if the strategy 

animals adopt is optimal (Mangel & Clark, 1988). At large spatial and temporal scales, 

different uncontrolled factors can have an increasing influence on animal decisions and it 

can become difficult to determine what regulates their behaviour (Bailey et aL, 1996). 

The central place foraging behaviour of zebra exposes them to clearly defined temporal 

constraints, which were used to determine if zebra were following energy-maximising 

principles. The relative simplicity of the temporal foraging restrictions imposed on zebra 

during the dry season, enabled this study to investigate their foraging behaviour using the 

underlying principles of optimality theory. However, further research is required to 

determine the energetic costs and benefits to their foraging behaviour. 

The application of GPS collars permitted the foraging behaviour of zebra to be 

recorded continuously across the landscape, and defined foraging patterns to a scale of 

detail that would not have otherwise been possible. The potential for GPS data, in 

combination with field observations and resource sampling has been shown by this study 

and elsewhere in Africa (Thirgood et A, 2004) to provide objective information of the 

required detail to assist ecosystem managers in the conservation of large mammals. 
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However, the application of GPS collars and the extrapolation of the data they provide 

must, as the scale of the investigation is refined, be viewed with caution (Appendix Two). 

The erection of the Makgadikgadi fence during 2004 has created a large-scale 

natural laboratory. By continuing to collect information on the foraging patterns and 

resource selection strategies of zebra in post-fence conditions, results from this study can 

be used to investigate the impact of fencing policies and overlapping resource use 

between wildlife and cattle across Africa. 

6.2 Keyfludings 

6 2.1 Foraging strategy 

> Zebra behaved as time-minimisers across the 24hr period, potentially maximising 

their intake rate by selecting swards of high biomass. However, zebra spent less time 

than expected within theforagingpatch and may have been able to achieve their 

minimum daily energy demands by selecting patches with the key resources of 

preferred sward stucture and grass species composition. Zebra adapted their 

behaviour to the various scales of constraint in the environment. 

Zebra grazed unselectively at the scale of the feeding site (Chapter Three) and limited 

their grazing activity during the day to avoid thermal constraints (Chapter Two). They 

selected preferred resources from across the dry season range in a density-independent 

strategy (Chapter Three). However, thermal constraints restricted their rate of travel 

while travelling across large inter-patch distances, limiting the time available to maximise 

their time in the grazing patch (Chapter Two). Temporal restrictions hightened the need 

for zebra to select preferred grazing sites if they were to achieve their minimal daily 

nutrient intake. Patch selection was not random and individuals selected different 

preferred patches (Chapter Four). 
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6.2.2 Dry season spatial distribution patterns 

> Zebra behaved as central placeforagers throughout the course of the dry season. 

Foraging patterns followed the theoretical predictions defined for animals behaving as 

central place foragers (Andersson, 1978; Orians & Pearson, 1979; Andersson, 1981; 

Kacelnik, 1984). The spatial distribution of zebra was confined by the availability of 

water along the Boteti River in the dry season and the limit of their biological intrinsic 

constraints. However, zebra were found to forage further from water (34.5 km) than has 

previously been found. The elastic capability of their intrinsic constraints permitting them 

to continue selecting their preferred foraging resources from around the central point until 

they reached near to the extremes of their endurance capacity (Chapter Two). 

> The spatial distribution ofzebra across the scale of the landscape was regulated by a 

preferencefor sward of high biomass at the scale of theforagingpatch. 

Resource preference was congruent across multiple habitats and throughout the dry 

season. Zebra maintained a preference for sward of increased biomass by extending their 

foraging distance, as preferred resources closer to the central place were depleted by 

intra- and possibly inter-specific competition for resources (Chapters Three & Five). 

Zebra maintained their selective preference rather than altering their resource selection 

strategy in favour of a shorter foraging distance. Only at the largest extremes of spatial 

scale were the distribution patterns of zebra more affected by extrinsic environmental 

factors than intrinsic resource preferences (Chapters Two & Three). Resource preference 

affected the shape and pattern of the zebra population's distribution (Fig. 2.4) and did not 

fit the prediction of Pennycuick (1979) described in Chapter Two. By selecting swards of 
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high biomass, zebra fulfilled short- to medium-term goals of energy acquisition in favour 

of the long-term constraints of a greater foraging distance. 

> Zebra did not selectforaging patches at randomfrom the dry season range, but used 

their cognitive ability to remember the location of discreteforagingpatchesfrom 

across a large heterogeneous and natural landscape. 

Zebra use their cognitive and possibly sensory ability to remember the location of 

previously visited food patches (Chapter Four). The ability of zebra to return to the same 

foraging patch over a period of approximately 25 days, matches results observed for 

cattle within smaller scale managed environments (Bailey, 1995; Ksiksi & Laca, 2002). 

By returning to previous foraging patches, zebra could have maximised their foraging 

efficiency across the scale of the landscape if these patches contained high quality 

resources. However, it was not possible to determine the quality of selected patches from 

this study. 

The costs of selective foraging (Murray, 1991) were limited by the zebra's use of an 

area-restricted search strategy (Benhamou, 1992; Fortin, 2003), limiting their selective 

foraging behaviour to relatively small areas containing preferred resources (Chapter 

Three). The results from this study suggest that zebra use information on resource quality 

gained from across the landscape to base their decisions on patch choice, viewing 

resource availability from the large scale rather than the small scale as has been found for 

foraging ungulates in some other studies (Fortin, 2003). 
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> Zebra are less water dependent than was previously thought, foraging without water 

for an average offour days and up to a maximum ofseven days. 

Zebra did not return to the Boteti waterholes every day and / or night to drink, as rriight 

have been expected for obligate drinkers (Kingdon, 1997; Hack, East & Rubenstein, 

2002). By remaining in the foraging patch for extended periods, zebra reduced the time 

lost to travelling between foraging patches and waterholes and increased the time 

available for grazing within the foraging patch at night. Environmental constraints 

increase with spatial scale (Senft et aL, 1987; Bailey et aL, 1996), but the elasticity of 

intrinsic constraints (Owen-Stnýith, 1994,1998) enabled zebra to maximise their grazing 

time in the foraging patch. This study provides further evidence that the intrinsic 

constraints of foraging can be stretched to enable the forager to maximise its food intake 

when faced with extrinsic cnvirom-nental constraints (Owen-Smith, 1994; Iason et aL, 

1999). 

> Zebra preferred to graze within the National Park during the dry season. Only a 
limitedproportion of the zebra population usedforaging areas to the west of the 

Boteti during this study. While notfound to be of critical importance during 2002 and 
2003, these areas may become of increased importance duringperiods of drought. 

The zebra's dry season home range was skewed around the Boteti waterholes, and did not 

form a circular distribution around the central place of the waterholes (Chapter Two, 

Appendix Five). The spatial distribution of zebra may have been affected by human 

interference and / or possible competitive interactions with cattle and other livestock 

(Chapter Five). Wildlife have been found to be affected by human disturbance along 

rivers in Africa (Fritz et aL, 2003), while zebra have also been found to be excluded from 

foraging resources by human disturbance in east Africa (Wordon, Reid & Gichohi, 2003; 
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Young, Palmer & Gadd, 2005). Density-dependent pressure for resources within the 

skewed and restricted home range will be greater than if a circular home range were 

evident around the central place and would have contributed to a more rapidly increasing 

foraging distance. While zebra were able to stretch their intrinsic constraints to gain 

access to preferred resources at increased foraging distance, they were less prepared to 

increase the potential for disturbance by humans when searching for resources closer to 

the central place west of the Boteti River. Human disturbance had a greater effect on the 

spatial distribution of zebra then environmental constraint. 

6.2.3 Keyforaging resources 

> Zebra selectedforaging patches on the structural quality of the sward, and not on the 

nutritional quality of the sward available within each grass species or habitat. 

Zebra maintained a selective preference for sward of increase biomass, altering their 

criteria for the selection of feeding sites depending on the availability of resources within 

each habitat (Chapter Three). The unselective grazing behaviour of zebra within the 

feeding site agrees with the observations by Bell (197 1), depicting zebra as unselective 

bulk forage grazers. However, scale was also important in defining their resource 

selection strategies. Zebra were shown to select sward of a preferred structure and grass 

species composition within each foraging patch rather than specific structural 

components within the feeding site, matching results by Ben-Shahar & Coe (1992). 

Grass species were preferentially selected depending upon their pre-grazed 

structural quality. The availability of preferred un-grazed foraging resources close to the 

central place was critical to the patch selection strategy of zebra, as there was no re- 

growth of the senescent sward after grazing. This had a direct consequence on the spatial 
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distribution of zebra during the dry season, and therefore, the extent of the environmental 

constraints endured by zebra during each year. 

6.2.4 Competitionfor resources 

> There is apotentialfor competition between zebra, wildebeest and cattlefor 

resources. 
There was an overlap in the use of foraging resources between zebra, wildebeest and 

cattle during both the wet and dry seasons. The greatest potential for competition is 

within the dry season range of the zebra and wildebeest migration. The movement 

patterns of all three species are restricted during the dry season, while resource 

availability and quality is poor around the limited water supplies along the Boteti. Cattle 

select foraging resources of similar structure and grass species composition to those 

preferred by both zebra and wildebeest. The year round presence of cattle in the dry 

season range of the zebra and wildebeest leads to the constant decline of their preferred 

resources and limits the availability of their dry season forage reserves. The denudation 

of these resources contributes to density-dependent effects evident within the dry season 

range, leading to a greater foraging radius for zebra and exposure to increasing 

environmental constraints. 

The impact of an overlap in resource use between livestock and the migratory 

ungulate populations can only be assessed properly now that the fence has been erected 

down the Boteti River. Data on the population dynamics of the zebra population were 

collected during this study that should, by monitoring changes in size and structure, 

permit proof of competition to be determined between livestock and wildlife. Post-fence 

variation in spatial foraging patterns and resource use by zebra and wildebeest should 
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provide further indication of the impact that the competitive interactions with cattle had 

on the migratory ungulates. 

6.3 Predictionsfor the impact of the Makgadikgadifence on the zebra population 

> The long-termfitness of the zebra population could improve with the erection of the 

fence down the Boteti River by the removal of cattlefrom the National Park. 

The results from this study suggest that the exclusion of cattle from the National Park 

will benefit the zebra population by increasing resource availability closer to the central 

place of the Boteti waterholes. Zebra endure high levels of water stress to access 

preferred foraging resources far from the central place, while expending large amounts of 

energy and time in travelling to those preferred patches. Increasing resource availability 

closer to the central place will limit the impact of these constraints and improve the 

fitness of the zebra population. 

The costs of foraging at large distances are most severe for zebra foals and 

juveniles, as the costs of locomotion are directly linked to leg length in ungulates (Fancy 

& White, 1987). The zebra population has a low yearling recruitment rate of 16 ±3 (SD) 

yearlings to every 100 adult females (Brooks, 2003). Reducing the effects of 

environmental constraints and improving the fitness of yearling zebra will help to 

improve yearling survival (Choquenot, 1991). This will have a substantial effect on 

improving the stability of the zebra population (Gaillard, Festa-Bianchet & Yoccoz, 

1998). 
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> The Makgadikgadifence could be a long-term success, but only if more waterholes 

are placed down the length of the Boteti riverbed to allow zebra to escape the 

constraints associated with their central placeforaging pattern. 
One of the primary factors promoting the effects of environmental constraint on the zebra 

population is their restricted central place foraging pattern, which may also be linked to 

the populations decline when the Boteti River stopped flowing in 1989. Restricted water 

availability creates the central place foraging pattern and is critical in defining the dry 

season range and spatial distribution of the zebra population. The restricted access to 

waterholes for wildlife along the Boteti River was highlighted as one of the most 

important concerns in the environmental appraisal of the Makgadikgadi fence (Meynell 

& Parry, 2001). Reducing the number of waterholes for wildlife and restricting the 

distribution of waterholes along the Boteti riverbed will maintain this central place 

foraging pattern. 

The selective foraging strategy of zebra combined with the poor quality of available 

resources during the dry season increases their spatial demand, which is restricted by the 

limited availability of water. Increasing water availability along the Boteti riverbed will 

enable zebra to gain access to preferred resources throughout their present dry season 

range and extend their range with less of the constraints associated with a central place 

forager. Placing waterholes north of Meno-a-Kwena, near to Moreomaoto and between 

Kumagha and Meno-a-Kwena would increase the availability of foraging resources 

within a more energetically and temporally efficient foraging radius of l2kin for zebra. 

Groundwater recharge of dug waterholes is greater to the north of Kumagh (personal 

observation) and it is expected that waterholes placed to the north of Kumgha will be 

more practical and efficient than those placed further south along the Boteti riverbed. If 
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potable water can be extracted reliably from the riverbed to the south of the Kumagha 

then the availability of water near to Tsoi will improve the zebra's access to their 

preferred foraging areas within the Schmidtia grasslands. 

> The erection ofthefence down the Boteti River may not exclude zebrafrom critically 
important dry seasonforage reserves. However, this is dependent upon the increased 

provision of water along the Boteli River andplacingfirebreaks to the east ofthe 

riverbed. 
Over one third of collared zebra foraged for resources to the west of the Boted River, but 

only selected 4% of their foraging patches in this region. Although foraging resources to 

the west of the riverbed are not used on a regular basis by zebra, the relative importance 

of these forage reserves is thought to increase after periods of fire inside the National 

Park and during periods of drought. Fires sweep across the park from east to west 

following prevailing winds and will reduce the availability of resources in the dry season 

range of zebra and other wildlife. The Boteti riverbed acts as a firebreak and protects the 

resources west of the riverbed, stimulating the use of these resources (D. Dugmore 

personal communication). Increasing water availability along the Boteti River will reduce 

the potential impact of fires by improving the spatial availability of resources. 

> Ae proposed alignment of the Makgadikgadifence should not impinge on the wet 

season resources ofthe zebra population. 

The fence alignment to the east of the Makgadikgadi and Nxai Pan National Park is not 

yet decided. However, the proposed fence alignment (Fig. 1.4) does not overlap with the 

wet season range of the zebra population defined by this study (Fig. 5.1). This study was 

conducted during both a good and poor year of total rainfall and could reflect the 
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potential diversity of spatial foraging patterns expected during periods of variable rainfall 

(Western, 1975; Bergstrom & Skarpe, 1999; Wilmshurst et aL, 1999), but further 

research during years of more extensive rainfall are required if this assumption is to be 

verified. 

The loss of potentially available resources beyond the eastern fence alignment 

might not be detrimental to the viability of the zebra population. However, this prediction 

is based on the proposed alignment of a fence to the east of the National Park and not on 

the possible alignment down the eastern boundary of the National Park. Although 

information on wet season movement patterns and resource selection preferences was 

collected during the course of this study, this thesis does not focus on the wet season 

foraging strategies of zebra and an accurate prediction of any fence alignment down the 

National Park boundary is not possible with the data presented within this thesis. 

However, information collected on wet season resource selection strategies and spatial 

distribution patterns of zebra will be analysed in association with further field data that is 

hoped to be collected in the following years. 

6.4 Future work 
This study has improved the knowledge of zebra foraging ecology and generated 

further questions that need to be investigated if a more complete understanding of the 

foraging behaviour of African ungulates and their relationship with environmental 

constraints is to be achieved. However, any further work within the Makgadikgadi must 

be directed towards defining the impact of the fence on the zebra population and other 

resident and migratory wildlife species. Every effort should be made to conserve this last 

remaining mass migration of zebra and wildebeest in southern Africa. This will only be 
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possible with the continued collection of detailed quantitative information on wet and dry 

season foraging strategies and the dynamics of the zebra and wildebeest population. 

The zebra population has been in decline over the past few decades and while it is 

clear from this study that zebra are faced with many constraints that might affect their 

integral fitness, the regulatory factors that limit the zebra population need to be 

determined if the population is to be effectively conserved. 

6.5 Wider huplicationsfor the resultsfrom this study 

Human / wildlife conflict is becoming an increasing cause of concern for both 

zebra populations and other wildlife species across Africa (Du Toit & Cumming, 1999; 

Prins, 2000; Hack, East & Rubenstein, 2002). Exclusion experiments permit the 

relationships between livestock and wildlife to be more clearly defined (Loft, Menke & 

Kie, 1991; Hobbs et al., 1996), but exclusion experiments are rare at a landscape scale. 

Only the removal of cattle from the Ngorongoro crater in 1974 combined with the long- 

terni monitoring of the crater's wildlife populations prior to and after their removal 

(Runyoro et al., 1995) offers any similarity with the potential for research of the 

Makgadikgadi system. 

The collection of data on spatial foraging patterns, resource preferences and 

overlapping resource use between wildlife and livestock prior to the erection of the 

Makgadikgadi fence provides the opportunity to gather information on the impact of 

fencing policies on wildlife that is pertinent to all semi-arid ecosystems supporting large 

numbers of mobile wildlife species. 

Fences continue to be erected in southern Africa to prevent the spread of foot and 

mouth disease from wildlife to livestock (Thomson, Vosloo & Bastos, 2003), but concern 
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regarding the impact of these fences on local wildlife populations has been raised (Scott 

Wilson Resource Consultants, 2000; Meynell & Parry, 2001). Fences have been linked to 

declines in wildlife populations in southern Africa (Williamson, Williamson & 

Ngwamotsoko, 1988; Gasaway, Gasaway & Berry, 1996), but this study suggests that 

fences may benefit the long-term viability of wildlife populations where conflict for 

resources with people and livestock are prevalent. Erecting fences around an ecosystem 

creates an artificial environment, where continued and effective management is required 

to ensure the successful conservation of that system. 

170 



References 

Abrams, P. A. (1975) Limiting similarity and the form of the competition coefficient. 
Theoretical Population Biology, 8,356-375. 

Alexander, K., Signorelli, G., Mompoloki, D., & van der Post, C. (2002). Site survey for 

the development of an integrated wetland management plan for the Makgadikgadi 

palustrine wetland system. Draft final report 2002. National Conservation 

(Coordinating) Strategy Agency & IUCN ROSA, Gaborone. 

Altmann, J. (1974) Observational study of behaviour: sampling methods. Behaviour, 49, 

227-267. 

Andersson, M. (1978) foraging area: size and allocation of search effort. Theoretical 

Population Biology, 13,397-409. 

Andersson, M. (198 1) Central place foraging in the whinchat, Saxicola rubetra. Ecology, 

62,538-544. 

Arsenault, R. & Owen-Smith, N. (2002) Facilitation versus competition in grazing 
herbivore assemblages. Oikos, 97,313-318. 

Bagchi, S., Mishra, C., & Bhatnagar, Y. V. (2004) Conflicts between traditional 

pastoralism and conservation of Himalayan ibex (Capra sibirica) in the Trans- 

Himalayan mountains. Animal Conservation, 7,121-128. 

Bailey, D. W. (1995) Daily selection of feeding areas by cattle in homogenous and 
heterogeneous environments. Applied Animal Behaviour Science, 45,183-200. 

Bailey, D. W., Gross, J. E., Laca, E. A., Rittenhouse, L. R., Coughenour, M. B., Swift, D. M., 

& Sims, P. L. (1996) Mechanisms that result in large herbivore grazing 
distribution patterns. Journal ofRange Management, 49,386-400. 

Barnard, CI (1984) Producers and scroungers: strategies of exploitation and 

parasitism. Croom Helm., London. 

Batschelet, E. (198 1) Circular Statistics in Biology Academic Press, London. 

Baum, K. A. & Grant, W. E. (2001) Hummingbird foraging behavior in different patch 

types: simulation of alternative strategies. Ecological Modelling, 137,201-209. 

Bell, R. H. V. (1971) Grazing ecosystem in Serengeti. Scientific American, 225,86-93. 

171 



References, 

Belovsky, G. E. (1986) foraging and community structure: implications for a guild of 

generalist grassland herbivores. Oecologia, 70,35-52. 

Belovsky, G. E. & Slade, J. B. (1986) Time budgets of grassland herbivores: body size 

similarities. Oecologia, 70,53-62. 

Benhamou, S. (1992) Efficiency of area-concentrated searching in a continuous 

environment. Journal of Yheoretical Biology, 159,67-8 1. 

Bennett, I. L., Finch, V. A., & Holmes, C. R. (1985) Time spent in shade and its 

relationship with physiological factors of thermoregulation in three breeds of 

cattle. Applied Animal Behaviour Science, 13,227-23 6. 

Ben-Shahar, R. & Coe, M. J. (1992) The relationships between soil factors, grass nutrients 

and the foraging behavior of wildebeest and zebra. Oecologia, 90,422-428. 

Berger, J. (1983) Predation, sex-ratios, and male competition in equids (Mammalia, 

Perissodactyla). Journal ofZoology, 201,205-216. 

Bergman, C. M., Fryxell, J. M., Gates, C. C., & Fortin, D. (2001) Ungulate foraging 

strategies: energy maximizing or time minimizing? Journal ofAnimal Ecology, 

70,289-300. 

Bergman, C. M., Fryxell, J. M., & Gates, C. G. (2000) The effect of tissue complexity and 

sward height on the functional response of wood bison. Functional Ecology, 14, 

61-69. 

Bergstrom, R. & Skarpe, C. (1999) The abundance of large wild herbivores in a semi-arid 

savanna in relation to seasons, pans and livestock. African Journal ofEcology, 37, 

12-26. 

Bernstein, C., Kacelnik, A., & Krebs, J. R. (1991) Individual decisions and the 

distribution of predators in a patchy environment II. The influence of travel costs 

and structure of the environment. Journal ofAnimal Ecology, 60,205-225. 

Blanckenhorn, W. V. (1991) Fitness consequences for foraging success in water striders 

(Gerris remigis; Heteroptera: Gerridae). Behavioral Ecology, 2,46-55. 

Brooks, C. J. (2003). Quarterly research report for the Department of Wildlife and 

National Parks: the population demographics of the Makgadikgadi zebra 

population. Department for Wildlife and National Parks, Gaborone. 

172 



References 

Cambell, K. & Hofer, H. (1995). People and wildlife: spatial dynamics and zones of 
interaction. In Serengeti II (eds A. R. E. Sinclair & P. Arcese), pp. 534-570. 

Chicago University Press, Chicago & London. 

Caraco, T. (1980) On foraging time allocation in a stochastic environment. Ecology, 61, 

119-128. 

Caro, T. M. (1999) Densities of mammals in partially protected areas: the Katavi 

ecosystem of western Tanzania. Journal ofApplied Ecology, 36,205-217. 

Caro, T. M. & Durant, S. M. (1995). The importance of behavioural ecology for 

conservation biology: examples from Serengeti carnivores. In Serengeti II (eds 

A. R. E. Sinclair & P. Arcese), pp. 451-472. University of Chicago Press, Chicago. 

Casebeer, R. L. & Koss, G. G. (1970) Food habits of wildebeest, zebra, hartebeest and 

cattle in Kenya Masailand. East African Wildlife Journal, 8,25-36. 

Catania, K. C. & Remple, F. E. (2005) Asymptotic prey profitability drives star-nosed 

moles to the foraging speed limit. Nature, 433,519-522. 

Choquenot, D. (199 1) Density-dependent growth, body condition, and demography in 

feral donkeys: testing the food hypothesis. Ecology, 72,805-813. 

Connell, J. H. (1980) Diversity and the coevolution of competitors, or the ghost of 

competition past. Oikos, 35,131-138. 

Cooke, H. J. & Verstappen, H. T. (1984) The landforms of the western Makgadikgadi 

basin in northern Botswana, with a consideration of the chronology of the 

evolution of lake Palaeo-Makgadikgadi. Zeitschrift Fur Geomorphologie, 28,1- 

19. 

Cooper, S. M. (1990) The hunting behaviour of spotted hyaenas (Crocuta crocuta) in a 

region containing both sedentary and migratory herbivores. African Journal of 
Ecology, 28,131-141. 

Coppolillo, P. B. (2001) Central-place analysis and modelling of landscape-scale resource 

use in an East African agropastoral system. Landscape Ecology, 16,205-219. 

CSO (2001). Population and Housing Census, 2001. Central Statistics Office, Gaborone. 

Cumming, D. H. M. & Cumming, G. S. (2003) Ungulate community structure and 

ecological processes: body size, hoof area and trampling in Africa savannas. 

0ecologia, 134,560-568. 

173 



References 

Cuthill, I. C., Kacelnik, A., Krebs, J. R., Haccou, P., & Iwasa, Y. (1990) Starlings 

exloiting patches: the effect of recent experience on foraging decisions. Animal 

Behaviour, 40,625-640. 

De Boer, W. F. & Prins, H. H. T. (1990) Large herbivores that strive mightily but eat and 
drink as friends. Oecologia, 82,264-274. 

De Solla, S. R., Bonduriansky, R., & Brooks, R. J. (1999) Eliminating autocorrelation 

reduces biological relevance of home range estimates. Journal ofAnimal Ecology, 

68,221-234. 

De Wit, P. V. & Nachtergaele, F. O. (1990) Soil mapping and advisory services Botswana: 

Explanatory note on the soil map of the Republic ofBotswana Food and 
Agricultural organisation of the United Nations, United Nations Development 

Programme. Government of Botswana, Gaborone. 

Dernment, M. W. & Van Soest, P. J. (1985) A nutritional explanation for body-size 

patterns of ruminant and nonruiriinant herbivores. American Naturalist, 125,641 - 
672. 

Denbow, J. R. & Wilmsen, E. N. (1986) Advent and cause of pastoralism in the Kalahari. 

Science, 234,1509-1515. 

Department of Animal Health and Production (2002). Livestock census, January -April 
2002. Ministry of Agriculture, Botswana, Gaborone. 

Department of Wildlife and National Parks (2002) Aerial surveys of Botswana 1989- 

2002, Gaborone. 

Deshmukh, I. K. (1984) A common relationship between precipitation and grassland peak 
biomass for east and southern-Africa. African Journal ofEcology, 22,181-186. 

Deshmukh, I. K. & Baig, M. N. (1983) The significance of grass mortality in the 

estimation of primary production in African grasslands. African Journal of 
Ecology, 21,19-23. 

Dresher, M. (2003) Grasping complex matter. Large herbivoreforaging in patches of 
heterogeneous resources. Ph. D., Wageningen University, Wageningen. 

Du Toit, IT. & Cumming, D. H. M. (1999) Functional significance of ungulate diversity 

in African savannas and the ecological implications of the spread of pastoralism. 

Biodiversity and Conservation, 8,1643 -166 1. 

174 



References 

Dumont, B. & Hill, D. R. C. (2001) Multi-agent simulation of group foraging in sheep: 

effects of spatial memory, conspecific attraction and plot size. Ecological 

Modelling, 141,201-215. 

Duncan, P. (1983) Determinants of the use of habitat by horses in a Mediterranean 

wetland. Journal ofAnimal Ecology, 52,93-109. 

Duncan, P. (1985) Time-budgets of Camargue horses III. Environmental-influences. 

Behaviour, 92,188-208. 

Duncan, P. (1992) Horses and grasses: the nutritional ecology of equids and their impact 

on the Camargue Springer-Verlag, New York, Berlin, Heidelberg. 

Duncan, P., Foose, T. J., Gordon, I. J., Gakahu, C. G., & Lloyd, M. (1990) Comparative 

nutrient extraction from forages by grazing bovids and equids: a test of the 

nutritional model of equid/bovid competition and coexistence. Oecologia, 84, 

411-418. 

Dunham, K. M., Robertson, E. F., & Swanepoel, C. M. (2003) Population decline of 

tsessebe antelope (Damaliscus lunatus lunatus) on a mixed cattle and wildlife 

ranch in Zimbabwe. Biological Conservation, 113,111-124. 

East, R. (1984) Rainfall, soil nutrient status and biomass of large African savanna 

mammals. African Journal ofEcology, 22,245-270. 

Edwards, G. R., Newman, J. A., Parsons, A. J., & Krebs, J. R. (1994) Effects of the scale 

and spatial-distribution of the food resource and animal state on diet selection: an 

example with sheep. Journal ofAnimal Ecology, 63,816-826. 

Edwards, G. R., Newman, J. A., Parsons, A. J., & Krebs, J. R. (1996) The use of spatial 

memory by grazing animals to locate food patches in spatially heterogeneous 

environments: an example with sheep. Applied Animal Behaviour Science, 50, 

147-160. 

Edwards, G. R., Newman, J. A., Parsons, AJ., & Krebs, J. R. (1997) Use of cues by 

grazing animals to locate food patches: an example with sheep. AppliedAnimal 

Behaviour Science, 51,59-68. 

Ego, W. K., Mbuvi, D. M., & Kibet, P. F. K. (2003) Dietary composition of wildebeest 

(Connochaetes taurinus) kongoni (Alcephalus buselaphus) and cattle (Bos 

175 



References 

indicus), grazing on a common ranch in south-central Kenya. African Journal of 
Ecology, 41,83-92. 

ESRI (1992) Understanding GIS, The ARCIINFO Method. Environmental Systems 

Research Institute, Inc., Redlands, CA, USA. 

Estes, R. D. (1968). The Kalahari Region. In Unpublished typescript, pp. 1-16, 

Peterborough. 

Estes, R. D. (1976) The significance of breeding synchrony in the wildebeest. East 

African Wildlife Journal, 14,13 5-152. 

Estes, R. D. (1991) Yhe behaviour guide to African mammals The University of California 

Press, Berkeley. 

Evans, R. T. & Love, R. M. (1957) The step-point method of sampling: a practical tool in 

range research. Journal ofRange Management, 10,208-212. 

Fancy, S. G. & White, R. G. (1987) Energy expenditure for locomotion by barren-ground 

caribou. Canadian Journal ofZoology, 65,122-128. 

Farnsworth, K. D. & Illius, A. W. (1996) Large grazers back in the fold: generalizing the 

prey model to incorporate mammalian herbivores. Functional Ecology, 10,678- 

680. 

Ferrar, T. (1995). Makgadikgadi / Nxai Pan management plan. Department of Wildlife 

and National Parks, Gaborone. 

Field, C. R. & Laws, R. M. (1970) The distribution of the larger herbivores in Queen 

Elizabeth National Park, Uganda. JAppl Ecology, 7,273-294. 

Finch, V. A. (1972) Tbermoregulation and heat balance of east African eland and 
hartebeest. American Journal ofPhysiology, 222,1374-1379. 

Fleischner, T. L. (1994) Ecological costs of livestock grazing in western North America. 

Conservation Biology, 8,629-644. 

Fortin, D. (2002) searching behaviour: the value of sampling information. Ecological 

Modelling, 153,279-290. 

Fortin, D. (2003) Searching behavior and use of sampling information by free-ranging 

bison (Bos bison). Behavioral Ecology and Sociobiology, 54,194-203. 

Fortin, D., Boyce, M. S., Merrill, E. H., & Fryxell, J. M. (2004) Foraging costs of vigilance 

in large mammalian herbivores. Oikos, 107,172-180. 

176 



References 

Fortin, D., Fryxell, J. M., O'Brodovich, L., & Frandsen, D. (2003) Foraging ecology of 
bison at the landscape and plant community levels: the applicability of energy 

maximization principles. 0ecologia, 134,219-227. 

Fortin, D., Fryxell, J. M., & Pilote, R. (2002) The temporal scale of foraging decisions in 

bison. Ecology, 83,970-982. 

Fritz, H., de Garine-Wichatitsky, M., & Letessier, G. (1996) Habitat use by sympatric 

wild and domestic herbivores in an African savanna woodland: the influence of 

cattle spatial behaviour. Journal of. 4pplied Ecology, 33,5 89-598. 

Fritz, H. & Duncan, P. (1994) On the carrying-capacity for large ungulates of African 

savanna ecosystems. Proceedings of the Royal Society ofLondon Series B- 

Biological Sciences, 256,77-82. 

Fritz, H., Duncan, P., Gordon, U., & Illius, A. W. (2002) Megaherbivores influence 

trophic guilds structure in African ungulate communities. Oecologia, 131,620- 

625. 

Fritz, H., Said, S., Renaud, P. C., Mutake, S., Coid, C., & Monicat, F. (2003) The effects 

of agricultural fields and human settlements on the use of rivers by wildlife in the 

mid-Zambezi valley, Zimbabwe. Landscape Ecology, 18,293-3 02. 

Fryxell, J. M. (1987) Food limitation and demogaphy of a migratory antelope, the white- 

eared kob. 0ecologia, 72,83-9 1. 

Fryxell, J. M. (199 1) Forage quality and aggregation by large herbivores. American 

Naturalist, 138,478-498. 

Fryxell, J. M. (1997) Evolutionary dynamics of habitat use. Evolutionary Ecology, 11, 

687-701. 

Fryxell, J. M., Greever, J., & Sinclair, A. R. E. (1988) Why are migratory ungulates so 

abundant. American Naturalist, 131,781-798. 

Fryxell, J. M. & Lundberg, P. (1993) patch use and metapopulation dynamics. 

Evolutionary Ecology, 7,379-393. 

Fryxell, J. M. & Lundberg, P. (1997) Individual behaviour and community dynamics 

Chapman and Hall, London. 

Fryxell, J. M. & Sinclair, A. R. E. (1988) Causes and consequences of migration by large 

herbivores. Trends in Ecology & Evolution, 3,237-241. 

177 



References 

Fryxell, J. M., Wilmshurst, J. F., Sinclair, A. R. E., Haydon, D. T., Holt, R. D., & Abrams, 

P. A. (2005) Landscape scale, heterogeneity, and the viability of Serengeti grazers. 
Ecology Letters, 8,328-335. 

Fynn, PLW. S. & O'Connor, T. G. (2000) Effect of stocking rate and rainfall on rangeland 
dynamics and cattle performance in a semi-arid savanna, South Africa. Journal of 
Applied Ecology, 37,491-507. 

Gaillard, J. M., Festa-Bianchet, M., & Yoccoz, N. G. (1998) Population dynamics of large 

herbivores: variable recruitment with constant adult survival. Trends in Ecology 

& Evolution, 13,58-63. 

Gasaway, W. C., Gasaway, T. K., & Berry, H. H. (1996) Persistent low densities of plains 

ungulates in Etosha National Park, Namibia: testing the food-regulating 

hypothesis. Canadian Journal ofZoology, 74,1556-1572. 

Georgiadis, N., Hack, M., & Turpin, K. (2003) The influence of rainfall on zebra 

population dynamics: implications for management. Journal ofApplied Ecology, 

40,125-136. 

Georgiadis, N. J. & McNaughton, S. J. (1990) Elemental and fiber contents of savanna 

grasses: variation with grazing, soil type, season and species. Journal qfApplied 
Ecology, 27,623-634. 

Georgiadis, N. J., Ruess, R. W., McNaughton, S. J., & Western, D. (1989) Ecological 

conditions that deten-nine when grazing stimulates grass production. 0ecologia, 

81,316-322. 

Gillingham, M. P. & Bunnell, F. L. (1989) Effects of learning on food selection and 

seraching behaviour of deer. Canadian Journal ofZoology, 67,24-32. 

Ginnett, T. F., Dankosky, J. A., Deo, G., & Dernment, M. W. (1999) Patch depression in 

grazers: the roles of biomass distribution and residual stems. Functional Ecology, 

13,37-44. 

Giraldeau, L. -A. & Beauchamp, G. (1999) Food exploitation: searching for the joining 

policy. Trends in Ecology & Evolution, 14,102-106. 

Gordon, I. J. (1988) Facilitation of red deer grazing by cattle and its impact on red deer 

performance. Journal ofApplied Ecology, 2 5,1-9. 

178 



References 

Gordon, I. J., Hester, A. J., & Festa-Bianchet, M. (2004) The management of wild large 

herbivores to meet economic, conservation and environmental objectives. Journal 

ofApplied Ecology, 41,1021-103 1. 

Gordon, I. J. & Illius, A. W. (1988) Incisor arcade structure and diet selection in 

ruminants. Functional Ecology, 2,15-22. 

Gordon, I. J. & Illius, A. W. (1989) Resource partitioning by ungulates on the Isle-of- 

Rhum. Oecologia, 79,383-389. 

Graham, A. D., Dawson, J., & Parker, I. S. C. (1974) Results of a zebra and wildebeest 

census in the vicinity of the Makgadikgadi game reserve made in November 

1974. 

Grange, S., Duncan, P., Gaillard, J. M., Sinclair, A. R. E., Gogan, P. J. P., Packer, C., Hofer, 

H., & East, M. (2004) What limits the Serengeti zebra population? Oecologia, 

140,523-532. 

Grey, D. R. C. & Cooke, H. J. (1977) Some problems in the quaternary evolution of the 
landforms of Northern Botswana. Catena, 4,123 - 133. 

Griffin, T. M., Garcia, S., Wickler, S. J., Hoyt, D. F., & Kram, R. (2000) Determinants of 
the walk-trot transition and preferred walking speeds: insights from intra-specific 

size comparisons of horses. American Zoologist, 40,1034-1035. 

Griffin, T. M., Kram, R., Wickler, S. J., & Hoyt, D. F. (2004) Biomechanical and energetic 
determinants of the walk-trot transition in horses. Journal ofExperimental 
Biology, 207,4215-4223. 

Gross, J. E., Shipley, L. A., Hobbs, N. T., Spalinger, D. E., & Wunder, B. A. (1993) 

Functional-response of herbivores in food-concentrated patches: tests of a 

mechanistic model. Ecology, 74,778-79 1. 

Grzimek, M. & Grzimek, B. (1960) Census of the plains animals in the Serengeti 

National Park, Tanganyika. Journal of Wildlife Management, 24,27-37. 

Gwynnc, M. D. & Bell, R. H. V. (1968) Selection of vegetation components by grazing 

ungulates in Serengeti National Park. Nature, 220,390-393. 

Hack, M. A., East, R., & Rubenstein, D. I. (2002). Status and action plan for the plains 

zebra (Equus burchelli). In Equids: Zebras, Asses and Horses. Status survey and 

179 



References 

conservation action plan. IUCNISSC Equid specialist group. (ed P. D. 

Moehlman), pp. 43-60. IUCN, Gland, Switzerland & Cambridge, U. K. 

Happold, D. C. D. (1995) The interactions between hwnans and mammals in Africa in 

relation to conservation: a review. Biodiversity and Conservation, 4,395-414. 

Hemson, G. (2004) The ecology and conservation oflions. D. Phil., University of Oxford, 

Oxford. 

Hirvonen, H., Ranta, E., Rita, H., & Peuhkuri, N. (1999) Significance of memory 

properties in prey choice decisions. Ecological Modelling, 115,177-189. 

Hixon, M. A. (1982) Energy maximizers and time minimizers: theory and reality. 
American Naturalist, 119,596-599. 

Hoare, R. E. & Du Toit, J. T. (1999) Coexistence between people and elephants in African 

savannas. Conservation Biology, 13,633-639. 

Hobbs, N. T. (1996) Modification of ecosystems by ungulates. Journal of Wildlife 

Management, 60,695-713. 

Hobbs, N. T., Baker, D. L., Bear, G. D., & Bowden, D. C. (1996) Ungulate grazing in 

sagebrush grassland: mechanisms of resource competition. Ecological 

Applications, 6,200-217. 

Hodgson, D. R., Davis, R. E., & McConaghy, F. F. (1994) Thermoregulation in the horse 

in response to exercise. British Veterinary Journal, 150,219-23 5. 

Hofmann, R. R. (1989) Evolutionary steps of ecophysiological adaptation and 
diversification of ruminants: a comparative view of their digestive-system. 

Oecologia, 78,443-457. 

Homewood, K., Lambin, E. F., Coast, E., Kariuki, A., Kikula, I., Kivelia, J., Said, M., 

Serneels, S., & Thompson, M. (2001) Long-term changes in Serengeti-Mara 

wildebeest and land cover: Pastoralism, population, or policies? Proceedings of 

the National Academy ofSciences of the United States ofAmerica, 98,12544- 

12549. 

Hooge, P. N., Eichenlaub, W., & Soloman, E. (1999) The Animal Movement Program 

Alaska Biological Science Centre. 

180 



References 

Hoppe, P. P., Qvortrup, S. A., & Woodford, M. H. (1977) Rumen fermentation and food 

selection in east-African zebu cattle, wildebeest, cokes hartebeest and topi. 

Journal ofZoology, 181,1-9. 

Houston, A. I. & McNamara, J. M. (1985) A general theory of central-place foraging for 

single prey loaders. Yheoretical Population Biology, 28,233-262. 

Houston, A. I. & McNamara, J. M. (1999) Models ofAdaptive Behaviour Cambridge 

University Press, Cambridge. 

Howery, L. D., Bailey, D. W., Ruyle, G. B., & Renken, W. J. (2000) Cattle use visual cues 
to track food locations. Applied Animal Behaviour Science, 67,1-14. 

Hoyt, D. F. & Taylor, C. R. (198 1) Gait and the energetics of locomotion in horses. 

Nature, 292,239-240. 

Hutchinson, G. E. & MacArthur, R. H. A. (1959) Theoretical ecological model of size 
distributions among species of animals. American Naturalist, 93,117-125. 

lason, G. R., Mantecon, A. R., Sim, D. A., Gonzalez, J., Foreman, E., Bermudez, F. F., & 

Elston, D. A. (1999) Can grazing sheep compensate for a daily foraging time 

constraint? Journal ofAnimal Ecology, 68,87-93. 

Illius, A. W., Albon, S. D., Pemberton, J. M., Gordon, I. J., & Cluttonbrock, T. H. (1995a) 
Selection for foraging efficiency during a population crash in Soay sheep. Journal 

ofAnimal Ecology, 64,481-492. 

Illius, A. W. & Fitzgibbon, C. (1994) Costs of vigilance in foraging ungulates. Animal 
Behaviour, 47,481-484. 

Illius, A. W. & Gordon, I. J. (1987) The allometry of food-intake in grazing ruminants. 
Journal ofAnimal Ecology, 56,989-999. 

Illius, A. W. & Gordon, I. J. (1992) Modeling the nutritional ecology of ungulate 
herbivores: evolution of body size and competitive interactions. Oecologia, 89, 

428-434. 

Illius, A. W., Gordon, I. J., Milne, J. D., & Wright, W. (I 995b) Costs and benefits of 
foraging on grasses varying in canopy structure and resistance to defoliation. 

Functional Ecology, 9,894-903. 

Janis, C. (1976) The evolutionary strategy of the equidae and the origins of rumen and 

cecal digestion. Evolution, 30,754-774. 

181 



References 

Jarman, P. J. & Sinclair, A. R. E. (1979). Feeding strategy and the pattern of resource 

partitioning in ungulates. In Serengeti, Dynamics ofan ecosystem (eds A. R. E. 

Sinclair & M. Norton-Griffiths), pp. 130-150. University of Chicago Press, 

Chicago. 

Johnson, C. J., Parker, K. L., & Heard, D. C. (2001) Foraging across a variable landscape: 

behavioral decisions made by woodland caribou at multiple spatial scales. 
Oecologia, 127,590-602. 

Johnson, C. J., Parker, K. L., Heard, D. C., & Gillingham, M. P. (2002) Movement 

parameters of ungulates and scale-specific responses to the environment. Journal 

ofAnimal Ecology, 71,225-23 5. 

Kacelnik, A. (1984) Central place foraging in starlings (Sturnus Vulgaris) I. Patch 

residence time. Journal ofAnimal Ecology, 53,283-299. 

Kahurananga, J. & Silkiluwasha, F. (1997) The migration of zebra and wildebeest 
between Tarangire National Park and Simanjiro Plains, northern Tanzania, in 

1972 and recent trends. African Journal ofEcology, 35,179-185. 

Kgathi, D. K. & Kalikawe, M. C. (1993) Seasonal distribution of zebra and wildebeest in 

Makgadikgadi Pans Game Reserve, Botswana. African Journal ofEcology, 31, 

210-219. 

Kie, J. G., Evans, C. J., Loft, E. R., & Menke, J. W. (1991) Foraging behaviour by mule 
deer: the influence of cattle grazing. Journal of Wildlife Management, 55,665- 

674. 

Kingdon, J. (1997) The Kingdonfield guide to African mammals Academic Press, 

London. 

Klingel, H. (1965) Notes on the biology of the plains zebra Equus quagga boehmi 

Matschie. East African Wildlife Journal, 3,8 6-8 8. 

Klingel, H. (1969) The social organisation and population ecology of the plains zebra 

(Equus quagga). Zoologica Africana, 42,249-263. 

Klingel, H. (1975) Social organization and reproduction in equids. Journal of 

Reproduction and Fertility, 23,7-11. 

Krakauer, D. C. & Rodriguez-Girones, M. A. (1995) Searching and learning in a random 

environment. Journal of Yheoretical Biology, 177,417-429. 

182 



References 

Krebs, C. J. (1998) Ecological Methodology, 2nd edn. Benjamin / Cummings, Menlo 

Park, CA. 

Krebs, J. R., Erichsen, J. T., Webber, M. I., & Chamov, E. L. (1977) prey selection in the 

great tit Parus major. Animal Behaviour, 25,30-38. 

Kruuk, H. (1972) The spotted hyaena Chicago University Press, Chicago & London. 

Ksiksi, T. & Laca, E. A. (2002) Cattle do remember locations of preferred food over 

extended periods. Asian-Australasian Journal ofAnimal Sciences, 15,900-904. 

Laca, E. A. (1998) Spatial memory and food searching mechanisms of cattle. Journal of 
Range Management, 51,370-378. 

Laca, E. A., Distel, R. A., Griggs, T. C., & Dernment, M. W. (1994) Effects of canopy 

structure on patch depression by grazers. Ecology, 75,706-716. 

Laca, E. A., Shipley, L. A., & Reid, E. D. (2001) Structural anti-quality characteristics of 

range and pasture plants. Journal ofRange Management, 54,413-419. 

Laca, E. A., Ungar, E. D., & Dernment, M. W. (1994) Mechanisms of handling time and 
intake rate of a large mammalian grazer. Applied Animal Behaviour Science, 39, 

3-19. 

Laca, E. A., Ungar, E. D., Seligman, N., & Dernment, M. W. (1992) Effects of sward 
height and bulk-density on bite dimensions of cattle grazing homogeneous 

swards. Grass and Forage Science, 47,91-102. 

Lamprey, H. F. (1963) Ecological separation of the large mammal species in the 

Tarangire Game Reserve, Tanganyika. East African Journal of Wildlife, 1,63-92. 

Lamprey, H. F. (1964) Estimation of the large mammal densities, biomass and energy 

exchange in the Tarangire game reserve and the Masai steppe in Tanganyika. East 

African Journal of Wildlife, 2,1-46. 

Langvatn, R. & Hanley, T. A. (1993) Feeding-patch choice by red deer in relation to 

foraging efficiency: an experiment. Oecologia, 95,164-170. 

Lima, S. L. & Dill, L. M. (1990) Behavioral decisions made under the risk of predation: a 

review and prospectus. Canadian Journal ofZoology, 68,619-640. 

Loft, E. R., Menke, J. W., & Kie, J. G. (1991) Habitat shifts by mule deer: the influence of 

cattle grazing. Journal of Wildlife Management, 55,16-26. 

183 



References 

Lucas, J. R. (1983) The role of foraging time constraints and variable prey encounter in 

diet choice. American Naturalist, 122,191-209. 

MacArthur, R. H. & Levins, R. (1967) The limiting similarity, convergence and 
divergence of coexisting species. American Naturalist, 101,377-385. 

MacArthur, R. H. & Pianka, E. R. (1966) On use of a patchy environment. American 

Naturalist, 100,603-609. 

Madhusudan, M. D. (2004) Recovery of wild large herbivores following livestock decline 

in a tropical Indian wildlife reserve. Journal ofApplied Ecology, 41,858-869. 

Maloiy, G. M. O. (1970) Water economy of the Somali donkey. American Journal of 

Physiology, 219,1522-1527. 

Maloiy, G. M. O. & Boarer, C. D. H. (197 1) Response of the Somali donkey to dehydration: 

hcmatological changes. American Journal ofPhysiology, 221,37-41. 

Mangel, M. & Clark, C. W. (1988) Dynamic modelling in behavioural ecology Princeton 

University Press, Princeton, New Jersey. 

Matsui, A., Osawa, T., Fujikawa, H., Asai, Y., Matsui, T., & Yano, H. (2002) Estimation 

of total sweating rate and mineral loss through sweat during exercise in 2-years 

old horses at cool ambient temperature. Journal ofEquine Science, 13,109-112. 

Maude, G. (2004) The comparative ecology of the brown hyaena (Hyaena brunnea) in 

Makgadikgadi National Park and a neighbouring community cattle area in 

Botswana. MSc, University of Pretoria, Pretoria. 

McCulloch, G., Aebischer, A., & Irvine, K. (2003) Satellite tracking of flamingos in 

southern Africa: the importance of small wetlands for management and 

conservation. Oryx, 37,480-483. 

McNamara, J. M. & Houston, A. I. (1987) Partial preferences and foraging. Animal 

Behaviour, 35,1084-1099. 

McNamara, J. M., Houston, A. I., & Weisser, W. W. (1993) Combining prey choice and 

patch use: what does rate-maximizing predict. Journal of Yheoretical Biology, 

164,219-238. 

McNaughton, S. J. (1983) Compensatory plant-growth as a response to herbivory. Oikos, 

40,329-336. 

184 



References 

McNaughton, S. J. (1984) Grazing lawns: animals in herds, plant form, and coevolution. 
American Naturalist, 124,863-886. 

McNaughton, S. J. (1985) Ecology of a grazing ecosystem: the Serengeti. Ecological 

Monographs, 55,259-294. 

Mduma, S. A. R., Sinclair, A. R. E., & Hilborn, R. (1999) Food regulates the Serengeti 

wildebeest: a 40-year record. Journal ofAnimal Ecology, 68,1101-1122. 

Menard, C., Duncan, P., Fleurance, G., Georges, J. Y., & Lila, M. (2002) Comparative 

foraging and nutrition of horses and cattle in European wetlands. Journal of 
Applied Ecology, 39,120-133. 

Meynell, P. J. & Parry, D. (2001). Environmental appraisal for the construction of a game 

proof fence around Makgadikgadi Pans National Park. Issues and options report. 
Scott Wilson Kirkpatrick & Partners, Gaborone. 

Mills, M. G. L. & Shenk, T. M. (1992) Predator prey relationships: the impact of lion 

predation on wildebeest and zebra populations. Journal ofAnimal Ecology, 61, 

693-702. 

Minetti, A. E., Ardigo, L. P., Reinach, E., & Saibene, F. (1999) The relationship between 

mechanical work and energy expenditure of locomotion in horses. Journal of 
Experimental Biology, 202,2329-2338. 

MINITAB (2000) MINITAB statistical softwarel3.32 for Windows. 

Mishra, C., Van Wieren, S. E., Heitkonig, I. M. A., & Prins, H. H. T. (2002) A theoretical 

analysis of competitive exclusion in a Trans-Himalayan large-herbivore 

assemblage. Animal Conservation, 5,251-258. 

Mishra, C., Van Wieren, S. E., Ketner, P., Heitkonig, I. M. A., & Prins, H. H. T. (2004) 

Competition between domestic livestock and wild bharal Pseudois nayaur in the 

Indian Trans-H imalaya. Journal ofApplied Ecology, 41,344-3 54. 

Murray, M. G. (199 1) Maximizing energy retention in grazing ruminants. Journal of 

Animal Ecology, 60,1029-1045. 

Murray, M. G. & Brown, D. (1993) Niche separation of grazing ungulates in the 

Serengeti: an experimental test. Journal ofAnimal Ecology, 62,380-389. 

Murray, M. G. & l1lius, A. W. (2000) Vegetation modification and resource competition in 

grazing ungulates. Oikos, 89,501-508. 

185 



References 

Newman, J. A., Parsons, A. J., Thornley, J. H. M., Penning, P. D., & Krebs, J. R. (1995) diet 

selection by a generalist grazing herbivore. Functional Ecology, 9,255-268. 

Nonacs, P. (2001) State dependent behavior and the marginal value theorem. Behavioral 

Ecology, 12,71-83. 

Nonacs, P. & Dill, L. M. (1990) Mortality risk vs food quality trade-offs in a common 

currency: ant patch preferences. Ecology, 71,1886-1892. 

Noss, R. F. (1994) Cows and conservation biology. Conservation Biology, 8,613 -616. 
NRC (1984). Nutrient requirements of beef cattle. National Academy Press, Washington 

DC. 

NRC (1989). Nutrient requirements of horses. National Academy Press, Washington D. 
C. 

Oaten, A. (1977) foraging in patches: a case study for stochasticity. Theoretical 

Population Biology, 12,263-285. 

Oelze, M. L., Sabatier, J. M., & Raspet, R. (2003) Roughness measurements of soil 
surfaces by acoustic backscatter. Soil Science Society ofAmerica Journal, 67, 
241-250. 

Ogutu, J. O. & Owcn-Smith, N. (2003) ENSO, rainfall and temperature influences on 
extreme population declines among African savanna ungulates. Ecology Letters, 
6,412-419. 

Orians, G. H. & Pearson, N. E. (1979). On the theory of central place foraging. In 
Foraging Behaviour: Ecological Eethological and Psychological Approaches 

(eds A. C. Kamil & T. D. Sargent), pp. 154-177. Garland STPM Press, New York. 

Orians, G. H. & Wittenberger, U. (199 1) Spatial and temporal scales in habitat selection. 
American Naturalist, 137,2949. 

Ottichilo, W. K., De Lecuw, J., Skidmore, A. K., Prins, H. H. T., & Said, M. Y. (2000a) 

Population trends of large non-n-ýigratory wild herbivores and livestock in the 

Masai Mara ecosystem, Kenya, between 1977 and 1997. African Journal of 
Ecology, 38,202-216. 

Ottichilo, W. K., Grunblatt, J., Said, M. Y., & Wargute, P. W. (2000b). Wildlife and 

livestock population trends in the Kenya rangeland. In Wildlife conservation by 

186 



References 

sustainable use (eds H. H. T. Prins, J. G. Grootenhuis & T. T. Dolan), pp. 203-218. 
Kluwer Academic Press, Boston, Dordrecht, London. 

Owaga, M. L. (1975) The feeding ecology of wildebeest and zebra in the Athi-Kaputei 

plains. East African Wildlife Journal, 13,375-3 83. 

Owen-Smith, N. (1993) Evaluating diet models for an African browsing ruminant, the 
kudu: how constraining are the assumed constraints. Evolutionary Ecology, 7, 
499-524. 

Owen-Smith, N. (1994) Foraging responses of kudus to seasonal-changes in food 

resources: elasticity in constraints. Ecology, 75,1050-1062. 

Owen-Smith, N. (1998) How high ambient temperature affects the daily activity and 
foraging time of a subtropical ungulate, the greater kudu (Tragelaphus 

strepsiceros). Journal ofZoology, 246,183-192. 

Owen-Smith, N. (2002) Adaptive Herbivore Ecology: jrom resources to populations in 

variable environments Cambridge University Press, Cambridge. 
Owen-Smith, N. & Novell ie, P. (1982) What should a clever ungulate eat? American 

Naturalist, 119,151-178. 

Parry, D. (1995). Land systems of the Nxai Pan - Makgadikgadi complex. Ecosurv, 
Gaborone. 

Parsons, A. J., Newman, LA., Penning, P. D., Harvey, A., & Off, R. J. (1994) Diet 

preference of sheep: effects of recent diet, physiological-state and species 
abundance. Journal ofAnimal Ecology, 63,465-478. 

Pennycuick, C. J. (1979). Energy costs of locomotion and the concept of "foraging 

radius". In Serengeti, dynamics ofan ecosystem (eds A. R. E. Sinclair & M. 
Norton-Griffiths), pp. 164-184. The University of Chicago Press, Chicago. 

Perez-Barberia, F. J., Elston, D. A., Gordon, I. J., & Illius, A. W. (2004) The evolution of 
phylogcnctic differences in the efficiency of digestion in ruminants. Proceedings 

ofthe Royal Society ofLondon Series B-Biological Sciences, 271,1081-1090. 

Prins, H. H. T. (1992) The pastoral road to extinction: competition between wildlife and 
traditional pastoralism in east-Africa. Environmental Conservation, 19,117-123. 

Prins, H. H. T. (1996) Ecology and behaviour of the African Buffalo, social inequality and 
decision making Chapman & Hall, London. 

187 



References 

Prins, H. H. T. (2000). Competition between wildlife and livestock in Africa. In Wildlife 

conservation by sustainable use (eds H. H. T. Prins, J. G. Grootenhuis & T. T. 

Dolan), pp. 51 -80. Kluwer Academic Publishers, Boston / Dordrecht / London. 

Prins, H. H. T. & lason, G. R. (1989) Dangerous lions and nonchalant buffalo. Behaviour, 

108,262-296. 

Prins, H. H. T. & Olff, H. (1998). Species richness of African grazer assemblages: towards 

a functional explanation. In Lýynamics of tropical communities (eds D. M. 

Newbury, H. H. T. Prins & N. D. Brown), pp. 449-490. Blackwell Scientific 

Publications, Oxford. 

Putman, R. J. (1996) Competition and resource partitioning in temperate ungulate 

assemblies Chapman & Hall, London. 

Pyke, G. H., Pulliam, H. R., & Charnov, E. L. (1977) foraging: selective review of theory 

and tests. Quarterly Review ofBiology, 52,13 7-154. 

Quinn, G. P. & Keough, M. J. (2002) Experimental design and data analysisfor biologists 

Cambridge University Press, Cambridge. 

Real, L. & Caraco, T. (1986) Risk and foraging in stochastic environments. Annual 

Review ofEcology and Systematics, 17,371-390. 

Redfcm, J. V., Grant, R., Biggs, H., & Getz, W. M. (2003) Surface-water constraints on 
herbivore foraging in the Kruger National Park, South Africa. Ecology, 84,2092- 

2107. 

Rees, W. A. (1974) Preliminary studies into bush utilization by cattle in Zambia. JAppl 

Ecology, 11,207-214. 

Roguet, C., Prachc, S., & Petit, M. (1998) Feeding station behaviour of ewes in response 

to forage availability and sward phenological stage. Applied Animal Behaviour 

Science, 56,187-201. 

Runyoro, V. A., Hofer, H., Chausi, E. B., & Moehlman, P. D. (1995). Long-term trends in 

the herbivore populations of the Ngorongoro Crater, Tanzania. In Serengeti II: 

dynamics, management and conservation ofan ecosystem (eds A. R. E. Sinclair & 

P. Arcesc), pp. 146-168. The University of Chicago Press, Chicago and London. 

188 



References 

Ruyle, G. B., Hasson, 0., & Rice, R. W. (1987) The influence of residual stems on biting 

rates of cattle grazing Eragrostis lehmanniana Nees. Applied Animal Behaviour 

Science, 19,11-17. 

Saltz, D. (2002). The dynamics of equids populations. In Equids: Zebras, Asses and 
Horses. Status survey and conservation action plan. IUCNISSC Equid specialist 

group. (ed P. D. MoehIman), pp. 118-123. IUCN, Gland, Switzerland & 

Cambridge, U. K. 

Schaller, G. B. (1972) 7he Serengeti Lion: a study ofpredator-prey relations The 

University of Chicago Press, Chicago & London. 

Scheel, D. (1993) Watching for lions in the grass: the usefulness of scanning and its 

effects during hunts. Animal Behaviour, 46,695-704. 

Schilder, M. B. H. (1988) Dominance relationships between adult plains zebra stallions in 

scmi-captivity. Behaviour, 104,300-319. 

Schildcr, M. B. H. (1990) Interventions in a herd of semi-captive plains zebras. Behaviour, 

112,53-83. 

Schilder, M. B. H. (1992) Stability and dynamics of group composition in a herd of 

captive plains zebras. Ethology, 90,154-168. 

Schmidt-Niclscn, K. (1975) Animal Physiology: adaptation and environement Cambridge 

University Press, Cambridge. 

Schomer, T. W. (1971) Theory of feeding strategies. Annual Review ofEcology and 
Systematics, 2,369-404. 

Schocner, T. W. (1979) Generality of the size-distance relation in models of feeding. 

American Naturalist, 114,902-914. 

Scott Wilson Resource Consultants (2000). Final Report: Environmental assessment of 

veterinary fences in Ngamiland, Edinburgh. 

Seaman, M. T., Ashton, P. J., & Williams, W. D. (199 1) Inland salt waters of southern 

Africa. Hydrobiologia, 210,75-91. 

Selten, R. & Shmida, A. (1991). Pollinator foraging and flower competition in a game 

equilibrium model. In Game Theory in Behavioural Sciences (ed R. Selten). 

Springer-Veriag, Berlin. 

189 



References 

Serift, R. L., Coughenour, M. B., Bailey, D. W., Rittenhouse, L. R., Sala, O. E., & Swift, 

D. M. (1987) Large herbivore foraging and ecological hierarchies. Bioscience, 

789-799. 

Senzota, R. B. M. (198 8) Further evidence of exogenous processes regulating the 

population of zebra in the Serengeti. African Journal ofEcology, 26,11-16. 

Semeels, S. & Lambin, E. F. (2001) Impact of land-use changes on the wildebeest 

migration in the northern part of the Serengeti-Mara ecosystem. Journal of 

Biogeography, 2 8,3 914 07. 

Shipley, L. A., Illius, A. W., Danell, K., Hobbs, N. T., & Spalinger, D. E. (1999) Predicting 

bite size selection of mammalian herbivores: a test of a general model of diet 

optimization. Oikos, 84,55-68. 

Shipley, L. A., Spalinger, D. E., Gross, J. E., Hobbs, N. T., & Wunder, B. A. (1996) The 

dynamics and scaling of foraging velocity and encounter rate in mammalian 

herbivores. Functional Ecology, 10,234-244. 

Sinclair, A. R. E. (1974) The natural regulation of buffalo populations in east Africa. IV. 

The food supply as a regulating factor, and competition. East African Wildlife 

Journal, 12,291-311. 

Sinclair, A. R. E. (1977) The African buffalo: a study of resource limitation ofpopulations 
University of Chicago Press, Chicago. 

Sinclair, A. R. E. (1985) Does intcrspecific competition or predation shape the African 

ungulate community. Journal ofAnimal Ecology, 54,899-918. 

Sinclair, A. R. E. & Arccsc, P. (1979) Serengeti The University of Chicago Press, Chicago 

and London. 

Sinclair, A. R. E., Dublin, H., & Bomer, M. (1985) Population regulation of Serengeti 

wildcbccst: a test of the food hypothesis. Oecologia, 65,266-268. 

Sinclair, A. R. E. & Norton-Griffiths, M. (1982) Does competition or facilitation regulate 

migrant ungulate populations in the Serengeti ?A test of hypotheses. Oecologia, 

53,364-369. 

Skarpc, C. & Bergstrom, R. (1986) Nutrient content and digestibility of forage plants in 

rclation to plant phenology and rainfall in the Kalahari, Botswana. Journal ofArid 

Environments, 11,147-164. 

190 



References 

Skinner, J. D. & Smithers, R. H. N. (1990) The mammals ofthe Southern African 

subregion University Of Pretoria, Pretoria. 

Smuts, G. L. (1972) Seasonal movements, migration and age determination ofBurchell's 

zebra (Equus burchelli antiquorum, H. Smith, 1841) in the Kruger National Park. 

M. Sc., University of Pretoria, Pretoria. 

Smuts, G. L. (1974) Growth, reproduction andpopulation characteristics ofBurchell's 

zebra (Equus burchelli antiquorum H. Smith, 1841) in the Kruger National Park. 

D. Sc., University of Pretoria, Pretoria. 

Smuts, G. L. (I 975a) Home range sizes for Burchell's zebra (Equus burchelli antiquorum, 
H. Smith, 184 1) in the Kruger National Park. Koedoe, 18,13 6-149. 

Smuts, G. L. (I 975b) Pre-natal and post natal growth phenomena of Burchell's zebra 
(Equus burchelli antiquorum). Koedoe, 18,69-102. 

Smuts, G. L. (1976) Reproduction in the zebra mare. Koedoe, 19,89-132. 

Spalinger, D. E. & Hobbs, N. T. (1992) Mechanisms of foraging in mammalian 
herbivores: new models of functional-response. American Naturalist, 140,325- 

348. 

SPSS (2003) SPSS 12.0 for Windows. 

Stephens, D. W. & Krebs, J. R. (1986) Foraging Yheory. Princeton University Press., 

Princeton, N. J. 

Sutherland, W. J. (1996) From individual behaviour to population ecology Oxford 

University Press, Oxford. 

Thirgood, S., Mosser, A., Tham, S., Hopcraft, G., Mwangomo, E., Mlengeya, T., Kilewo, 

M., Fryxcil, J., Sinclair, A. R. E., & Bomer, M. (2004) Can parks protect migratory 

ungulates? The case of the Serengeti wildebcest. Animal Conservation, 7,113- 

120. 

Thomas, D. S. G. & Shaw, P. A. (199 1) The Kalahari Environment Cambridge University 

Press, Cambridge. 

Thomas, L. & Juanes, F. (1996) The importance of statistical power analysis: an example 

from Animal Behaviour. Animal Behaviour, 52,856-859. 

Thomson, G. R., Vosloo, W., & Bastos, A. D. S. (2003) Foot and mouth disease in wildlife. 

Virus research, 91,145-161. 

191 



References 

Tinbergen, N., Impekoven, M., & Frank, D. (1967) An experiment on spacing out as a 
defense against predation. Behaviour, 28,307-321. 

Trudell, J. & White, R. G. (198 1) The effect of forage structure and availability on food- 

intake, biting rate, bite size and daily eating time of reindeer. Journal ofApplied 
Ecology, 18,63-81. 

Turchin, P. (199 1) Translating foraging movements in heterogeneous envirom-nents into 

spatial distributions of foragers. Ecology, 72,1253-1266. 

Twine, W. (2002) Feeding time budgets of selected African ruminant and non-rurninant 

grazers. African Journal ofEcology, 40,410-412. 

Underwood, R. (1982) Vigilance behavior in grazing African antelopes. Behaviour, 79, 

81-107. 

Ungar, E. D. & Noymeir, I. (198 8) Herbage intake in relation to availability and sward 

structure: grazing processes and foraging. Journal ofApplied Ecology, 25,1045- 

1062. 

Van Soest, P. J. (1994) Nutritional ecology of the ruminant, 2nd edn. Cornell University 

Press, Ithaca, New York. 

van Vuurcn, J. H., Herrmann, E., & Funston, J. P. (2005) Lions in the Kgalagadi 

Transfronticr Park: modelling the effect of human caused mortality. International 

Transactions in Operational Research, 12,145-17 1. 

van Wicrcn, S. E. (1996) Do large herbivores select a diet that maximises short-term 

energy gain intake rate? Forest Ecology and Management, 88,149-156. 

Vcrl indcn, A. (1997) Human settlements and wildlife distribution in the southern 
Kalahari of Botswana. Biological Conservation, 82,129-136. 

Verlinden, A., Perkins, J. S., Murray, M., & Masunga, G. (1998) How are people 

affccting the distribution of less migratory wildlife in the southern Kalahari of 

Botswana? A spatial analysis. Journal ofArid Environments, 38,129-14 1. 

Vcscy-Fitzgcrald, D. F. (1960) Grazing succession among East African game animals. 

Journal Afainmalogy, 41,161-172. 

Voeten, M. M. (1999) Living with wildlife. Ph. D., Wageningen University, Wageningen. 

192 



References 

Voeten, M. M. & Prins, H. H. T. (1999) Resource partitioning between sympatric wild and 
domestic herbivores in the Tarangire region of Tanzania. Oecologia, 120,287- 

294. 

Walsh, P. D. (1996) Area-restricted search and the scale dependence of patch quality 
discrimination. Journal of Theoretical Biology, 183,3 51-36 1. 

Ward, D. & Saltz, D. (1994) Foraging at different spatial scales: dorcas gazelles foraging 

for lilies in the Negev Desert. Ecology, 75,48-5 8. 

Western, D. (1975) Water availability and its influence on the structure and dynamics of 

a savannah large mammal community. East African Wildlife Journal, 13,265- 

286. 

Westoby, M. (1974) The analysis of diet selection by large generalist herbivores. 

American Naturalist, 108,290-304. 

Wiersma, E. R. (2003) Overlap in grazing sites selected b zebra, wildebeest and Y 
livestock in Makgadikgadi, Botswana. M. Sc., Wageningen University, 

Wageningen. 

Williamson, D., Williamson, J., & Ngwamotsoko, K. T. (1988) Wildebeest migration in 

the Kalahari. African Journal ofEcology, 26,269-280. 

Wilmshurst, J. E., Fryxell, J. M., & Colucci, P. E. (1999) What constrains daily intake in 

Thomson's gazelles? Ecology, 80,2338-2347. 

Wilmshurst, J. F., Fryxell, J. M., Farm, B. P., Sinclair, A. R. E., & Henschel, C. P. (1999) 

Spatial distribution of Serengeti wildebeest in relation to resources. Canadian 

Journal ofZoology, 77,1223-1232. 

Wilmshurst, U., Fryxell, J. M., & Hudson, R. J. (1995) Forage quality and patch choice 
by wapiti (Ccrvus elaphus). Behavioral Ecology, 6,209-217. 

Wint, W. (2000) Botswana Aerial Survey Information System (BASIS) Maunal ERGO & 

Botswana DWNP, Oxford. 

Woodroffc, R. & Ginsbcrg, J. R. (1998) Edge effects and the extinction of populations 
inside protected areas. Science, 280,2126-2128. 

Woolnough, A. P. & du Toit, J. T. (2001) Vertical zonation of browse quality in tree 

canopies exposed to a size-structured guild of African browsing ungulates. 
Oecologia, 129,585-590. 

193 



References 

Wordon, J., Reid, R., & Gichohi, H. (2003). Land-use impacts on large wildlife and 
livestock in the swamps of the greater Amboseli ecosystem, Kajiado District, 

Kenya. In LUCID Project Morking Paper, Vol. 27. International Livestock 

Research Institute, Nairobi, Kenya. 

Wright, W. & Illius, A. W. (1995) A comparative study of the fractural properties of five 

grasses. Functional Ecology, 9,269-278. 

Wu, G. -M. & Giraldeau, L. -A. (2004) Risky decisions: a test of risk sensitivity in socially 
foraging flocks of Lonchura punctulata. Behavioral Ecology, 16,8-14. 

Young, T. P., Palmer, T. A., & Gadd, M. E. (2005) Competition and compensation among 

cattle, zebras, and elephants in a semi-arid savanna in Laikipia, Kenya. Biological 

Conservation, 122,351-359. 

Zar, J. H. (1999) Biostatistical Analysis, 4th edn. Prentice-Hall, Inc, New Jersey. 

194 



Appendix One 

Habitat classification of the Makgadikgadi and Nxai Pan National Park 

and surrounding community areas 

A 1.1 Introduction 

Vegetation across the wet and dry season range of the Makgadikgadi zebra 

migration was classificd into rive principal habitat categories, with the inclusion of a 

sixth habitat, the Boteti riverbed. Categories were divided according to floral species 

diversity and habitat density. 

A 1.2)11e1hods 

The classified study area (I 1,500km 2) was defined by the predicted extent of the 

wet and dry season range of the zebra migration and covers the Makgadikgadi and Nxai 

Pan National Park and surrounding community areas. Six hundred and forty five 'ground- 

truth' locations were randomly selected from across this region to conduct an assessment 

of habitat variation and record vegetation density. Each location was selected using a 

random number generator and located with a handheld GPS to an accuracy of 5m. 

Habitat was assessed in the Grunblatt, Ottichilo & Sinage (1989) descriptive format. 

Location points were placed onto a Landsat 5 enhanced thematic mapper image of 

the region, which was gco-rcfcrcnccd to the UTM grid (Zone 34), based on a Clarke 

spheroid and Cape datum following the procedure of Ringrose (2003). Based on the 

optical bands of the image, resolution is refined to 30m, 2 per pixel. Image processing was 

undertaken using ERDAS IMAGINE 8.4 at the Harry Oppenheimer Okavango Research 
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Centre. The image was preliminarily classified into 25 habitats using an unsupervised 

iterative self-organizing data analysis technique algorithm (ISODATA) routine (ERDAS, 

1999). Open saitpans were first excluded to separate the optically heterogeneous wet 

algal covered pan from vegetation. The 25 habitat classes were selected to optimise the 

distinction between grasslands and gradients of vegetation density (Fig. A 1.1). The 25 

classes were exported from Erdas into a Grid format and then into polygon form and 

intersected with the ground-truth data points using Arc-Info (ESRI, 1992). The 25 

classes, composed of 144,893 polygons ranging in size from 30m 2 to 97km 2 were merged 

into the five principal habitats using personal knowledge of vegetation gradients within 

the region and previous vegetation maps, which were based on the underlying soil and 

geomorphology of the region (Ferrar, 1995; Parry, 1995). 

Figure A. 1.1. Habitat classification of the Makgadikgadi study area into the 25 initial 

habitat categories. The classification was undertaken at the Harry Oppenheimer 

Okavango Research Centre in collaboration with A. Jellema and T. Meyer. 

Kmii, i ', 
ýý.: 

village, on the 
western bank ol 
the Boteti 

L"end 

". ' tdcfl Tj! IW. 
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Group membership of the 25 habitats into the five principal habitat classes was 

verified using a discriminant function analysis (DFA) of habitat variables collected from 

two 50m x 50m quadrats placed at random within each of the 25 habitat classes. In each 

quadrat the total tree, shrub (distinguished from trees by a multi-stem) and herbaceous 

plant numbers, proportional species composition, the average height and diameter of all 

species determined from the measurements of ten different plants and the mean visual 

depth were recorded. Visual depth was recorded using a 2m marked pole at 2m, 5m, I Orn, 

15m, 20m, 30m and 50m due north, south, east and west of the random point. Four 50cm 

x 50cm sward quadrats were sampled within the 50mx 50m quadrat, to record grass 

species composition and inter-tuft distance following the methodology in Chapter Three. 

To overcome problems associated with any possible correlation between the 

measured habitat variables, a principal component analysis (PCA) was used to reduce the 

numerous habitat variables into a smaller number of independent variables that 

surnmarised the original dataset (Quinn & Keough, 2002). The regression scores from the 

PCA were saved and entered into the DFA. The scores of the discriminant functions were 

analysed in a one-way ANOVA, followed by a Tukey's HSD post hoc comparison to test 

for significance between the principal habitats. Grunblatt, Ottichilo & Sinage (1989) 

codes of habitat type were not used in the PCA, as they were deemed to be too subjective 

for the discrimination of habitats. 

A 1.3 Results 

The PCA identified five principal components with eigenvalues greater than one, 

accounting for 73 % of the total variance (Table A 1.1). Principal component one was 

defined by tree density and species composition, which accounted for 21% of the 
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variance, followed by principal component two: herb and shrub density and species 

composition (17%), principal component three: shrub and grass tuft density and visual 

depth (13%), principal component four: grass tuft density and species composition (11%) 

and principal component five: the dominant shrub and tree species within each habitat 

and grass tuft density accounted for 11% of the variance. 

Table A. 1.1. Principal component scores of habitat variables measured within each of the 
25 habitat classes. Principal components identify groups of correlated variables. Scores 

with higherfactor loadings indicate a stronger correlation with that component, 
identifying key habitat variables that can be used to discriminate between each habitat. 

DFA coefficients indicate which PCA scores contribute most to each discriminant 

function and therefore to habitat separation. 

Principal Habitat Principal Standardised canonical discriminant function 
component variable component score coefficients for each PCA score in the DFA 

PCA I Tree density 
3rd dominant tree spp. 
2nd dominant tree spp. 
I st dominant tree spp. 
Visual depth 

PCA 2 3rd dominant grass spp. 
Iferb density 
Inter-shrub distance 
2nd dominant shrub spp. 
3rd dominant shrub spp. 

PCA 3 Shrub density 
Grass inter-tuft distance 
Inter-shrub distance 
Visual depth 

PCA 41 st dominant grass spp. 
2nd dominant grass spp. 
Grass inter-tuft distance 

PCA 51 st dominant shrub spp. 
Grass inter-tuft distance 
I st dominant tree spp. 

0.828 
0.808 
0.752 
0.725 

-0.626 

Discriminant function I Discriminant function 2 
0.204 -0.877 

0.767 0.119 0.651 
0.741 
0.660 

-0.639 
-0.526 
-0.903 
0.517 
0.468 
0.416 

-0.910 
0.696 
0.438 
0.877 
0.475 
0.457 

0.726 

0.264 

1.076 
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The first two functions of the DFA discriminated between the five principal habitats 

using the PCA regression scores (first function: canonical correlation 0.869, Xý =1 07.653, 

d. f. =20, P< 0.00 1, second function: canonical correlation 0.799, Xý = 50.074, d. f =1 2, P< 

0.001) (Fig. A 1.2, Table A 1.2). Principal component five, the dominant plant species 

within each habitat, provided the greatest contribution to the first discriminant function, 

while principal component one, tree density and species composition, provided the 

greatest contribution to discriminating between habitats along function two (Fig. A 1.2) 

Figure A. 1.2. A linear discriminantfunction plot ofthe PCA scoresfor the 

vegetation variables recorded in each habitat. 

Habitat 
40 Dense Acacia 
0 Open Acacia 
ASchmidtia grasslands 
A Pan grasslands 
0 Mixed-open woodlands 0 Group centroid 

IIII11 
-4 -2 0246 

Function I 

A one-way ANOVA of the first and second discriminant function scores separated 

the habitats (one-way ANOVA of the first discriminant function scores: F4,42=32.267, 

P<0.001, one-way ANOVA of the second discriminant function scores: F4 "",: 18.507, 
, 42'* 

P<0.001). 
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The dense Acacia and mixed-open woodland habitats were significantly separated 

from each other and all other habitats along the first function, or in other words the 

habitats had a significantly different composition of dominant shrubs and trees to all the 

other habitats (Tukey's HSD of the first discriminant function scores, P< 0.02 1), but the 

dense Acacia and mixed-open woodlands could not be separated along the second 

function i. e. both habitats had a similar density of trees to each other and the open Acacia 

habitat (Tukey's HSD of the second discriminant function scores, P< 0.893). 

The Schmidtia grasslands could not be distinguished from the pan grasslands with 

the recorded variables used in this analysis (Tukey's HSD for both the first and second 

discriminant function scores, PL--I). Along the first function, the open Acacia could not be 

distinguished from either the Schmidtia or pan grasslands i. e. all three habitats had a 

similar composition of dominant plant species (Tukey's HSD of the first discriminant 

function scores, P--0.999), but both grasslands were separated from the dense and open 

Acacia and mixed-open woodlands along the second function (Tukey's HSD, P< 0.001). 

Although the grasslands could not be separated with the habitat variables recorded 

for this study, the five principal habitats derived from the satellite image (Fig. A 1.3) 

correspond closely with a previous vegetation map of the region by Parry (1995). 
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Appendix I 

Figure A. 1.3. The habitat classification of the Makgadikgadi region showing only thefive 

major categories ofhabitat derivedfrom the initial 25 minor classes. 

60 0 60 

Habitat Classification 

120 l0lometers 

A 1.4 Descriptimi of habitats 

The five following habitats provide a broad classification of the dominant 

vegetation types within the Makgadikgadi. Habitats are derived from the 25 classes 

described within each major category (Fig. A 1.1). 

1) Dense Acacia 

Dense Acacia is associated with the Boteti River, extending between 2-5km east 

and west from the riverbed. The habitat occurs on deep Kalahari sands and covers sand 

ridges and old paleo-lake shoreline terraces. The vegetation is composed of tall, open 

riparian Acacia woodland, and a lower canopy of densely vegetated shrubland. The 
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height of trees declines with distance from the riverbed. Shrub encroachment throughout 

the habitat by Dichrostachys cinerea and Acacia mellifiera could be associated with 

overgrazing by cattle (Skarpe, 1990). The habitat is composed of, 

" Riparian zone and tall woodland 

" Dense A. mellifiera thickets 

" Dense Acacia / Terminaliaprunoides treed shrubland 

" Acacia /T prunoides treed shrubland 

" Dense D. cinerea thickets 

" Dense T prunoides thickets 

" Dwarf dense Bauhinia petersiana shrubland 

" Mixed A. mellifiera shrubland 

2) Open Acacia 

The open Acacia is savanna type vegetation. It overlies relatively deep ustic 

Kalahari sands, with an intermediate soil moisture regime (De Wit & Nachtergaele, 

1990). Shrub density increases to the north and west of the saltpans. The vegetation is 

open and characterised by dispersed Acacia erioloba trees and B. petersiana and Grewia 

spp. shrubs, with isolated clumps of A. mellifiera. The habitat is composed of. - 

" Shrubbed Schmidtiapappophoroides grasslands 

" Grassed A. mellifiera shrublands 

" Open Acacia /T prunoides treed shrubland 

B. petersiana and D. cinerea dwarf shrubbed grasslands 

Dwarf Rhus tenuinervis and Grewia shrubbed grasslands 

3) Schmidlia grasslands 

This open grassland is formed on calcareous sandy loams. Shrub cover increases to 

the north and west of the pans. Isolated stands of palm trees (Hyphaena petersiana) form 
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vegetated islands to the south-east of the habitat. In the south, stabilised dunes are 

covered by Comiphora pyracanthoides and D. cinerea. The habitat is composed of. -- 

" Open shrubbed Schmidtiapappophoroides grasslands 

" Schmidliapappophoroides grasslands 

" Schmidtiapappophoroides grasslands with bare, un-vegetated soil 

4) Pan grasslands 

This open grassland is formed on calcareous, sodic sandy loams and clays. There is 

a myriad of small clay bottomed saltpans within the grasslands, which form ephemeral 

waterholes in the wet season. Grasslands dissipate along the pan periphery, forming 

isolated grass islands within the open saltpan. Vegetative cover is limited. Occasional 

Acacia tortilis trees occur on the grasslands, while palm islands similar to those in the 

Schmidtia grasslands are found in the east and south-east of the habitat. Vegetated dunes 

are covered by Comiphora pyracanthoides and D. cinerea. The habitat is composed of- 

" Tall dense Sporoblus ioclados grasslands 

" Short dense S. ioclados grasslands 

" Short dense S. ioclados grasslands with bare, un-vegetated. soil 

" Dense C pyracanthoides and D. cinerea shrubland 

5) Mixcd-open woodland 

This is a diversely vegetated region, overlying deep Kalahari sand, shallow soils 

over calcrete rock beds and relatively deep black-cotton clay soils. Variation in soil cover 

dictates overlying vegetation diversity from open Combretum imberebe woodland to 

dense Colophospermum mopane shrubland and woodland. The habitat is composed of- 

* Mixed woodland 
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" Mixed-opcn woodland 

" Opcn grasscd woodland 

"C mopane woodland and shrubland 
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The paradigm of collar weight: improved standards are required to 

support the emergence of the GPS collar 

Submitted to Wildlife Society Bulletein, September 2005 

AZI Abstract 

Global positioning system (GPS) collars are increasingly used to study fine scale 

patterns of animal behaviour. Previous studies on GPS collars have tried to determine the 

causes of location error without attempting to investigate whether the accuracy of fixes 

provides a correspondingly accurate assessment of the animal's natural behaviour. We 

analysed the rates of travel recorded by 2 types of Televilt GPS collar of different weight 

(1.2kg, 1.8kg) fitted on female zebra (Equus burchelli) while foraging in 3 defined 

bchavioural activities. These collars were respectively 0.4% and 0.6% of total body 

weight and so were both well within the accepted norms. Zebras with the heavier collars 

travelled slower in the grazing patch (>300 m/hr) than the lighter collared zebra (P: 5 

0.00 1) but there was less difference in the rate of travel during inter-patch journeys. The 

heavier collars were more likely to slip around the zebra's neck and this increased 

location error (P 5 0.001) but there was no difference in location error between activities 

(P = 0.87 1). We highlight that small differences in collar weight and design can affect 

certain activities, limiting the extrapolation of fine-scaled GPS data. 

206 



A- endix 2 
: 1-FP 

A Z2 Introduction 

Over the last decade global positioning system (GPS) collars have enlarged the 

capacity of wildlife biologists to observe the detailed behaviour of their study animal, 

enabling a shift in the focus of telemetry research from simple home range estimation to 

detailed patch use (Rodgers 2001; Johnson et al. 2002a; Adrados et al. 2003; Fortin 

2003), estimates of travel speed (Weimerskirch et al. 2002; Nelson et al. 2004), and the 

breakdown of movement behaviour (Moen et al. 1996a; Turner et al. 2000; Johnson et al. 

2001; Ungar et al. 2005). Radio-telemetry tracking collars have been used to obtain 

detailed information on animal ecology (Saunders et al. 1993; White and Harris 1994), 

but the advent of the GPS collar has enabled researchers to assess these behaviours 

remotely, on far ranging species moving rapidly across inaccessible terrain 

(Weimcrskirch et al. 2002). 

The prcc ision and accuracy of fix location is crucial to the expanding range of 

research opportunities provided by GPS collars (Rodgers 2001). In May 2000 the United 

States' Defence Department deactivated selective availability (Lawler 2000); this reduced 

the location error of positional fixes that hither to had limited the efficiency of GPS 

telemetry without the aid of differential correction (Rempel and Rodgers 1997). Fix 

precision and accuracy can now be more readily achieved with both differential and non- 

diffcrentially corrected collars (Jancau et al. 2001; Adrados et al. 2002), such that it is 

possible to achieve a positional fix accurate to approximately 3.5m - 5m (Janeau et al. 

2001; Agouridis ct al. 2004) and precise to within 8m - 12m (Hulbert and French 2001). 

However, since variation in precision and location error are still seen to be the most 

important obstacles in obtaining the desired accuracy required for monitoring animal 
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behaviour (Frair et al. 2004; D'eon and Delparte 2005), a great deal of attention has been 

directed towards trying to eliminate potential bias in GPS telemetry caused by the 

variation in location error. Causes of location error have been attributed to increasing 

vegetation height and canopy cover (Rempel et al. 1995; Edenius 1997; Dussault et al. 

1999; Frair et al. 2004), the activity patterns of the study animal (Moen et al. 1996b; 

Bowman ct al. 2000) and the difficulties of research in mountainous regions (D'eon et al. 

2002). All of these factors affect the ability of GPS collars to locate satellites with which 

to triangulate their position (Rodgers et al. 1996). Bias in location error and fix rate may 

therefore be inherent within particular habitat types or during particular behaviours. 

These issues are of obvious concern to the development and application of GPS 

technology in animal research and must be accounted for in the use and analysis of GPS 

data. However, very little attention has been focused on trying to determine if the 

increasing scale of precision and accuracy obtained by GPS collars portrays a 

corrcsponding scale of accuracy and biological relevance to the study animal's natural 

behaviour. 

The concept that tracking collars have the potential to interfere with the study 

animal's natural behaviour has long been accepted (see Murray and Fuller 2000 for 

detailed review). The accepted weight ratio of collar to subject depends on the size of the 

study animal, smaller animals being able to carry a greater proportional collar weight, 

with weights varying from 0.7% to 9% of body weight (Berteaux. et al. 1996; Kumpala et 

al. 2001). Whilst less than 5% body weight has been suggested as an acceptable standard 

(Macdonald 1978), this paradigm was not based on objective criteria. 
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The detailed scale of movement patterns and behaviour that GPS collars are 

increasingly being used to investigate should force wildlife biologists to become 

correspondingly aware of the possibility that the resulting data have a collar effect, 

especially with the widespread use of GPS collars and as the potential to extrapolate these 

data increase (Moen et al. 1996a; Johnson et al. 2002b; Adrados et al. 2003; Pepin et al. 

2004). Collar weight may not be an issue when studied at the broader scale of behaviour, 

but as the scale of the investigation is refined the relative effects of collar weight 

interference may increase. 

As part of a larger study into the ecology of the Makgadikgadi zebra (Equus 

burchelh) population, Botswana, 2 different types of GPS collar were used over a period 

of 2 consecutive dry seasons. In the first year only Televilt PosreCTm GPS collars 

(TelevilVrVP Positioning AB, Lindesberg, Sweden) were used, in the second year a 

combination of both Televilt Posrec and Televilt SimpleXTm GPS collar, to quantify zebra 

movement patterns, patch selection strategies and rates of travel. We analysed the success 

rate and the potential for location error of GPS positional fixes for both collar types and 

compared the zebra's rates of travel recorded by hourly fix positions. The aim of this 

study was to determine if variation in rates of travel observed between collared 

individuals were collar- specific or related to categories of behavioural activity, which 

may have had a variable effect on fix success rate and location error. 

A Z3 Study area 

The study was undertaken in the Makgadikgadi and Nxai Pan National Park, 

between S 19' 32'- 20* 50' and E24* 16'- 25' 07' in central northern Botswana. Elevation 

across the study area is limited, from an altitude of 91 Om in Ntwetwe Pan to the south 
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and east of the National Park. to 945m to the north and west (Grey and Cooke 1977) (Fig. 

A 2.1 ). Tall dense %egetation with closed canopies, that might adversely affect successful 

GPS location ratcs. is restricted to aI 00-200m wide riparian zone following the length of 

the Boten Rner. I-hc riparian vegetation is composed of trees with an average height of 

4m at a densitý of'28 trees per I Oom'. ýN ith a lo\ý er canopy of shrubs with all average 

height ol'2rn. \% ith approximateIN 900 shrubs per I 00m 2. Zebra drink from waterholes 

located in the dr\ rkcrbed. moving out to graze in open bushveld and savanna grasslands 

that contain Ie%% stands of trees with closed canopies. Average tree density in tile open 

22 
bushý cld is II tree,, per I 00m . %% ith over 1000 shrubs per I 00m 

, at an average height of 

I in (K vathi and Kal lkaýk e 1993. Parry 1995. Brooks 2005). 

FigurcA 2/ MA-gatlikgadi andA'xai Pan National Park. 

* 

I 
Boteti River waterholes 
Botati River 
Makgadikgadi and Nxai Pan 
National Park 
Makgadikgadi salt pans 
Existing cattle fences 
12004) 

SQ 50 100 150 200 Kilo-t 
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A Z4 Method 

Eight Televilt Posrec GPS collars with 3 D-cell batteries (total weight: 1.2kg) and 5 

Televilt Simplex GPS collars with 5 D-cell batteries (total weight: 1.8kg) were placed 

onto adult zebra mares. Since southern African zebra mares weigh approximately 320kg 

(Skinner and Smithers 1990), collar weight ratio was approximately 0.4% and 0.6% 

respectively i. e. at the bottom end of collar weight ratios traditionally used in wildlife 

studies. The Posrec collars were produced especially for zebras to ensure that the satellite 

antenna was situated vertically at the top of the collar when fitted around the zebra's 

neck. The Simplex collars were adapted for zebras by reducing the collar diameter, which 

caused the satellite antenna to sit at 45* from vertical. Adult zebra mares were collared in 

preference to stallions to reduce the risk of collar damage during intra-sexual fighting. 

Adult mares were selected at random and darted from a helicopter by an experienced 

wildlife veterinarian, using the tranquilliser M990. Collared individuals were revived 

with its antagonist M50-50, and were active, having safely rejoined their harem within 

10 minutes of the initial darting. Collars were placed towards the top of the neck with a 2- 

finger gap between the collar belt and skin. This gap was left to limit any adverse 

restrictions on the zebra's natural movement and behaviour, but was not large enough to 

allow the collar to slide along the zebra's neck. The collars were programmed to record a 

positional fix on the hour, every hour, 24 hours per day. 

To help catcgorise GPS fix positions into activity patterns, focal and scan 

observations (Altmann 1974) were conducted from sunrise to sunset, two days per month 

for one year (Brooks 2005). Categories of activity were defined in relation to a central 

place foraging pattern that all zebra mares were observed to follow around the limited 
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water supplies of the Boteti riverbed. Grazing was restricted to relatively small foraging 

patches (I 1±8 km2) selected from across the dry season range (1,956km2) using an area- 

restricted search (ARS) strategy (Tinbergen et al. 1967; Benhamou 1992). Zebra spent an 

average of 3-4 days gazing, foraging and resting in the grazing patch, before returning to 

the riverbed to drink. Zebra walked directly to waterholes located in a concentrated area 

of the Boteti riverbed, remaining in the riverbed for approximately 1-2 hours before 

leaving to return to the same or a new grazing patch (Brooks 2005). 

Four principal categories of behavioural activity were identified within this central 

place foraging pattern: i) walking out from the riverbed to the grazing patch; ii) in the 

grazing patch; iii) walking back to the riverbed from the grazing patch; iv) in the 

riverbed. To catcgorise every positional fix to a defined activity, each fix was assessed in 

relation to the previous and subsequent 3 fixes using ArcView 3.2 GIS (ESRI 1992). 

Extensive search bchaviours from the riverbed to the grazing patch and back to the 

riverbed were characteriscd by long, straight, inter-fix distances (Benhamou 1992). On 

entering the grazing patch the distance between each fix decreased from an average of 

1.1 km to 0.3km and was associated with sideways or backwards movement of the fix 

position rclativc to the direction of travel out from the central place. The shift in fix 

position reflected the change in activity as zebra initiated ARS foraging behaviour 

(Turchin 1991). The first fix found to reflect a change in speed and direction, followed by 

3 subsequent fixes demonstrating a continued change in activity, was categorised into the 

new activity. On retuming to the riverbed the opposite trend in the position of each fix 

relative to the previous and subsequent 3 fixes was observed. This allowed each category 

of activity to record the change in movement behaviour of each zebra throughout the year 
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to the nearest hour. All fixes within the riverbed were excluded from the rest of the 

analysis and the study focused on the first 3 categories of activity. Within each type of 

activity the zebra's rate of travel was recorded using ArcView 3.2 GIS (ESRI 1992) and 

the Animal Movement Extension (Hooge et al. 1999). Inter-fix distance was divided by 

the total time within that period of activity to give a rough estimate of the rate of travel in 

km/hr. 

While zebra were in the grazing patch behaviours such as rolling, that may have 

affected location error, were recorded <1% of the time, while zebra were rarely observed 

to rest lying down. All rest periods occurred standing, although if available under the 

shade of an, 4cacia tree. However, while grazing, the lowered position of the zebra's head 

will have altered the angle of the satellite antennae from vertical, possibly affecting 

location error. When travelling between the grazing patch and the riverbed, zebra walked 

with heads up, rarely stopping to rest, graze or conduct activities that may have 

contributed to an increase in location error. 

We conducted analysis of variance (ANOVA) to determine differences in fix success 

rate bctwccn collar types and between defined categories of activity. Percentage fix 

success rates were arcsine transformed and then log transformed prior to analysis to 

adjust for deviations from normality and homogeneity of variance. We also used separate 

ANOVAs to test for differences in the rates of travel recorded by collars in each year and 

between collar types in each of the defined categories of activity. A Mann-Whitney U- 

test was used to test for differences in the rates of travel between Posrec collars in 

different years due to the high variance in the rates of travel recorded between individuals 
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while walking out to the grazing patch. Rates of travel data were log transfonned prior to 

analysis. All appropriate P values are Bonferroni corrected. 

AZ5 Results 

A Z5.1 GPS location error 

Less than 4% of fixes taken during the study were within 500m of the riverbed and 

therefore susceptible to habitat-derived location error. Fix positions were taken 

successfully by Posrec collars on 94.4% ± 3.7% (SD) of hourly attempts, and on 95.6%± 

3.5% (SD) by Simplex collars, providing 59,226 positional fixes from 13 mares, with an 

average of 4,555 ± 1,515 (SD) per mare, over the course of a single respective dry season 

of between 7-8 months. Of those positional fixes 71.8% ± 10.7% (SD) of the Posrec 

collar positions were ?: 3-dimensional (313), indicating that the positional fix was 

calculated by the triangulation of at least the best four visible satellites (Hulbert 2001). 

Posrec collars had a greater 3D fix rate (71.8%) than Simplex collars (54.8%) across all 

three categories of activity (one-way ANOVA: FIX = 39.093, P: 5 0.00 1) (Fig. A 2.2 a). 

There was no difference in the 3D fix rate taken by both (one-way ANOVA: F2,36 

0.138, P=0.87 1) or either collar types between the three categories of activity (one-way 

ANOVA: Posrec, F2,21 = 0.142, P=0.869; Simplex, F2,12 ý 0.145, P=0.866) (Fig. A 2.2 

b). 3D non-differential fixes are accurate to within 13m, while 2D fixes, i. e., calculated 

using only 3 satellites which comprised the remaining fixes used for this study, are 

accurate to within 28m (Janeau et A 2001). 
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Figure A 2.2 a 3Dfix success rate by Figure A 2.2 b. 3Dfix success rate by 

the different collar Opes. 

Posrec Simplex 

Collar type' 

both collar types across the three 

identified categories of activity. 

walking out in the grazing walking towards 
patch the riverbed 

Categories of activity 

Posrcc collars did not provide information regarding the position dilution of 

precision (PDOP) of each positional fix, which refers to the geometry of satellites used to 

estimate the collars position. Fixes with a lower PDOP are more precise and indicate that 

the position was calculated by satellites with an improved geometric spacing (Moen et al. 

1997). However, for Simplex collars, which did record PDOP, 98.9% ± 0.3% (SD) of the 

fixcs had a PDOP: 5 10 and 60% ± 1.8% (SD) had a PDOP of: 5 4. For free standing 

collars 99% of all fixes with a PDOP of: S 10 and <4 are precise to within 54.8m and 

39.2m respectively of their true location (D'eon and Delparte 2005). 

A ZS. 2 The rate of travel recorded between different collar types 

Differences were observed between rates of travel recorded, with both a year and a 

collar effect evident. The most significant difference in rate of travel recorded between 

collar types and years was while zebra were in the grazing patch and, to a lesser extent, 
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while zebra walked back towards the riverbed (Table A 2.1, Figs A 2.3 a, b, c. ) Simplex- 

collared mares bad a mean travel speed in the grazing patch less than half that of the 

Posrec-collared mares averaged over both years (Fig. A 2.3 b), with collar effect 

increasing proportionally in 2003 (Table A 2.1 b). In 2003 Posrec-collared mares 

travelled at a mean rate of 515 m/hr in the grazing patch, compared to 195 m/hr recorded 

by Simplex-collared mares. While there was also a difference in the rate of travel 

recorded between collar types while zebra were walking back to the riverbed, the 

proportional difference was smaller, with Posrec-collared mares travelled at 1.8 km/hr 

compared to 1.4 km/hr for Simplex-collared mares (Fig. A 2.3 c). 

Rate of travel recorded by the Posrec-collared mares increased between years in all 

categories of activity (Table A 2.1 c). This accentuated the variation between collar types 

in 2003. When collar types were combined and only the difference between years 

analysed, a difference in the rate of travel was still apparent in the grazing patch and 

walking towards the riverbed, although the statistical strength was not as powerful as 

when collar effect was accounted for (Table A 2.1 d). 
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Table A 2.1. Rates of travel (kmlhr) measured by 2 types of Televilt GPS collar on zebra 

mares during 3 defined categories ofduring the 2002 and 2003 dry seasons. 

Categories of activity P 
Test d. f. statistic 

a) Difference in rate of travel between collars (collar effect, with year Influence) 

Walking out to the patch one-way ANOVA 1,89 0.15 0.704 

In the grazing patch one-way ANOVA 1,89 215.65 :50.001 

Walking towards the riverbed one-way ANOVA 1,89 0.86 0.710 

b) Difference In rate of travel between collar type In 2003 (collar effect, with no year influence) 

Walking out to the patch one-way ANOVA 1,50 4.66 0.144 

In the grazing patch one-way ANOVA 1,50 276.05 :50.001 

Walking towards the riverbed one-way ANOVA 1,50 28.80 : 50.001 

c) Difference In rate of travel between Posrec collars In different years (year effect, with no collar 

influence) 

Walking out to the patch Mann-Whitney U-test 57 186.00 0.025 

In the grazing patch one-way ANOVA 1,55 14.46 5 0.00 1 

Walking towards the riverbed one-way ANOVA 1,55 25.11 :50.001 

d) Difference In rate of travel between years (year effect, with collar Influence) 

Walking out to the patch one-way ANOVA 1,89 2.99 0.261 

In the grazing patch one-way ANOVA 1,89 14.93 :50.001 

Walking towards the riverbed one-way ANOVA 1,89 9.54 0.018 
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Figure A 2.3. Rates of travel in the three categories of activity during 2002 and 2003. 

The box plots display the upper and lower quartile ranges of rate of travel. 
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A26 Discussion 

Adapting the Simplex collars for zebra and adjusting the position of the antennae 

reduced collar performance and increased location error in comparison to the Posrec 

collars. D'eon and Delparte (2005) have shown that the largest source of location error is 

collar position and angle, and state that a threshold of 90* from vertical should be 

employed to reduce location error. Whilst the adjustment made to the Simplex collars 

was within this threshold, performance was still reduced. However, location error 

inherent within the Simplex data cannot explain the difference in rates of travel observed 

between zebra mares fitted with different collar types. There is no directional bias in GPS 

location error and most location error lies within a limit of I 00m, with the majority 

within 50m (Moen et al. 1996b; Di Orio et al. 2003; Deon and Delparte 2005). 

Furthermore, rates of travel recorded by Simplex and Posrec collars differed within the 

same year by more than 300m/hr in the grazing patch, and by 400m/hr while walking 

back to the riverbed to drink. Location error did not vary between categories of activity 

and cannot explain the observed variation in rates of travel. Collar effect varied between 

categories of activity, while collar and year effect influenced the slower travel speeds 

recorded while zebra were in the grazing patch proportionally more than when zebra 

travelled at faster speeds. There is no reason to believe that this variation was due to 

specific differences in behaviour between individual zebra mares, as mares were selected 

at random, and are representative of healthy adult mares from the population. Rather, 

variation recorded in rates of travel appears to be related to differences in the effect of 

collar weight and fit on individual zebra mares; this has the potential to lower the fitness 

of the respective mares. 
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Differences in the rates of travel between categories of activity can be explained by 

changes in foraging strategy. A forager's rate of travel affects its encounter rate with prey 

(Shipley et al. 1996) and is directly linked with its optimal energy intake (Murray 1991). 

Ungulates therefore vary their rate of travel according to the quality of the available 

sward (Murray 1991). Slower rates of travel indicate a high quality of available 

resources, requiring fewer steps between bites, thereby enabling ungulates to maintain a 

high instantaneous intake rate (Ungar and Noy-Meir 1988; Murray 1991; Shipley et al. 

1996). Faster rates of travel indicate a lower quality of available resources, forcing 

ungulates to take more steps between each bite and increasing search rate and frequency 

of searches between selected grazing sites (Charnov 1976; Bernstein et al. 1991; Shipley 

et al. 1996). Therefore, following an ARS foraging strategy, the slowest rates of travel 

were expected while zebra were in their selected grazing patch (Benhamou 1992). The 

increased rates of travel for Posrec-collared mares in 2003 reflects the lower resource 

quality in 2003 compared with 2002 (Brooks 2005). The relatively fast rates of travel 

returning to the riverbed were possibly induced by the zebra's high demands for water 

after the long residency within the grazing patch. The average distance between the 

grazing patch and the riverbed was 14km, with zebra taking approximately 12 hours to 

walk between the riverbed and the grazing patch (Brooks 2005). Although the recorded 

rates of travel are approximations of the zebras' real rate, they are comparable to the 

range of walking speeds recorded for horses of 0.2-2.2 m s-1 (Griffin et al. 2000). 

Although the 600g difference between collars is only approximately 0.2% of body 

weight, the greater weight of the Simplex collars appears to have interfered with the 

foraging efficiency of the zebra mares. There are two possible explanations. First, an 
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ungulate grazes within the arc of its head movement (Roguet et al. 1998), with 

intermittent head-up vigilance that combines scanning for predators with searching for 

new grazing patches or feeding sites (Illius and Fitzgibbon 1994). The head and neck of 

equids approximate 10% of total body weight (i. e. around 32kg in southern African 

zebra), with the head contributing 4.5% of total body weight (Sprigings and Leach 1986; 

Buchner et al. 1997). Thus placing the collar near to the head contributes to a 8.2% and 

12.4% proportional increase to the mass of the head for mares wearing Posrec and 

Simplex collars respectively. This extra mass is supported by the neck musculature when 

the zebra holds its head upright, requiring no extra energy to support the increased 

weight. However, further energy is exerted when the head is lowered down to the grazing 

position and raised back to above the horizontal (J. Bums, University of Bristol, personal 

communication). By increasing the energetic costs of lowering its head, Simplex-collarcd 

mares may have been compelled to graze on grass tufts closest to their last bite, rather 

than lifting their heads to search for tufts of optimal quality. Reducing their ability to scan 

efficiently for high quality resources may have reduced their rate of travel in the foraging 

patch. Furthermore, reducing the foraging efficiency of the Simplex-collared mares is 

likely to have reduced their dependent state, especially in an area of poor resource 

quality, such that they were not able to increase their rate of travel similar to that of the 

Posrec-collared mares when walking back to the Boteti waterholes. Secondly, 

adjustments made to the Simplex collars could have affected the fit of the collar around 

the zebra's neck, which may have influenced the zebra's foraging efficiency. Although 

all collars were fitted to the same standard, with a 2-finger gap between the collar and the 

skin, the poor fit of the Simplex collars may have allowed the collars to slip forward 
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more than the Posrec collars, permitting the collar to rest on the zebra's lowerjaw and 

directly affecting the movement and action of the zebra's lower jaw while grazing. 

However, there was no visual difference in hair loss or sign of skin abrasions around the 

site of the two different collar types. So we believe that, if Simplex collars had slipped 

forward more than the Posrec collars, the movement was slight, and that the effect of the 

Simplex collars on movement behaviour was due to the small additional weight. 

Tbus the results from this study suggest that a small difference in collar weight and 

possibly fit affect the quality of GPS positional data at the finer scale, and so 

extrapolating GPS data recorded at the finer scale of activity patterns could provide a 

false interpretation of the study animal's natural behaviour. The 'accepted' collar weight 

ratio is not based on sound scientific rational. Macdonald (1978) bases the 5% weight 

limit on the average proportional weight of a person's clothes. The weight-bearing load 

of clothes is however dispersed across the body and not concentrated at one point, as in 

the case with the majority of radio collars. By placing collars towards the top of the 

ungulate's neck, the weight-bearing load is restricted and exceeds the 5% 'standard'. The 

effect of this weight was most significant when ungulates lowered their heads to graze. 

Whilst collar weight and fit had less effect while zebra moved across the larger 

spatial scale, GPS collars are increasingly being used to investigate the energetic costs of 

locomotion at the finer spatial and temporal scales of behaviour (Johnson et al. 2002b; 

Nelson et al. 2004). Studies that analyse activity patterns recorded by GPS collars, such 

as the vertical movement of the subjects head (Moen et al. 1996a), and attempt to link 

GPS movement patterns to pasture quality (Turner et al. 2000; Adrados et al. 2003) could 

be more susceptible to the effects of collar weight. Thus the interpretation of animal 
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behaviour based on GPS data should be viewed with caution. Different collar types, 

weights and fittings should be tested on the study animal before extensive data collection. 

Only 2 collar weights were used in this study, but comparisons with a third lighter collar 

may have shown a detrimental effect of Posrec collars. Clearly the paradigm of 

acceptable collar weight ratio gives a false sense of security in determining an accurate 

interpretation of an animal's behaviour. Location error will continue to decline with 

improving technology and the use of GPS collars will become increasingly common in 

the field of wildlife research (Hulbert 2001; Rodgers 2001). As location error declines 

and storage capacity and remote relay ability improve, the tendency to refine the scale of 

investigation will increase. We show that caution is required when looking at GPS data at 

finer scales. The extrapolation of results may be affected unless precautions are taken to 

ensure that the lightest and best fitting collars are used and that the effects of apparently 

comparable collars are compared to identify fine scale impacts. 
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Lion activity around the waterholes of the Boteti River 

A 3.1 Introduction 

The Makgadikgadi lion research team collected information on lion activity patterns 

and prey preference during the same period that this study was being conducted 

(Hemson, 2004). GPS movement data from the Makgadikgadi lion study were analysed 

to look at lion activity patterns in relation to distance from the Boteti waterholes. 

A 3.2 Method 

Dry season GPS movement data used in the analyses were restricted to only those 

lions (n=6) that were found to have an overlapping home range with the dry season home 

range estimate of zebra. Lion movement patterns were analysed using ArcView 3.2 

(ESRI, 1992) and the Animal Movement Extension (Hooge, Eichenlaub & Soloman, 

1999). 

A 3.3 Results 

Proportional time allocation of all GPS collared lions was negatively correlated 

with increasing distance from the Boteti waterholes (Pearson correlation: r= -0.805, n=9, 

P=0.004) (Figs A 3.1). 
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Figure A. 3.1. Proportional activity ofall GPS collared lions during the dry season with 

an overlapping home range with the zebra's dry season home range (n=6), 2001-2003. 

Data are extractedfrom Hemson (2004). 
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A 3.4 Discussion 

Lions followed two distinct strategies that affected their proportional activity 

patterns in relation to distance from the Boteti waterholes. Hemson (2004) demonstrated 

that lions were either stock-raiders, remaining closer to the Boteti River and predating 

livestock from the vicinity of Kumagha village (Fig. 2.1), or non-stock-raiding lions, 

remaining further from the Boteti within the central regions of the National Park. Two 

thirds of all collared lions were stock-raiders, with 98% of their home range overlapping 

with the dry season home range of zebra. However, both categories of lion predated on 

zebra more than would be expected by their proportional availability (Hemson, 2004). 

Lions following both strategies were analysed and showed a strong affiliation with 

regions closer to the Boteti River. Eighty seven percent of GPS-collared lion activity 

occurred within 5km the Boteti waterholes. The dense Acacia dominates this 5krn region 

along the Boteti River, which was preferentially avoided by zebra while grazing for the 

majority of the dry season. The dense shrubs and trees within the dense Acacia reduce 
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visibility to 50% at a distance of 15m (Chapter One). This should limit the ability of 

zebra to efficiently scan for predators while grazing within this habitat (Underwood, 

1982). Prins & lason (1989) found no association of buffalo habitat preference with the 

threat of predation, but zebra have been found to limit their use of densely vegetated 

habitats, using denser habitat only for transit (Skinner & Smithers, 1990). 

A decline in resource availability associated with the close proximity of the dense 

Acacia to the central place (Andersson, 1981) may have influenced the relative avoidance 

of this habitat, but the threat of predation caused by the increased vegetation density and 

the increased lion activity patterns may also have influenced the zebra's habitat selection. 

Lions only spent approximately 10% of their time between I Okm and 15km from 

the Boteti waterholes. The mean foraging distance of zebra in 2002 and 2003 was 12.1 km 

± 3.3km (SD) from the waterholes of the Boteti River. In Chapter Two it was shown that 

zebra increase their nocturnal activity and possibly maximised their grazing time at night. 

By foraging further from the Boteti River where lion activity was reduced, vigilance rates 

by zebra could have been reduced to help maximise grazing time. 
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Flora of the Makgadikgadi and Nxai Pans National Park and 

surrounding areas 

Habitat 
Riverbcd 

DenseAcacia 

Grass species 
Cynodont dactlyon 
Panicum repens 
Schmidlia kalahariensis 

Urochloa frichopus 
Aristidia congesta congesta 
Brachiaria nigropedala 
Cenchrus cillaris 
Chloris virgala 
Cynodont dactlyon 
Dactyloclenium aegyptium 
Dactyloctenium gigantium 
Digiferia eriantha 
Digileria sanguinalis 
Enneapogon centroides 
Eragrostis inamoena 
Eragrostis lehmanniana 

Shrub species 
Acacia erioloba 
Pechuel-loeschea leubnitziae 

Acacia arenaria 
Acacia erioloba 
Acaciafleckii 
Acacia mellifera 
Acacia newbrownd 
Acacia tortillis 
Bauhiniapetersiana 
Boscia albitrunca 
Combretum hereroense 

Combrelum zeyheri 
Commiphora pyracanthoides 
Dichroslachys cinerea 

Tree species 
Acacia erioloba 

Open Acacia 

Eragrostis nidensis 
Eragroslis rigidior 
Panicum maximum 
Schmidita kalahariensis 
Schmidlia pappophoroides 
Sporoholusfestivus 
Stipagrostis uniplumis 
Urochloa trichopus 

Arislidia congesta barbicollis 

Cenchrus ciliaris 
Chloris virgata 
Digiteria eriantha 
Eragrostis inamoena 

Eragrostis lehmanniana 

Eragrostis nidensis 
Eragrostis rigidior 
odysseapaucinervis 
Panicum coloratum 
Panicum repens 

Acacia kuderitzii 
Acacia mellifera 
Acacia tortillis 
Boscia albilrunca 
Commiphorapyracantholdes 
Ficus natalensis 
Lonchocarpus nelsil 
Terminaliaprunoides 
Terminalia sericea 
Ximenia caffra 

Grewiaflava 
Lonchocarpus nelsii 
Maytenus senegalensis 
Pechuel-loeschea leubnitziae 
Rhigozum trichotomum 

Terminaliaprunoides 
Terminalia sericea 
Ximenia %Tra 
Acacia arenaria 
Acacia erioloba 
Acaciafleckii 
Acacia hebeclada 
Acacia mellifera 
Acacia newbrownil 
Bauhinlapeterslana 
Calophractes alexandri 
Combrelum hereroense 
Combretum zeyheri 
Commiphora pyracanthoides 

Acacia erioloba 
Comhretun imherebe 
Hyphaene petersiana 
Lonchocarpus nelsii 
Terminalia sericea 
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Schmidtia grasslands 

Pan grasslands 

Schmidita kalahariensis 
Schmidlia pappophoroides 
Sporobolus ioclados 
Stipagrostis uniplumis 
Tragus berteronianus 
Urochloa trichopus 

Arislidia congesta congesta 
Cenchrus ciliaris 
Cymbopogon plurinoides 
Digiferia eriantha 
Enneapogon desvauxii 
Eragrostis echinochloidea 
Eragrostis nidensis 
Eragrostis superba 
Eragroslis Irichophora 
Heteropogon contoilus 
Odysseapaucinervis 
Panicum coloratum 
Schmidlia pappophoroides 
Sporobolus ioclados 
Stipagroslis hirligluma 
Stipagrostis uniplumis 
Themedra thiandra 
Urochloa trichopus 
A rislidia congesta congesta 
Cenchrus ciliaris 
Chloris virgata 
Digiteria eriantha 
Diplachnefusca 

Enneapogon desvauxii 

Eragrostis echinochloidea 
Odysseapaucinervis 

Panicum coloralum 
Schmidtiapappophoroides 

Sporobolus africanus 
Sporobolus ioclados 

Sporobolus kentrophyllus 

Sporobolus spicatus 
Stipagrostis hirligluma 

Slipagroslis uniplumis 
Tragus berteronianus 

Urochloa trichopus 

Dichroslachys cinerea 
Grewiaflava 
Lonchocarpus nelsii 
Maytenus senegalensis 
Pechuel-loeschea leubnitziae 
Pechuel-loeschea leubnitziae 
Rhus tenuinervis 
Terminalia sericea 
Ximenia caffra 
Acacaia arenaria 
Acacia erioloba 
Combretum hereroense 
Dichrostachys cinerea 
Grewiaflava 
Maylenus senegalensis 
Pechuel-loeschea leubnitziae 

Acacia arenaria 
Acacia mellifera 
Acacia tortilis 
Combretum hereroense 
Commiphora pyracanthoides 
Dichrostachys cinerea 
Grewiaflava 
Pechuel-loeschea leubnUziae 
Terminaliaprunoides 

Mixed-open woodlands A ristidia adscension is Acacia newbrownii 
Arislidia congesta barbiculosis Acacia tortilis 

Acacia erioloba 
Acacia toridis 
Combrelum hereroense 
Hyphaenepetersiana 

Acacia lotlilis 
Adansonia digitala 

Acacia erioloba 
Acacia ionilis 
Albezia harveyi 
Combretum hereroense 
Terminaliaprunoides 
Hyphaenepetersiana 
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Atistidia congesta congesta 
Aristidiajunciformis 
Cenchrus ciliaris 
Chloris virgata 
Diplachnefusca 
Enneapogon centroides 
Enneapogon desvauxii 
Eragrostis echinochloidea 
Eragrostis tigidior 
Eragrostis trichophora 
Heteropogon conlortus 
Odyssea paucinervis 
Panicum coloraium 
Schmidtia pappophoroides 
Sporobolus africanus 
Sporobolus ioclados 
Sporobolus kentrophyllus 
Slipagrostis uniplumis 
Tragus berteronianus 
Urochloa trich us 

Calophractes alexandri 
Colophospermum mopane 
Combrelum hereroense 
Combretun imberebe 
Commiphora pyracanthoides 
Dichroslachys cinerea 
Grewiaflava 
Maytenus senegalensis 
Rhus lenuinervis 
Ximenia caffra 

Colophospermum mopane 
Combretum hereroense 
Combretun imberebe 
Commiphora pyracanthoides 
Terminaliaprunoides 
Terminalia sericea 
Ziziphus mucronata 
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Appendix Five 

Directional patch selection by individual zebra 

A 5.1 Note 

The following rose histograms provide a diagrammatical representation of the 

spatial dispersion of selected foraging patches by zebra across their home range during 

one dry season. Histograms originate from the average central point specific to each 

individual described in Chapter Four, orientating in the physical direction of the selected 

patch from north. The area of each histogram or 'wedge' within the rose diagram reflects 

the number of foraging patches selected within each 10 degree segment. The mean 

direction of selected patches is shown with 95% confidence limits around the mean. 

Zebra mares Z6 and ZII were excluded from the analysis of Chapter Four due to collar 

failure and the rose diagrams were subsequently not prepared. Rose diagrams were 

prepared using ORIANA for WindowsI. 06 (Kovach, 1994). All figures show the rose 

histogram of directional distribution for each zebra mare during one dry season, inclusive 

from March to October in 2002 and April to October in 2003. 

Figure A 5.1. ZI during 2002. Figure A 5.2. Z2 during 2002. 
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Figure A 5.3. Z3 during 2002. Figure A 5.4. Z4 during 2002. 

t N 

Figure A 5.5. Z5 during 2002. Figure A 5.6 Z7 during 2003. 

N 

Figure A 5.7. Z8 during 2003. Figure A 5.8. Z9 during 2003. 
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Figure A 5.9. ZI 0 during 2003. 

Figure A 5.11. M during 2003. 
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Figure A 5.13. Z15 during 2003. 

va 

Figure A 5.10. Z12 during 2003. 

Figure A 5.12. Z14 during 2003. 
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Figure A 5.14. Rose Histogram of directional distributionfor the combinedpatch 

selections of all collared zebra during the 2002 dry season. 

Figure A 5.15. Rose Histogram ofdirectional distributionfor the combinedpatch 

selections ofall collared zebra during the 2003 dry season. 
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