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ABSTRACT 

Future climate change scenarios predict that many arid and semi-arid ecosystems 

within southern Africa, will get warmer and drier with increased frequency of 

droughts. Although the effects of climate change may only be apparent over a few 

decades, understanding the physiological and behavioural flexibility of 

individuals currently inhabiting hot and dry climates provides an analogue for 

conditions likely to become prevalent in the future. To enhance our understanding 

of how a species may respond to future hotter and drier environments, I set out to 

investigate seasonal variation in behaviour and thermoregulation of two ungulate 

species with differing water dependency in a semi-arid savanna. I focused on 

thermoregulatory (body temperature) and behavioural responses (activity and 

microclimate selection) of the water-dependent blue wildebeest (Connochaetes 

taurinus), and the arid-adapted gemsbok (Oryx gazella gazella) free-living in the 

Kalahari. Both species prioritised behavioural thermoregulation in the form of 

cool microclimate selection during the heat of the day and reduced both diurnal 

and 24 h activity, particularly when conditions were hot and dry. Both species 

experienced high maximum 24 h body temperature when conditions were hot and 

low minimum 24 h body temperatures when conditions were dry, resulting in a 

large amplitude of 24 h body temperature rhythm during the hot dry period. Yet, 

wildebeest appeared to be more sensitive to changes in aridity with a larger 

amplitude of 24 h body temperature rhythm compared to gemsbok (3.1 ± 0.2 °C 

vs. 2.1 ± 0.5 °C), during the drought. These seasonal analyses imply that the 

species behavioural and thermoregulatory responses were influenced by seasonal 

changes in water and forage availability. 

Low minimum 24 h body temperatures may result from an energy deficit during 

the dry season, but no study to date has explicitly linked changes in body 

temperature of free-living ungulates, to forage quality within the environment. I 

therefore investigated the influence of vegetation greenness on body temperature 

and activity of blue wildebeest and gemsbok inhabiting the same environment. I 

then investigated if the responses of gemsbok were heightened in a more arid 

environment. I used Normalized Difference Vegetation Index (NDVI) as a 
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standardized index of vegetation greenness, which can be considered a proxy for 

vegetation productivity and quality. Both species reduced total 24 h activity and 

became hypothermic when exposed to brown vegetation but when exposed to 

brown vegetation minimum 24 h body temperatures were lower for blue 

wildebeest compared to gemsbok. When exposed to more extreme aridity, 

gemsbok showed an exaggerated lowering of minimum 24 h body temperatures. 

Under conditions of low food availability, the cost of thermoregulation may 

become too demanding. Therefore, when food resources are limited in quality, 

wildebeest and gemsbok in arid regions appear to prioritize the conservation of 

energy over the maintenance of a high body temperature. 

Within seasonal environments, access to water is often the limiting factor for 

plants and animals. I therefore investigated how distance to water (i.e., how 

frequently animals were likely to have accessed drinking water) during the hot 

season influenced microclimate selection, activity and body temperature of blue 

wildebeest and gemsbok. Both species selected similarly cool microclimates 

during the heat of the day, with slight enhancement in the quality of microclimates 

selected when they were further from water. Both species decreased activity 

during the heat of the day when they were further from water. Gemsbok were able 

to compensate for their reduced activity during the heat of the day and showed 

little change in total 24 h activity, but wildebeest showed a more exaggerated 

decline in activity during the heat of the day for which they were unable to 

compensate, i.e. total 24h activity of wildebeest declines when they were further 

away from water sources.  Both species displayed higher maximum 24 h body 

temperatures when they were further away from water, with the hyperthermia 

being exaggerated for the wildebeest compared to gemsbok. Hyperthermia in both 

species resolved following the first rains and likely access to drinking water. 

Access to water appears to be the primary driver towards hyperthermia in the 

wildebeest, potentially resulting from dehydration during thermal stress.  

In summary, I have investigated behavioural and thermoregulatory flexibility that 

large African ungulates currently inhabiting hot and dry climates currently 

employ. I have shown that ungulates in the Kalahari may differ in their use of 

microclimate selection and activity patterns to buffer thermal, energetic and water 
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stressors. My study is unique in that I have looked at where the animal was in 

space and time and linked it to their physiological and behavioural responses. I 

have, therefore, quantified microclimate selection, activity and body temperature 

responses in relation to NDVI and distance to water and have shown that the 

driving mechanisms behind the seasonal changes of body temperature and activity 

patterns is access to energy and water. I have further enhanced our existing 

knowledge and created the link between body temperature, vegetation quality and 

distance to surface water for antelope of the Kalahari and effectively assessed a 

functional trait. With climate change predicted to increase ambient temperatures 

and have less predictable rainfall in the semi-arid Kalahari, wildebeest will be 

forced to remain within the Kalahari, because historical migratory paths have been 

blocked by fences, and they may not have the behavioural and physiological 

flexibility to survive a hotter and drier future. 
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1.1 Rationale 

The effects of climate change are already apparent in both terrestrial and marine 

ecosystems (Parmesan & Yohe 2003; Pio et al. 2014). The primary challenge to 

be faced by many animals as climate change progresses will be the increase in 

ambient temperature (Niang et al. 2014). In the semi-arid areas of southern Africa, 

however, the threat of reduced water availability adds complexity to the thermal 

threat, or even exceeds it (Field et al. 2012; van Wilgen et al. 2016). A species has 

three prospective scenarios when faced with climate change: migrate or shift their 

current distribution range, adapt to the regional changes, or become extirpated or 

extinct (Walther et al. 2002; Pearson & Dawson 2003; Fuller et al. 2010). 

Theoretically, in a constraints-free environment, mammals will move to more 

suitable areas within the speciesô tolerance limits. But how far must a large 

mammal move to find its suitable habitat and what is realistically possible?  

Obstacles, such as land transformation, fences and urbanisation, constrain animal 

movements (Williamson et al. 1988). If a species is unable to track its climatic 

envelope, then adaptation to changes in the environment becomes vital for a 

species to survive. As such, adaptation is critical and likely to be a universal 

aspect of biotic responses to future climate change (Fuller et al. 2010 & 2016; 

Urban et al. 2016). Animals can adapt either genetically (microevolution) or 

phenotypically to changes in environmental conditions. The current rate of 

climate change is predicted to be too fast to allow large-bodied species with long 

generation times, such as large mammals, to adapt genetically (Berteaux et al. 

2004). If long-lived mammals are to survive climate change they will have to 

show plasticity in the expression of the genes they currently possess, so called 

ñphenotypic flexibilityò (Pigliucci et al. 2006; Raubenheimer et al. 2012; 

Fitzpatrick 2012). Phenotypic flexibility may involve alterations in an animalôs 

behaviour, morphology, or physiology in response to altered environmental 

conditions. Yet, even the most plastic organisms have limitations on their capacity 

to compensate for environmental changes (Seebacher & Franklin 2012). 

Therefore, it is imperative to identify the species that are most vulnerable to 

climate change (Foden et al. 2013).  
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Behavioural ecology studies have improved our understanding of how large 

mammals adjust to changing environmental conditions and resources availability, 

such as by increasing their diet breadth during the dry seasons (Owen-Smith 

2002) or by using shade when conditions are hot (Hetem et al. 2012a). However, 

behaviour ecology studies alone may not be enough to understand the effects of 

climate change (Angert et al. 2011; Lenoir & Svenning 2015). Physiological 

studies are required to improve our understanding of the mechanisms that drive 

such behaviours (Bozinovic & Pörtner 2015). To integrate this knowledge, studies 

on large mammal behavioural and physiological responses are required to enhance 

our understanding of large mammal phenotypic flexibility, which may improve 

our understanding of how they might cope with future climate change. This 

introductory chapter contextualises my research within what is currently known 

and relevant about climate change, identifies key gaps in the research and poses 

the questions that are addressed in my thesis. 

1.2 Background literature  

1.2.1 Climate change 

The current climate system is warming. Already, the Intergovernmental Panel on 

Climate Change (IPCC) 2014 synthesis report detected an increase in global 

temperature of 0.12 °C per decade over the past 60 years from 1951 to 2012, a rise 

in sea levels of about 3.2 mm per year from 1993 to 2010, and a decline in the 

expanse of snow and ice by 3.5 ï 4.1% since 1979, and predicts global 

temperatures to increase between 0.3 °C and 4.8 °C by the end of the 21st century 

with more frequent and longer lasting heat waves (IPCC 2014). Africa, a 

vulnerable continent, has already experienced an increase in extreme temperatures 

during the last 50 to 100 years, and most regions in Africa are expected to show 

an increase in heat waves and warm spell durations more than twice the global 

rate of temperature increase (Figure 1.1; Niang et al. 2014; Engelbrecht et al. 

2015). Southern Africa, a predominantly semi-arid region, is projected to become 

generally warmer with hot days exceeding 35°C more frequently (Davis 2011; 

van Wilgen et al. 2016). However, the thermal threat projected for southern Africa 
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is compounded, or even exceeded, by the threat of reduced water availability 

(Field et al. 2012). Food resources are already diverse in quantity, quality, and in 

space and time (Senft et al. 1987) and animals that currently live in semi-arid 

regions have adapted to these seasonal variations of resources. Since spatial and 

temporal variability in climate will  theoretically intensify under future climate 

change scenarios (Huey et al. 2012), will the adaptations that large mammals 

currently employ be able to endure future climate change and to what degree will 

these current adaptations suffice? As such, numerous biological and ecological 

processes have already been affected by changing climates (Scheffers et al. 2016).  

  

Figure 1.1: Observed trends in annual-average near-surface temperatures (°C/century) over 

Africa for the period 1961-2010 (adapted from Engelbrecht et al. 2015). 

1.2.2 Universal responses to climate change 

Three general responses have been reported so frequently that they are now 

considered óuniversalô ecological responses to warming climates (Fenberg et al. 

2016), i.e., climate-related range shifts (see Lenoir & Svenning 2015); changes in 

phenology (see Chambers et al. 2013; Buitenwerf et al. 2015); and changes in 

morphology (see McCain & King 2014; Gardner et al. 2011). Understanding the 
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influence of environmental temperature on an animalôs performance is critically 

important to predict the speciesô response to climate change (McCarty 2001; 

Thuiller et al. 2006; Acevedo-Whitehouse & Duffus 2009; Fuller et al. 2010 & 

2016; Huey et al. 2012; Tattersall et al. 2012).  

1.2.2.1 Climate-related range shifts 

Species may be able to cope with changing climates and avoid extinction, if they 

are able to track their respective bioclimatic envelope (Lenoir & Svenning 2015). 

As such species range shifts have been well documented as a response to 

increased environmental temperatures (Parmesan & Yohe 2003; Root et al. 2003; 

Chen et al. 2011; Lenoir & Svenning 2015), suggesting that movement may be the 

initial response to warming conditions (Walther et al. 2002). Despite the high 

volume of studies documenting species range shifts, simply linking ecological 

variables to dispersal processes is not enough to predict realistic responses to 

climate change (Foden et al. 2013; Lenoir & Svenning 2015). For instance, if 

moving is not a feasible option, species will have to persist and cope with the 

changing climatic conditions. Species have the capacity to adapt to changing 

environmental conditions both by phenotypic flexibility  within a life span (e.g., 

changes in behaviour, morphology or physiology) and by genetic plasticity (e.g., 

microevolution) over a few life spans (Fuller et al. 2010). However, climate 

change is occurring at a relatively fast rate and some species, such as large bodied 

species with long generation times (e.g., large mammals), may not be able to 

adapt fast enough genetically (Berteaux et al. 2004). If long-lived mammal 

species are to survive climate change they will have to show flexibility in the 

expression of the genes they currently possess. 

1.2.2.2 Changes in phenology 

Even for short-lived species phenotypic plasticity has been shown to be the 

primary driver of phenological changes (Reale et al. 2003). Resulting from 

climate change, many phenological changes have already been recorded 

(Chambers et al. 2013; Buitenwerf et al. 2015; Scheefers et al. 2016). Seasonal 

shifts in ambient temperature in the southern hemisphere are occurring 2.2 days 

earlier (Chambers et al. 2013). An increase in atmospheric CO2 levels and 
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ambient temperatures has led to a prolonged growing season of many plant 

populations (Reyes-Fox et al. 2014), which may result in a positive aspect of 

climate change. Although most mammals already deal with seasonal and inter-

annual variation in climate, alterations in phenology could potentially reduce the 

risks of species extinction due to climate change (Bradshaw & Holzapfel 2008). 

But only if they are able to keep pace (e.g., from matching to mismatching the 

environmental conditions; see Stenseth & Mysterud 2002), such adaptation may 

not be possible for some species. One large mammal that may have a limited 

ability to adapt to climate change is the African wild dogs (Lycaon pictus). Wild 

dogsô typically breed during winter, when they rely on cool periods to raise their 

pups, but with the local climate predicted to become hotter, cooler denning 

periods may be impossible to achieve just by altering their reproductive timing 

(Woodroffe et al. 2017). As such, changes in phenology may provide a useful 

indicator for identifying which species can adapt to the changing climate or 

identify which species may be limited in their adaptive potential (Chambers et al. 

2013).   

1.2.2.3 Changes in morphology 

Along with range shifts and phenological changes, morphological changes are 

believed to constitute a first response to climate change (Barnosky et al. 2003). 

Morphological variation within a species could also potentially increase their 

survival success under locate climate conditions. Koalaôs (Phascolarctos 

cinereus) morphological patterns in body size and fur, for example, vary 

according to heat exchange processes, suggesting that they can change their 

insulation in response to changing environmental conditions (Briscoe et al. 2015). 

Warming climates seem to favour a reduction in body size over time, since large 

surface to volume ratios potentially increase heat loss rates, thus energy and water 

requirements are reduced (Gardner et al. 2011; Scheffers et al. 2016). 

Consequently, because of their size and longevity, large mammalsô potential 

responses may be limited making them more vulnerable to extinction (Cardillo 

2005). Large mammals are important flagship species for conservation efforts and 

a change in large mammal populations could have dire consequences on all 

population dynamics within ecosystems thus affecting biodiversity conservation, 



 

 

7 

 

ecotourism, societal and economic factors (Berteaux et al. 2006; Urban et al. 

2016). Changes in large mammal populations have already been observed 

globally because of anthropogenic disturbances, with large mammal populations 

decreasing both inside and outside of protected areas (Caro & Scholte 2007; 

Craigie et al. 2010), with one-quarter of the worldôs carnivore and ungulate 

species being close to extinction in the past 40 years (Di Marco et al. 2014).  

1.2.3 Extinction  

If species are unable to move or adapt to changing climatic conditions, the species 

will become extirpated or extinct (Walther et al. 2002; Pearson & Dawson 2003; 

Fuller et al. 2010), as has happened in the past. For example, the current climate 

change event is predicted to be of similar magnitude to that at the end of the 

Permian where 95% of species on earth went extinct (Benton & Twitchett 2003). 

The Bramble Cay melomys (Melomys rubicola) is the first mammal that has now 

been declared extinct as a result of anthropogenic climate change (Waller et al. 

2017). Up to 69% of South African mammals are predicted to be at risk of 

extinction by 2050 as a result of climate change, if dispersal is limited (Thomas et 

al. 2004). Model predictions of extinction risks from anthropogenic climate 

change are needed, but still overly simplistic (Willi s et al. 2015; Urban et al. 

2016). The majority of climate change prediction models used very basic 

correlative models and species distribution models, which ignore the underlying 

biological mechanisms that play a role in species distribution (Foden et al. 2013; 

Willis et al. 2015; Urban et al. 2016). There are now many emerging mechanistic 

models that incorporate fundamental biological mechanisms (e.g., Kearney & 

Porter 2009; Bocedi et al. 2014), but these models require measurements of 

physiology and behaviour which are often lacking for many species or systems 

(Foden et al. 2013; Willis et al. 2015).  

It has been proposed that if species can adapt to local conditions by phenotypic 

flexibility, realized range shift and extinction risks may be less pronounced than 

those projected by many studies (Thuiller et al. 2006). As physiological and 

behavioural responses to environmental changes can be instantaneous (Muñoz et 

al. 2015), these responses often mediate how climate conditions are influencing a 
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speciesô welfare (Urban et al. 2016). Behavioural adjustments, such as flexible 

activity traits, may buffer the impact of climate change (Mitchell et al. 2008; 

Kearney et al. 2009; Huey et al. 2012; McCain & King 2014). Even the most 

plastic organisms have limitations on the capacity to compensate for 

environmental changes, such as climate change (Seebacher & Franklin 2012) and 

animals that inhabit extreme environments may already be living at the edge of 

their plasticity envelope (Hetem et al. 2010). Thus, it is imperative that a 

comprehensive picture of the speciesô responses is built into prediction models to 

understand its fundamental niche (Kearney & Porter 2004) and the effects that 

climate change may have on a species (Barnard & Thuiller, 2008; Urban et al. 

2016). Yet, the relevant physiological and behavioural responses are often 

difficult to measure and incorporating these responses into realistic biological 

models is often time consuming. Despite such limitations, focussing research on 

species living in hot and dry environments as an analogue to future climate 

change scenarios, such as large mammals, may help to improve forecasts of the 

impacts of climate change on biodiversity (Muñoz et al. 2015; Urban et al. 2016).  

1.2.4 Fine-scale responses  

1.2.4.1 Movement to resources 

Theoretically an animalôs first response to changing climatic conditions will be to 

track their climatic envelope (Parmesan & Yohe 2003). Movement is fundamental 

to most organisms to survive and is defined as an act of moving the whole 

individual across space and time (Nathan et al. 2008). Abiotic factors (such as 

slope and distance to water) are the primary determinants of large-scale 

movements and act as constraints within which mechanisms involving biotic 

factors operate (Bailey et al. 1996). Therefore, one should consider the influence 

of both biotic and abiotic factors in determining the distribution patterns of large 

mammals (Redfern et al. 2003), particularly in the context of climate change. 

With the rapidly changing climate, species will be required to move large 

distances (Lawler et al. 2013), but large mammal distribution patterns are largely 

dominated by the trade-off between water requirements and nutritional needs 

(Western 1975). This trade-off that species face between nutritional requirements 
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and surface-water constraints varies according to the speciesô water dependence, 

which may be further heightened by aridity when forage quantity is reduced 

(Redfern et al. 2003). Despite the relevance of surface water availability for 

mammals, very few studies have addressed this topic.  

In the modern human-dominated landscape, are all species capable of moving to a 

more suitable environment? Large mammals, such as ungulates, may have the 

capacity to keep track with changing climate envelopes over the 21st century, as 

shown in Figure 1.2 (Settele et al. 2014). Yet that capacity may not be realized 

because of the non-climatic influences that these animals would need to 

overcome. Over the last two centuries, non-climatic influences, such as biotic 

interactions (e.g., competition with domestic livestock) and/or anthropogenic 

habitat fragmentation (e.g., urbanisation and agriculture), have severely disrupted 

ungulate migrations (Bolger et al. 2008), and in conjunction with climate change 

may hamper the ability of a species to move (Thuiller et al. 2006; Levinsky et al. 

2007). Therefore, the ability of a species to track its bioclimatic envelope at a 

sufficient rate to keep up with the changing climate will largely be dependent on 

the dispersal characteristics of individual species (Pearson & Dawson 2003), on 

anthropogenic and natural restrictions on distributions, such as scarcity of forage 

and water, competitive interactions with other wildlife or livestock and predation 

(Groom & Harris 2009). For example, the scimitar-horned oryx (Oryx dammah) 

will have to move thousands of kilometres from its current habitat in the Sahara 

Desert to the Kalahari Desert in Namibia or Botswana in order to track its 

bioclimatic envelope by 2050 (Figure 1.3; Thuiller et al. 2006). Such distances are 

probably not feasible in a modern human-dominated landscape. Not only does a 

species have to deal with anthropogenic habitat fragmentation, but it will have to 

endure unprecedented extreme weather that results from climate change, with 

increases in the frequency, intensity, spatial extent, duration and timing of 

extreme weather and climatic events reported (IPCC 2014). The IPCC predicts 

that reduced precipitation and increased evapotranspiration will undoubtedly 

intensify droughts in southern Africa over the 21st century (IPCC 2014; Field et 

al. 2012). If a species is unable to track its bioclimatic envelope or escape extreme  
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Figure 1.2: | (a) Rates of climate change, (b) corresponding climate velocities, and (c) rates of 

displacement of several terrestrial and freshwater species groups in the absence of human 

intervention. Horizontal and vertical pink bands illustrate the interpretation of this figure. 

Climate velocities for a given range of rates of climate change are determined by tracing a 

band from the range of rates in (a) to the points of intersection with the three climate 

velocity scalars in (b). Comparisons with species displacement rates are made by tracing 

vertical bands from the points of intersection on the climate velocity scalars down to the 

species displacement rates in (c). Species groups with displacement rates below the band are 

projected to be unable to track climate in the absence of human intervention. The three 

scalars are climate velocities that are representative of mountainous areas (left), averaged 

across global land areas (center), and large flat regions (right). (c) Rates of displacement are 

given with an estimate of the median (black bars) and range (boxes = approximately 95% of 

observations or models for herbaceous plants, trees, and plant-feeding insects or median ± 

1.5 inter-quartile range for mammals). Displacement rates for mammals were based on 

modelled dispersal rates of a wide range of mammal species and large herbivore mammal 

median displacements rate is faster than carnivorous mammals (adapted from Settele et al. 

2014).  
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weather by moving large distances, it may attempt to buffer changing climatic 

conditions by changing its fine-scale habitat use. 

 

 

Figure 1.3: Observed current (small map) and predicted (large map) distribution of the 

scimitar-horned oryx (Oryx dammah) for 2050. Light grey areas indicate current climatically 

suitable habitats predicted to be unsuitable in the future. Moderate grey areas indicate the 

current climatically suitable habitats which are predicted to stay suitable. Dark grey areas 

indicate the current climatically unsuitable habitats which are predicted to be suitable by 

2050 (adapted from Thuiller et al. 2006).  

1.2.4.2 Phenotypic flexibility  

If the animalôs bioclimatic envelope is inaccessible, an adjustment to their 

phenotype may occur (i.e., phenotypic flexibility ) to buffer the effects of the 

changing climatic conditions (Fuller et al. 2010; Hetem et al. 2012a & 2014; 

Valladares et al. 2014). Phenotypic flexibility is broadly defined as óthe ability of 

individual genotypes to produce different phenotypes when exposed to different 

environmental conditionsô (Pigliucci, et al. 2006; Fitzpatrick 2012; Kelly et al. 

2012; Raubenheimer et al. 2012). That is, the ability of the individual animal to 

modify their behaviour, morphology, or physiology in response to altered 

environmental conditions. Phenotypic flexibility has been expressed by a wide 

diversity of organisms in response to biotic and abiotic aspects of their 
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environments (reviewed in Piersma & Drent 2003, Reale et al. 2003; Miner et al. 

2005; Williams et al. 2008; Raubenheimer et al. 2012; Merilä & Hendry 2014). 

1.2.4.2.1 Fine-scale Behavioural Responses  

Several flexible behavioural strategies are used by mammals to avoid high 

thermal heat load. A reduction in activity, for example, could potentially minimize 

endogenous heat production (Wang et al. 2006), as well as shade-seeking (cool 

microclimates) could reduce heat load (Hetem et al. 2012a & 2016; Fuller et al. 

2016), and switching to nocturnal activity could potentially compensate for any 

activity lost to high heat loads during the day (Hetem et al. 2012a). By selecting 

different microclimates, terrestrial animals are able to maximise heat gain/loss and 

reduce the need for evaporative cooling by sustaining a favourable temperature 

gradient between the body and the environment thereby enabling convective heat 

loss (Cain et al. 2008; Hetem et al. 2012a), thus conserving body water. Desert 

bighorn sheep (Ovis Canadensis Mexicana) (Cain et al. 2008), Arabian oryx 

(Oryx leucoryx) (Hetem et al. 2012a), impala (Aepyceros melampus) (Jarman & 

Jarman 1973), and klipspringer (Oreotragus oreotragus) (Dunbar 1979) were all 

recorded using cool microclimates (shade-seeking) during midday when ambient 

temperatures were high.  

Access to cool microclimates may not be possible for some species. For example, 

the black wildebeest (Conochaetes gnou) inhabits the plains of the temperate 

grasslands and semi-arid shrubland of South Africa, which are often treeless 

habitats with very little access to shade (Estes 1991). Thus, the use of shade-

seeking behaviour during high ambient temperatures as an adaptation to 

increasing temperatures is not possible. Therefore, the black wildebeest may 

orient their body relative to solar radiation to reduce heat loads (Maloney et al. 

2005; Lease et al. 2014), reduce diurnal feeding activity at high ambient 

temperatures and feed mainly at night to compensate for lost diurnal foraging 

during the warm seasons (Maloney et al. 2005). Becoming more active at night to 

compensate for reduced diurnal activity during the warm season has been noted in 

several species. Desert mule deer (Odocoileus hemionus crooki; Hayes & 

Krausman 1993), kudu (Tragelaphus strepsiceros; Owen-Smith 1994), and moose 
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(Alces alces; Dussault et al. 2004) showed an increase in nocturnal activity during 

periods of high thermal stress. In addition, foraging at night could potentially 

increase water and energy intake by foraging on higher water content plants 

(Nagy & Knight 1994) or through preformed water (Cain et al. 2006). However, 

the cool nocturnal period may be too short to allow complete compensation, 

particularly if the hot period coincides with a dry period when forage quality and 

quantity is limited (Hetem et al. 2012a; Fuller et al. 2016). Yet, being active at 

night may cause a trade-off with predator avoidance (Godvik et al. 2009; 

Hebblewhite & Merrill  2009; Valeix et al. 2009). Kudu increased their nocturnal 

activity when predation pressure was low but completely avoided being active at 

night when reintroduction of lions and hyenas resulted in high predation pressure 

(Tambling et al. 2015). The exact trade-offs experienced by large mammals in 

relation to climate change is largely unknown and the costs of phenotypic 

flexibility  remains to be discovered.    

Gaining knowledge about how a large mammalôs activity and microclimate 

selection changes according to environmental stresses is critically important in 

understanding the major drivers behind such behaviours. Behavioural adjustments 

such as seeking cooler microclimates and change in activity patterns may buffer 

the impact of climate change (Mitchell et al. 2008; Kearney et al. 2009; Huey et 

al. 2012), but for endotherms such behavioural adjustments may involve trade-

offs between thermoregulation, osmoregulation, and acquisition of energy (Hetem 

et al. 2016). To predict the extent to which species are resilient to these 

environmental changes requires some measure of these functional traits (i.e., 

behavioural and physiological responses) and whether such behavioural 

adjustments are actually occurring in free-living species needs to be investigated 

further. Therefore, quantifying thermoregulatory behaviour is a necessary first 

step to evaluate climate-induced effects on population dynamics of large 

herbivores effectively (Grosbois et al. 2008; Mysterud & Saether 2011).  

1.2.4.2.2 Physiological Responses 

Adjusting to changing conditions through behavioural responses are generally less 

costly than using autonomic processes, but behavioural responses may be 
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insufficient to curb climate change (Fuller et al. 2016; Hetem et al. 2016). 

Changes in physiological processes could identify the causative effect of climate 

change resulting in the change of behaviour (Seebacher & Franklin 2012). 

Understanding of the thermal physiological sensitivity of a species is required to 

predict the direct effects of climate change. Body temperature, a variable likely to 

be affected by changing temperature and resources, is relatively easy to measure 

in free-ranging individuals. Endotherms actively control their body temperature 

independently of environmental temperature through a combination of autonomic 

and behavioural processes, defined as thermoregulation (Tattersall et al. 2012). 

For endotherms, when ambient temperature ebbs lower than body temperature, 

heat is passively lost by means of radiation, convection and conduction to the 

environment (Cain et al. 2006). However, when ambient temperature exceeds 

body temperature or the gradient between the endotherm and the environment 

becomes too small, an endotherm must either use evaporative cooling to dissipate 

heat or tolerate an increase in body temperature (Cain et al. 2006; Tattersall et al. 

2012).  

Evaporative cooling, better known as evaporative heat loss, can occur through 

evaporation of water from either the skin (sweating/licking) or respiratory tract 

(panting; Hetem et al. 2016). When water is accessible, large mammals, such as 

ungulates, increase their sweating and panting with an increase in ambient 

temperatures (Taylor 1970a,b). However, when access to water is limited, 

ungulates must ñtrade offò osmoregulation (control of body water) with 

thermoregulation (control of body temperature). It appears that desert ungulates 

prioritise osmoregulation above thermoregulation when access to water is limited 

and some species (e.g., Grant's gazelle (Nanger granti), Thomson's gazelle 

(Eudorcas thomsonii), oryx (Oryx beisa), eland (Tragelaphus oryx), and camel 

(Camelus dromedarius)) can reduce evaporative cooling (sweating) by as much as 

89% by allowing body temperature to fluctuate over a wide range (Schmidt-

Nielsen et al. 1957; Taylor 1970b). Some desert-adapted endotherms potentially 

conserve body water by tolerating high body temperatures and reducing the need 

to evaporative water that is initially required for thermoregulation (Schmidt-

Nielsen et al. 1957, Mitchell et al. 2002), for example, the dromedary camel can 
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store up to 6 ÁC when itôs dehydrated (Schmidt-Nielsen et al. 1957), and Arabian 

oryx stored up to 7.7 °C (Hetem et al. 2010). Theoretically, large mammals can 

withstand an increase in body temperature to reduce the gradient between ambient 

temperature and body temperature (Taylor 1970a,b), provided the extra heat load 

can be lost during the night (Abere & Oguzor 2011). Therefore, a combination of 

water deprivation and an increase in ambient temperatures often leads to a process 

called dehydration-induced hyperthermia in which ungulates allow their body 

temperatures to rise along with ambient temperature, thereby decreasing the 

thermal differential with the environment and conserving body water (Mitchell et 

al. 2002). However, this increase in body temperature does not come without 

costs as such hyperthermia is likely to occur with dehydration and may reflect a 

stress rather than adaptive strategy (Hetem et al. 2016). It was originally thought 

to be adaptive (Schmidt-Nielsen et al. 1957; Grigg et al. 2009), but the adaptive 

value has recently been questioned since hyperthermia has not been demonstrated 

in hydrated individuals (Fuller et al. 2010 & 2016, Hetem et al. 2016). Hetem et 

al. (2016) have recently raised concerns about whether such hyperthermia is a 

programmed active process, or whether it is incidental, resulting from failure of 

thermoregulation (Figure 1.4). A recent study on wild rabbits (Oryctolagus 

cuniculus) showed that a failure of thermoregulation (an increase in heterothermy) 

resulted in reduced fitness (Maloney et al. 2017).   

 

Figure 1.4: Free-living male oryx displaying dehydration-induced hyperthermia (solid line) 

over a 5-day period after ephemeral pools of water had dried up following the last rain two 

months prior and captive male oryx (dotted line) with free access to water, despite ambient 

temperatures being similar between the periods (adapted from Hetem et al. 2016 with 

permission). 
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It is not only high temperatures and low water availability that affect 

thermoregulation. The maintenance of a constant body temperature within a 

narrow range (homeothermy) requires an endotherm to use energy in the form of 

metabolism which requires adequate energy intake (Maloney et al. 2002). Food 

availability, especially in seasonal environments, varies across space and time 

(Senft et al. 1987). If  food is limited, endotherms may not be able to gain 

sufficient energy to maintain the high metabolic rate required for homeothermy 

and may be incapable of maintaining their body temperature within a narrow 

range. Under conditions of low food availability, the cost of thermoregulation 

may become exorbitantly expensive (Geiser 2004). For instance, low prey 

availability because of drought conditions compromised aardvarksô (Orycteropus 

afer) wellbeing (Rey et al. 2017). Limited food and water resources may lead to a 

ñtrade offò between the use of energy to search for food and water, and achieving 

optimal management of body water and thermoregulation. Therefore, energy 

availability is expected to be the primary constraint on the abundance and 

distribution of endotherms (Buckley et al. 2012) and ungulates that live in semi-

arid ecosystems may be more sensitive to reduced vegetation than increased 

temperatures, which may become more erratic as a secondary effect of climate 

change. 

Animals can decrease energy expenditure by reducing locomotor activity (Wang 

et al. 2006). However, if an endotherm cannot source adequate food or use 

behavioural adaptations to reduce energy expenditure, it may become 

hypothermic. Hypothermia is a process whereby an endotherm reduces its body 

temperature below the required temperature for normal metabolism (Tattersall et 

al. 2012). Such hypothermia may be a form of torpor (i.e., controlled down 

regulation of body temperature) under a continuum of thermoregulatory strategies 

(Heldmaier & Ruf 1992). In fact, it has also been suggested that a low metabolic 

rate and the resulting low body temperature may be a vital adaptive response to 

starvation in mammals (McCue 2010). Many temperate species, such as red deer 

(Cervus elaphus; Arnold et al. 2004; Turbill et al. 2011), Przewalski horse (Equus 

ferus przewalskii; Arnold et al. 2006), and Alpine ibex (Capra ibex ibex; Signer et 

al. 2011) could reduce their energy expenditure during the late winter by reducing 
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their locomotive activity, by allowing their body periphery to cool considerably 

and by reducing their basal metabolic rate (i.e., hypometabolism). This 

hypometabolism is suggested to be an endogenously controlled adjustment in 

metabolism similar to torpor displayed by small mammals (Turbill et al. 2011), 

ultimately reducing body temperature.  

Alternatively, hypothermia may be a result of starvation (low energy reserves), in 

which animals are simply unable to sustain the high metabolic cost of maintaining 

body temperature within narrow limit, as observed in kangaroos (Macropus 

fuliginosus), dromedary camel (Camelus dromedaries; Grigg et al. 2009), and 

Arabian oryx (Figure 1.5; Hetem et al. 2016). Blue wildebeest (Connochaetes 

taurinus), in Mapungubwe Game Reserve in South Africa, were unable to 

maintain homeothermy during the dry season and displayed 24 h amplitude of 

body temperature of 3.5 °C and low minimum body temperatures of 36 °C 

(Shrestha et al. 2011). However, the low morning body temperatures recorded, not 

only occurred at a time of low energy availability but also of low ambient 

temperatures, therefore, it cannot be concluded for certain if it was ambient 

temperature or insufficient forage to drive the lower minimum body temperatures. 

Yet, several large ungulates who were deprived of adequate energy during warm 

periods, were unable to rewarm after progressively depleting the energy stores 

necessary to maintain homeothermy and succumbed to death in the early morning, 

as seen for blue wildebeest, and Arabian sand gazelle (Gazella subgutturosa 

marica; Figure 1.6; Hetem et al. 2016). Even medium sized mammals, such as 

aardvark (Rey et al. 2017), did not recover when body temperatures dropped 

critically low as a result from inadequate energy acquisition. Heterothermy 

associated with a drop in minimum body temperature in large mammals therefore 

appears to reflect thermoregulatory failure resulting from undernutrition (Hetem et 

al. 2016), rather than under active physiological control as suggested for torpor 

(Schmidt-Nielsen et al. 1957; Ostrowski et al. 2003; Maloney et al. 2004). Unless 

normal body temperature is restored, this kind of hypothermia is lethal. 
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Figure 1.5: Body core temperature rhythms of a kangaroo (Macropus fuliginosus; A) and an 

Arabian oryx (Oryx leucoryx; B) over a 5-day period when forage was lacking (solid line) and 

in the same individual over a 5-day period when forage was abundant (dotted line) during a 

hot season. Ambient temperatures were similar during these two periods (adapted from 

Hetem et al. 2016 with permission). 

Large mammals that live in hot and dry environments tend to have limited thermal 

shelters and because they spend a large amount of time inactive as a result of high 

ambient temperatures, they may allow their body temperature to fluctuate rather 

widely on a daily basis. This fluctuation of body temperature, a process called 

adaptive heterothermy (i.e., with lower than normal minimum body temperature 

and higher than normal maximum body temperature), has been suggested to be an 

important physiological adaptation (Mitchell et al. 2002). Through adaptive 

heterothermy, within a 24 hours cycle, large mammals allow their body to store 

heat during the day with a constant rise in body temperature until a bearable 

maximum is reached, and then slowly dissipate that heat during the night until a 

tolerable minimum body temperature has been reached (Mitchell et al. 2002). 
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Figure 1.6: Body core temperature rhythms of free-living Arabian sand gazelle (Gazella 

subgutturosa marica; A) and blue wildebeest (Connochaetes taurinus; B) over a 5-day period 

when the animals were healthy (dotted line) and in the same individual over a 5-day period 

prior to their deaths (solid line). Estimated time of death is indicated by the arrow. A 

progressive lowering of minimum body temperature resulted prior to death (adapted from 

Hetem et al. 2016 with permission) 

Adaptive heterothermy has therefore been proposed to be an effective water-

saving mechanism and it has been suggested that gemsbok use adaptive 

heterothermy as a physiological strategy to cope with heat and aridity (Taylor 

1969). Only one previous study has looked at body temperature of free-living 

gemsbok over a short two month period (Maloney et al. 2002). In a mild climate 

with free access to water, gemsbok maintained 24 h amplitude of body 

temperature ~2.2 °C at the beginning of the hot wet season, showing no signs of 

adaptive heterothermy. In fact, these animals were not dehydrated nor starved as 

they had free access to food and water in a 62 ha enclosure. Only two large 

mammalian herbivores have been known to show adaptive heterothermy in semi-

arid/arid environments: Arabian oryx (Oryx leucoryx; Ostrowski et al. 2003; 
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Hetem et al. 2012b) and sand gazelle (Gazella subgutturosa marica; Ostrowski et 

al. 2006, Hetem et al. 2012b). However, the low morning body temperatures 

recorded for free-ranging Arabian oryx and sand gazelle in an extreme desert 

environment, occurred at a time of low energy availability and lack of water 

which may result in the combined effect of starvation hypothermia and 

dehydration hyperthermia, therefore, it is not possible to say for certain that the 

animals were deploying adaptive heterothermy (Hetem et al. 2012b). Whether 

such heterothermy is ñadaptiveò or indicative of a stressful environment has thus 

been debated (see Hetem et al. 2016).  

1.2.4.3 Functional traits 

To enhance our understanding of how a species may respond to their 

environment, we need to understand the threats and vulnerability of that species 

and to do that we will need an understanding of the óresponse mediatingô traits 

(i.e., functional traits), as proposed by Foden et al. (2013) and Garcia et al. (2014). 

Phenotypic flexibility, such as behavioural or physiological traits, are considered 

functional traits as they affect the potential of individuals to tolerate changing 

climates (Garcia et al. 2014; Nock et al. 2016). Different physiological and 

behavioural variables, such as body temperature, activity and energetic 

expenditure of free-living large mammals can now be measured by biologging 

devices or biotelemetry, without human bias (Wilmers et al. 2015). For instance, 

continuous recordings of body temperature could potentially allow the monitoring 

of responses of individual animals to environmental stressors (Maloney et al. 

2017). Although advances in biologging technology now make such 

measurements feasible (Wilmers et al. 2015), the implementation of such 

measurements may be costly which has resulted in limited application.  

Initial research has shown the dry period as a stressor and majority of the studies 

to date have inferred relationships between the lack of forage and water 

availability that occur during the dry season and the animal's physiology (e.g., 

Hetem et al. 2010; Shrestha et al. 2011). But we need to explicitly link the drivers 

behind the functional traits observed. Remote sensing data combined with 

biologging of individual species responses may enable us to quantify the link 
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between seasonal variability in resources, such as vegetation quality and distance 

to water, and thermoregulatory behaviours of long-lived endotherms, such as 

ungulates. Integrating knowledge of physiological stresses and environmental data 

will ultimately enhance our understanding of large mammal phenotypic 

flexibility.  For example, an integrative conceptual framework for movement 

ecology of animals was developed by Nathan et al. (2008). The authors suggested 

that there are potentially three components to movement: an internal state (i.e., 

why move?), a motion capacity (i.e., how to move?), and a navigation capacity 

(i.e., where to move?), with externals factors (i.e., biotic and abiotic 

environmental factors) as a fourth component influencing the movement and all 

four components may affect movement interchangeably (Figure 1.7; Nathan et al. 

2008). Body temperature may provide an indicator of the internal state of the 

individual animal and may potentially highlight and explain the decisions that 

mammals are forced to make when external factors come into play. As an 

example, a recent study used the pattern of 24 h body temperatures rhythm to 

indicate the fitness of wild rabbits (Maloney et al. 2017). If we combined 

movement trajectories with simultaneous physiological and behavioural 

measurements, it may help us to better understand the mechanisms underlying the 

movements of a species. Such knowledge will increase our understanding of how 

climate change will affect natural populations. To do so, we first need to 

understand physiological and behavioural flexibility of individuals currently 

living in hot and dry climates. 
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Figure 1.7: General conceptual framework for movement ecology, composed of three basic 

components (pink  background) related to the focal individual (internal state (physiology and 

neurology), motion capacity (biomechanical or morphological machineries), and navigation 

capacity  (cognitive or sensory machineries to obtain and use information)) and a fourth basic 

component (green background) referring to external factors (biotic and abiotic 

environmental factors) affecting its movement. Relationships among components related to 

the processes by which they affect each other, with arrows indicating the direction of impact. 

The resulting movement path feeds back to the internal and external components (Adapted 

from Nathan et al. 2008; Copyright (2008) National Academy of Sciences). 



 

 

 

 

1.3 Thesis aim, objectives and thesis outline 

Long-lived terrestrial mammals do not have access to microevolution as an 

adaptation strategy for climate change because many of the projected changes will 

occur within their lifespans. Since warming trends are predicted to be 

accompanied by reduced precipitation and increased frequency of droughts in arid 

and semi-arid ecosystems, projected increases in temperature will be confounded 

by secondary effects of reduced food and water availability. Ungulates will 

therefore become reliant on behavioural thermoregulatory strategies during arid 

conditions, like seeking shade and shifting activity to cooler periods, which may 

further compromise diurnal foraging. In the Kalahari, the long dry season 

typically begins in May and continues throughout August when ambient 

temperatures start to rise. Dry conditions continue to prevail as conditions heat up, 

until the first good rains sometime in mid-November. However, climate change is 

likely to increase the variability in the timing of those first rains and shift the rains 

even later in January, which may result in the period of resource scarcity and heat 

being extended to really test the limits of endurance of herbivore populations. 

Therefore, what are the current implications of this seasonal climate on the species 

which live there? How might they cope in terms of microclimate selection, 

activity, and thermoregulation? What trade-offs are required to survive during this 

late dry season? Even though the realised effects of climate change will only be 

apparent over a period of decades, understanding the plasticity of individuals 

currently inhabiting hot and dry climates is crucial to making predictions about 

the conditions that will become dominant in the future. I set out to investigate 

aspects of behaviour and thermoregulation of two ungulate species with differing 

water dependency in a semi-arid savanna region where annual rainfall is variable 

and access to surface water is restricted. I focused on the thermoregulatory and 

behavioural responses (activity and microclimate selection) of the water-

dependent blue wildebeest, which in recent years have undergone a substantial 

population decline in southern Botswana, and the arid-adapted gemsbok, which 

continue to thrive in the Kalahari region. Understanding the physiological and 

behavioural strategies that enable animals to survive in current hot and dry 
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conditions will provide an analogue for the kind of flexibility required for species 

to survive future climate change.  

Three broad objectives were assessed: 

 

¶ Objective 1: To investigate the seasonal changes in behaviour 

(microclimate selection and timing of activity) and thermoregulation 

(temperature rhythm) of sympatric gemsbok and blue wildebeest 

(addressed in chapter 3).  

¶ Objective 2: To investigate how changes in vegetation greenness (as 

assessed from NDVI) influence variability in activity and 

thermoregulation (minimum body temperature) responses of these two 

ungulate species (addressed in chapter 4).  

¶ Objectives 3: To investigate if access to surface water (indexed as 

proximity to surface water) influences variability in behavioural 

(microclimate selection and timing of activity) and thermoregulatory 

(maximum body temperature) responses of gemsbok and blue wildebeest 

during hot periods (addressed in chapter 5).  

This thesis has been separated into an introductory chapter (Chapter 1), a general 

methodology chapter (Chapter 2), three research chapters (Chapters 3 ï 5), and a 

concluding chapter in which I place my main findings within a larger conceptual 

framework and highlight potential avenues for future research (Chapter 6). 

To avoid repetitions in the references, I have listed the references for all chapters 

at the end of the thesis. Some of my results have been presented at international 

conferences listed below: 

Boyers, M., Parrini, F., Erasmus, B.F.N., Owen-Smith, N., & Hetem, R.S. 

Inanition hypothermia in gemsbok in the arid Kalahari. Presented at the 5th 

International Symposium on the Physiology and Pharmacology of Temperature 

Regulation (PPTR), Kruger National Park, South Africa 7-12 September 2014 

(poster presentation) 
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Boyers, M., Parrini, F., Erasmus, B.F.N., Owen-Smith, N., & Hetem, R.S. 

Inanition hypothermia in gemsbok in the arid Kalahari. Presented at the 13th 

Annual Savanna Science Network Meeting, Kruger National Park, South Africa 

9-12 March 2015 (oral presentation) 

Boyers, M., Parrini, F., Owen-Smith, N., Erasmus, B.F.N., & Hetem, R.S.  

Water-dependent wildebeest display enhanced heterothermy compared to arid-

adapted gemsbok. Presented at the Australian and New Zealand Society for 

Comparative Physiology and Biochemistry, New South Wales, Australia 3 ï 6 

December 2015 (oral presentation)  
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 General materials and methods 
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2.1 Study areas 

With species losses predicted to be highest in the western part of southern Africa 

(Erasmus et al. 2002), the Kalahari is an ecosystem under threat from future 

climate change. This area is predicted to get both hotter and drier with more 

severe droughts compared to todayôs climate (van Wilgen et al. 2016). The 

Kalahari stretches from the Orange River to tropical Africa and forms part of the 

South West Arid Biome (Eloff 1984). This study focusses on the Kalahari 

ecosystem in Botswana, which features various conservation areas, in particular, 

the Kgalagadi Transfrontier Park (KTP) in the south west extending northwards to 

the Central Kalahari Game Reserve (CKGR), with the Bakgalagadi Schwelle (a 

nutrient rich hot spot) situated in between (Figure 2.1; Fynn & Bonyongo 2011). 

Before the erection of veterinary fences, ungulates from the Bakgalagadi Schwelle 

historically moved north to the Okavango system, south to the Orange River, or 

southeast to the Limpopo River during the dry seasons, as depicted in Map 1 

(Figure 2.2a; Child 1972; Williamson 2002). However, the dry season movement 

to the north is now restricted by the erection of the veterinary fences, which has 

drastically curtailed access to surface water and to higher-rainfall refuges beyond 

the fence during severe droughts (Map 2; Figure 2.2b; Williamson 2002). The 

CKGR exhibits no barriers to animal movement south-west through the 

Bakgalagadi Schwelle towards the KTP extending into South Africa (Figure 2.1 & 

Figure 2.2b). These days there are very strong barriers to movement between 

CKGR and the Bakgalagadi Schwelle. Remaining corridors are now almost closed 

by fences, ranches, cattle posts, towns (Selebatso 2017). Species inhabiting this 

semi-arid region may already be pushed to the limit of their ability to cope with 

hot and dry conditions, making the Kalahari an ecosystem particularly under 

threat from climate change. Thus, the Kalahari ecosystem provides an ideal 

location to explore species responses to the current climatic conditions, to gain a 

better understanding of the behavioural and thermoregulatory mechanisms which 

might allow ungulates to cope with future climate change.  
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Figure 2.1: Map of Botswana, including continental position (map inset), showing the 

national parks and game reserves. The Central Kalahari Game Reserve (CKGR) is fenced 

on the northern and eastern boundary of the reserve allowing animal movement south-west 

towards the Kgalagadi Transfrontier Park (KTP) extending into South Africa. The eastern 

boundary of KTP is unfenced leaving this border open to animals that migrate from east to 

west. The Bakgalagadi Schwelle is the watershed situated between CKGR and KTP reserves. 

The ellipsoid represents the extent of the study areas within this th esis.  
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Figure 2.2: Maps of a) dry season nomadic movement routes of wildebeest (Connochaetes taurinus) in Botswana (Map 1) and b) major veterinary 

fences in Botswana, constructed 1954-1997 (Map 2). The hatched areas represent the salt pans. The dates represent year of construction of the fences 

and the arrows indicate historical migratory routes (adapted from Williamson 2002).  
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The Kalahari exhibits a south-westerly aridity gradient, with the CKGR 

experiencing rainfall below 400 mm (Letlhakane rain station; 24°4´S 25°2´E; 

long-term annual mean 383 ± 130 mm; year 1962-2001; Parida & Moalafhi 2008), 

and the KTP rainfall below 300 mm (Tsabong rain station; 26°0´S 22°24´E; long-

term annual mean 296 ± 128 mm; year 1961-2003; Parida & Moalafhi 2008). The 

Kalahari has very little free-standing naturally occurring water yet provides 

considerable scope for animals to exploit spatial heterogeneity in vegetation. It 

supports a variety of large mammals, such as red hartebeest (Alcelaphus 

buselaphus caama), eland (Tragelaphus oryx), springbok (Antidorcas 

marsupialis), blue wildebeest (Connochaetes taurinus), gemsbok (Oryx gazella 

gazella), and predators such as lion (Panthera leo), leopard (Panthera pardus), 

spotted hyaena (Crocuta crocuta) and brown hyaena (Hyaena brunnea) mostly 

within the conservation areas.  

2.1.1 Central Kalahari Game Reserve 

The Central Kalahari Game Reserve (CKGR) is located in central Botswana and 

covers an area of 52000 km2 (Figure 2.3). The CKGR is bordered to the north by 

the Kuke veterinary cordon fence and to the south by the Khutse Game Reserve. 

The air temperatures in CKGR range between a maximum of 43 °C in November 

to a minimum of -6 °C in June (Selebatso et al. 2017a). The climate of CKGR is 

semi-arid, with between 350 and 400 mm of rainfall per annum (Makhabu et al. 

2002; Selebatso et al. 2017a).  

The CKGR is a flat land with immobile sand dunes. There are three fossil river 

systems running across CKGR, namely Deception valley and the adjoining 

Passage Valley in the north; and Okwa Valley in the centre (Owens & Owens 

1978). The soils of the pans are primarily calcrete and clay soils, while the soils 

outside the pans are predominantly sandy (Makhabu et al. 2002). Artificial water 

points are randomly located along the fossil river. These water points are supplied 

by 13 boreholes which were constructed between 1986 and 1990 (Makhabu et al. 

2002; Selebatso et al. 2017a). Not all are functional at the same time due to break 

downs.  
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Figure 2.3: Map of the Central Kalahari Game Reserve study area, including regional position (map inset), showing waterholes and pan systems and 

GPS locations of all eight collared gemsbok herds between November 2012 and July 2013. 




























































































































































































































































































































































