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ABSTRACT 
 

Globally, terrestrial mammal populations are facing critical population declines and range 

contractions owing to habitat fragmentation and destruction, wildlife overexploitation, and 

climate change driven by expansion of the human population. Mammalian herbivores are 

integral for maintaining ecosystem structure and functionality. They do this this through 

herbivory, by acting as prey and cycling soil nutrients. The impacts of herbivores on 

ecosystems, however, vary with their spatial occupancy which is influenced by interacting 

bottom-up and top-down factors. Modelling the drivers of herbivore communities is no trivial 

task given the myriad of potential bottom-up and top-down factors, and the interactions 

between the two, as well as the species-specific variations in intrinsic functional traits (e.g., 

foraging strategy, body size, metabolic rate, etc.) influencing herbivore responses (e.g., social 

structure, space-use, activity patterns, etc.) to these drivers. Consequently, few studies have 

attempted to model both bottom-up and top-down drivers in structuring herbivore 

communities, particularly in an African context where predator-prey guilds include multiple 

species, exposed to high levels of human activity. Therefore, the overarching aim of my 

research was to quantify the relative effects of both bottom-up and top-down factors driving 

the herbivore community in the northern Pafuri region of Kruger National Park, South Africa. 

I utilized a combination of field (i.e., camera trap and vegetation surveys) and analytical (i.e., 

stable carbon isotopes from faeces and plants) techniques in conjunction with geospatial data 

to evaluate the impacts of bottom-up (i.e., forage quantity, quality, and water availability) and 

top-down (i.e., predation and anthropogenic risks) factors on herbivore spatial occupancy and 

activity patterns. Herbivore responses to bottom-up and top-down factors were species-
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specific, even among members of the same feeding guild. Specifically, I found that herbivores 

(varying in body size and foraging strategy) displayed temporal, spatial and in some instances, 

dietary shifts that reflect species-specific, ecological trade-offs between resource acquisition, 

and predator and human avoidance. For example, kudu (Tragelaphus strepsiceros) displayed 

temporal and spatial avoidance of predators and humans, and exhibited previously 

undocumented levels of seasonal dietary shifts which suggests that the species traded forage 

acquisition for reduced predation and anthropogenic risks. Further, high levels of human 

activity appeared to eclipse the risks associated with natural predators resulting in human 

induced landscapes of fear. For example, warthogs (Phacochoerus africanus) and zebra (Equus 

quagga) occupied habitats with higher predation risks, but displayed spatial avoidance of 

nature reserve boundaries which were synonymous with high levels of bushmeat poaching. 

Most studies focussing on the impacts of bottom-up and top-down drivers neglect to consider 

the roles that humans play in structuring ecological communities. The results of my thesis, 

however, emphasize the importance of including anthropogenic drivers when investigating 

the roles that various bottom-up and top-down factors play in shaping ecological 

communities. 
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PREFACE 
 

Each chapter in this thesis is prepared as a stand-alone manuscript with the study site 

description (Chapter 2) and references amalgamated into single sections. The contents of this 

thesis are structured as follows: 

CHAPTER 1: General introduction that describes the rationale for my study. 

CHAPTER 2: An extensive description of the study site 

CHAPTER 3: Data chapter that explores seasonal dietary flexibility and spatiotemporal 

occupancy patterns of herbivore feeding guilds in the northern Pafuri region of Kruger 

National Park (Pafuri). Camera trapping methodology used across all the data chapters are 

described in detail here.  

CHAPTER 4: Data chapter that assesses seasonal and habitat-specific responses by individual 

herbivore species to bottom-up, resource regulated effects.  

CHAPTER 5: Data chapter that quantifies temporal and spatial responses by herbivores to 

seasonal and habitat-specific variations in predator- and human-related top-down effects.  

CHAPTER 6: Synthesis chapter that discusses the impacts and interactions between bottom-

up and top-down drivers regulating the herbivore community in Pafuri. 

REFERENCES: Amalgamated references for the entire thesis. 

APPENDICES: Includes all the additional information pertinent to topics addressed in the 

contents of my thesis.  
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Chapter 1: General introduction  

Globally, terrestrial mammal populations are facing critical population declines and range 

contractions owing to habitat fragmentation and destruction, wildlife overexploitation and 

climate change driven by expansion of the human population (Ogutu et al. 2011, Bhola et al. 

2012, Ripple et al. 2015, Steinbeiser et al. 2019, Vinks et al. 2020). Consequently, deriving 

reliable estimates on the space-use and behavioural responses of species to spatiotemporal 

variability in natural and anthropogenic drivers are required to advance science and facilitate 

biodiversity assessments over time, leading to more informed conservation and management 

decisions (Ripple et al. 2017, Palmer et al. 2018, Doser et al. 2022). Although single species 

assessments are important, quantifying the status and dynamics of entire communities is 

critical to better understand global change effects on biodiversity (Doser et al. 2022). 

Of the 74 extant largest (≥ 100kg) terrestrial herbivores globally, 44 are listed as threatened 

with extinction, with 43 species experiencing widespread population declines (Ripple et al. 

2015). Population declines undoubtedly have ecosystem-level impacts, as herbivores are 

fundamental to maintaining ecosystem structure and function through soil nutrient cycling, 

herbivory, and acting as prey (Pringle et al. 2011, Balfour et al. 2021). However, their impacts 

within ecosystems vary with their spatial occupancy at local and landscape scales which is 

driven by complex interplays between a myriad of drivers including resource availability, 

predators and humans (Bailey et al. 1996, Hopcraft et al. 2010, O’Kane & Macdonald 2018). 

Moreover, intrinsic functional traits such as body size and foraging strategy interact with 

species-specific habitat requirements and competition, influencing herbivore responses to 

these drivers (Cromsigt & Olff 2006, Young et al. 2020). Some of the drivers responsible for 
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regulating herbivore populations are classified as bottom-up and top-down factors (Grange & 

Duncan 2006, Turkington 2009, Gandiwa 2013a). 

Bottom-up factors regulate herbivore populations through resource restrictions from lower 

trophic levels (Dorresteijn et al. 2015). These bottom-up drivers, including forage availability 

and quality, and water availability, drive herbivore habitat selection (i.e., habitat selection 

theory; Rosenzweig 1981) and thus spatial occupancy (Coe et al. 1976, Gripenberg & Roslin 

2007, Weterings et al. 2018). Ultimately, variation in habitat selection and occupancy impact 

reproduction, survival, and growth of herbivore populations and communities (Schmitz 2008, 

Gandiwa 2013a, Fryxell et al. 2022). For example, significant decreases in forage availability 

attributed to consecutive drought and extreme winter seasonal events drove mass mortality 

in 30% of Mongolia’s terrestrial herbivore species, resulting in substantial population declines 

(Dangal et al. 2017). Similarly, in the absence of predators, mortality rates of zebra foals in 

Kenya increased during the dry season owing to significant reductions in the availability of 

suitable graze, resulting in population declines (Georgiadis et al. 2003). At the landscape scale, 

reductions in herbivore populations driven by resource limitations can have cascading impacts 

on the populations of predators at higher trophic levels, resulting in ecosystem instability 

(Schmitz 2008). As a result, bottom-up drivers may be relatively more important in regulating 

herbivore populations than top-down factors including predation and anthropogenic risks 

(e.g., Slobodkin 1960, Owen-Smith & Mills 2006, Riginos & Grace 2008, Gandiwa 2013b, 

Wenda et al. 2023). 

Whereas bottom-up factors regulate herbivore populations from lower trophic levels, top-

down factors impact the survival of species through risks attributed to predators and humans 

at higher trophic levels (Gandiwa 2013a, Gaynor 2019). Predators alter the population size, 
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demography, and vital processes of herbivores through direct predation (i.e., consumption), 

as well as altering habitat selection, activity patterns, behaviour, diet and physiology through 

perceived predation risks (i.e., landscape of fear; Laundré et al. 2001). Consequently, 

herbivores face constant trade-offs between forage acquisition and avoiding periods and 

habitats with higher predation risks (i.e., optimal foraging theory; MacArthur & Pianka 1966, 

Riginos 2015, Davies et al. 2016b). Despite the obvious lethal effects associated with 

predation, perceived predation risks can have stronger effects on the dynamics of herbivore 

populations than direct predation itself (Winnie & Creel 2017, Gaynor 2019). As a result, 

herbivores are often required to expend more energy on costly antipredator behaviour (e.g., 

vigilance) which can limit foraging success and consequently impact survival, population 

growth and reproduction (Creel & Christianson 2008, Gaynor et al. 2019). For example, elk 

(Cervus elaphus) and bison (Bison bison) increased vigilance behaviour following the 

reintroduction of wolves (Canis lupus) in Yellowstone National Park, USA, resulting in reduced 

foraging and decreased reproductive success and juvenile survival (Laundré et al. 2001). 

Similarly, in response to the reintroduction of cheetah (Acinonyx jubatus) in Bellebenno game 

reserve, Namibia, medium-sized herbivores increased vigilance around waterholes resulting 

in reduced levels of water intake impacting thermo- and osmoregulation (Ruble et al. 2022). 

Although top-down pressures exerted by predators are important in regulating herbivore 

populations, anthropogenic top-down pressures are increasing – owing to human population 

growth and expansion – and may be stronger than pressures exerted by natural predators 

(Everatt et al. 2019b, Smith et al. 2021). Humans are keystone species that impact herbivore 

populations by acting as generalist, non-selective “super predators” (Gandiwa 2013a). 

Excessive wildlife offtakes (often illegal) has resulted in substantial population declines and 

even local extirpation of species (Dorresteijn et al. 2015, Suraci et al. 2019, Mills & Harris 
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2020). For example, excessive poaching in Kafue National Park, Zambia, between 1970 and 

1980 lead to the local extinction of black rhinoceros (Diceros bicornis; Chomba & Matandiko 

2011). Analogous to the landscapes of fear generated by perceived predation risks, indirect or 

non-lethal anthropogenic effects linked to human activities such as infrastructure 

development, human encroachment of nature reserve boundaries and unregulated tourism 

can in some instances be stronger than direct or lethal anthropogenic effects (Schuette et al. 

2016, Mills & Harris 2020, Smith et al. 2021). Increased anthropogenic activities have caused 

herbivore range contractions accompanied by reduced foraging success which consequently 

impacts reproduction, survival, and population growth (Lindsey et al. 2013, Suraci et al. 2019, 

Mills & Harris 2020). For example, high levels of bushmeat poaching along the boundaries of 

Kafue National Park induced shifts in habitat selection by impala (Aepyceros melampus) 

resulting in increased spatial overlap with other herbivore species, invoking increased levels 

of competition and consequentially, reduced foraging success (Matandiko 2016).  

According to optimal foraging (MacArthur & Pianka 1966) and habitat selection (Rosenzweig 

1981) theories, herbivores adjust resource acquisition, activity patterns and space-use to 

optimise foraging opportunities while simultaneously reducing threats attributed to predators 

and humans. However, adopting a “one size fits all” interpretation of how herbivores balance 

resource acquisition and predator and human avoidance is naïve, given that herbivore 

responses to spatiotemporal variations in bottom-up and top-down factors differ according to 

body size and foraging strategy (Cromsigt & Olff 2006, Young et al. 2020). Specifically, body 

size determines species-specific trade-offs between foraging on large amounts of low-quality 

food (i.e., bulk foragers such as buffalo (Syncerus caffer) and kudu) versus foraging on small 

amounts of high-quality food (i.e., selective foragers such as common duiker (Sylvicapra 

grimmia) and warthogs; Illius & Gordon 1992, Wilmshurst et al. 2000). Furthermore, herbivore 
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body size determines predation vulnerability, with predation risks decreasing with increasing 

body size (Olff et al. 2002, Hopcraft et al. 2010). For example, the occupancy of larger-bodied 

herbivores (≥ 150kg) in Serengeti National Park, Tanzania, was predominantly regulated by 

resources (i.e., bottom-up control), whereas the occupancy of smaller-bodied species was 

predominantly regulated by predation risks (i.e., top-down control; Anderson et al. 2016). 

Moreover, foraging strategy and dietary selection shape herbivore space-use and habitat 

selection that vary in response to spatiotemporal variations in predation and anthropogenic 

risks (Hebblewhite & Merrill 2009, Burkepile et al. 2013, Nicholson et al. 2014). For instance, 

browsers in Hwange National Park, Zimbabwe, shifted occupancy to open habitats with 

reduced browsing opportunities in response to increased predation risks from lions (Panthera 

leo) in closed, woodland habitats (Valeix et al. 2009a).  

Although species-specific body sizes remain fairly constant across Africa (Clements et al. 

2014), seasonal dietary flexibility of herbivore species driven by site-specific variations in 

forage availability and quality remain poorly studied (Sponheimer et al. 2003, Botha & Stock 

2005, Codron et al. 2007a). For example, six herbivore species displayed undocumented 

seasonal dietary flexibilities in Punda Maria, Kruger National Park (KNP), owing to site-specific 

variations in forage quality and availability (Codron et al. 2007a). Moreover, Spitzer et al. 

(2020) found that the diets of roe deer (Capreolus capreolus) contained more than 25% grass 

owing to land use and climatic changes in Europe, despite the species being a presumed 

browser. Site-specific, seasonal fluctuations in forage availability and quality drives 

spatiotemporal variations in herbivore habitat selection and occupancy, which could result in 

species shifting among feeding guilds seasonally (Bubnicki et al. 2019). However, to my 

knowledge, no studies have accounted for the possible roles that site-specific, seasonal shifts 
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in diet play in shaping herbivore responses to spatiotemporal variations in bottom-up and top-

down factors.  

Africa supports numerous biodiversity hotspots that include approximately 25% of the world’s 

total mammal diversity (Agha et al. 2018, Comley 2019). The Pafuri triangle (hereafter Pafuri) 

in northern KNP, South Africa, is one such biodiversity hotspot with intact predator-prey guilds 

including multiple species (Deacon 2007, Ferreira & Funston 2020). Moreover, high levels of 

human activity attributed to tourism and infrastructure (Deacon 2007), and poaching 

(SANParks unpublished data 2022) make the Pafuri the ideal study site to contrast the impacts 

of bottom-up and human/natural predator top-down drivers regulating the herbivore 

community.  

Given the complex interplay between the myriad of potential bottom-up and top-down 

drivers, the effects of which may not be mutually exclusive (Jedrzejewska & Jedrzejewski 2005, 

Gandiwa 2013a, Burkepile et al. 2013, Panebianco et al. 2022), few studies quantify both 

bottom-up and top-down drivers in structuring herbivore communities. Further, few studies 

assess the influence of bottom-up and top-down factors on herbivores in an African context 

with predator-prey guilds that include multiple species, exposed to high-levels of human 

activity (Gandiwa 2013b, Dorresteijn et al. 2015, Matandiko 2016). Therefore, the main aim 

of my research was to measure the relative effects of bottom-up and top-down factors driving 

the herbivore community in Pafuri, KNP. To address this, I first delineated herbivores according 

to feeding guild using a stable carbon isotopic faecal approach, on a seasonal basis. Thereafter, 

I assessed season- and habitat-specific variations in the occupancy patterns of each herbivore 

feeding guild (Chapter 3). Secondly, I evaluated the impacts of season- and habitat-specific 

variation in various bottom-up factors driving the occupancy of herbivores species (Chapter 
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4). Thirdly, I evaluated spatiotemporal responses by herbivores to season- and habitat-specific 

variation in predation and anthropogenic top-down risks (Chapter 5). Finally, I discuss the 

relative importance and possible interactions between bottom-up and top-down drivers 

regulating the herbivore community in Pafuri (Chapter 6).  

Overall, I hypothesized that body size (Cromsigt & Olff 2006) and foraging strategy (Young et 

al. 2020) would be important determinants regulating spatiotemporal responses by 

herbivores to variations in bottom-up and top-down factors (Figure 1.1). Specifically, I 

predicted that larger herbivores such as elephants (Loxodonta africana) would be 

predominantly bottom-up, resource regulated (Hopcraft et al. 2012) and increase occupancy 

in habitats with increased quantities of available forage. In contrast, I predicted that smaller 

herbivores such as common duiker and warthogs would be predominantly top-down 

regulated (Hopcraft et al. 2012) and decrease occupancy in habitats with higher predation 

risks. Moreover, I predicted that herbivores, irrespective of body size, would be affected by 

anthropogenic risks and decrease occupancy in habitats synonymous with high levels of 

human activity.  Further to body size, I predicted that foraging strategy would impact 

herbivore space-use, with browsers occupying closed woodland habitats, grazers occupying 

open grassland habitats, and mixed feeders shifting occupancy between the two habitats 

seasonally.
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Figure 1.1:  Hypothesised bottom-up and top-down drivers regulating the activity and space-use patterns of the focal species within the herbivore 

community in Pafuri, Kruger National Park. Solid lines represent directly proportional effects and dashed lines represent inversely proportional 

effects.  Species are arranged in ascending order of body size from smallest (common duiker) to largest (elephant). Triangles and stars represent 

selective and bulk feeders respectively with colours illustrating feeding guilds (i.e., blue: browsers; yellow: grazers; green: mixed feeders).
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Chapter 2: Study site  

Study site  

In November 2000, the Great Limpopo Transfrontier Park (GLTP) was established (Wolmer 

2003). The area, covering almost 99 800 km², incorporates the KNP in South Africa, 

Gonarezhou National Park in Zimbabwe, and the Limpopo, Zinave and Banhine National Parks 

in Mozambique (Wolmer 2003, Chiutsi & Saarinen 2017). The Pafuri triangle (hereafter Pafuri) 

is at the centre of the GLTP (Figure 2.1a) and boasts a high abundance of plants and animal 

species (Wolmer 2003). 

The establishment of the GLTP has, however, resulted in limited cross border control 

protocols, promoting high levels of human traffic from Mozambique and Zimbabwe into 

northern KNP (Hoogendoorn et al. 2019). The result thereof has been an increase in poaching  

incidences (SANParks unpublished data 2002, Reid 2018). However, the Communal Property 

Association (CPA), formed after land rights of the Pafuri were returned to the Makuleke 

community in 1996, have since devised a strategy aimed at the protection of land and all 

endemic wildlife species (Robins & Waal 2008). The monitoring and surveillance activities of 

the anti-poaching units have led, in part, to the recovery of predator and herbivore 

populations (Spenceley 2006). Furthermore, the implementation of an initiative called the 

‘Makuleke Large Mammal Reintroduction Project,’ in 2005 has further facilitated the growth 

of the mammal community within the Pafuri (Lindsey et al. 2013).    

The Pafuri (centred at 22˚24’05” S, 31˚11’49” E) is a 24 000-ha area of land that includes the 

section South of the Luvuvhu River and the Makuleke contractual park (North of the Luvuvhu 

River; South of the Limpopo River) (Figure 2.1b). Pafuri is bordered by Zimbabwe to the North 

and Mozambique to the East. Although only accounting for approximately 1% of the KNP’s 
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surface area (Steenkamp et al. 2013), Pafuri is associated with high levels of biodiversity that 

include approximately 70% of KNP’s bird, mammal, fish, amphibian, reptile and tree species 

(Nortjé et al. 2012).  

Climate  

Pafuri has a hot, arid steppe climate (Kottek et al. 2006) and falls within the Tropical 

Premontane Arid Thorn Woodland climatic region (Schulze & McGee 1978). Climatic 

conditions vary from warm, wet summers (October to April) to mild, dry winters (May to 

September). Mean annual rainfall in the KNP decreases from South to North and from West 

to East with an average of 423.6 mm in Pafuri (Deacon 2007). The least amount of rain falls 

during July/August (3.2 mm) with the highest amount being recorded during February/March 

(87.2 mm; Figure 2.2a). The average daily temperatures during the summer range between 

22.5°C and 31.8°C, with winter temperatures ranging between 12.9°C and 25.3°C (Figure 

2.2b).
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Figure 2.1:  Three Transfrontier Conservation Areas (TFCA’s) in southern Africa showing the Great Limpopo Transfrontier Park (GLTP). Pafuri is 

located at the centre of the GLTP (a) with the study site encompassing both the Makuleke contractual park and Pafuri region of KNP (b).   
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Figure 2.2:  Average monthly temperatures (°C; a) and rainfall (mm; b) for Pafuri between 

2016 and 2021. 

Geology and soil  

Nine geological features, each with contrasting rock types, are responsible for the habitat and 

corresponding vegetation heterogeneity associated with the Pafuri (Venter 1986, 1990). The 

main rock types that occur include quartzite, sandstone, mudstone, shale and basic (Deacon 

2007). Marls, ferricrete, calcrete, unconsolidated sand and boulder beds occur in the eastern 

portions of the Pafuri whereas extensive areas of floodplain alluvium occur north of the 

Limpopo/Luvuvhu confluence (Venter 1990). Floodplains ensure a constant water supply for 

the mammal community in the Pafuri. Rounded basaltic rocky-outcrops protrude from the 

alluvium with some being capped by quartzitic boulders and cobblestones (Deacon 2007). 

Soils surrounding the Luvuvhu River consist predominantly of deep red, calcareous, 

neocutanic clay of the Oakleaf form whereas soils flanking the Limpopo River consist mainly 

of deep brown, neocutanic and stratified, loam or fine sand; also, of the Oakleaf form (Tinley 

1981, Venter 1986, Deacon 2007). Oakleaf soils retain water and absorb nutrients easily and 

are thus ideal substrates for vegetation growth (Nortjé 2018). Soil associated with the outer 

fringes of the Luvuvhu River floodplain are characterized by deep to moderately deep red and 
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brown, paraduplex calcareous clay of the Valsrivier form with Limpopo River floodplain soil 

being dominated by very deep, brown calcareous and sodic, neocutanic and paraduplex clay 

of the Oakleaf and Valsrivier form (Venter 1990, Deacon 2007).  Unlike Oakleaf soils, soils of 

the Valsrivier form are strong in structure and have a high clay content preventing easy water 

and nutrient absorption (Nortjé 2018). As such, vegetation growth will be limited to grass and 

shrub species with shallow root systems (Bezuidenhout 2009). 

Vegetation 

Eight vegetation types (Figure 2.3), dispersed through five bioregions, occur in the Pafuri 

(Mucina & Rutherford 2006). These include 1) ironwood dry forest; 2) Limpopo ridge 

bushveld; 3) lowveld riverine bushveld; 4) Makuleke sandy bushveld; 5) mopane basalt 

shrubland; 6) Musina mopane bushveld; 7) subtropical alluvial vegetation; and 8) subtropical 

salt pans. Soil nutrient levels and overall vegetation palatability vary between vegetation 

types. The subtropical alluvial vegetation, Limpopo ridge bushveld, Makuleke sandy bushveld, 

mopane basalt shrubland and Musina mopane bushveld all have higher soil nutrient levels 

and corresponding vegetation palatability in comparison to lowveld riverine forest, 

subtropical salt pans, and ironwood dry forests (Skarpe 1992, Mucina & Rutherford 2006). 

The heterogeneity in vegetation nutritional quality and quantity likely influence the 

movement of ungulate species that select areas with vegetation of high nutritional quality 

and quantity (Turkington 2009).  

More than 256 plant taxa have been recorded throughout each of the eight vegetation types  

in the Pafuri (Joubert 2007). Moderately dense to dense mopane (Colophospermum mopane) 

thickets are dominant throughout the landscape with the species acting as an important food 

source during times of drought due to its water retaining capabilities (Siebert et al. 2003). Its 
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ecological importance is further emphasized by its ability to retain dominance in a community 

when exposed to increased browsing pressure by large herbivores (Styles & Skinner 2000). 

Rare species such as the common corkwood (Commiphora pyracanthoides) and baobab trees 

(Adansonia digitata) occur in high densities throughout the Pafuri (Mucina & Rutherford 2006, 

Deacon 2007). Lowveld cluster-leaf (Terminalia prunoides) and Lebombo euphorbias 

(Euphorbia confinalis) occur in areas with shallow, calcareous soils and on rocky-outcrops. Ana 

trees (Faidherbia albida), common cluster figs (Ficus sycomorus) and nyala trees (Xanthocercis 

zambesiaca) are found throughout riverine forests on the banks of the Limpopo and Luvuvhu 

rivers with tall fever trees (Vachellia xanthophloea) occurring in clusters on the banks of pans.  

In addition to the woody vegetation, a high diversity of grass species occur throughout the 

Pafuri. Common grass species such as nine-awn grass (Enneapogon cenchroides), tassel three-

awn grass (Aristida congesta) and feather finger grass (Chloris virgata) occur in high densities 

throughout the Pafuri and provide high nutritional value for grazers and mixed feeders 

(O’Connor 1991).  
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Figure 2.3: The eight vegetation types within the Pafuri according to Mucina and Rutherford 

(2006).  

Mammal community  

High-levels of mammal diversity have been documented in the Pafuri (Deacon 2007), with the 

aerial censuses of July 2017 recording 15 large (> 5 kg) mammal species (SANParks 

unpublished data, 2017). Certain species, including the Sharpe’s grysbok (Raphicerus sharpei) 

and Samango/Syke’s monkey (Cercopithecus albogularis), are locally endemic to the region. 

Moreover, large buffalo and elephant herds congregate along the banks of the Luvuvhu river 

in winter, with Pafuri serving as a vital point along the historical South Africa to Zimbabwe 

migration route of elephants. Although several large carnivores have been recorded in the 

region, including lions and spotted hyaena (Crocuta Crocuta) (Ferreira & Viljoen 2022), the 

densities of predators in Pafuri are unknown.     
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Chapter 3: Season- and habitat-specific variation in occupancy of a 

savanna herbivore community: a guild-level approach. 

INTRODUCTION 

Habitat fragmentation and destruction, wildlife overexploitation and climate change, driven 

by expansion of the human population, has induced global decreases in biodiversity (Ripple 

et al. 2015, Steinbeiser et al. 2019). Consequently, reliable estimates on the occurrence and 

behavioural patterns of species driven by spatiotemporal variability in natural and 

anthropogenic drivers are required to track biodiversity changes over time, and inform 

effective conservation and management decisions (Ripple et al. 2017, Palmer 2018, Doser et 

al. 2022). Although various studies have focussed on single species assessments (Williams et 

al. 2018, Runge et al. 2019, Edossa et al. 2022), few have quantified the status and dynamics 

of entire communities, required to facilitate an improved understanding of global change 

effects on biodiversity (Doser et al. 2022). 

Mammalian herbivores influence terrestrial ecosystem structure and functioning through 

direct effects on vegetation structure and indirect effects on soil nutrient cycling (Hempson 

et al. 2015, Young et al. 2020, Davies et al. 2021). However, their impacts within ecosystems 

fluctuate with their spatial occupancy which varies among different functional groups of 

herbivores (Bubnicki et al. 2019). Specifically, spatial variation in occupancy is driven primarily 

by spatiotemporal variability of factors including resource availability (i.e., bottom-up 

factors), predators and humans (i.e., top-down factors) in combination with life-history traits, 

such as herbivore foraging strategy and body mass (Drouilly et al. 2018, Bubnicki et al. 2019, 

Kawamura et al. 2019, Boron et al. 2019).  
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The relative importance of bottom-up drivers, as reflected in forage availability, quality and 

water availability, vary spatiotemporally and thus drive herbivore space-use via resource 

limitations (Coe et al. 1976, Gripenberg & Roslin 2007, Weterings et al. 2018) and habitat 

selection (i.e., habitat selection theory, Rosenzweig 1981). Importantly, spatiotemporal 

variation in bottom-up factors impact reproduction, survival, and population growth of 

herbivore communities (Schmitz 2008, Gandiwa 2013b, Fryxell et al. 2022). For example, the 

nutritional condition of moose (Alces alces) decreased during periods of resource limitations, 

impacting pregnancy, parturition, and overwinter survival rates (Oates et al. 2021). Moreover, 

Hopcraft et al. (2010) showed that seasonal and habitat-specific variation in bottom-up 

factors, including forage availability and quality, are the predominant drivers of space-use of 

herbivore communities throughout Africa.  

Irrespective, bottom-up drivers are not solely responsible for structuring herbivore 

communities (Gripenberg & Roslin 2007, Gandiwa 2013a, Welti et al. 2020), as they operate 

in concert with top-down processes. Top-down drivers, including risks attributed to predators 

and humans at higher trophic levels, affect the survival of herbivores (Gandiwa 2013a, Gaynor 

2019). Specifically, predators and humans alter the population size, demography, and vital 

processes of herbivores through direct predation (i.e., consumption) and perceived predation 

risks (i.e., landscape of fear; Chapter 1; Laundre et al. 2010, Everatt et al. 2019a, Gaynor et al. 

2019). For example, zebra responded to the presence of lions by occupying sub-optimal, 

closed habitats with reduced grazing opportunities (Fischhoff et al. 2007). Thus, trading 

forage acquisition for lower predation risks. Similarly, impala and warthogs avoided 

boundaries and roads in Kafue National Park presumably to avoid high levels of bushmeat 

poaching (Matandiko 2016).  
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According to the optimal foraging (MacArthur & Pianka 1966) and habitat selection theories 

(Rosenzweig 1981), herbivores need to maximise energetic gain by selecting habitats with 

ample foraging opportunities (i.e., bottom-up factors) while simultaneously limiting risks 

attributed to predators (Laundre et al. 2010) and humans (i.e., top-down factors; Gandiwa 

2013a). However, herbivore responses to bottom-up and top-down factors vary 

interspecifically according to intrinsic functional traits such as body size and foraging strategy 

(Cromsigt & Olff 2006, Young et al. 2020, Davies et al. 2021). Specifically, larger herbivores 

(e.g., buffalo) are less at risk from predation and tend to occupy habitats with large quantities 

of low-quality forage (Macandza et al. 2004, Ryan et al. 2006, Veldhuis et al. 2019), whereas 

smaller herbivores (e.g., common duiker) are at a greater risk from predation and tend to 

occupy habitats with higher quality forage (Furstenburg 2008, Abu Baker & Brown 2014). 

Moreover, foraging strategy and diet influence herbivore habitat selection and spatial 

occupancy that vary in response to spatiotemporal variations in predation and anthropogenic 

risks (Hebblewhite & Merrill 2009, Burkepile et al. 2013, Nicholson et al. 2014). For example, 

African savanna browsers were more responsive to predation risks from ambush-hunting 

lions, in contrast to grazers, resulting in shifts in habitat selection from preferred woodland 

areas with abundant browse, to open habitats with fewer foraging opportunities when 

predation risks increased (Valeix et al. 2009a).  

Traditionally, spatiotemporal variation in herbivore occupancy and space-use have been 

estimated using aerial and ground-based transects. However, these methods tend to be 

implemented infrequently and at coarse spatial scales resulting in inaccurate measurements 

and underestimations of herbivore abundance and distribution (Jachmann 2002). A 

methodological shift from aerial and ground surveys to motion sensor cameras has occurred 

over the last two to three decades (Kucera & Barrett 2011, Wearn & Glover-Kapfer 2019) with 
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camera traps being the preferred, ubiquitous tool used in ecological and conservation studies 

(Karranth & Nichols 1998, O’Connell et al. 2011, Trolliet et al. 2014). Camera traps provide a 

non-invasive approach to wildlife detection and monitoring that has been made more 

accessible through advancements in camera trap technologies and cost efficiencies 

(Caravaggi et al. 2017). Moreover, advances in statistical modelling approaches have 

improved the accuracy of species distribution and occupancy estimates obtained from 

camera trap detection data(Rowcliffe et al. 2008). 

Traditional statistical modelling approaches focused predominantly on quantifying the 

distribution and occupancy patterns of uniquely identifiable, single focal species (Connell et 

al. 2006, Pacifici et al. 2016, Devarajan et al. 2020), disregarding the impact of rare and elusive 

species on overall community dynamics (Doser et al. 2022). A solution to account for 

underrepresented estimates of individual species resulting from insufficient sample replicates 

involves grouping species according to intrinsic functional traits, such as feeding guild (Rich et 

al. 2016, Drouilly et al. 2018). In this regard, a higher number of replicate samples are 

produced, thereby discounting the issue of imperfect detection and leading to an 

asymptotically unbiased estimator of feeding guild occupancy (Guillera-Arroita 2011).  

A problem with this approach, however, is that certain species may display seasonal dietary 

shifts and move between feeding guilds as a consequence. For example, herbivores in the 

KNP significantly varied (> 10%) their proportions of graze (C4-plants) intake seasonally 

(Codron et al. 2007a). Further, possible shifts among feeding guilds drives season- and 

habitat-specific variations in spatial occupancy (Burton-Roberts et al. 2022). For example, 

mixed feeder impala feed predominantly on high-quality graze in the wet season and shift to 

browse in the dry season when the nutritional quality of grass decreases (Botha & Stock 2005, 
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Codron et al. 2005). Consequently, impala tend to occupy open habitats with high grass cover 

in the wet season, and shift occupancy to closed-woodland habitats with high browse cover 

in the dry season (Staver & Hempson 2020). Therefore, to account for seasonal variations in 

diet that may consequently result in shifts among feeding guilds, herbivore dietary 

assessments need to be quantified on a seasonal basis.  

Stable carbon isotope ecology provides a reliable technique for studying spatiotemporal 

variations in the dietary intake of herbivore species (Post 2002). In African savanna 

ecosystems, stable carbon isotope proxies for diet, obtained from herbivore faeces, reliably 

reflect proportions of consumed browse (C3-photosynthesizing plants) to graze (C3-plants) 

(Cerling & Harris 1999, Codron et al. 2007b, Ben-David & Flaherty 2012). The use of stable 

carbon isotope ratios are preferred owing to their accuracy at detecting slight seasonal shifts 

in the dietary intake of herbivores (Codron et al. 2005).    

Numerous studies have evaluated seasonal variations in diet (Sponheimer et al. 2003, Codron 

et al. 2005, 2007c) and assessed spatiotemporal variations in  herbivore occupancy separately 

(Anderson et al. 2016, Dlamini et al. 2020, Young et al. 2020).However, few have sought to 

evaluate seasonal dietary shifts of herbivores using stable carbon isotope proxies and 

incorporated these findings into broad scale assessments of spatiotemporal variability in the 

occupancy patterns of herbivore communities (Miranda et al. 2014). Thus, making this study 

one of the first of its kind to do so.  

In this chapter, I aim to (1) classify species into feeding guilds based on seasonal variations of 

their dietary intake; and (2) assess spatiotemporal variations in the occupancy patterns of 

these feeding guilds between seasons and habitats. Given these aims, I predict that (1) grazers 

will feed predominantly on graze forage (C4-plants) and browsers, predominantly on browse 
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forage (C3-plants)  irrespective of season, (2) mixed feeders will increase their dietary intake 

of graze in the wet season owing to increased nutritional quality of grass during the same 

period (Botha & Stock 2005, Codron et al. 2005), and increase their dietary intake of browse 

in the dry season when the quality of grass declines; (3) across all feeding guilds, herbivore 

occupancy will decrease in the dry season owing to reductions in forage and water availability; 

(4) across all feeding guilds and in both seasons, herbivore occupancy will decrease in habitats 

with reduced forage and water availability, and increased predation and anthropogenic risks.  

The findings of this chapter will provide context for subsequent analyses on the roles that 

bottom-up and top-down factors play in driving the occupancy patterns of individual 

herbivore species in the Pafuri, KNP.  

MATERIALS AND METHODS 

Study site  

Details of the study site are described in Chapter 2. 

Camera trap survey 

To assess the spatial occupancy and activity patterns of herbivores, camera traps were 

deployed in a portion of the Pafuri, KNP during the dry (n = 2 surveys) and wet (n = 2) seasons 

between 2019 and 2021. A 2 x 2 km² grid was overlayed onto a vegetation map to stratify 

camera trap sites according to vegetation types (Bland et al. 2015; Figure 3.1). Forty-three 

Cuddeback Attack cameras (Non-Typical, Inc., Green Bay, WI, USA) were attached to tree 

trunks or metal dropper poles as close to the centre of each grid cell as possible. When the 

centre of a grid cell was topographically inaccessible (i.e., locations atop rocky outcrops or 

within rivers), cameras were erected at reselected sites within the same grid cell and 

vegetation type. Each camera was secured at ~50 cm above ground level to ensure both 

medium and large sized (±70 cm - ±180 cm) mammals were captured (Anderson et al. 2016). 
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Where necessary, vegetation was cleared within a 5 m semi-circular radius in front of each 

camera to prevent false triggering.  

Camera trap surveys are typically conducted over short periods (30 – 90 days) to ensure 

demographic closure (no immigration or emigration) of the animals being photographed 

(Karranth & Nichols 1998, Comley et al. 2020). Therefore, I originally aimed to deploy the 

cameras for 60 consecutive nights at a time. Inaccessibility to the study site due to the COVID-

19 pandemic, however, resulted in the cameras being deployed for variable periods during 

the first wet and dry season surveys of 2019/2020 (Table 3.1). High levels of theft and 

vandalism were also recorded during the seasonal surveys in 2019/2020, requiring a revision 

of the approach used for the subsequent surveys. Camera site selection and security of 

cameras at each selected site were investigated according to the findings by Meek et al. 

(2019) who recommended shorter camera deployment times, avoidance of areas with high 

human traffic and the use of security chains, locks and steel boxes as possible deterrents. 

Taking these into consideration, cameras were deployed during the 2020/2021 sampling 

period away from areas of high illegal human incursions, for 30 consecutive days, and secured 

to trees using chains, locks, and steel boxes. Nevertheless, the revised camera site selection 

approach was still able to account for the same proportions of each vegetation type sampled 

in the first two surveys.  

Each camera was programmed to take a single high quality (5MP) image per trigger, with the 

strobe flash range set to 3.3 m to avoid the risk of capturing overexposed photographs. 

Cameras were active for 24 hours per day with a 15 second interval between consecutive 

photographs. Cameras were checked every two days. 
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Figure 3.1: Camera sites selected using a 2 x 2 km2 grid and stratified according to vegetation 

type in the Pafuri, Kruger National Park. Sites for both the 2019/2020 (red) and 2020/2021 

(yellow) sampling periods are depicted. 

Table 3.1: Summary of each sampling period during the wet/dry seasons of 2019/2020 and 

2020/2021, showing the number of cameras that successfully recorded images as well as the 

number of days these remained deployed. 

Sampling 
period 

Season No. of cameras that recorded 
images 

No. of days 
deployed 

No. of images 
recorded 

1 2019/2020 Wet 27 128 4902 

2 2019/2020 Dry 25 126 5931 

3 2020/2021 Wet  16 30 2020 

4 2020/2021 Dry 14 30 1509 
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Vegetation and faecal sample collection 

Plants and herbivore faeces were collected seasonally in 2021. At each camera site, grass (C4-

plants), shrub (C3-plants) and tree (C3-plants) species within a 50m2 quadrat were identified 

and their percentage cover estimated (Eberhardt & Thomas 1991). Samples from grass, shrub, 

and tree species accounting for the highest estimated percentage cover were collected for 

stable carbon isotope analysis. In total, 21 grass and 64 shrub/tree (hereafter collectively 

referred to as browse) samples were collected in the wet season, and 37 grass and 84 browse 

samples were collected in the dry season.  

Herbivore faeces were collected at each camera site and opportunistically between sites. To 

obtain accurate estimates of dietary variations among species within each feeding guild, only 

fresh faecal specimens were collected to ensure that samples represented the appropriate 

season, and were not contaminated by fungi, soil and/or insects (Wrench et al. 1996, Codron 

et al. 2005). A total of 59 faecal samples representative of 11 herbivore species were collected 

in the wet season, and 56 faecal samples representative of 13 herbivore species were 

collected in the dry season. However, to facilitate seasonal comparisons of dietary intake, 

species from which faecal samples were only collected in a single season (i.e., steenbok 

(Raphicerus campestris) and waterbuck (Kobus ellipsoprymnus)) were removed from 

analyses. Given that the effects of bottom-up (Chapter 4) and top-down (Chapter 5) factors 

on herbivore occupancy are evaluated in the following two chapters, species that were 

undetected on camera trap images in either season (i.e., blue wildebeest (Connochaetes 

taurinus), eland and giraffe (Giraffa camelopardalis)) were also removed from the analyses. 

In total, 52 and 47 faecal samples from eight herbivore species in the wet and dry season 

respectively were retained for analyses. Both plant and faeces were stored in sealed medical 

polystyrene containers and placed in cool, dry environments prior to laboratory analysis. 



 

25 
 

Laboratory analysis  

Faecal and plant samples were homogenized using an IKA MF 10 basic mill with a 1 mm sieve. 

After grinding, the samples were further sieved using a 0.5 mm sieve before being stored in 

Eppendorf tubes prior to weighing for isotope analysis. The mill was cleaned with 70% ethanol 

between samples to prevent contamination. Aliquots of both faecal and plant samples of ~ 

1.0  mg were weighed into pre-cleaned tin capsules. Samples for isotopic analysis were 

combusted at 1020°C using an elemental analyser (Flash EA 1112 Series) coupled to a Delta V 

Plus stable light isotope ratio mass spectrometer via a ConFlo IV system (all equipment 

supplied by Thermo Fischer, Bremen, Germany; Ben-David & Flaherty 2012), housed at the 

Stable Isotope Laboratory at the University of Pretoria.  

Two laboratory running standards (Merck Gel: δ13C = -20.26‰, δ15N= 7.89‰, C%= 41.28, N%= 

15.29 and DL-Valine: δ13C = -10.57‰, δ15N= -6.15‰, C%= 55.50, N%= 11.86) and a blank 

sample were run after every 11 unknown samples to identify analytical errors associated with 

the isotope ratio mass spectrometry  (Ben-David & Flaherty 2012). 

All results are referenced to Vienna Pee-Dee Belemnite (VPDB) for carbon isotope values, 

and to air for nitrogen isotope values (Coplen 2011). Results are expressed in delta notation 

using a per mille scale, expressed with the following standard equation:  

δX(‰) =
𝑅𝑆𝑎𝑚𝑝𝑙𝑒 −  𝑅𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝑅𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 − 1
 

where X= 15N or 13C and R represents 15N/14N or 13C/12C respectively.  

Stable carbon isotopic data analyses 

All statistical analyses were performed using the R programming language (version 3.4.2, R 

Development Core Team, 2017). To classify herbivores according to feeding guild, the %C4 
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intake per species was estimated from faeces using a seasonal dual-endpoint mixing model 

(Codron et al. 2007b, 2007a). Previous studies have utilized global plant mean %δ13C 

estimates (i.e., -27.0 and -12.5% for graze (C4) and browse (C3) forage respectively; Codron et 

al. 2007a). However, I made use of season- and habitat-specific endpoint values calculated 

from %δ13C estimates of graze and browse forage in Pafuri to improve the accuracy of %C4 

estimates of herbivore dietary intake. Estimated %C4 intake per herbivore species, per season 

were compared to pre-existing estimates of the same species (see Codron et al. 2005, 2007a). 

Herbivores were classified as grazers (dietary composition range: 84 – 100% C4-plants), 

browsers (0 – 15% C4-plants) and mixed feeders (4 – 76% C4-plants). To test if each feeding 

guild displayed seasonal dietary shifts, a two-way ANOVA was used to determine whether 

mean %δ13C differed across all feeding guilds seasonally. Tukey’s HSD post hoc test was then 

used to test for differences in mean %δ13C for each feeding guild in the wet and dry season. 

To determine similarities in the dietary niches of herbivore species, %δ13C estimates from all 

plant and herbivore species were aggregated and grouped using the k-means clustering 

methodology in the R package factoextra (Kassambara & Mundt 2017). This approach utilizes 

the clustering error criterion in which the squared distance of each point is calculated from 

the predetermined cluster centroids and grouped based on the shortest Euclidean distance 

(Likas et al. 2003). The discriminant number of clusters was determined through the manual 

identification of elbow points along a visualisation curve (Appendix 3.1; Shi et al. 2021).  

The influence of season and habitat feeding guild occupancy   

The detection and occupancy probability of each herbivore feeding guild was modelled as a 

function of habitat and season. Following Drouilly et al. (2018), detection and non-detection 

data for all herbivore species were extracted from camera trap images per season and 

grouped according to feeding guild based on results from stable carbon isotopic analysis of 
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faeces. Habitat types were classified per camera site (Appendix Table 3.1; Mucina & 

Rutherford 2006) and season was classified as either wet or dry.  

Occupancy modelling framework 

To model detection and occupancy of herbivore feeding guilds, I used single-species 

occupancy models (Mackenzie et al. 2017) implemented within a Bayesian framework using 

the R package ubms version 1.1.0 in R (Kellner et al. 2022). A single occupancy model per 

feeding guild was fitted to evaluate season- and habitat-specific variations in occupancy.  

Season and habitat were factorised to represent discrete events. Default vague priors for each 

model per feeding guild were used (mean = 0 and SD = 10). I ran four parallel Markov chains 

with 10 000 iterations; the first 5 000 of which were discarded as burn-in samples. Model 

convergence was based on the Gelman-Rubin statistic (i.e., Rhat statistic), with model 

convergence being achieved when the Rhat statistic equalled one (Gelman et al. 1992). 

Furthermore, model convergence was evaluated through the visual examination of model 

traceplots (Nguyen et al. 2022). To determine the significance of season- and habitat-specific 

effects, 95% and 75% Bayesian Credible Intervals (BCI) of the posterior distribution were 

generated. Coefficients of which the 95% and 75% BCI did not overlap 0 were regarded as 

having significant and moderate effects on feeding guild occupancy, respectively.  

RESULTS 

Faecal isotopic ratios and herbivore feeding guild classification 

The average (± 95% CI) %δ13C endpoint estimates for graze (C4-plants) and browse (C3-plants) 

forage decreased between the wet (graze: -12.60 ± 1.30; browse: -26.80 ± 1.40) and dry (graze: 

-11.90 ± 0.70; browse: -26.60 ± 1.70) seasons. Similarly, the average %C4 intake for herbivores 

decreased from 58.38 ± 25.36% in the wet season, to 43.50 ± 34.94% in the dry season, with  
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all herbivores, except common duiker and elephant, decreasing their %C4 intake between the 

wet and dry seasons (Table 3.2).  

The %C4 intake of common duiker fell within the predefined %C4 range of browsers (0 – 15% 

C4-plants) in both seasons (Figure 3.2), as predicted. In contrast, kudu  displayed seasonal 

dietary shifts from a mixed feeder (predefined range: 4 – 76% C4-plants) diet (30% C4-plants) 

in the wet season to a predominantly browse-based diet in the dry season (2% C4-plants) – 

contrary to predictions. As predicted, the diet of all grazers – buffalo, warthog, and zebra – 

comprised predominantly of C4-plants and fell within the predefined %C4 range of grazers (84 

– 100% C4-plants) in both seasons. Impala and nyala (Tragelaphus angasii) decreased their 

%C4 intake between the wet (impala: 58%; nyala: 64%) and dry (impala: 43%; nyala: 12%) 

seasons, as predicted. However, based on the predefined %C4 range, impala were classified as 

mixed feeders in both seasons, whereas nyala shifted from a mixed feeder diet in the wet 

season, to a predominantly browse-based diet in the dry season. Contrary to predictions, 

elephant displayed seasonal dietary shifts from a predominantly browse-based diet in the wet 

season (14% C4-plants) to a mixed feeder diet with a high browse component in the dry season 

(19% C4-plants). Overall, based on seasonal %C4 estimates, two browsers, three grazers and 

three mixed feeders were identified in the wet season whereas three browsers, three grazers 

and two mixed feeders were identified in the dry season. 

There was a significant difference in estimated %δ13C among the feeding guilds (F(5,92) = 27.5, 

p < 0.001). Specifically, comparisons of %δ13C estimates among feeding guilds indicated that 

grazers consumed a significantly greater proportion of grass than both browsers and mixed 

feeders in the wet (browsers: p < 0.001, 95% CI: 7.98, 16.52; mixed feeders: p < 0.001, 95% CI: 

-10.35, -3.54) and dry (browsers: p < 0.001, 95% CI: 6.83, 16.56; mixed feeders: p < 0.001, 95% 

CI: -12.20, -5.24) seasons. Moreover, mixed feeders consumed significantly greater 
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proportions of grass than browsers in the wet season, with the reverse holding for the dry 

season (Figure 3.3). 

Camera trapping  

Three camera traps failed in the wet season and six failed in the dry season resulting in a total 

of 510 and 420 camera trap-nights per season respectively. A total of 2633 independent 

images of eight herbivore species were captured in both seasons. 

 

Table 3.2 Mean seasonal %δ13C and %C4 intake estimated from the faeces of eight herbivores 

collected in the Pafuri, KNP. Species are classified according to feeding guild based on 

individual %C4 dietary intake (i.e., 0 – 15%: browser; 4 – 76%: mixed feeder; 84 – 100%: grazer) 

per season. Differences (∆) in %C4 between seasons are illustrated.  

 Faecal %δ13C %C4 in diet 

Species n x̄ SD % C4 ∆%C4 

Wet  Dry  Wet  Dry  Wet  Dry  Wet  Guild Dry  Guild Wet 

Buffalo 7 5 -13.7 -15.2 1.2 1.0 98 Grazer 84 Grazer 15 

Common duiker 1 1 -27.1 -25.5 0 0 4 Browser 13 Browser -9 

Elephant 9 9 -25.7 -24.7 1.6 2.0 14 Browser 19 Mixed feeder -5 

Impala 19 17 -19.4 -21.1 4.8 2.4 58 Mixed feeder 43 Mixed feeder 15 

Kudu 9 3 -23.5 -27.2 6.0 0.4 30 Mixed feeder 2 Browser 28 

Nyala 2 2 -18.6 -25.8 5.1 1.3 64 Mixed feeder 12 Browser 52 

Warthog 1 2 -13.3 -14.5 0 1.8 100 Grazer 88 Grazer 22 

Zebra 4 8 -13.5 -14.5 0.2 0.7 99 Grazer 88 Grazer 11 
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Figure 3.2: Cluster analysis illustrating similarities in the mean %δ13C and %C estimates for herbivore species, and graze (C4-plants) and browse 

(C3-plants) forage seasonally. Wet season: Clusters 1 and 2 depict similarities in %δ13C and %C estimates of browse forage (C3-plants), and browser 

and mixed feeder herbivore diets; Clusters 3 and 4 depict similarities in %δ13C and %C estimates of graze forage (C4-plants), and grazer and mixed 

feeder herbivore diets. Dry season: Clusters 1, 3 and 4 depict similarities in %δ13C and %C estimates of browse forage, and browser and mixed 

feeder herbivore diets, whereas Cluster 2 depicts similarities in %δ13C and %C estimates of graze forage, and grazer and mixed feeder diets. 
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Figure 3.3: Seasonal estimates of %δ13C obtained from herbivore faeces, and from grass, shrub, and tree samples. Herbivores are grouped 

according to feeding guild and plants are grouped into graze (C4-plants) and browse (C3-plants) forage per season. Horizontal lines = median; 

boxes = Interquartile Range (IQR); vertical lines = maximum and minimum estimates respectively.
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Season- and habitat-specific effects on herbivore occupancy 

There was no detected change in the average occupancy (Ψi) of herbivores between the wet 

(Ψi = 0.89, 95% CI: ± 0.03) and dry (Ψi = 0.88 ± 0.08) season. As predicted, the occupancy of 

browsers decreased between the wet (Ψi = 0.88 ± 0.01) and dry (Ψi = 0.79 ± 0.06)  season, 

with the reverse holding for grazers (wet: Ψi = 0.92 ± 0.01; dry: Ψi = 0.95 ± 0.01) and mixed 

feeders (wet: Ψi = 0.86 ± 0.02; dry: Ψi = 0.89 ± 0.02), contrary to predictions. Across habitats, 

browser occupancy was highest in Lowveld Riverine Forest (LRF) (Ψi = 0.91 ± 0.01) and lowest 

in Subtropical Alluvial Vegetation (SAV) (Ψi = 0.74 ± 0.11). In contrast, grazer and mixed feeder 

occupancies were highest in SAV (Grazer: Ψi = 0.95 ± 0.01; Mixed feeder: Ψi = 0.93 ± 0.01) and 

lowest in Limpopo Ridge Bushveld (LRB) (Grazer: Ψi = 0.93 ± 0.01; Mixed feeder: Ψi = 0.84 ± 

0.01).   

Browser occupancy appeared to increase marginally in LRB during the dry season, with the 

reverse holding for LRF and SAV (Figure 3.4). Irrespective of the contrasting season- and 

habitat-specific variations in browser occupancy, however, only the effects of season and 

habitat in SAV during the dry season were moderately significant (β1 = -1.65, 75% BCI: -3.13 

– -0.23). Although grazers and mixed feeders appeared to increase occupancy in LRB and 

decrease occupancy in LRF between the wet and dry seasons, the effects of season and 

habitat were not significant (Figure 3.5). 
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Figure 3.4: Seasonal variations in herbivore feeding guild occupancy across habitats sampled in the Pafuri, KNP. LRB: Limpopo Ridge Bushveld; 

LRF: Lowveld Riverine Forest; SAV: Subtropical Alluvial Vegetation.
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Figure 3.5: Standardized beta (β) coefficients representative of season- and habitat-specific covariate effects on the occupancy of herbivore 

feeding guilds. Grey bars indicate no significant covariate effects (95% BCI overlap 0), and blue bars illustrates moderate covariate effects (75% 

BCI does not overlap 0). 
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DISCUSSION 

Across the savanna biome in Africa  and specifically in the KNP, bottom-up factors such as 

forage cover, quality, and water availability exert a stronger driving force on the occupancy 

and space-use of herbivores than top-down factors such as predation risks (Owen-Smith & 

Mills 2006, Hopcraft et al. 2010). However, herbivore responses to season- and habitat-

specific variation in bottom-up factors differ according to individual functional traits such as 

feeding guild (Seydack et al. 2012). Thus, given that the diets of feeding guild members vary 

between seasons owing to interspecific nutritional requirements, and differences in the 

availability and quality of forage (Sponheimer et al. 2003, Codron et al. 2007c), robust dietary 

assessments that account for the possibility that herbivores may shift between feeding guilds 

seasonally are required (Staver & Hempson 2020). Moreover, to better understand the 

factors influencing herbivore occupancy and space-use, seasonal dietary shifts need to be 

quantified first. Despite the importance of accounting for interguild shifts, no studies have 

quantified seasonal dietary variations of herbivores in Pafuri, making my study novel. 

Moreover, by accounting for potential interguild shifts by herbivores owing to seasonal 

variations in dietary intake, biased estimates of season- and habitat-specific effects on the 

occupancy patterns of herbivores are subsequently reduced leading to more accurate 

measures of species space-use. In this Chapter, I evaluated the seasonal dietary intakes of 

herbivores and classified species according to feeding guild. Contrary to predictions, three 

herbivores (i.e., elephant, kudu and nyala) displayed broader dietary ranges than previously 

documented (see Codron et al. 2007a). Specifically, elephants increased their graze intake in 

the dry season, but consumed higher proportions of browse in the wet season. In contrast, 

kudu and nyala shifted from a more mixed feeder-based diet in the wet season, to a diet 

dominated by browse in the dry season.. Using this feeding guild classification, I then 
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evaluated variation in season- and habitat-specific occupancy of herbivores. With the 

exception of browsers in SAV in the dry season, there was a ubiquitous lack of seasonal- and 

habitat effects on herbivore occupancy – contrary to predictions. The general lack of season- 

and habitat-specific effects could potentially be an artefact of cameras being in close 

proximity to other habitats, confounding the occupancy analysis. In this instance, minimal 

variation in herbivore occupancy could be a consequence of the spatial scale at which the 

study was conducted, suggesting that detection probability (p) rather than occupancy may 

have been a better metric to use to quantify herbivore space-use between seasons and across 

habitats (Mackenzie et al. 2018).  

Herbivore feeding guild classification 

Importantly, seasonal %δ13C endpoint estimates of graze (C4-plants) and browse (C3-plants) 

forage differed from global %δ13C endpoints (see Sponheimer et al. 2003) and from site-

specific %δ13C endpoints estimated by Codron et al. (2007a) in the neighbouring Punda Maria 

Section, KNP. Dissimilar seasonal %δ13C endpoint estimates of forage in the Pafuri highlights 

the importance of using site-specific isotope analyses when classifying herbivores into feeding 

guilds, as global isotopic endpoints will lead to inaccurate estimates of herbivore dietary 

intake resulting in erroneous feeding guild classifications (Codron et al. 2007a). This is 

particularly true for mixed feeders which may increase/decrease grass intake depending on 

seasonal quality/availability (Codron et al. 2007a, Abraham et al. 2019, Staver & Hempson 

2020). The use of site-specific endpoints allowed me to identify broader dietary ranges than 

previously documented for three species  (see Botha & Stock 2005, Codron et al. 2006, 

2007a). Although most herbivores displayed some seasonal shifts in graze/browse 

consumption, all their diets – with the exception of elephants, kudu and nyala – fell within 

the predefined isotopic dietary ranges for grazers, browsers, and mixed feeders. Contrary to 
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predictions, elephants (predefined mixed feeder; Codron et al. 2006) shifted from being 

browsers in the wet season to mixed feeders in the dry season, with kudu (predefined 

browser; Codron et al. 2007a) and nyala (predefined mixed feeder; Codron et al. 2007a) 

switching from mixed feeders in the wet season to browsers in the dry season. The recorded 

dietary flexibilities of elephant, kudu and nyala reflects a plausible resiliency by each species 

to changes in plant community structure and compositions (Staver & Hempson 2020). 

a. Browsers 

Although common duiker were classified as browsers as predicted, they increased their grass 

intake during the dry season. Across their range in Africa, common duiker are concentrate 

selective feeders (Furstenburg 2008), with their diets ranging from a pure browse-based diet 

(Cerling et al. 2003, Sponheimer et al. 2003) to including some (< 15%) graze (Gagnon & Chew 

2000), as was the case in Pafuri. However, no studies have linked increased graze 

consumption to seasons (Codron et al. 2007a, Djagoun et al. 2013). The seasonal increase in 

graze consumption in the dry season is surprising, given the relatively lower quality of grasses 

in the dry season (Seydack et al. 2014). This suggests that this dietary shift in common duiker 

may be driven by interspecific competition. Common duiker may employ shifts along the 

dietary niche axis, rather than the spatial niche axis, during periods of increased interspecific 

competition for relatively higher quality browse in the dry season, to  reduce competition 

(Sinclair 1985, Prins et al. 2006). Alternatively, common duiker may be occupying less optimal 

habitats with reduced foraging opportunities in the dry season to reduce predation and/or 

anthropogenic risks (Abu Baker & Brown 2014, Mills & Harris 2020), as reflected in the 

reduced occupancy in SAV during the dry season. For example, common duiker in the Indian 

Ocean Coastal Belt, South Africa, varied space-use in response to predation and 

anthropogenic risks, occupying lower quality habitats to reduce predation risks from 
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mesocarnivores (e.g., black-backed jackal (Canis mesomelas)), and reduce anthropogenic 

impacts associated with agriculture and urban expansion (Ehlers Smith et al. 2019).  

The higher graze intake by kudu in the wet season could be attributed to increases in the 

quality and availability of grasses during the same period, illustrating a plausible bottom-up 

effect (Barbehenn et al. 2004, Mbatha & Ward 2010). For example, kudu in KNP increased 

their graze intake in recently burned areas with green flushes of high quality grass (Owen-

Smith & Cooper 1985). Irrespective, seasonal dietary shifts suggests that kudu are not 

exclusively non-selective browsers; contrary to literature (Owen-Smith 1994, Furstenburg 

2005, Gray et al. 2007). The higher proportion of graze intake by kudu in the wet season 

suggests a broader dietary flexibility by the species than what has previously been reported 

(Gagnon & Chew 2000, Codron et al. 2007a). Similarly, Spitzer et al. (2020) found that the 

diets of roe deer (Capreolus capreolus) contained more than 25% grasses owing to land-use 

and climatic changes in Europe, despite the species being a presumed browser. The dietary 

flexibility for kudu documented here suggests that they may be more resilient to changes in 

plant community structure owing to, amongst others, bush encroachment and climate change 

(Abraham et al. 2019, Staver & Hempson 2020), than previously thought. However, this 

hypothesis requires long-term dietary analyses (see Raynor et al. 2017) including estimates 

of changes in body condition and vital rates to asses if these dietary shifts are affecting 

population survival rates. 

b. Grazers 

Despite significant decreases in graze intake during the dry season, the diets of buffalo and 

zebra fell within the predefined dietary range for grazers (i.e., 84 - 100% grass; Codron et al. 

2007a), as predicted. High proportions of graze intake by buffalo in the wet season 

correspond with Cerling et al. (2003) who reported diets of ~100% grass in East African 
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Buffalo. Moreover, reduced graze intake by buffalo in the dry season corresponds with 

Sponheimer et al. (2003) and Codron et al. (2007a) who reported greater than 10% browse in 

the diets of buffalo in KNP. In contrast, significant reductions in graze intake by zebra in the 

dry season contradicts Codron et al. (2005; 2007a) who reported less than 10% browse in the 

diets of zebra in KNP. It is possible that significant seasonal variations in grass intake by both 

buffalo and zebra may be attributed to differences in the carbon isotopic composition of graze 

forage that follow different C4-sub-pathways, rather than actual increases in proportions of 

browse consumed in the dry season (Hattersley & Roksandic 1983, Cerling et al. 2003). 

Alternatively, and more likely, significant decreases in grass availability/quality in the dry 

seasons may be driving buffalo and zebra to increase browse intake to maintain nutritional 

requirements (e.g., Venter & Watson 2008, Havarua et al. 2014). Thus, highlighting a bottom-

up, resource regulated effect responsible for seasonal dietary variations in grazers. For 

example, buffalo (Landman & Kerley 2001) and zebra (Potgieter & Kerley 2022) in the Eastern 

Cape, South Africa, increased their intake of browse during periods of reduced grass cover.  

As predicted, warthogs were predominantly grazers in both seasons, although significantly 

reducing grass intake from ~100% in the wet season to ~88% in the dry season. The significant 

seasonal decreases in %C4-plant intake by warthog in the Pafuri contradicts findings by 

Codron et al. (2007a) in the neighbouring Punda Maria, KNP, and Botha & Stock (2005) in 

Hluhluwe-iMfolozi Park, who reported small proportions of browse (i.e., < 10% C3-plants) 

present in the diets of warthogs. Warthog are selective grazers that depend on high-quality 

food to maintain nutritional requirements (Field 1970, Treydte et al. 2006). Consequently, 

warthog feed predominantly on annual grasses in the wet season when the quality of graze 

is high, and shift to a diet comprised of fruits, forbs, legumes and roots in the dry season when 

the quality and quantity of graze decreases (White 2010, Adeola et al. 2019, Edossa et al. 
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2021). It has been documented that fruits, forbs, legumes and roots are 0.5– 2% enriched in 

13C compared with C3-foliage in KNP and elsewhere (Cerling et al. 2004, Codron et al. 2007a, 

Yang et al. 2015). Thus, it is plausible that the 13C-enriched portion of warthog diets in Pafuri 

may reflect utilization of fruits, forbs, legumes, and roots – particularly in the dry season.  

c. Mixed feeders 

As predicted, impala fell within the predefined dietary range of mixed feeders (4 – 76% grass) 

in both seasons, feeding on a higher proportion of graze in the wet season, and a higher 

proportion of browse in the dry season. Shifts from a higher proportion of graze in the wet 

season, to a higher proportion of browse in the dry season highlights the seasonal dietary 

flexibility of impala (Van Rooyen 1992, Sponheimer et al. 2003, Botha & Stock 2005). 

Specifically, impala are intermediate mixed feeders that feed predominantly on C4-plants in 

the wet season when the quality of graze increases, shifting to a more C3-based diet in the 

dry season owing to the higher protein content of browse relative to graze during the same 

period (Kos et al. 2012, Staver & Hempson 2020, Young et al. 2020).  

Although feeding on higher proportions of graze in the wet season and switching to a 

predominantly browse based diet in the dry season; contrary to predictions, nyala were not 

classified as mixed feeders across all seasons. Moreover, similarly high proportions of graze 

in the diets of nyala in the wet season have not been documented (see Gagnon & Chew 2000, 

Sponheimer et al. 2003, Codron et al. 2007a). Nyala are classified as intermediate mixed 

feeders that preferably occupy closed, woodland habitats (Furstenburg 2016). Consequently, 

previous dietary estimates have recorded higher proportions of browse in the diets of both 

Southern (Codron et al. 2007b, 2007a) and East African (Gagnon & Chew 2000, Sponheimer 

et al. 2003) conspecifics. Like kudu, the documented dietary flexibility of nyala reported in 

this study suggests that the species could be resilient to variations in plant community 
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structure attributed to bush encroachment and climate change. Irrespective, significant 

seasonal variations in dietary intake suggests that nyala display a higher dietary flexibility than 

previously documented (Van Rooyen 1992, Sponheimer et al. 2003, Codron et al. 2007a).  

Contrary to predictions, elephant displayed a predominantly browse-based diet in the wet 

season, and a mixed feeder diet with a high proportion of browse in the dry season. 

Irrespective, this seasonal shift in diet was not significant (< 10% graze). Despite being 

classified as intermediate mixed feeders (Hansen et al. 1985, Cerling et al. 2006), seasonal 

increases in the proportion of graze consumed by elephants in the Pafuri contradicts Codron 

et al. (2006) who reported inverse seasonal decreases in %C4-plant intake by elephant in 

northern KNP between the wet and dry seasons. Moreover, Codron et al. (2006) reported 

significantly higher proportions of graze present in the diets of elephant during the wet 

season in contrast to this study. Although individual plant taxa were not assessed, it is 

plausible that the unexpectedly high proportions of browse intake by elephants in both 

seasons could correlate with the higher abundance and quality of evergreen mopane shrub 

in the Pafuri (Deacon 2007) which are prevalent in the diets of elephants in similar regions 

across Africa (Kos et al. 2012).  

Season- and habitat-specific effects on patterns of herbivore occupancy 

Browser occupancy decreased moderately in SAV in the dry season, as predicted. Decreased 

occupancy may be due to reductions in the availability and quality of browse (i.e., bottom-up 

regulation) driving species to occupy alternative habitats with improved foraging 

opportunities in the dry season (Turkington 2009, Gandiwa 2013a). For example, reduced 

quality of browse during winter in Norway drove moose to occupy habitats with more 

abundant but lower-quality browse species (Van Beest et al. 2011). However, to understand 

if bottom-up factors are primarily responsible for impacting these seasonal shifts in browser 
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occupancy, the potential role of top-down factors (i.e., predation and/or anthropogenic risks) 

needs to investigated (Riginos 2015, Vinks et al. 2020). For example, browsers in Hwange 

National Park shifted occupancy to open habitats with fewer browsing opportunities in 

response to increased predation risks from lions in closed, woodland habitats (Valeix et al. 

2009a). Similarly, herbivore occupancy decreased along the boundaries in Kafue National Park 

where bushmeat poaching was concentrated (Matandiko 2016). Like predation, risks 

associated with humans evoke similar “antipredator” responses in herbivores which reflect in 

their patterns of spatial occupancy (Everatt et al. 2015, Smith et al. 2021). Unlike browsers 

and contrary to predictions, season and habitat type did not influence the occupancy of 

grazers or mixed feeders. The lack of habitat-specific and seasonal shifts in occupancy for 

grazers and mixed feeders, as well as limited shifts in occupancy for browsers, may reflect a 

real pattern owing to similar habitat quality (i.e., forage quantity and quality, water 

availability, and predation and anthropogenic risks) across habitats and seasons. However, 

this is unlikely given that habitat quality varies in response to changes in elevation, slope, 

landform type and annual precipitation (Chen et al. 2021). Alternatively, and more likely by 

evaluating the broad-scale impacts of habitat and season driving the occupancy of entire 

feeding guilds, species-specific behavioural differences could be obscuring each species’ 

response to individual bottom-up and top-down factors. Intrinsic functional traits such as diet 

and body size interact with resource competition, habitat requirements and facilitative 

interactions among species, affecting individual herbivore responses to specific bottom-up 

and top-down factors (Cromsigt & Olff 2006, Young et al. 2020). For example, Anderson et al. 

(2016) suggested that the occupancy of smaller-bodied herbivores in Serengeti National Park 

were regulated by predation risks (i.e., top-down effect), whereas the occupancy of larger-
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bodied (≥ 150kg) herbivores were predominantly regulated by forage availability (i.e., 

bottom-up effect).  

CONCLUSION 

Overall, disparities between seasonal endpoint estimates of C4- (graze) and C3- (browse) 

forage in Pafuri, and global (see Sponheimer et al. 2003) and local endpoints estimated in 

other regions of KNP (see Codron et al. 2007a) highlights the importance of using site-specific 

endpoints when undertaking seasonal dietary analyses of herbivores. By using site-specific 

endpoints, I was able to identify broader dietary ranges in three herbivore species (i.e., 

elephants, kudu and nyala) than what has previously been reported, which would not have 

been detected if I had used global endpoints. Generalist species capable of exhibiting seasonal 

dietary shifts are likely more adaptable to variations in plant community structure attributed 

to, for example, bush encroachment and climate change (Abraham et al. 2019, Staver & 

Hempson 2020) in contrast to specialist species incapable of exhibiting seasonal dietary shifts. 

It is recommended that future studies undertake long-term dietary analyses (see Raynor et 

al. 2017), including estimates on the changes in herbivore body conditions and vital rates in 

response to landscape-level changes in habitat quality (i.e., forage quantity and quality, water 

availability, and predation and anthropogenic risks) over multiple seasons, to delineate 

drivers of herbivore dietary flexibility and the consequences thereof for population survival 

rates. Although surprising, the limited shifts in occupancy by browsers, and the ubiquitous 

lack of habitat-specific and seasonal shifts in occupancy by grazers and mixed feeders suggests 

that, at the guild level, fine-scale, species-specific responses to individual bottom-up (i.e., 

forage quantity and quality, and water availability) and top-down (i.e., predation and 

anthropogenic risks) factors are likely being masked. Further, it is possible that the overall 

lack of season- and habitat-specific effects driving herbivores could be a consequence of the 
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non-independence of cameras among habitats, confounding occupancy estimates. As such, 

the findings of this chapter will form the basis for Chapters 4 and 5 wherein the effects of 

bottom-up and top-down factors driving the space-use and occupancy of herbivores in Pafuri 

will be assessed.
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Chapter 4: The influence of bottom-up drivers in shaping occupancy 

and space-use of a savanna herbivore community.  

INTRODUCTION 

African savanna ecosystems support the highest diversity of terrestrial herbivore species in 

the world (Owen-Smith 2013, Hempson et al. 2015, Ripple et al. 2015). However, threats 

attributed to the expansion of the human population that include: (1) landcover change and 

transformation, (2) human-induced changes to fire, browsing and grazing regimes, (3) 

increased poaching, and (4) climatic shifts in rainfall and temperature impacting forage and 

water availability (Osborne et al. 2018, Owen-Smith et al. 2020) have induced substantial 

population declines in approximately 59% of Africa’s herbivore species (Ripple et al. 2015). 

Population declines may be particularly detrimental to ecosystem structure and function 

(Pringle et al. 2011, Balfour et al. 2021), given the fundamental role of herbivores in regulating 

predator populations at higher trophic levels and plant community structure and abundance 

at lower trophic levels (Gordon et al. 2004, Estes et al. 2011, Vinks et al. 2020). However, 

herbivore impacts within ecosystems vary with their space-use and occupancy which is driven 

by complex interactions between various bottom-up and top-down factors (Bailey et al. 1996, 

Hopcraft et al. 2010, O’Kane & Macdonald 2018). Considering the increasing decline in 

herbivore populations (Ripple et al. 2015, Smith et al. 2022), it is therefore critical that a 

comprehensive understanding of drivers regulating herbivore space-use and occupancy be 

developed to facilitate management interventions (Young et al. 2020).   

Optimal foraging (MacArthur & Pianka 1966) and habitat selection (Rosenzweig 1981) 

theories dictate that herbivores face constant trade-offs between acquiring resources (i.e., 
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bottom-up control) and avoiding risks attributed to predators and humans (i.e., top-down 

control) to maximise energetic gains (Mitchell & Powell 2012). Apart from top-down factors 

which impact the survival of herbivores through direct and indirect predation and 

anthropogenic risks (Gandiwa 2013a, Gaynor 2019), bottom-up factors – including forage 

quantity and quality, and water availability – regulate herbivores through resource restrictions 

from lower trophic levels (Turkington 2009). In addition, bottom-up factors may be more 

important in regulating herbivore populations than predation and anthropogenic top-down 

risks (e.g., Slobodkin 1960, Owen-Smith & Mills 2006, Riginos & Grace 2008, Gandiwa 2013b, 

Wenda et al. 2023). For example, seasonal decreases in the availability and quality of forage 

drove reductions in pregnancy, parturition, and adult survival rates of moose in North 

America, inducing substantial population declines (Oates et al. 2021). Moreover, significant 

decreases in forage and water availability attributed to frequent and prolonged periods of 

drought drove substantial declines in the population of blue wildebeest in Kenya and Tanzania 

(Sitati et al. 2014).  

African savannas are distinctive owing to spatiotemporal fluctuations in rainfall – impacting 

forage growth and water availability (Owen-Smith et al. 2020) – which regulate herbivore 

space-use and occupancy (Redfern et al. 2005, le Roex et al. 2019). However, variations in 

intrinsic functional traits (e.g., foraging strategy, body size and metabolic rates) influence 

herbivore responses to spatiotemporal variations in forage and water availability which reflect 

in their patterns of space-use and occupancy (Cromsigt & Olff 2006, Young et al. 2020, Davies 

et al. 2021). For example, grazers (e.g., zebra) and browsers (e.g., giraffe) occupy habitats with 

higher grass and shrub/tree availability to facilitate foraging opportunities and maximise 

energetic gains, irrespective of season (O’Kane & Macdonald 2018, Davies et al. 2021). In 

contrast, mixed feeders (e.g., impala) exhibit seasonal dietary shifts from graze in the wet 
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season to browse in the dry season when the quality of grasses decrease (Chapter 3). 

Consequently, mixed feeders tend to shift occupancy from habitats with higher graze 

availability in the wet season, to habitats with higher browse availability in the dry season 

(Botha & Stock 2005, Codron et al. 2007a, Janecke & Smit 2015). Moreover, herbivore 

foraging strategies are closely related to water dependency, with grazers and mixed feeders 

exhibiting higher levels of water dependency in contrast to browsers who acquire most of 

their water from the leaves of shrubs and trees (Chirima et al. 2012, Chinomona et al. 2018, 

Young et al. 2020). Therefore, the interplay between water availability and foraging strategy 

can influence herbivore space-use by either: (1) driving water dependent species to expend 

more energy travelling larger distances to facilitate water acquisition – particularly during the 

dry season – reducing forage and resting times (le Roex et al. 2019); (2) constraining water 

dependent species to occupy habitats in closer proximity to water sources, leading to 

increased levels of inter- and intraspecific competition and predation risks (Cain et al. 2012). 

Along the body size spectrum, smaller selective feeders are more reliant on forage quality 

than quantity owing to their highly selective diets (Grange & Duncan 2006, Anderson et al. 

2016, O’Kane & Macdonald 2018) which reflect in their patterns of space-use and occupancy. 

For example, large-bodied, bulk grazers and browsers such as buffalo and black rhinoceros 

(Diceros bicornis) occupy habitats with higher forage availability whereas medium-bodied, 

selective grazers and browsers such as warthogs and common duiker occupy habitats with 

high quality forage (Bailey et al. 1996, Abu Baker & Brown 2014, Young et al. 2020).  

Although various studies have quantified the impacts of season- and habitat-specific bottom-

up factors regulating herbivore space-use and occupancy (Owen-Smith & Mills 2006, Riginos 

& Grace 2008, Gandiwa 2013b), few have assessed the effects of bottom-up factors driving 

the occupancy and space-use of entire herbivore communities (Rich et al. 2016, Staver & 
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Hempson 2020, Young et al. 2020). Moreover, no studies have analysed the impacts of 

bottom-up factors on the herbivore community in Pafuri, KNP. Although herbivores are 

regulated by a myriad of bottom-up and top-down drivers, the effects of which may not be 

mutually exclusive (Jedrzejewska & Jedrzejewski 2005, Gandiwa 2013a, Burkepile et al. 2013, 

Panebianco et al. 2022), in this Chapter, I aim to quantify the effects of bottom-up factors 

influencing herbivore occupancy.  

Here, I hypothesise that habitat-specific and seasonal variations in bottom-up factors 

including forage availability, quality and proximity to water sources will impact herbivore 

occupancy. Furthermore, I hypothesise that herbivore responses, measured as variation in 

occupancy, to bottom-up factors will differ according to feeding guild and body size. 

Specifically, I predict that: (1) the occupancy of larger, bulk grazers (e.g., buffalo) and browsers 

(e.g., kudu) will increase in the wet season when the availability of forage (i.e., grass and 

browse) increases, and in habitats with higher forage availability; (2) the occupancy of 

medium-sized, selective grazers (e.g., warthog) will increase in the wet season and in habitats 

with higher grass quality; (3) the occupancy of medium-sized, selective browsers (e.g., 

common duiker) will increase in habitats with higher browse quality; (4) mixed feeders, 

irrespective of body size (e.g., impala), will occupy habitats with higher grass quality in the 

wet season, and habitats with higher browse availability in the dry season; and (5) water 

dependent, mixed feeders’ and grazers’ occupancy will decrease further from water whereas 

browsers will remain unaffected owing to their ability to acquire moisture from the leaves of 

shrubs and trees.    

MATERIALS AND METHODS 

Study site 

Details of the study site are described extensively in Chapter 2. 
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Camera trap analysis  

Camera trap survey methods and analyses of camera trap data are described in Chapter 3. 

Medium- to large-sized herbivore species (> 0.5kg; Clements et al. 2014) were identified from 

camera trap images and classified according to feeding guild based on stable carbon isotopic 

faecal analysis (Chapter 3). I focussed on medium- to large-sized herbivores because of their 

functional importance in maintaining ecosystem processes by (i) acting as a food source for 

carnivores, (ii) promoting soil nutrient cycling through faecal deposits, and (iii) controlling 

plant populations by preventing single species dominance (Balfour et al. 2021). To avoid 

pseudo-replication, only images of independent capture events of the same species (> 30 

minutes between consecutive photos; Linkie & Ridout 2011) were used in the data analysis. 

The number of individual species per capture event was recorded. I pooled independent 

detections of each species across seasons and only focussed on the species for which isotopic 

faecal analyses had been performed (i.e., buffalo, common duiker, elephant, impala, kudu, 

nyala, warthog and zebra). 

Species occupancy 

Detection and occupancy probability was modelled as a function of habitat and season, to 

account for spatial and temporal variability in resource availability, which affects mammal 

activity patterns, abundance and subsequently detection probabilities (Sarmento et al. 2010, 

Zanón-Martínez et al. 2016, Suárez-Tangil & Rodríguez 2021). Habitat type (i.e., Lowveld 

Riverine Forest (LRF), Limpopo Ridge Bushveld (LRB), and Subtropical Alluvial Vegetation 

(SAV)) was determined at each camera trap site according to the vegetation classification by 

Mucina & Rutherford (2006). Seasons were classified as wet (March/April) or dry 

(August/September) based on recorded rainfall (Chapter 2). Both habitat and season were 

modelled as categorical variables.  
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I estimated the detection and occupancy probability of eight herbivore species as a function 

of seven covariates, including: percentage grass- (C4), shrub- (C3), and tree (C3) cover, grass-, 

shrub-, and tree quality (%δ15N), and distance to nearest rivers (m). Seasonal forage 

availability was determined by visually estimating the percentage cover of plant growth forms 

–  grasses, shrubs, and trees –  within a 50m2 quadrat centred on each camera trap site (Collins 

& Smith 2006, Burkepile et al. 2013). The dominant plant species (> 50% cover) of each growth 

form in each quadrat were collected and processed using stable carbon isotope analysis to 

determine forage quality (Chapter 3). Nitrogen contents (expressed as %δ15N), measured 

from each collected sample, were used as a proxy for forage quality (Craine et al. 2015). 

Although forage quality is often expressed in terms of plant crude protein (Burkepile et al. 

2013), a positive correlation between the protein content of herbivore faeces and the 

nitrogen content of its feed exists (Holecheck et al. 1982, Botha & Stock 2005). Thus, plant 

nitrogen can be used as a proxy for forage quality (Ramoelo et al. 2013).  

Spatial data on all available water sources were not available for the Pafuri and thus I used 

perennial rivers as a proxy for available water. The proximity of each camera site to the 

nearest perennial river (i.e., nearest straight-line distance) was calculated using the nearest 

hub function in QGIS (version 3.16.3, QGIS Development Team, 2009).  

Autocorrelation between covariates was assessed using a Spearman rank correlation in R 

programming language (version 3.4.2, R Development Core Team, 2017). Shrub quality was 

correlated with both grass and tree quality (|r|>0.7; Appendix Figure 4.1) and was therefore 

removed from the analysis.  
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Occupancy modelling framework  

To model species detection and occupancy, I used single-species occupancy models 

(Mackenzie et al. 2017) implemented within a Bayesian framework using the R package ubms 

version 1.1.0 (Kellner et al. 2022). I fitted three occupancy models per herbivore species: a 

fixed effects model (Model 1), a model which accounted for season-specific variability of 

covariate estimates (Model 2), and a model which accounted for habitat-specific variability of 

covariate estimates (Model 3; Table 4.1). Model structures were identical for each herbivore 

species to facilitate interspecific comparisons. 

Covariates were scaled to have a mean of 0 and a standard deviation (SD) of 1. Default vague 

priors for all models were used (mean = 0 and SD = 10). I ran four parallel Markov chains with 

10 000 iterations; the first 5 000 of which were discarded as burn-in iterations. Model 

convergence was evaluated based on the Gelman-Rubin statistic (i.e., Rhat statistic), with 

model convergence being achieved when the Rhat statistic equalled one (Gelman et al. 1992). 

Additionally, model convergence was evaluated through the visual examination of individual 

model traceplots (Nguyen et al. 2022). To determine the significance of the covariate effects, 

95% and 75% Bayesian credible intervals (BCI) of the posterior distribution were generated. 

Coefficients of which the 95% and 75% BCI did not overlap 0 were regarded as having 

significant and moderate effects on herbivore occupancy, respectively. 

The predictive accuracy of each model per species was evaluated by using the expected log 

pointwise predictive density (elpd). Models were ranked and compared based on the elpd 

estimates. Elpd was calculated using leave-one-out (LOO) cross-validation for pairwise model 

comparisons (Vehtari et al. 2017). Model support was assessed by calculating the pairwise 

differences in elpd (Δelpd) for each model relative to the top performing model with the 

standard errors included therein (SE[Δelpd]). A model was considered to have less support 
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than the top ranking model when the absolute difference in elpd was greater than the 

standard error of that difference (i.e., |Δelpd| > SE[Δelpd]; Nguyen et al. 2022, Kellner et al. 

2022). Herbivore occupancy was predicted based on the outputs of the top performing 

model, per species. Instances in which multiple models exhibited equal predictive accuracy 

(i.e., |Δelpd| < SE[Δelpd]) were averaged to obtain a single predicted occupancy estimate 

(Kaplan & Lee 2018). 

RESULTS 

Camera trapping  

Three camera traps failed in the wet season and six failed in the dry season resulting in a total 

of 510 and 420 camera trap-nights per season respectively (Chapter 3). A total of 2633 

independent detections of eight herbivore species were captured in the wet and dry seasons 

of 2021. Using the body size classification of Clements et al. (2014) and results from the 

isotopic faecal analysis performed in Chapter 3, I identified one medium-sized grazer 

(warthog) and two large-sized grazers (buffalo and zebra), one medium-sized browser 

(common duiker) and one medium-sized mixed feeder (impala) in both seasons. Nyala and 

kudu were classified as medium- and large-sized mixed feeders respectively in the wet season 

owing to high proportions of grasses in their diets (Table 3.2; Chapter 3). However, nyala and 

kudu significantly increased their intakes of browse in the dry season and were consequently 

classified as browsers (Chapter 3). Elephants displayed seasonal dietary shifts from a 

predominantly browse based diet in the wet season, to a mixed feeder diet with high 

proportions of browse intake in the dry season. Thus, elephants were classified as large-sized 

browsers in the wet season, and as mixed feeders in the dry season. Although isotopic faecal 

analysis was performed on five other herbivore species (Chapter 3), too few independent 

detections (< 5 detections; Kays et al. 2020) were obtained after the camera trapping. I 
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therefore excluded these species (i.e., eland, giraffe, steenbok, waterbuck, and blue 

wildebeest) from my analysis.   

Estimated forage cover, quality, and proximity to rivers 

Estimated grass- (C4), shrub- and tree (both C3) cover were highest in the wet season (Figure 

4.1). Grass cover was highest in LRB (x̄ = 72 ± 12%) and lowest in LRF (x̄ = 44 ± 23%), shrub 

cover was lowest in LRB and highest in LRF (Figure 4.1), and tree cover was lowest in LRF (x̄ = 

44 ± 6%). There was minimal variation (< 1%) in tree cover between LRB and SAV. 

Grass quality was higher in the wet (x̄ = 5.16 ± 1.77 %δ15N) than the dry season (x̄ = 3.78 ± 

1.51 %δ15N), with no difference in tree (hereafter referred to as browse) quality seasonally. 

Grass and browse quality were highest in SAV (x̄ = 6.57 ± 2.48; x̄ = 6.55 ± 2.76 %δ15N) and 

lowest in LRB (x̄ = 3.06 ± 1.43; x̄ = 3.77 ± 1.34 %δ15N).   

There was no seasonal variation in the mean distance from habitats to rivers (Figure 4.1). 

However, on average, cameras located within LRB occurred further from perennial rivers (x̄ = 

2692.44 ± 488.02m) and cameras located in SAV occurred closer to rivers (x̄ = 1183.31 ± 

410.24m). 
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Figure 4.1: Season- and habitat-specific variation in bottom-up drivers of the herbivore 

community in Pafuri, KNP. Including, mean (± 95% CI) forage availability (% cover) and quality 

(%δ15N), and distance to nearest perennial rivers (m). LRB: Limpopo Ridge Bushveld; LRF: 

Lowveld Riverine Forest; SAV: Subtropical Alluvial Vegetation.  

Bottom-up spatial drivers of herbivore occupancy 

a. Browsers 

The season and habitat models explained the most variation in common duiker occupancy 

(Table 4.1), with averaged β-coefficients indicating that only seasonal variation in shrub cover 

and habitat-specific browse quality affected occupancy (Figure 4.3). The effect of shrub cover 

on common duiker occupancy was directly proportional to shrub cover in the wet season and 

inversely proportional in the dry season, with only the latter being moderately significant (β1 

= -1.83, 75% BCI: -3.72 – -0.07). In addition, common duiker occupancy decreased with 
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increasing browse quality in both LRB and SAV, contrary to predictions, with the reverse 

holding for LRF, as predicted (Figure 4.2). However, the effect of browse quality was non-

significant in LRF and LRB (95% BCI overlapped 0) and moderately significant in SAV (β1 = -

1.83, 75% BCI: -3.72 – -0.07). The fixed effects and season models explained the most 

variation in kudu occupancy, with averaged β-coefficients indicating that distance to rivers, 

grass quality and seasonal variability in shrub cover affected kudu occupancy. As predicted, 

kudu occupancy increased further from rivers in both the wet and dry seasons, with only the 

former being moderately significant (β1 = 1.99, 75% BCI: 0.28 – 3.88). However, contrary to 

predictions, kudu decreased occupancy in habitats with higher shrub (β1 = -1.01, 75% BCI: -

1.84 – -0.22) cover but increased occupancy in habitats with higher grass quality (β1 = 1.75, 

75% BCI: 0.44 – 3.09) in both seasons.  

b. Grazers 

The season model explained the most variation in buffalo occupancy, with averaged β-

coefficients indicating that only seasonal variation in tree cover affected occupancy. Buffalo 

occupancy was inversely proportional to tree cover in both the wet and dry seasons, with only 

the former being moderately significant (β1 = -2.25, 75% BCI: -4.15 – -0.42). Although buffalo 

increased occupancy in habitats with higher grass cover in the wet and dry season (Figure 

4.2), as predicted, seasonal effects of grass cover on buffalo occupancy were non- significant 

in both seasons. Moreover, contrasting seasonal effects of distance to rivers were observed, 

with buffalo decreasing occupancy further from rivers in the wet season, as predicted, but 

increasing occupancy further from rivers in the dry season, contrary to predictions. However, 

seasonal effects of distance to rivers were neither significant in the wet nor the dry season.  

The fixed effects and habitat models explained the most variation in warthog occupancy, with 

averaged β-coefficients indicating that grass cover and tree cover impacted occupancy across 
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all habitat types. Further, averaged β-coefficients from the habitat model indicated that 

warthogs decreased occupancy across all habitat types with higher grass (β1 = -1.35, 75% BCI: 

-2.63 – -0.11) and tree cover (β1 = -1.73, 75% BCI: -2.95 – -0.57). Moreover, the effects of 

habitat-specific variation in shrub cover on warthog occupancy were inversely proportional 

in SAV, and directly proportional in LRF and LRB, with only the effects in SAV (β1 = -1.73, 75% 

BCI: -2.95 – -0.57) being moderately significant. Although warthogs decreased occupancy 

further from rivers and increased occupancy with increasing grass quality in LRF and SAV, as 

predicted, the habitat-specific effects of distance to rivers and grass quality were non-

significant.  

The habitat model explained the most variation in zebra occupancy, with averaged β-

coefficients indicating that all bottom-up factors excluding habitat-specific variations in shrub 

cover and grass quality affected occupancy. As predicted, zebra occupancy decreased further 

from rivers in SAV with the reverse holding for LRB and LRF, contrary to predictions. However, 

the effects of distance to rivers were only moderately significant in SAV (β1 = -1.78, 75% BCI: 

-3.84 – -0.15). Zebra increased occupancy in LRB with higher grass cover and lower tree cover, 

as predicted, but antithetically increased occupancy in LRF and SAV with lower grass cover 

and higher tree cover, contrary to predictions. Irrespective of the contrasting patterns of 

zebra occupancy across habitat types, the effects of grass (β1 = 2.45, 75% BCI: 0.66 – 4.33) 

and tree cover (β1 = -1.98, 75% BCI: -3.52 – -0.52) were only moderately significant in LRB. 

Moreover, browse quality had an inversely proportional effect on zebra occupancy in SAV, 

with the reverse holding for LRB and LRF. However, habitat-specific effects of browse quality 

were only moderately significant in SAV (β1 = -1.26, 75% BCI: -2.57 – -0.02).   

c. Mixed feeders 
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The habitat and fixed effects models explained the most variation in elephant occupancy, with 

averaged β-coefficients indicating that only habitat-specific variation in tree cover affected 

occupancy. The effects of tree cover on elephant occupancy were inversely proportional in 

LRB and LRF, contrary to predictions, and directly proportional in SAV, as predicted, with only 

the effect of tree cover in LRB being moderately significant (β1 = -1.63, 75% BCI: -3.25 – -0.01). 

Although elephants increased occupancy in habitats with higher grass quality in the wet 

season, as predicted, the season model explained minimal variation in elephant occupancy 

with averaged β-coefficients illustrating that seasonal effects of grass quality were non-

significant. Moreover, elephant decreased occupancy further from rivers across all three 

habitat types, as predicted. However, habitat-specific effects of distance to rivers were non-

significant.  

All three models explained equal variation in impala occupancy, with averaged β-coefficients 

indicating that seasonal variation in grass quality and shrub cover, and habitat-specific 

variation in distance to rivers and browse quality affected occupancy. Grass quality 

significantly affected impala occupancy (β1 = 1.65, 95% BCI: 0.08 – 3.75), particularly in the 

wet season, resulting in increased occupancy with increasing grass quality, as predicted. 

Unexpectedly, contrasting seasonal effects of shrub cover on impala occupancy were 

observed. Specifically, impala occupancy was directly proportional to shrub cover in the wet 

season (β1 = 1.98, 95% BCI: 0.20 – 4.29), and inversely proportional in the dry season (β1 = -

2.15, 75% BCI: -3.79 – -0.68), contrary to predictions. Impala occupancy increased further 

from rivers across all habitat types, with only the effect of distance to rivers in LRB being 

moderately significant (β1 = 1.51, 75% BCI: 0.07 – 3.11), contrary to predictions. Further, 

impala occupancy decreased in SAV but increased in LRB and LRF with increasing browse 
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quality. However, only the effect of browse quality on impala occupancy in SAV was 

moderately significant (β1 = 1.51, 75% BCI: 0.07 – 3.11).  

The habitat and fixed effects models explained the most variation in nyala occupancy. 

Averaged β-coefficients indicated that grass and browse quality had the highest impact on 

nyala occupancy across all habitat types. Further, averaged β-coefficients indicated that 

habitat-specific variation in grass and shrub cover affected nyala occupancy. Nyala occupancy 

was directly proportional to grass quality (β1 = 1.96, 75% BCI: 0.27 – 3.94), as predicted, and 

inversely proportional to browse quality (β1 = -1.16, 75% BCI: -2.28 – -0.12) with both effects 

being moderately significant. Further, nyala occupancy was directly proportional to grass 

cover in SAV and LRB, and inversely proportional to grass cover in LRF. However, only the 

effect of grass cover in SAV was moderately significant (β1 = 1.30, 75% BCI: 0.05 – 2.28). In 

addition, nyala occupancy increased with increasing shrub cover in LRB and LRF, as predicted, 

and decreased with increasing shrub cover in SAV, contrary to predictions. However, only the 

effect of shrub cover on nyala occupancy in LRF was significant (β1 = 1.93, 75% BCI: 0.40 – 

3.54).    
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Table 4.1: Single-species occupancy models for eight focal herbivores in Pafuri, KNP. Models 

are ranked according to model performance (i.e., elpd which is the expected log pointwise 

predictive density). Δelpd indicates the pairwise differences in elpd relative to the top 

performing model (model rank). SE (Δelpd) is the standard error of Δelpd. 𝑝 ̂_𝑙𝑜𝑜 is the 

effective number of model parameters. Model formulation: Model 1 (Fixed effects): p 

(~season + habitat). ѱ (~grass cover + shrub cover + tree cover + grass quality + tree quality + 

proximity to rivers); Model 2 (Season) = p (~season + habitat). ѱ (~season: grass cover + 

season: shrub cover + season: tree cover + season: grass quality + season: tree quality + 

season: proximity to rivers); Model 3 (Habitat): p (~season + habitat). ѱ (~habitat: grass cover 

+ habitat: shrub cover + habitat: tree cover + habitat: grass quality + habitat: tree quality + 

habitat: proximity to rivers). 

Guild Species Model elpd Δelpd SE(Δelpd) 𝒑 ̂_𝒍𝒐𝒐 

B
ro

w
se

r 

Common duiker Model 2 -61.49 0.00 0.00 8.36 

 Model 3 -61.56 -0.07 2.53 8.67 

 Model 1 -63.76 -2.27 1.21 9.08 

Kudu Model 1 -146.74 0.00 0.00 13.27 

 Model 2 -148.37 -1.62 1.83 15.61 

 Model 3 -151.75 -5.01 2.89 19.46 

G
ra

ze
r 

Buffalo Model 2 -113.55 0.00 0.00 8.45 

 Model 1  -116.66 -3.10 2.08 8.08 

 Model 3 -117.02 -3.47 2.09 9.73 

Warthog Model 3 -117.21 0.00 0.00 7.19 

 Model 1 -118.79 -1.57 1.66 6.98 

 Model 2 -120.74 -3.52 2.50 9.07 

Zebra Model 3 -263.07 0.00 0.00 32.93 

 Model 1 -266.16 -3.10 2.57 31.25 

 Model 2 -266.99 -3.92 2.95 32.63 

M
ix

ed
 f

ee
d

er
 

Elephant Model 3 -245.26 0.00 0.00 12.59 

 Model 1 -245.97 -0.70 1.02 11.84 

 Model 2 -247.93 -2.67 1.32 13.87 

Impala Model 2 -393.38 0.00 0.00 46.43 

 Model 1 -395.58 -2.21 4.18 44.19 

 Model 3 -398.20 -4.82 4.94 49.80 

Nyala Model 3 -216.91 0.00 0.00 40.51 

 Model 1 -219.81 -2.89 4.33 39.39 

 Model 2 -223.71 -6.80 4.02 44.97 
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Figure 4.2: Herbivore occupancy relative to season- and habitat-specific variability in bottom-

up covariates. Bold lines represent the posterior mean estimates and ribbons represent the 

95% Bayesian Credible Interval (BCI). Results are presented according to three model outputs: 

fixed effects (a); season (b & C); and habitat (d, e & f) per species
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Figure 4.3: Standardized β coefficients of covariate effects on herbivore occupancy obtained from a fixed effects model (a), and models accounting for season- 

(b & c) and habitat-specific (d, e & f) variability. Grey bars indicate no significant covariate effects (95% BCI overlap 0), and red (95% BCI does not overlap 0) 

and blue (75% BCI does not overlap 0) bars illustrate significant and moderate covariates respectively. Species are coloured and categorised according to feeding 

guild (i.e., blue: browsers; yellow: grazers; green: mixed feeders). 
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DISCUSSION 

Habitat use and selection (i.e., occupancy) of mammalian herbivores is generally influenced 

by a complex interplay between bottom-up (variation in climatic conditions, forage production 

and shifting habitat conditions) and top-down (spatiotemporal variation in predation and 

anthropogenic risks) factors (Jedrzejewska & Jedrzejewski 2005, Gandiwa 2013b, Burkepile et 

al. 2013, Panebianco et al. 2022). According to optimal foraging (MacArthur & Pianka 1966) 

and habitat selection (Rosenzweig 1981) theories, herbivores occupy habitats that maximise 

foraging opportunities whilst minimising predation and anthropogenic risks. However, in 

savanna systems, bottom-up factors such as forage availability and quality, and water 

availability may be more important in regulating herbivore space-use and occupancy than top-

down predation and anthropogenic factors (Owen-Smith & Mills 2006). Additionally, 

interspecific variation in herbivore responses to bottom-up and top-down factors are related 

to intrinsic functional traits (e.g., foraging strategy and body size; Seydack et al. 2012). This 

was the case for the herbivore community in Pafuri, KNP, as herbivore responses to season- 

and habitat-specific variation in bottom-up factors (i.e., forage cover, quality, and water 

availability) varied within and among feeding guilds and across various body sizes.  

a. Browsers 

Occupancy of common duiker appeared to be driven by shrub cover and browse quality. 

Common duiker exhibited seasonal shifts in habitat use, occupying closed habitats with higher 

shrub and tree cover in the wet season, and open habitats in the dry season. This seasonal 

shift in habitat use coincided with slight seasonal shifts in diet, with common duiker increasing 

their graze intake in the dry season (Chapter 3). Contrary to literature (see Abu Baker & Brown 

2014), this suggests that common duiker are not closed-habitat specialists. Further, common 

duiker decreased occupancy in habitat patches with higher browse quality – particularly in 
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SAV – contrary to predictions. The inversely proportional effects of browse quality are 

surprising given that common duiker are highly selective feeders that require a constant intake 

of high-quality browse to maintain their metabolic requirements (Codron et al. 2007a, 

Furstenburg 2008). It is possible that interspecific competition could be regulating season- and 

habitat-specific changes in occupancy, driving common duiker to occupy open habitats with 

lower browse quality to limit competition for resources with other herbivores (e.g., Prins 

2016). However, given the unreliability of quantifying competitive interactions between 

species using camera trap data alone (Caravaggi et al. 2017), further investigations are 

required to determine the impacts of interspecific competition on common duiker occupancy.  

Unexpectedly, kudu occupancy increased in habitats with increasing grass quality, with 

seasonal variations in grass quality having no impact. Further, kudu appeared to occupy 

habitats with lower shrub and tree cover in both seasons, but only the effect of shrub cover 

in the dry season was significant. This shift towards more open habitats with increased grass 

quality explains the seasonal dietary shifts of kudu from a diet dominated by browse in the 

dry season, to a mixed feeder with a high grass component in the wet season (Chapter 3). 

These results are surprising given that kudu are considered non-selective bulk browsers that 

feed on the leaves, shoots, pods or fruits from a wide range of shrubs, trees, broad leaved 

forbs and succulents, irrespective of season (Owen-Smith 1994, Furstenburg 2005, Gray et al. 

2007). Increased occupancy in habitats with higher quality graze and corresponding decreased 

occupancy in habitats with higher browse cover, in conjunction with seasonal dietary shifts 

(Chapter 3), highlights a broader dietary flexibility displayed by kudu than previously 

documented (Botha & Stock 2005, Gray et al. 2007, Codron et al. 2007a). For example, diets 

of roe deer (Capreolus capreolus), a presumed browser, frequently contained > 25% grass in 

Europe owing to dietary shifts induced by land-use and climatic changes (Spitzer et al. 2020). 
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It is possible that recurring natural hazards such as drought, linked to climate change, may be 

driving seasonal dietary shifts of kudu, causing the species to occupy habitats with higher grass 

quality and lower shrub cover. However, testing this hypothesis requires long term dietary 

assessments and multi-season occupancy analyses (See Raynor et al. 2017) that were 

unfortunately beyond the scope of my study.   

b. Grazers 

Surprisingly, only seasonal variation in tree cover, and not grass cover, affected buffalo 

occupancy. In the wet season, buffalo occupied open habitats with higher grass cover and 

lower tree cover, as predicted. In contrast, buffalo increased occupancy in closed habitats in 

the dry season, contrary to predictions. However, irrespective of the contrasting seasonal 

effects of grass and tree cover, only the effects of tree cover in the wet season were 

moderately significant. Although predominantly an open habitat specialist (Sensenig et al. 

2010, Mandinyenya et al. 2020), buffalo regularly increase occupancy in habitats with higher 

tree cover which are interspersed with patches of palatable green grass in the dry season 

when grasses in open habitats lignifies and becomes unpalatable (Ryan et al. 2006). This 

increased occupancy in closed habitats during the dry season was also associated with 

increased browse intake (Chapter 3; e.g., Vesey-Fitzgerald 1974, Stark 1986). Although largely 

unaffected by grass cover, buffalo utilized open habitats in the wet season, probably to 

facilitate foraging opportunities owing to increased graze availability (Figure 4.1), and 

occupied closed habitats in the dry season when the availability and quality of graze decreased 

in open habitats (Ryan et al. 2006). Contrary to predictions, buffalo were largely unaffected by 

spatial variations in distance to rivers, despite their high water dependency (Ogutu et al. 2014, 

Young et al. 2020). However, perennial rivers were used as proxy for water availability due to 

a lack of spatial data on all available water sources in Pafuri. Therefore, it is possible that the 
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impacts of water availability on buffalo occupancy may be underestimated, requiring further 

investigations.  

The occupancy of zebra appeared to be driven by habitat-specific variability in distance to 

rivers, grass cover, tree cover and browse quality. Zebra occupancy decreased further from 

rivers – particularly in SAV – as predicted. Occupancy of habitat patches near rivers in SAV is 

expected as zebra are highly water dependent, typically occurring with 2km of available water 

to facilitate regular drinking events (Western 1975, Young et al. 2020). Zebra occupied open 

habitat patches with higher grass cover and lower tree cover in LRB, supporting the hypothesis 

that bulk grazers (i.e., zebra) increase occupancy in open habitats with higher grass cover to 

facilitate bulk foraging opportunities needed to maintain nutritional requirements (Codron et 

al. 2007a, Gandiwa 2013a, Mandlate & Rodrigues 2020). Zebra are unselective bulk grazers 

that mitigate poor foraging conditions by spending 60 – 80% of their time feeding on nutrient 

poor, coarse grass species to maintain a healthy body condition (Okello et al. 2002, de Vos et 

al. 2020). The inversely proportional effects of browse quality on zebra occupancy in SAV 

cannot be interpreted in isolation, given that browse constitutes a very small proportion (i.e., 

< 10%) of a zebra’s dietary composition (Chapter 3; Sponheimer et al. 2003, Codron et al. 

2007). Moreover, zebra appeared to occupy grassland habitat patches with reduced shrub 

cover near rivers in SAV, which corresponds with their preferences for open areas with 

improved grazing opportunities and high water availability (Ogutu et al. 2014, Young et al. 

2020), as predicted.    

Warthog occupancy decreased with increasing grass and tree cover across all habitat types. 

Moreover, warthogs were driven by habitat-specific variability in shrub cover, decreasing 

occupancy in habitat patches in SAV with increasing shrub cover. Combined, the inversely 

proportional effects of grass, tree and habitat-specific shrub cover are unsurprising given that 
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warthogs preferably occupy open habitats with short grass layers and higher proportions of 

nutritional forage (Field 1970, Treydte et al. 2006), owing to their highly selective diets (Edossa 

et al. 2021). Although forage quality did not appear to significantly affect warthog occupancy, 

contrary to predictions, grass quality was only measured from the most abundant C4-plant 

species at each camera trap site using above ground biomass, whereas a large proportion of 

a warthog’s diet includes roots, rhizomes, bulbs and forbs (Sponheimer et al. 2003, Codron et 

al. 2005) which were not analysed here. Regardless, open habitats were not synonymous with 

higher forage quality, with only a weak negative correlation (|r|< -0.40; Appendix Figure 4.1) 

between forage cover and quality. Thus, it is implausible that warthog occupy open habitats 

with lower grass, shrub and tree cover specifically to acquire higher quality forage (e.g., Field 

1970, Treydte et al. 2006). Alternatively, I hypothesise that warthogs occupy open habitats to 

facilitate predator detection and consequently limit predation risks (Davies et al. 2021). For 

example, the probability of occurrence for warthog in Karongwe Game Reserve decreased in 

closed riverine and woodland habitats, which were associated with higher predation risks 

(Thaker et al. 2011). Despite their high water dependency (Hayward & Hayward 2012, Kihwele 

et al. 2020), warthogs were largely unaffected by distance to rivers, contrary to predictions. 

Like buffalo, the effects of water availability driving warthog occupancy may be 

underestimated owing to a lack of spatial data on all water sources in Pafuri. Thus, requiring 

further investigation.  

c. Mixed feeders 

Elephants decreased occupancy in closed, woodland habitat patches with higher shrub and 

tree cover, and increased occupancy in open habitat patches with higher grass quality in LRB. 

Although browse (> 84%; Chapter 3) rather than graze constitutes the highest proportion of 

elephant diets, habitat patches in LRB are dominated by grasses (60 – 80%; Figure 4.1) with 
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shrubs (0 – 20%) and trees (20 – 40%) occurring at lower densities. Thus, it is plausible that 

the lower availability of browse in LRB  is driving elephants to occupy open habitats with 

higher quality graze to facilitate foraging opportunities required to mitigate high energetic 

demands (Munyati & Sinthumule 2016, Young et al. 2020).  

Impala space-use was regulated by seasonal changes in grass quality and shrub cover, and by 

habitat-specific variations in browse quality and distance to rivers. As predicted, seasonal 

increases in the nutritional quality of graze during the wet season (Figure 4.1; Botha & Stock 

2005, Codron et al. 2007) drove impala to increase occupancy in habitats with higher quality 

graze. Moreover, increased occupancy in habitats with higher grass quality corresponds with 

the higher intake of graze by impala in the wet season (Chapter 3). In contrast and contrary to 

predictions, impala decreased occupancy in habitats with higher shrub cover in the dry season 

when graze quality decreased (Kos et al. 2012, Staver & Hempson 2020), despite results from 

isotopic faecal analysis indicating higher proportions of browse intake by impala during the 

same period. Although the habitat-specific effects of shrub cover were not significant (Figure 

4.3), impala increased occupancy in habitat patches with higher shrub cover in LRB and LRF, 

with the reverse holding for SAV (Figure 4.2). Moreover, impala increased occupancy in open 

habitat patches with higher quality graze and lower tree cover and browse quality in SAV. It is 

possible that impala displayed seasonal shifts in space-use, increasing occupancy in open 

habitat patches with higher quality graze (particularly in SAV) during the wet season, and 

increasing occupancy in closed, woodland habitat patches with higher shrub cover in LRB and 

LRF during the dry season; corresponding with seasonal dietary shifts. Thus, highlighting a 

plausible bottom-up regulated effect. Alternatively, impala could be occupying more open 

habitat patches in SAV to facilitate predator detection and avoidance (e.g., van Deventer & 

Shrader 2021); highlighting a plausible top-down regulated effect. Irrespective, contrasting 



 

73 
 

season- and habitat-specific effects that do not correspond with seasonal dietary estimates 

suggests that the seasonal effects of forage cover and quality could potentially be masking 

fine-scale, spatial responses by impala to habitat-specific variations in forage cover and quality 

between seasons. Moreover, given that the effects of spatial (i.e., habitat-specific) and 

temporal (i.e., seasonal) variations in resources are not necessarily mutually exclusive (see le 

Roex et al. 2019, Owen-Smith et al. 2020), it is recommended that the season- and habitat-

specific effects of resources regulating herbivore space-use and occupancy be quantified in 

tandem to limit potential bias that may arise from evaluating these effects separately. 

Contrary to predictions, impala increased occupancy further from rivers across all habitat 

types with only the habitat-specific effects of distance to rivers in LRB being moderately 

significant. Impala are water dependent and tend to occupy habitats in close proximity to 

water (Kihwele et al. 2020, Young et al. 2020, Janecke 2021). Given their high-water 

dependency, it is possible that the use of perennial rivers as a proxy for water availability could 

be masking the effects of all available water sources driving impala occupancy in Pafuri, 

particularly during the wet season when the availability of surface water increases. Thus, 

requiring further investigation. 

Nyala occupancy was regulated by grass and browse quality, and by habitat-specific variations 

in grass and shrub cover. Nyala occupancy increased with increasing grass quality in the wet 

season and in LRF and SAV. Moreover, nyala occupancy increased with increasing shrub cover 

in the dry season and in LRB and LRF. These seasonal and habitat-specific shifts in occupancy 

coincided with dietary shifts including a higher proportion of graze in the wet season and 

higher proportion of browse in the dry season (Chapter 3), supporting the prediction that 

nyala increase occupancy in habitats with higher grass quality in the wet season and increase 

occupancy in habitats with higher shrub cover in the dry season when the quality of graze 
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decreases (Van Rooyen 1992). Seasonal dietary shifts enable nyala to maintain nutritional 

status by selecting shrubs or trees in the dry season due to the higher crude protein levels of 

browse compared to graze (Van Rooyen 1992, Botha & Stock 2005). Further, nyala decreased 

occupancy in habitats with higher browse quality, particularly in the dry season. It is possible 

that nyala decrease occupancy in habitats with high quality browse to limit interspecific 

competition (Sinclair 1985). For example, nyala decreased occupancy in habitats preferably 

utilized by kudu in the dry season to limit competitive interactions (O’Kane et al. 2013). 

Alternatively, and as shown by (Van Rooyen 1992), nyala may be increasing occupancy in 

habitats with higher shrub cover of a lower quality to facilitate nutritional demands. 

Moreover, nyala occupied open habitat patches with higher grass cover but lower shrub and 

tree cover in SAV. Contrary to the literature (see Van Rooyen 1992, Furstenburg 2016), this 

finding suggests that nyala are not closed habitat specialists, at least not across all habitat 

types. It is possible that nyala are occupying open habitat patches, particularly in SAV, to 

facilitate predator and/or human detection, subsequently limiting predation and/or 

anthropogenic risks (e.g., Canter 2008). Thus, highlighting the importance of top-down drivers 

in regulating nyala space use.  

CONCLUSION 

The importance of bottom-up factors (i.e., forage cover, quality, and distance to rivers) in 

shaping occupancy of the herbivore community in Pafuri varied among feeding guilds and 

between species within feeding guilds based on body size. Contrary to predictions, occupancy 

of medium-sized, selective grazers (i.e., warthogs) and browsers (i.e., common duiker) was 

not regulated by forage quality, suggesting that competition (e.g., Prins 2016) and/or top-

down (i.e., predation and anthropogenic risks) factors (e.g., Abu Baker & Brown 2014, Davies 

et al. 2021) could be regulating the occupancy of both species in Pafuri. Similarly, with the 
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exception of zebra, large-size bulk grazers (i.e., buffalo) and browsers (i.e., kudu) did not 

occupy habitats with higher forage cover, but rather displayed habitat-specific and seasonal 

shifts in occupancy that potentially reflects top-down regulation (e.g., Du Toit 1995, Valeix et 

al. 2008, Becker et al. 2013) and/or competition (e.g., du Toit 1995, Perrin & Brereton-Stiles 

1999). Contrary to predictions, with the exception of nyala, the occupancy of mixed feeders 

(i.e., elephants and impala) did not correspond with their seasonal dietary shifts (Chapter 3) 

suggesting that top-down factors could be regulating habitat-specific and seasonal shifts in 

occupancy (e.g., Matandiko 2016, Vinks et al. 2020, Valenta et al. 2021). Despite kudu 

occupying habitat patches further from rivers owing to their low water dependencies 

(Furstenburg et al. 2000), and zebra decreasing occupancy further from rivers owing to their 

high water dependencies (Western 1975) – as predicted – the occupancy of grazers and mixed 

feeders were largely unaffected by distance to rivers suggesting that space-use could be 

regulated by seasonal variations in water availability, driving grazers and mixed feeders to 

occupy habitat patches near non-perennial water sources such as pans and dams (e.g., le Roex 

et al. 2019). Expansion of the human population has driven landcover changes and 

transformations, and caused climatic shifts in precipitation and temperature, inducing 

landscape-level changes in resource availability that impact the space-use and occupancy of 

herbivore populations (Ripple et al. 2015, Osborne et al. 2018, Kihwele et al. 2020). Given the 

functional importance that herbivores have in maintaining ecosystem structure and 

functionality (Pringle et al. 2011, Balfour et al. 2021) and the ever increasing impacts of 

humans on ecosystems (McGill et al. 2015), this study contributes to a better understanding 

of the affects that spatiotemporal variations in forage and water (i.e., bottom-up factors) play 

in regulating the space-use and occupancy of an herbivore community in an African savanna 

ecosystem.  
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Chapter 5: The influence of top-down drivers in shaping the activity 

patterns, occupancy, and space-use of a savanna herbivore 

community.  

INTRODUCTION 

Approximately 60% of large terrestrial herbivores are listed as threatened, with 58% 

experiencing population declines (Ripple et al. 2015, 2017). Population declines undoubtedly 

have ecosystem-level impacts, as herbivores are fundamental to maintaining ecosystem 

structure and function (Pringle et al. 2011, Balfour et al. 2021). However, their impacts in 

ecosystems vary with their spatial occupancy which is influenced by interacting bottom-up 

(e.g., resources such as forage- and water distribution and availability) and top-down (e.g., 

predation risk, fear of predation, and anthropogenic pressures) factors (Bailey et al. 1996, 

Hopcraft et al. 2010, O’Kane & Macdonald 2018). Moreover, intrinsic functional traits such as 

body size and foraging strategy interact with species-specific habitat requirements and inter- 

and intraspecific competition, affecting individual herbivore responses to bottom-up (Chapter 

4) and top-down factors (Cromsigt & Olff 2006, Young et al. 2020). As a result, herbivore 

occupancy likely reflects inter-specific variability in herbivore responses to bottom-up and 

top-down factors. For example, the spatial distribution of an entire herbivore community, 

irrespective of body size, in Białowieża Forest, Poland was influenced by species-specific 

responses to both bottom-up and top-down factors in combination with human-induced 

effects (Bubnicki et al. 2019). In contrast, Anderson et al. (2016) showed that the occupancy 

of smaller-bodied species in Tanzania were predominantly regulated by predation risks (i.e., 

top-down effect), whereas the occupancy of larger-bodied species (≥ 150kg) were 

predominantly regulated by forage availability (i.e., bottom-up effect).  
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Apart from bottom-up regulation, which regulates herbivore populations through resource 

restrictions from lower trophic levels (see Chapter 4; Dorresteijn et al. 2015), top-down 

processes affect the survival and behaviour of herbivores through risks associated with 

predators and humans at higher trophic levels (Gandiwa 2013a, Gaynor et al. 2019). Predators 

can alter the demography (Van Buskirk & Yurewicz 1998), population density (Sheriff et al. 

2020), space-use (Zalewska et al. 2021), habitat selection (Creel & Christianson 2008) and 

activity patterns (Lima & Bednekoff 1999) of prey through direct predation (i.e., consumption) 

and perceived predation risks (i.e., landscape of fear; Brown et al. 1999, Laundré et al. 2001, 

Gaynor et al. 2019). Accordingly, herbivores need to balance forage acquisition with avoiding 

areas and times of high predation risk (Riginos 2015, Davies et al. 2016b). Perceived predation 

risks can have stronger effects on herbivore population dynamics than the effects of direct 

predation itself (Winnie & Creel 2017, Gaynor et al. 2019), influencing species’ behaviour, 

habitat selection, diet and physiology (Lima & Dill 1990, Creel & Christianson 2008, Hopcraft 

et al. 2010, Creel et al. 2017). Moreover, antipredator responses (e.g., vigilance) can limit 

foraging success and consequently impact species survival, population growth and 

reproduction (Creel & Christianson 2008, Gaynor et al. 2019). For example, the reintroduction 

of wolves in Yellowstone National Park resulted in increased vigilance and decreased foraging 

efforts in elk and bison, ultimately leading to reduced reproductive successes and juvenile 

survival (Laundré et al. 2001). Similarly, impala and Grant’s gazelle (Nanger granti) increased 

vigilance in the presence of lions and spotted hyaena  in the South Rift Valley, resulting in 

reduced foraging efficiency (Creel et al. 2014).   

The relative strength of top-down predation risks on herbivore populations vary according to 

functional traits such as body size and foraging strategy (Hopcraft et al. 2012), and on the 

relative density of predators and prey (Anders Nilsson 2001). According to optimal foraging 
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theory (Pyke et al. 1977), predators should select prey that maximises energetic benefits in 

terms of size while simultaneously minimising energetic costs and risks incurred during prey 

capture. Consequently, energetic costs and risks associated with hunting and subduing prey 

increases with increasing body size, resulting in larger herbivores being less prone to 

predation risks than smaller-bodied herbivore species (Owen-Smith & Mills 2008, Hopcraft et 

al. 2010, Clements et al. 2016, Annear et al. 2023). Thus, larger-bodied herbivores may be 

predominantly regulated by bottom-up, resource-driven processes (Hopcraft et al. 2010) 

whereas smaller herbivores may be predominantly regulated by top-down, predation-driven 

processes (Sinclair et al. 2003, Hopcraft et al. 2012). Further, the influence of predation risk 

on herbivores could vary according to foraging strategy and consequent habitat selection 

(Davies et al. 2021). For example, browsers in Hwange National Park were more responsive 

to predation risk by lions than grazers because they were able to move away from high-risk 

woodland areas and increase occupancy in relatively less risky open habitats (Valeix et al. 

2009a).  

Like natural predators, humans also exert top-down pressure on herbivore populations and, 

in some instances, these effects may be stronger than those associated with natural predators 

(Everatt et al. 2019b, Smith et al. 2021). Humans are keystone species that affect herbivore 

populations by acting as generalist “super predators” able to select any species, regardless of 

body size (Gandiwa 2013b). Like predators, humans influence herbivores directly and 

indirectly. Specifically, direct, or lethal anthropogenic effects include wildlife persecution 

(often illegal), which, in some cases, has resulted in extensive population declines and local 

extirpation (Dorresteijn et al. 2015, Suraci et al. 2019, Mills & Harris 2020). For example, 

excessive poaching of black rhinoceros between 1970 and 1980 in Kafue National Park 

resulted in the species becoming locally extinct (Chomba & Matandiko 2011). Similarly, illegal 
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poaching of African elephants throughout Africa contributed to substantial, unsustainable 

population declines (Wittemyer et al. 2014). In contrast to direct anthropogenic effects, 

indirect or non-lethal anthropogenic effects are associated with activities that include 

infrastructure development and expansion, unregulated ecotourism and human 

encroachment of nature reserve boundaries (Schuette et al. 2016, Mills & Harris 2020, Smith 

et al. 2021). Increased anthropogenic activities have contributed to herbivore range 

contractions resulting in increased levels of inter- and intra-specific competition among 

herbivores (Ogutu et al. 2011, Matandiko 2016). For example, impala avoided reserve 

boundaries close to human settlements in Kafue National Park, which were correlated with 

high levels of wire snare poaching (Matandiko 2016). As a result, impala density increased 

further from park boundaries resulting in higher levels of inter- and intraspecific competition 

among herbivores species; consequently, reducing the foraging efficiency of impala 

(Matandiko 2016). Similarly, warthogs in Kafue National Park avoided roads during the wet 

season and occupied habitats with lower forage quality, owing to the increased utilization of 

roads by poachers (Matandiko 2016). Thus, non-lethal anthropogenic effects, like perceived 

predation risks, can be stronger than direct, lethal effects, limiting herbivore foraging success 

and consequently impacting species survival, population growth and reproduction (Lindsey et 

al. 2013, Suraci et al. 2019, Mills & Harris 2020). Understanding the influence of predation 

risk, amongst other factors (e.g., bottom-up drivers, Chapter 4; competition) broadens our 

understanding of drivers responsible for regulating herbivore communities. 

Although numerous studies have analysed the effects of predation (e.g., Burkepile et al. 2013, 

Zalewska et al. 2021) and anthropogenic (e.g., Vinks et al. 2020, Stabach et al. 2022) top-down 

factors on herbivore density and occupancy separately, few studies have evaluated these 

effects simultaneously (cf. Dorresteijn et al. 2015, Everatt et al. 2015, Schuette et al. 2016). 
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Furthermore, no studies have assessed the impacts of predation and anthropogenic risks 

driving the occupancy and space-use of herbivores in South Africa. My study took place in the 

northern Pafuri region of the Kruger National Park, which includes high levels of biodiversity 

and intact predator and herbivore guilds (Deacon 2007, Ferreira & Funston 2020). 

Additionally, Pafuri is bordered to the East by Mozambique, and Zimbabwe to the North, with 

high levels of illegal wildlife offtake being attributed to the high density of human settlements 

occurring adjacent to the park’s boundaries (SANParks unpublished data, 2022).   

Herbivores are driven by the interaction between bottom-up (Chapter 4) and top-down 

factors, with the relative strength of each varying between systems and species (Grange & 

Duncan 2006, Gandiwa 2013a). Here, I focus on the top-down drivers of herbivore 

communities in Pafuri and hypothesise that prey species with body sizes less than 1600kg 

(i.e., accessible prey; Clements et al. 2014) will adjust space-use and activity patters to avoid 

predation threats (e.g., Valeix et al. 2009b, Everatt et al. 2015, Tambling et al. 2015), whereas 

inaccessible prey species (i.e., body size > 1600kg) will not. In contrast, I hypothesise that all 

herbivores, irrespective of body size, will adjust space use in response to anthropogenic 

factors. Specifically, I predict that, in response to spatial and temporal variations in predation 

risks, accessible herbivores should: (1) shift activity periods to avoid peak predator activity, 

(2) shift spatial occupancy to avoid areas occupied by predators, or (3) a combination of the 

two responses. In contrast, I predict that (4) inaccessible prey species, like elephants, will 

neither show temporal shifts in activity patterns nor shifts in occupancy (Clements et al. 2014, 

Riginos 2015, Valenta et al. 2021). Finally, I predict that (5) both accessible and inaccessible 

prey species should shift occupancy away from areas of increased human activity.  
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MATERIALS AND METHODS 

Study site 

Details of the study site are extensively covered in Chapter 2.  

Camera trap analysis 

Camera trap survey methods and analysis of camera trap data are described in Chapter 3. In 

addition to herbivores (Chapter 4), all large carnivore species capable of preying upon 

accessible medium- to large-sized herbivores (see Gittleman 1985, Clements et al. 2014) were 

identified from camera trap images. For each herbivore and predator detection, the 

corresponding date and time per image were recorded.  

Temporal overlap in predator and prey activity  

To estimate temporal overlap of predator and prey activity patterns, I calculated the number 

of detections for each herbivore and predator species seasonally. However, I combined large 

predators (i.e., spotted hyaena and leopard (Panthera pardus); see results) to account for the 

limited sample size of predators detected seasonally. Limited sample sizes decrease the 

precision of temporal activity estimates which can be avoided by grouping species with similar 

functional traits such as diet and body size (Lashley et al. 2018, Allen et al. 2021).   

Most studies (e.g., Vilella et al. 2020, Rossa et al. 2021, Searle et al. 2021) apply time-to-

independence data filters in camera trap-based estimates of species activity patterns to avoid 

pseudoreplication. However, Peral et al. (2022) discourage the use of time-to-independence 

data filters which can bias estimates of activity patterns. Therefore, all detections for each 

herbivore species and predators were used to represent daily activity patterns (Zanni et al. 

2021). Firstly, I converted the time for each capture event into radians (2π radians = 24 hours) 

to account for the circular distribution of the time of day (Ridout & Linkie 2009, Meredith & 

Ridout 2021). I estimated seasonal activity patterns for herbivores and predators by fitting a 
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circular kernel density distribution to radian time-of-day data using the overlap package 

(version 0.3.4; Meredith & Ridout 2021) in R version 4.2.1 (R Core Development Team 2021). 

To determine activity overlaps, I calculated pairwise overlap (Δ) between herbivore species 

and predators seasonally using the overlapEst function in R (Meredith & Ridout 2021). The Δ 

coefficient measures the area shared between two kernel density curves (Zanni et al. 2021) 

and ranges from 0 (no overlap) to 1 (complete overlap; Ridout & Linkie 2009). I used the Δ1 

overlap estimator which is recommended for pairwise comparisons between species with less 

than 75 detections (Meredith & Ridout 2021). I calculated 95% confidence intervals (CI) for 

each overlap index by bootstrapping 10 000 estimates using the bootEst and bootCI functions 

in R (Meredith & Ridout 2021).    

To test whether the activity patterns of herbivores and predators differed significantly, I 

created a null distribution of 10 000 random overlap indices from bootstrapped samples 

taken indiscriminately from the density distributions of herbivore species and predators 

(Vilella et al. 2020). The Δ1 coefficient was compared to the null distribution to assess the 

probability that it had arisen by chance (p). I considered the activity patterns of herbivores 

and predators to differ significantly when p < 0.05.  

Species occupancy 

Herbivore occupancy in each habitat and season was modelled in relation to two top-down 

drivers including predation risk and anthropogenic factors. I identified two covariates of 

predation risk hypothesized to influence herbivore occupancy. These included: (1) predator 

occupancy probability, and (2) vegetation density. Predator occupancy represents a proxy of 

predation risk whereas vegetation density represents a metric of perceived predation risk 

(i.e., landscape of fear; Brown et al. 1999, Laundré et al. 2001, Laundre et al. 2010, Iranzo et 

al. 2018). I estimated predator occupancy probability using a single-species occupancy 
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modelling approach (Mackenzie et al. 2017) implemented within a Bayesian framework using 

the package ubms version 1.1.0 in R (Kellner et al. 2022). A binary matrix of detection/non-

detection capture histories for all medium- to large-sized predators was created per camera 

trap site (Mackenzie et al. 2017). To account for spatiotemporal variability, I modelled 

predator occupancy as a function of habitat and season. Habitat type was determined at each 

camera trap site according to the vegetation classification by Mucina & Rutherford (2006). 

Seasons were classified as wet (March/April) or dry (August/September) based on rainfall 

(Chapter 2). Several studies (e.g., Davis et al. 2021, 2022) have used predator relative 

abundance indices (RAI) rather than occupancy probability when analysing the spatial 

distribution patterns of predators and prey. However, I opted to estimate predator occupancy 

probability to account for high levels of camera trap failure (Chapter 3) and imperfect 

predator detection, which can limit the reliability of RAI estimates (Chen et al. 2019). I 

estimated seasonal vegetation density with a 2.5m vegetation profile board at a distance of 

15m in each cardinal direction per camera trap site (Nudds 2006). Density was measured as 

the proportion of vegetation covering the profile board. Vegetation density estimates were 

taken relative to the mean shoulder height of medium- to large-sized herbivores (~100cm; 

Clements et al. 2014) to represent species’ line of site (Nudds 2006). To account for spatio-

temporal variability, mean vegetation density was calculated per season and habitat.  

I identified three covariates of anthropogenic pressure, hypothesized to influence herbivore 

occupancy, including proximity of camera traps to (1) roads, (2) administrative park 

boundaries (hereafter boundaries), and (3) human habitation (i.e., camps, lookout points, 

picnic sites and access gates). I calculated the proximity (i.e., nearest straight-line distance) of 

each camera trap to the nearest road, boundary and human habitation location using the 

nearest hub plugin in QGIS (version 3.16.3, QGIS Development Team, 2009).  
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To test for spatial autocorrelation of predation and anthropogenic variables, a Spearman rank 

correlation was performed in R (version 3.4.2; R Core Development Team 2021). No 

covariates were correlated (|r| < 0.6; Appendix Figure 5.1).  

Herbivore occupancy modelling framework  

Herbivore detection and occupancy was modelled using a single-species occupancy modelling 

approach implemented within a Bayesian framework (Mackenzie et al. 2017, Kellner et al. 

2022). I fitted three occupancy models for each herbivore species: a fixed effects model that 

included predation and anthropogenic covariates without accounting for habitat- and season-

specific variability (Model 1), a model which accounted for season-specific (Model 2) and 

habitat-specific (Model 3) variability of predation and anthropogenic covariates (Table 5.1). 

Model structures were identical for each herbivore species to facilitate interspecific 

occupancy comparisons. 

The occupancy modelling framework used here was identical to the framework used to model 

bottom-up drivers in Chapter 4. Model performance per herbivore species was evaluated 

using the expected log pointwise predictive density (elpd). Models were ranked and 

compared based on the elpd estimates. Herbivore occupancy was predicted based on the 

outputs of the top performing model, per species. The estimated occupancy for models that 

exhibited equal predictive accuracy were averaged (Kaplan & Lee 2018).  

RESULTS 

Camera trapping  

Details on camera trapping effort are covered in Chapters 3 and 4. A total of 2633 detections 

of eight herbivore species were recorded during the study (Chapter 3; Table 3.1). Given that 

only two carnivore species (i.e., spotted hyaena and leopard) were recorded, detections from 
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both species were pooled resulting in a total of 48 predator detections (wet season: 27; dry 

season: 21).   

Season- and habitat-specific estimates of top-down factors 

Predator occupancy decreased slightly from 0.66 (95% CI: 0.25 – 0.95) in the wet season to 

0.58 (95% CI: 0.19 – 0.94) in the dry season. However, the seasonal decrease in predator 

occupancy was not significant (Figure 5.1). Similarly, despite there being slight variations in 

predator occupancies between habitat types, these were not significant. Further, large 

confidence intervals associated with estimated predator occupancies between seasons and 

habitats suggest that these estimates should be treated with caution. Mean (± 95% CI) 

vegetation density decreased from 0.53 ± 0.25% in the wet season to 0.24 ± 0.22% in the dry 

season. Vegetation density (x̄ = 0.62 ± 0.28) was highest in LRF during the wet season and 

lowest in LRB during the dry season. The proximity of camera traps to boundaries exceeded 

3000m across all three habitat types (Figure 5.1), with LRF occurring closer to boundaries than 

LRB and SAV. Camera traps in LRB occurred closer to roads (x̄ = 38.37 ± 3.16m) but further 

away from human habitation (x̄ = 2 972.98 ± 219.99m). In contrast, camera traps in SAV 

occurred further from roads (x̄ = 88.65 ± 44.49m) but closer to human habitation (x̄ = 1 757.98 

± 430.42m).
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Figure 5.1: Season- and habitat-specific variation in hypothesised top-down drivers of the 

herbivore community in Pafuri, KNP. Including, mean (± 95% CI) predator occupancy, 

vegetation density (%), and proximity to roads, boundaries, and human habitation (m). LRB: 

Limpopo Ridge Bushveld; LRF: Lowveld Riverine Forest; SAV: Subtropical Alluvial Vegetation.  

Temporal overlap in predator and prey activity patterns 

Predators 

Although there was no difference in the activity patterns of predators between seasons (p = 

0.29), slight variation in peak activity occurred between seasons (Δ1 = 0.68, 95% CI: 0.56 – 

0.87). Predators were nocturnal during both the wet and dry season, with peak activity 

occurring before sunrise and sunset in the dry season and increased diurnal activity occurring 

during the wet season (Figure 5.2).  
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Figure 5.2: Seasonal overlap in predator activity patterns, illustrating the coefficient of overlap 

(Δ1), 95% confidence intervals and p-value. Sunrise and sunset times are represented by 

dashed (wet season) and solid (dry season) vertical lines respectively. The rug indicates 

predator detections in the wet (n = 27) and dry (n = 21) seasons.  

Inaccessible herbivores  

a. Mixed feeders 

Elephant activity patterns were cathemeral in both seasons with peak periods of activity 

occurring around midday in the dry season, and after sunset in the wet season. However, 

contrary to predictions for inaccessible prey (i.e., > 1600kg), there was a significant difference 

(p < 0.05) in overlap in the activity patterns of elephant and predators in both the dry (Δ1 = 

0.54, 95% CI: 0.35 – 0.63) and wet (Δ1 = 0.59, 95% CI: 0.43 – 0.72) seasons. 

Accessible herbivores 

a. Browsers 
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Common duiker shifted from a more cathemeral activity pattern in the wet season – peak 

activity just after sunrise – to a bimodal activity pattern in the dry season – peak activity just 

after sunrise and before midnight (Figure 5.3). Although the activity patterns of common 

duiker and predators did not differ (p > 0.05), contrary to predictions, there was relatively low 

overlap in peak activity periods (wet: Δ1 = 0.58; dry: Δ1 = 0.49). In contrast, kudu were diurnal 

during both seasons with peak activity around midday in the wet season, and before sunset 

in the dry season. Unlike common duiker, kudu activity differed significantly (p < 0.05) from 

predators in both the wet and dry seasons, as predicted. 

b. Grazers 

Buffalo shifted from a crepuscular activity pattern in the wet season – peak activity just before 

sunrise – to a bimodal activity pattern in the dry season – peak activity before midnight and 

before sunset. Buffalo and predator activity displayed high overlap in both the wet (Δ1 = 0.70, 

95% CI: 0.50 – 0.83) and dry (Δ1 = 0.67, 95% CI: 0.45 – 0.83) seasons. However, buffalo use of 

the diel cycle differed significantly (p < 0.05) from predators in the wet season only, as 

predicted, owing to peak activity before sunrise. Warthogs were diurnal during both seasons 

with peak activity occurring before sunset in the dry season and around midday in the wet 

season. In contrast, zebra shifted from a crepuscular activity pattern in the dry season – peak 

activity just after sunset – to a more diurnal activity pattern in the wet season – peak activity 

around midday. Irrespective of the differences in their activity patterns, warthog and zebra 

activity displayed relatively low overlap with predator activity which differed significantly (p < 

0.05) in both the dry (warthog: Δ1 = 0.43; zebra: Δ1 = 0.58) and wet (warthog: Δ1 = 0.44; zebra: 

Δ1 = 0.40) seasons, as predicted.  

c. Mixed feeders 
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Impala and nyala exhibited diurnal activity patterns during both seasons with peak impala 

activity occurring between 9:00 and 11:00, and peak nyala activity occurring after sunrise and 

before sunset during the dry season. In contrast, activity patterns of both impala and nyala 

peaked around midday during the wet season. Impala and nyala activity displayed relatively 

low overlap with predators in the dry season (impala: Δ1 = 0.25; nyala: Δ1 = 0.32). However, 

overlap in the activity patterns of impala and predators increased in the wet season (Δ1 = 0.63, 

95% CI: 0.51 – 0.76), whereas a slight decrease in activity overlap between nyala and predators 

occurred in the wet season (Δ1 = 0.31, 95% CI: 0.19 – 0.41). Irrespective of the shifts in activity, 

seasonal activity patterns of both impala and nyala differed significantly from those of 

predators in both seasons, as predicted.  
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Figure 5.3: Seasonal overlap in predator and prey activity patterns. Herbivore species are 

grouped according to feeding guild. The coefficient of overlap (Δ1), 95% confidence intervals 

and p-value associated with the overlap index, are illustrated. Sunrise and sunset times are 

represented by dashed (wet season) and solid (dry season) vertical lines respectively. The rug 

indicates herbivore and predator detections.  

Top-down spatial drivers of herbivore occupancy 

Inaccessible herbivores 

a. Mixed feeders 

The fixed effects and habitat models explained the most variation in elephant occupancy, with 

averaged β-coefficients indicating that only habitat-specific variability in proximity to areas of 

human habitation affected elephant occupancy. Contrary to predictions, elephant increased 

occupancy closer to habitation across all habitat types in the Pafuri, with the effects of 

habitation proximity on elephant occupancy being moderately significant (β1 = -1.25, 75% BCI: 

-2.55 – -0.01). 

Accessible herbivores 

a. Browsers 

The habitat model explained the most variation in common duiker occupancy (Table 5.1), with 

averaged β-coefficients indicating that only habitat-specific variability in proximity to roads 

affected occupancy (Figure 5.5). As predicted, common duiker increased occupancy further 

from roads in SAV, LRB and LRF (Figure 5.4) with only the effect of proximity to roads in SAV 

being significant (β1 = 1.81, 95% BCI: 0.10 – 4.56). All three models explained equal variation 

in kudu occupancy, with averaged β-coefficients indicating that season- and habitat-specific 

variability in proximity to roads, season-specific variability in predator occupancy, and habitat-

specific variability in proximity to boundaries and vegetation density affected occupancy. Kudu 
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increased occupancy further from roads irrespective of habitat type (β1 = 2.08, 95% BCI: 0.04 

– 5.04) in both the wet and dry seasons, as predicted. Contrasting seasonal effects of predator 

occupancy were observed. Despite there being a non-significant difference in predator 

occupancy between seasons (Figure 5.1), kudu decreased occupancy in habitats with higher 

predator occupancy in the wet season, as predicted, and increased occupancy in habitats with 

higher predator occupancy in the dry season, contrary to predictions. However, only the 

effects of predator occupancy in the wet season were moderately significant. Contrary to 

predictions, kudu occupancy appeared to be directly proportional to vegetation density in LRB 

and SAV, albeit non-significant. However, in LRF, kudu occupancy showed a moderately 

significant (β1 = -1.82, 75% BCI: -3.16 – -0.57) decrease at higher vegetation density, as 

predicted. As predicted, kudu appeared to increase occupancy further from boundaries in SAV 

and LRF with the reverse holding for LRB. Irrespective of the contrasting effects of boundaries, 

only the effects of proximity to boundaries in SAV were moderately significant (β1 = 1.51, 75% 

BCI: 0.12 – 2.96).  

b. Grazers 

The habitat and fixed effects models explained the most variation in buffalo occupancy, with 

averaged β-coefficients indicating that top-down factors, including predation (i.e., predator 

occupancy and vegetation density) and anthropogenic factors (i.e., proximity to roads, 

boundaries, and habitation) did not affect occupancy, contrary to predictions. The habitat 

model explained the most variation in warthog occupancy, with averaged β-coefficients 

indicating that habitat-specific predator occupancy and proximity to boundaries affected 

occupancy. Contrary to predictions, warthog occupancy appeared to be directly proportional 

to predator occupancy in LRF (β1 = 2.05, 75% BCI: 0.42 – 3.78), with the reverse holding for 

LRB and SAV; albeit non-significant. As predicted, warthog occupancy increased further from 
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boundaries in LRB and SAV, but not in LRF, contrary to predictions. Irrespective of the 

contrasting habitat-specific effects of boundaries, only the effect of proximity to boundaries 

on warthog occupancy in SAV was significant (β1 = 2.40, 95% BCI: 0.002 – 5.88). The fixed 

effects and habitat models explained the most variation in zebra occupancy, with averaged β-

coefficients indicating that all predation and anthropogenic top-down factors affected 

occupancy. Across all habitat types, zebra occupancy increased moderately significantly (β1 = 

1.60, 75% BCI: 0.35 – 3.01) with increasing predator occupancy – contrary to predictions – but 

decreased moderately significantly (β1 = -0.90, 75% BCI: -1.78 – -0.06) with increasing 

vegetation density – as predicted. As predicted, zebra occupancy increased further from roads 

(β1 = 1.46, 75% BCI: 0.18 – 2.90) and boundaries (β1 = 1.11, 75% BCI: 0.18 – 2.07) across all 

habitat types in the Pafuri, Similarly, zebra occupancy appeared to increase further from 

habitation in LRB and SAV as predicted, albeit non-significant. However, in LRF, zebra 

occupancy increased moderately (β1 = -2.08, 75% BCI: -4.09 – -0.21) closer to habitation, 

contrary to predictions.  

c. Mixed feeders 

All three models explained equal variation in impala occupancy. Contrary to predictions, 

impala occupancy appeared to be directly proportional to predator occupancy in the wet 

season, with the reverse holding for the dry season, as predicted. However, only the seasonal 

effects of predator occupancy in the wet season were moderately significant (β1 = 1.51, 75% 

BCI: 0.26 – 2.82). Contrary to predictions, impala moderately increased occupancy closer to 

habitation, albeit only in LRF (β1 = -1.67, 75% BCI: -3.45 – -0.001). However, impala decreased 

occupancy further from boundaries, but only in SAV (β1 = 1.56, 75% BCI: 0.30 – 2.88), and 

increased occupancy further from roads across all habitat types (β1 = 1.62, 75% BCI: 0.46 –u 

2.85), as predicted. The fixed effects model explained the most variation in nyala occupancy, 
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with averaged β-coefficients indicating that predator occupancy, vegetation density, proximity 

to roads and proximity to boundaries affected occupancy. Contrary to predictions, nyala 

occupancy was directly proportional to both predator occupancy (β1 = 3.24, 95% BCI: 1.31 – 

5.77) and vegetation density (β1 = 1.71, 95% BCI: 0.22 – 3.54). As predicted, nyala significantly 

increased occupancy further from boundaries (β1 = 1.93, 95% BCI: 0.54 – 3.66) but moderately 

decreased occupancy further from roads across all habitat types in Pafuri (β1 = -1.36, 75% BCI: 

-2.29 – -0.50), contrary to predictions.  

 

Table 5.1: Single-species occupancy models for eight focal herbivores in Pafuri, KNP. Models 

are ranked according to model performance (i.e., elpd which is the expected log pointwise 

predictive density). Δelpd indicates the pairwise differences in elpd relative to the top 

performing model (model rank). SE (Δelpd) is the standard error of Δelpd. 𝑝 ̂_𝑙𝑜𝑜 is the 

effective number of model parameters.  

Guild Species Model* elpd Δelpd SE(Δelpd) 𝒑 ̂_𝒍𝒐𝒐 

B
ro

w
se

r 

Common duiker Model 3 -59.88 0.00 0.00 7.61 

 Model 2 -62.75 -2.88 1.56 8.70 

 Model 1 -63.41 -3.53 2.29 8.78 

Kudu Model 3 -146.29 0.00 0.00 15.59 

 Model 1 -146.49 -0.20 2.65 12.78 

 Model 2 -147.75 -1.47 2.34 15.74 

G
ra

ze
r 

Buffalo Model 3 -115.65 0.00 0.00 8.48 

 Model 1  -115.82 -0.16 1.19 6.82 

 Model 2 -117.20 -1.55 1.27 8.83 

Warthog Model 3 -117.43 0.00 0.00 6.78 

 Model 2 -119.61 -2.18 1.81 7.98 

 Model 1 -120.31 -2.88 1.50 7.47 

Zebra Model 1 -259.12 0.00 0.00 25.90 

 Model 3 -260.55 -1.42 1.65 28.49 

 Model 2 -262.73 -3.61 1.44 30.02 

M
ix

ed
 f

ee
d

er
 Elephant Model 1 -244.80 0.00 0.00 11.10 

 Model 3 -245.21 -0.40 0.76 11.89 

 Model 2 -246.02 -1.22 0.63 12.20 

Impala Model 1 -392.61 0.00 0.00 40.13 

 Model 3 -392.62 -0.02 3.10 43.99 

 Model 2 -395.09 -2.48 2.81 45.61 
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Nyala Model 1 -206.90 0.00 0.00 34.12 

 Model 2 -210.01 -3.11 1.64 36.17 

 Model 3 -211.08 -4.18 1.98 36.76 

*Model formulation: Model 1 (Fixed effects) = p (~season + habitat). ѱ (~predator occupancy 

+ vegetation density + proximity to roads + proximity to boundaries + proximity to habitation); 

Model 2 (Season) = p (~season + habitat). ѱ (~season: predator occupancy + season: 

vegetation density + season: proximity to roads + season: proximity to boundaries + season: 

proximity to habitation); Model 3 (Habitat) = p (~season + habitat). ѱ (~habitat: predator 

occupancy + habitat: vegetation density + habitat: proximity to roads + habitat: proximity to 

boundaries + habitat: proximity to habitation)  
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Figure 5.4: Response curves illustrating herbivore occupancy probability relative to season- 

and habitat-specific variability in predation and anthropogenic top-down effects. Bold lines 

represent the posterior mean estimates and ribbons, the 95% Bayesian Credible Interval (BCI). 

Results are presented according to three model outputs: fixed effects (a); season (b & C); and 

habitat (d, e & f) per species.
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Figure 5.5: Standardized β-coefficients representative of covariate effects on herbivore 

occupancy obtained from a fixed effects model (a), and models accounting for season- (b & c) 

and habitat-specific (d, e & f) variability. Grey bars indicate no significant covariate effects (95% 

BCI overlap 0), and red (95% BCI does not overlap 0) and blue (75% BCI does not overlap 0) 

bars illustrate significant and moderate covariates respectively. Species are coloured and 

grouped according to feeding guild (i.e., blue: browsers; yellow: grazers; green: mixed 

feeders).  

DISCUSSION 

The occurrence and space-use of mammalian herbivore populations are influenced by 

complex interactions between bottom-up (i.e., season- and habitat-specific variations in 

forage availability and quality, and water availability) and top-down (spatiotemporal variations 

in predation and anthropogenic risks) factors (Jedrzejewska & Jedrzejewski 2005, Burkepile et 

al. 2013, Panebianco et al. 2022). In multi-predator/prey systems, exposed to high levels of 

human activity, herbivores face trade-offs between resource acquisition and reducing risks 

associated with predators and humans (Schuette et al. 2016, Balfour et al. 2021, Davies et al. 

2021). Similar to the effects of bottom-up factors (Chapter 4), herbivore responses to spatial 

and temporal variations in top-down factors were species-specific, even for members of the 

same guild, which reflected in their activity, occupancy, and space-use.  

Inaccessible prey species  

a. Mixed feeders 

As predicted for large inaccessible prey (i.e., > 1600kg; Clements et al. 2014), elephants 

displayed no spatial responses to predator occupancy and perceived predation risks but 

avoided periods of peak predator activity in both seasons, contrary to predictions. Given that 

elephants are largely free from predation in South Africa (Bastille-Rousseau et al. 2020, 
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Valenta et al. 2021), it is unlikely that elephant activity reflects temporal predator avoidance 

behaviour. Rather, given their large body size, elephants struggle to thermoregulate in an 

energy efficient manner during periods of increased ambient temperatures (Veldhuis et al. 

2019, du Plessis et al. 2021). In response, elephants tend to limit activity during the hotter 

periods of the day, opting to forage more after sunset when the temperatures are lower 

(Williams et al. 2018, Thaker et al. 2019), as was the case in the wet season. In contrast, 

elephants tend to concentrate around water sources during hotter diurnal periods in the dry 

season (Chapter 4; Hayward & Hayward 2012), thus, explaining peak elephant activity around 

midday in the dry season. Similar seasonal shifts in activity patterns were also documented by 

du Plessis et al. (2021), Mole et al. (2016) and Mramba et al. (2019). Contrary to predictions, 

elephants increased occupancy closer to areas of high tourist activity (i.e., tourist camps, 

access gates, lookout points and picnic spots) across all habitat types. It is possible that 

elephants are attracted to habitation as these have been shown to offer refuge from poaching 

(see Rimaze et al. 2020). For example, herbivore densities increased near traditional fishing 

camps in the Greater Kafue Ecosystem owing to increased human presence, providing some 

level of refuge from poachers (Vinks et al. 2020). Alternatively, elephants could be attracted 

to human habitation, as these are coincidentally located in habitats that  offer improved 

foraging and access to permanent water (Chapter 4; e.g., Rimaze et al. 2020). Although not 

specific to elephants, Matandiko (2016) attributed increased herbivore densities near 

habitation (specifically tourist camps) in Kafue National Park to the location of camps that 

concentrated in habitats that offered optimum foraging opportunities. Thus, the lack of spatial 

responses to predation risk coupled with spatial attraction to areas of human habitation 

suggests that elephants in Pafuri are likely bottom-up, resource regulated (see Chapter 6 for 

comparative evaluation between bottom-up and top-down drivers).  
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Accessible prey species  

a. Browsers  

Common duiker did not display temporal or spatial avoidance of predator occupancy and 

perceived predation threats, contrary to predictions. This, despite being highly susceptible to 

predation, particularly from leopards (Hayward et al. 2006, Abu Baker & Brown 2014). It is 

possible that the lack of a spatial and temporal response by common duiker could be 

attributed to low predator densities (e.g., Chamaillé-Jammes et al. 2019). Specifically, the 

limited number of predator detections, resulting in estimated predator occupancies with high 

confidence intervals that do not differ significantly spatially nor temporally, could be masking 

the effects of predation driving herbivore activity and space-use. Thus, requiring further 

investigation. Contrary to predation, anthropogenic top-down drivers impacted common 

duiker space-use, as occupancy increased further from roads, as predicted. It is likely that 

common duiker are avoiding roads owing to (1) increased probability of vehicular mortality 

(Hill et al. 2019), (2) habitat destruction and poaching synonymous with high levels of human 

activity (Coffin 2007), and/or (3) barrier-effects created by roads restricting mammal 

movements (Goosem 2000). Thus, given the lack of spatial and temporal responses to 

predation risks, it is possible that common duiker in Pafuri are bottom-up regulated (Chapter 

6) with responses to these drivers augmented by anthropogenic risks (e.g., Ehlers Smith et al. 

2019). Alternatively, I hypothesise that common duiker activity and occupancy may be 

influenced by competitive interactions with other herbivores, resulting in spatial and temporal 

niche partitioning (Sinclair 1985, Prins et al. 2006, Ehlers Smith et al. 2019). For example, 

common duiker, suni (Neotragus moschatus) and red duiker (Cephalophus natalensis) 

adjusted habitat use to reduce interspecific competition in Mozambique (Prins et al. 2006). 

However, quantifying competitive interactions using camera trap data alone can lead to 
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unreliable estimates (Chapter 4; Caravaggi et al. 2017). Thus, further analyses that focus on 

interspecific competition along the spatial, temporal, and dietary niche axes of common 

duiker populations are required to quantify the influence that competition plays in regulating 

common duiker activity and space-use. 

As predicted, kudu avoided direct and perceived predation risks and anthropogenic threats 

via a combination of spatial and temporal responses. However, these responses varied 

seasonally. Kudu were more active outside peak periods of predator activity, increasing diurnal 

activity (e.g., Tambling et al. 2015) in the wet season and decreasing occupancy in closed 

habitats with increased vegetation density and cover (Chapter 4; e.g., Du Toit 1995) 

irrespective of season, to avoid predators and the threat of predation. Thus, reflecting a 

landscape of fear (Laundré et al. 2001). Kudu exhibited similar responses to anthropogenic 

factors, occupying habitat patches further from roads, irrespective of season, and boundaries 

– specifically in SAV. Contrary to Malherbe et al. (2021), kudu in Pafuri appear to be avoiding 

roads, likely owing to roads (1) acting as a boundary impeding movements (Newmark et al. 

1996), (2) reducing habitat quality (Rytwinski & Fahrig 2015), and (3) causing mortality 

attributed to fatal collisions with vehicles (Ramp et al. 2006). Like roads, decreased kudu 

occupancy closer to boundaries can be attributed to high levels of bushmeat poaching 

concentrated on the boundaries of Pafuri (SANParks unpublished data 2022; Appendix Figure 

5.2). Similar to antipredator responses, kudu may have developed learned responses to 

decrease occupancy in habitats closer to boundaries to reduce the risks associated with 

poaching (Lindsey et al. 2013), reflecting a human-induced landscape of fear (Laundré et al. 

2001, Lodberg-Holm et al. 2019). Alternatively, the direct predatory effects of poaching may 

have caused an edge effect resulting in reduced population densities, and thus occupancy, in 

habitats close to the reserve boundary (Matandiko 2016).    
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b. Grazers 

Contrary to predictions, buffalo did not exhibit any spatial or temporal responses to predator 

occupancy and perceived predation risks, except for reducing activity during peak periods of 

predator activity in the wet season. In the wet season, buffalo were predominantly 

crepuscular with predators being more diurnal. The temporal shifts in buffalo activity between 

seasons – peak activity at sunrise in the wet season and at sunset and midnight in the dry 

season – suggests that they may be avoiding peak predator activity in the wet season (e.g., 

Tambling et al. 2015). Alternatively, it is possible that buffalo increase activity during cooler 

periods (i.e., before sunrise) in the wet season to limit thermal stresses related to foraging 

during periods of high ambient diurnal temperature (Chapter 2; Owen-Smith & Goodall 2014). 

Thus, temporal activity shifts by buffalo between seasons highlights the existence of a 

potential ecological trade-off between predation and thermal tolerance. Given their limited 

risks of predation from spotted hyaena (Hayward 2006) and leopard (Hayward et al. 2006), 

and their high susceptibility to thermal stress owing to their large body size (Porter & Kearney 

2009, Veldhuis et al. 2019), I hypothesise that buffalo will shift their activity and space-use 

more strongly to minimise the effects of high temperatures in contrast to predation risks. 

Trade-offs between predator avoidance and thermal tolerance should be investigated by 

assessing how herbivores vary activity and space-use in response to increased temperatures 

in both the presence and absence of predators, and contrasting these responses between 

seasons (Veldhuis et al. 2019). In addition to predation and perceived predation risks, buffalo 

occupancy was neither affected by season- nor habitat-specific anthropogenic risks, contrary 

to predictions, despite numerous studies reporting that buffalo avoid areas of increased 

human activity (e.g., Metzger et al. 2010, Ogutu et al. 2014, Gaynor 2019). Thus, buffalo in 
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Pafuri are likely bottom-up regulated with temporal responses to these drivers augmented by 

seasonal variations in temperature.  

Warthogs avoided predators temporally but not spatially (cf. Thaker et al. 2011). The 

predominantly diurnal activity patterns in both seasons could reflect antipredator behaviour 

(e.g., Tambling et al. 2015), but likely reflects an evolved diel pattern to facilitate 

thermoregulation (i.e., avoiding lower nocturnal temperatures; Skinner & Chimimba 2005). 

The lack of spatial responses by warthogs to season- and habitat-specific predation and 

perceived predation risks (cf. Thaker et al. 2011) were surprising given their high susceptibility 

to predation (see Hayward 2006, Hayward et al. 2006) and inability to employ temporal 

responses owing to thermoregulatory constraints. Contrary to predation and predation risks, 

warthog increased occupancy further from boundaries, likely to reduce anthropogenic threats 

associated with bushmeat poaching, as predicted. Thus, anthropogenic top-down factors and 

temporal variations in predation risk/temperatures are likely modulating the effects of 

bottom-up drivers impacting warthog activity and space-use in Pafuri.  

Zebra displayed temporal and spatial responses to predation threats by avoiding peak periods 

of predator activity and decreasing occupancy in habitats with higher vegetation density, as 

predicted. Although spotted hyaena (Hayward 2006) and leopard (Hayward et al. 2006) tend 

to avoid zebra, it is plausible that zebra are displaying spatial and temporal avoidance of 

habitats and periods they perceive as risky in both seasons (e.g., Fischhoff et al. 2007, Reta & 

Solomon 2014, Creel et al. 2014), reflecting a landscape of fear (Laundré et al. 2001). Zebra 

space-use was also regulated by top-down, anthropogenic factors with the species increasing 

occupancy further from boundaries and roads across all habitat types, as predicted. Contrary 

to Malherbe et al. (2021), zebra appear to avoid roads in Pafuri, likely owing to perceived risks 

attributed to vehicles and human activity (Leblond et al. 2013), and reductions in habitat 
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quality and connectivity (Teixeira et al. 2020). Similarly, zebra appear to avoid boundaries likely 

owing to increased bushmeat poaching (SANParks unpublished data 2022). In contrast, zebra 

increased occupancy closer to habitation (specifically in LRF), suggesting that the species are 

habituated to high levels of anthropogenic activity synonymous with areas of human 

habitation and may not perceive these as risky (Mason 1990, Jackson et al. 2017, Malherbe et 

al. 2021), contrary to predictions. Like elephant, it is possible that zebra are attracted to areas 

of human habitation as these offer increased protection from poaching, enhanced by the 

presence of guests and security (Beier & Loe 1992). Alternatively, zebra could be attracted to 

habitation as these offer improved foraging opportunities and access to water irrespective of 

season (Rimaze et al. 2020). Overall, zebra could be shifting activity and space-use to avoid 

periods and habitats of increased perceived predation risks with responses to these drivers 

being further augmented by top-down anthropogenic drivers.  

c. Mixed feeders 

Impala avoided peak periods of predator activity – as predicted – but increased occupancy in 

habitats with higher predator occupancy and perceived predation risks in the wet season, 

contrary to predictions. Thus, impala appear to favour temporal responses over spatial 

responses to limit predation risks in the wet season. Mixed feeders (including impala) should 

be able to avoid predators spatially in the wet season owing to increased foraging 

opportunities (Chapter 4) relative to the dry season (e.g., Thaker et al. 2011, Gaynor 2019, 

Davies et al. 2021). Irrespective, impala occupancy in the wet season is likely bottom-up 

regulated. In contrast, impala exhibited temporal and spatial responses by avoiding peak 

periods of predator activity and decreasing occupancy in habitats with higher predation and 

perceived predation risks in the dry season. Contrary to the wet season, significant reductions 

in forage availability during the dry season (Chapter 4) forces herbivores to regularly exhibit 
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riskier behaviour by increasing occupancy in habitats with increased foraging opportunities 

with higher predation risks (Owen-Smith 2015, Riginos 2015, Davies et al. 2021). However, my 

results contradict this with impala decreasing occupancy in habitats with higher predator 

occupancy and vegetation density in the dry season. Thus, impala are likely predominantly 

top-down regulated by predation and perceived predation risks in the dry season, reflecting a 

landscape of fear (Laundré et al. 2001). Moreover, impala space-use was also affected by top-

down, anthropogenic factors with the species increasing occupancy further from boundaries 

– specifically in SAV – and from roads across all habitat types, as predicted. Impala appear to 

avoid boundaries owing to increased bushmeat poaching (e.g., Matandiko 2016). Contrary to 

Jackson et al. (2017), impala appear to avoid roads in Pafuri, owing to direct threats (see 

Leblond et al. 2013) and indirect threats (see Teixeira et al. 2020) that were highlighted 

previously. However, further fine-scale behavioural analyses are required to disentangle the 

effects of roads on impala space-use (see Mulero-Pázmány et al. 2016, Jackson et al. 2017). 

Finally, impala space-use was further driven by habitat-specific proximity to habitation, with 

the species increasing occupancy closer to areas of human habitation – specifically in LRF – 

contrary to predictions. Increased occupancy closer to habitation implies spatial attraction 

that may suggest that impala are habituated to areas of human habitation (see Mason 1990, 

Jackson et al. 2017, Malherbe et al. 2021). Alternatively, like elephants and zebra, impala may 

be attracted to habitats that offer improved foraging opportunities that coincidentally centre 

around areas of human habitation (e.g., Matandiko 2016). Overall, impala are likely bottom-

up regulated in the wet season, and top-down regulated by predator occupancy and 

vegetation density in the dry season with responses to these drivers augmented by habitat-

specific anthropogenic, top-down pressures.  
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As predicted, nyala avoided peak periods of predator activity in both seasons. However, nyala 

occupied habitats with increased predator occupancy and perceived predation risks, contrary 

to predictions. Thus, nyala appear to favour temporal responses over spatial responses to 

reduce the threat of predation. The ubiquitous lack of spatial avoidance by nyala to predation 

risks in addition to species-specific preferences for closed, woodland habitats (Chapter 4; 

Furstenburg 2016) and seasonal dietary shifts (Chapter 3; Van Rooyen 1992) suggests that 

nyala are likely tolerating increased predation threats in exchange for improved foraging 

opportunities. For example, nyala in Hluhluwe-iMfolozi Park occurred more frequently in 

habitats with higher lion encounter risk where forage was abundant, suggesting that the 

species prioritized forage acquisition over predator avoidance (Davies et al. 2021). Further, 

anthropogenic factors influenced nyala space-use with occupancy increasing further from 

boundaries – as predicted – but decreasing further from roads across all habitat types, 

contrary to predictions. Decreased occupancy closer to boundaries implies spatial avoidance 

behaviour likely owing to increased poaching risks (e.g., Matandiko 2016). Alternatively, nyala 

occupied habitats with higher grass quality and shrub cover (Chapter 4) that occurred adjacent 

to perennial rivers located further from the park boundaries (Chapter 2). Thus, it is possible 

that the effects of boundaries are being somewhat masked by nyala habitat preferences which 

are likely responsible for regulating the observed occupancy patterns of the species. Contrary 

to boundaries, increased occupancy near roads implies spatial attraction behaviour suggestive 

of habituation by nyala to increased anthropogenic activity attributed to roads (e.g., Atickem 

et al. 2014). However, given that nyala are highly sensitive to increased human activity 

(Furstenburg 2016, Worku et al. 2021), an alternative explanation could be that nyala are 

tolerating greater human disturbances for improved foraging opportunities in optimum 

habitats that are coincidentally centred around roads (e.g., Matandiko 2016). Thus, to 
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delineate the effects of roads on the occupancy patterns of nyala, behavioural responses to 

varying levels of anthropogenic activity linked to roads (see Mulero-Pázmány et al. 2016, 

Jackson et al. 2017) are required. 

CONCLUSION 

The findings of this Chapter follow on from the two preceding chapters wherein seasonal 

dietary analyses (Chapter 3), and the effects of bottom-up factors (i.e., forage quantity, quality, 

and water availability) on herbivore occupancy (Chapter 4), were evaluated. As in Chapter 4, 

herbivore responses to season- and habitat-specific predation risks (i.e., predator activity 

patterns, predator occupancy and vegetation density) and anthropogenic (i.e., proximity to 

roads, boundaries, and human habitation) top-down factors were species-specific, even 

amongst members of the same feeding guild. All herbivore species except common duiker (in 

both seasons) and buffalo (in the dry season) significantly avoided peak periods of predator 

activity in both seasons. Thus, both accessible (< 1600kg; Clements et al. 2014) and 

inaccessible (i.e., elephants) herbivores displayed temporal avoidance of predators, contrary 

to predictions. This may suggest a ubiquitous temporal response of all herbivores to predators 

or alternatively other factors may be driving shifts in activity pattens between seasons. 

Although significant differences in herbivore and predator activity may reflect temporal 

predator avoidance behaviour (Ridout & Linkie 2009, Laundre et al. 2010, Kuijper et al. 2014), 

larger herbivores (i.e., buffalo and elephant) which are least at risk of predation from spotted 

hyaena (Hayward 2006) and leopard (Hayward et al. 2006) are likely altering activity patterns 

seasonally to reduce thermal stress attributed to foraging during periods of increased diurnal 

ambient temperatures (Owen-Smith & Goodall 2014).. Except for impala in the dry season, 

kudu in wet season and in LRF, and zebra across all habitat-types, space-use by accessible 

herbivores was largely unaffected by season- and habitat-specific predation and perceived 
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predation risks, contrary to predictions. However, the limited number of predator detections, 

resulting in estimated predator occupancies with high confidence intervals that did not differ 

significantly spatially and temporally, could be masking the effects of predation risk driving 

herbivore space-use and activity patterns. Thus, it is possible that there may be a degree of 

uncertainty surrounding the influence of predation driving herbivores in Pafuri, requiring 

further investigation. Unlike predator occupancy and predation risk, both accessible and 

inaccessible herbivores spatially avoided anthropogenic pressures (i.e., proximity to roads, 

boundaries, and human habitation). Like antipredator responses, the direct and indirect 

effects attributed to increased anthropogenic activity have driven herbivores to develop 

learned behavioural responses to reduce risks associated with humans (Everatt et al. 2015, 

Vinks et al. 2020). As predicted, accessible (except buffalo and nyala) and inaccessible 

herbivores occupied habitats further from roads. All herbivores (except elephant and buffalo) 

avoided boundaries, presumably due to increased poaching risks which were concentrated 

along the boundaries of the park (SANParks unpublished data 2022). Alternatively, the direct 

predatory impacts of poaching may have caused an edge effect resulting in population 

declines for accessible herbivores in habitats along the reserve boundaries (Matandiko 2016). 

Finally, elephant, impala, and zebra increased occupancy near areas of human habitation 

implying spatial attraction behaviour (Malherbe et al. 2021), contrary to predictions. It is 

possible that herbivores are attracted to human habitation as these offer refuge from 

poaching (see Vinks et al. 2020). Alternatively, herbivores could be occupying optimum 

habitats that offer improved foraging opportunities that are coincidentally centred around 

areas of human habitation (e.g., Matandiko 2016). Overall, herbivores exhibited temporal 

partitioning to avoid peak periods of predator activity (e.g., common duiker, kudu, warthog, 

impala and nyala) or limit thermal stress (e.g., elephant, buffalo, and zebra) with predation 
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and perceived predation risks eliciting minimal spatial responses from both accessible and 

inaccessible herbivore species. In contrast, spatial occupancy of accessible and inaccessible 

herbivores is likely bottom-up, resource regulated (Chapter 4) with responses to these drivers 

augmented predominantly by top-down anthropogenic factors and, to a lesser extent, 

predation risks.  
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Chapter 6: Synthesis  

Modelling the drivers of herbivore communities is not a trivial task given the myriad of 

potential bottom-up and top-down drivers, and the interactions between the two, as well as 

the species-specific variations in intrinsic functional traits (e.g., feeding strategy, body size, 

metabolic rate, thermoregulation, osmoregulation, etc.) which interact with competition and 

habitat requirements, influencing herbivore responses (e.g., social structure, space-use, 

activity patterns, antipredator responses, etc.) to these drivers (Bailey et al. 1996, Cromsigt & 

Olff 2006, Hopcraft et al. 2010, O’Kane & Macdonald 2018, Young et al. 2020). Consequently, 

few studies have attempted to model both bottom-up and top-down drivers in structuring 

herbivore communities, particularly in an African context with predator-prey guilds including 

multiple species, exposed to high-levels of human activity (Gandiwa 2013a, Dorresteijn et al. 

2015, Matandiko 2016). Therefore, I attempted to disentangle both bottom-up and top-down 

effects on herbivores by analysing them separately via the use of a subset of drivers. In this 

Chapter, I will discuss the relative importance and possible interactions between bottom-up 

and top-down factors regulating the herbivore community in Pafuri, KNP, using a conceptual, 

graphical model (Figures 6.1 , 6.2, and 6.3).  

First, I focussed on delineating herbivore feeding guilds using a stable carbon isotope 

approach (Chapter 3). Although most species within the herbivore community fell within the 

predefined feeding guilds (e.g., Gagnon & Chew 2000, Sponheimer et al. 2003, Codron et al. 

2007) across both the wet and dry seasons, kudu, nyala and elephants displayed previously 

undocumented seasonal shifts between feeding guilds.  Kudu (predefined browser) and nyala 

(predefined mixed feeder) significantly increased their grass intake in the wet season and were 

thus classified as mixed feeders in the wet season and as browsers in the dry season. Elephants 
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shifted from browsers in the wet season to mixed feeders that fed on high proportions of 

browse forage in the dry season. These seasonal shifts in resource use indicates that species 

may display previously undocumented levels of dietary flexibility and select forage outside of 

their documented feeding preferences. Such seasonal dietary flexibility may reflect either 

behavioural plasticity to changes in forage quality and availability owing to, amongst others, 

climate change (Abraham et al. 2019, Carla Staver & Hempson 2020) or an “emergency 

response” to periods of limited preferred forage availability (Abraham et al. 2019, Rosenblatt 

2021). Alternatively, competition for resources (Sinclair 1985), as well as variations in threats 

posed by predators (Owen-Smith 2019) and humans (Maibeche et al. 2015) across multiple 

spatiotemporal scales may be causative factors driving seasonal dietary shifts of herbivore 

populations. Irrespective of the mechanism, species with broader diets, capable of exhibiting 

seasonal shifts in diet (i.e., generalists) can potentially achieve higher population abundances 

than specialist species incapable of displaying dietary shifts, particularly in variable savanna 

environments (Armstrong & Mcgehee 1980, Abrams 2006) where climate change has the 

potential to impact the quantity and reliability of forage production, quality of forage, and the 

availability of water (Giridhar & Samireddypalle 2015, Kupika et al. 2018). 

Thereafter, I showed that neither season nor habitat significantly influenced the spatial 

occupancy of each guild. It is possible that the ubiquitous lack of habitat-specific and seasonal 

shifts in guild occupancy may reflect an actual response, but this is not the case, as I 

documented several species-specific bottom-up (Chapter 4) and top-down (Chapter 5) factors 

regulating herbivore space-use and activity patterns. The contrasting responses at the guild- 

and species-level highlights that using a guild-level approach to delineate bottom-up and top-

down structuring of herbivore communities masks fine-scale, species-specific responses to 

individual bottom-up and top-down factors. This is not surprising, given the tremendous 
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variations in body size, metabolism, species-specific densities and feeding strategies among 

species within these feeding guilds (Thompson 1988, Davies et al. 2016a, Rhoades et al. 2018).  

DRIVERS OF HERBIVORE ACTIVITY PATTERNS AND SPACE-USE 

Herbivores vary their activity patterns and space-use to facilitate resource acquisition and 

maximise energetic gains, while simultaneously limiting predation and anthropogenic risks 

(i.e., optimal foraging and habitat selection theories; MacArthur & Pianka 1966, Rosenzweig 

1981). The spatiotemporal responses of the herbivore community in Pafuri to bottom-up and 

top-down factors varied interspecifically. Contrary to literature (e.g., Owen-Smith & Mills 

2006), I found little evidence to support the hypothesis that herbivores, irrespective of body 

size and feeding strategy, explicitly occupy habitats to facilitate resource acquisition (i.e., 

bottom-up regulated control; Figures 6.1, 6.2, and 6.3). Instead, predation and/or 

anthropogenic top-down factors are modulating the impacts of bottom-up factors driving the 

activity patterns and space-use of herbivores (varying in body size) in Pafuri.  

a. Browsers 

Seasonal shifts in occupancy by common duiker from closed, woodland habitats with higher 

shrub and tree cover in the wet season, to open habitats with higher grass cover in the dry 

season (Chapter 4) correspond with slight seasonal increases in graze intake (13% grass) in the 

dry season (Chapter 3). Further, despite being highly selective feeders requiring high-quality 

browse (Codron et al. 2007a, Furstenburg 2008), common duiker decreased occupancy in 

habitat patches (particularly in SAV) with higher quality browse in the dry season. It is likely 

that seasonal decreases in the availability and quality of browse across habitat types in the 

dry season (Chapter 4) is driving increased levels of interspecific competition among 

herbivores varying in body size (Kleynhans et al. 2011), with larger-, bulk feeders (i.e., kudu) 

competitively displacing medium-, selective feeders (i.e., common duiker) from habitats that 
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offer optimum foraging opportunities in terms of availability and quality of forage (Prins et al. 

2006, De Iongh et al. 2011, Prins 2016). Moreover, seasonal shifts in space-use (Chapter 4) 

that correspond with slight seasonal dietary shifts (Chapter 3) suggests that common duiker 

may exhibit spatial and dietary niche partitioning in the dry season to limit competition for 

resources with larger herbivores. However, given the unreliability of quantifying competitive 

interactions among species using camera trap data alone (Caravaggi et al. 2017), future studies 

should evaluate interspecific patterns of dietary, temporal, and spatial niche overlap and 

partitioning to delineate competitive interactions for resources among herbivore species 

(Dohn et al. 2013, Terborgh 2015, Prins 2016). Despite their high susceptibility to predation 

(Hayward et al. 2006, Abu Baker & Brown 2014), common duiker displayed no temporal or 

spatial responses to predation and perceived predation risks (Chapter 5). Although surprising, 

it is important to note that few predators (i.e., n = 47) were detected during the study. The 

low number of predator detections resulted in estimated predator occupancies with large 

confidence intervals that did not significantly differ spatially or temporally. Consequently, 

there is a level of uncertainty surrounding the effects of predators driving herbivore space-

use and should thus be treated with caution. Interestingly, common duiker occupied habitats 

further from roads implying spatial avoidance. It is possible that common duiker are avoiding 

roads owing to direct and perceived threats attributed to vehicles (Leblond et al. 2013), and 

reductions in habitat quality and connectivity (Teixeira et al. 2020), reflecting a human induced 

landscape of fear (Everatt et al. 2015, Vinks et al. 2020). However, fine-scale behavioural 

responses (i.e., vigilance, tolerance, flight responses, etc.) (Mulero-Pázmány et al. 2016, 

Jackson et al. 2017) need to be quantified to determine the effects of road proximity on 

herbivore space-use. Thus, although the effects of competition regulating space-use remain 

to be quantified, seasonal shifts in space-use suggest a bottom-up regulated effect by browse 
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availability in the wet season, and a possible competition-regulated effect in the dry season 

with responses to these drivers augmented by the anthropogenic, top-down effects of roads 

(Figure 6.1).  

The relative importance of top-down and bottom-up drivers for accessible browsers (i.e., 

kudu) varied between seasons. Kudu avoided predators through spatial and temporal shifts in 

the wet season (Chapter 5). Specifically, they shifted to more open habitat patches 

(particularly in LRF, Chapter 5), with lower shrub cover and increased grass quality (Chapter 4) 

in the wet season, coinciding with increased graze consumption leading to a mixed feeder 

dietary strategy (30% grass; Chapter 3) (Gagnon & Chew 2000, Codron et al. 2007a). However, 

in the dry season when grass availability and quality is less than browse availability and quality, 

kudu were predominantly browsers (Chapter 3), although they included a small proportion 

(2%) of grass in their diet (Chapter 3 and 4). This, despite kudu increasing occupancy in more 

open patches with higher quality graze (Chapter 4). In these open habitat patches, kudu do 

not avoid predators spatially, but shifted their activity patterns to avoid peak periods of 

predator activity temporally, reflecting a landscape of fear (Laundré et al. 2001). Unexpectedly 

and previously undocumented, this suggests that access to high quality graze in both seasons 

is likely constraining kudu’s ability to avoid predators temporally and spatially. For example,  

bison herbivory were largely driven by a search for high quality forage and, to a lesser extent, 

the spatial distribution of wolves (Harvey & Fortin 2013). Further, kudu space-use was 

regulated by anthropogenic, top-down factors, occupying habitats further from roads, owing 

to the direct and perceived threats (Leblond et al. 2013, Teixeira et al. 2020) and habitat 

patches (particularly in SAV; Chapter 5) further from reserve boundaries. High levels of 

bushmeat poaching were recorded adjacent to the reserve boundaries (SANParks 

unpublished data 2022) owing to limited cross border control protocols prohibiting illegal 
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incursions by people from Mozambique and Zimbabwe (Chapter 2). Consequently, perceived 

risks associated with boundaries have likely driven evolved behavioural adaptations resulting 

in herbivores avoiding reserve boundaries to reduce the direct predatory effects of poaching 

(Kimanzi et al. 2015, Matandiko 2016, Loveridge et al. 2020). Alternatively, the direct 

predatory impacts of poaching could have caused an edge effect driving herbivore population 

declines along the boundaries of the reserve (Chapter 5; Matandiko 2016). Overall, 

spatiotemporal variations in predation (i.e., predator occurrence) and perceived predation 

(i.e., vegetation density and predator activity) risks in conjunction with anthropogenic risks 

attributed to roads and boundaries, are modulating the effects of bottom-up factors (i.e., 

graze quality) regulating kudu activity patterns and occupancy in Pafuri (Figure 6.1).  

 

Figure 6.1: Bottom-up and top-down drivers regulating activity and space-use patterns of 

browser herbivores in Pafuri, KNP. Solid black lines represent temporal avoidance of peak 

predator activity. Solid and dashed lines represent directly and inversely proportional effects 

of drivers shaping herbivore space-use respectively, with blue lines depicting moderate 



 

122 
 

effects, and red lines, significant effects. Stars represent species that displayed seasonal 

feeding guild shifts. 

b. Grazers 

I could not identify any specific drivers for buffalo in the dry season, as none of the bottom-

up (Chapter 4) nor top-down (Chapter 5) drivers significantly influenced buffalo occupancy 

and activity patterns. It is possible that declines in the quality and availability of graze 

attributed to grass senescence in the dry season (Owen-smith & Novellie 1982, Duru & 

Ducrocq 2000) could potentially be driving buffalo to migrate and occupy habitats with 

improved foraging opportunities beyond my study area. For example, buffalo travelled further 

and occupied habitats with higher graze availability and quality in the dry season, and 

conversely reduced their movements in the wet season, increasing occupancy near water 

sources (Ryan et al. 2006). However, I found that buffalo space-use in Pafuri was largely 

unaffected by the availability of water in both seasons (Chapter 4), despite their high water 

dependency (Ogutu et al. 2014, Young et al. 2020). However, perennial rivers were used as a 

proxy for water availability owing to a lack of spatial data on all available water sources in 

Pafuri. Consequently, it is likely that the effects of water driving herbivore space-use have been 

somewhat underestimated given that herbivores regularly drink from seasonal pans, dams, 

and non-perennial rivers (Young et al. 2020, Janecke 2021). Contrary to the dry season, buffalo 

occupied habitat patches with reduced tree cover (Chapter 4) and increased activity at sunrise 

(Chapter 5) in the wet season. This suggests that thermoregulatory constraints (see Veldhuis 

et al. 2019) may be an important driver for buffalo in the hot, wet season (Chapter 2). Here, 

they occupied open patches with reduced tree cover (and concomitant increased grass cover) 

– corresponding with their high graze intake (98% grasses; Chapter 3) – but predominantly 

utilized these habitat patches during the cooler times of the day (i.e., sunrise). Given their 
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large body size which limits their predation risk but increases their susceptibility to thermal 

stress (Porter & Kearney 2009, Veldhuis et al. 2019), the activity patterns and space-use of 

buffalo in Pafuri is likely driven by a combination of spatiotemporal variations in graze 

availability and quality, water availability, and by thermal constraints (Figure 6.2). 

Despite their highly selective grazer diets (Chapter 3; Edossa et al. 2021), space-use by 

warthogs was largely unaffected by graze quality and availability in both seasons (Chapter 4). 

However, graze quality was determined using above ground biomass (Chapter 4) whereas 

warthogs maximise energetic gains by regularly foraging on nutritious roots, rhizomes, bulbs 

and forbs (Sponheimer et al. 2003, Codron et al. 2007a) which were not analysed in this study. 

Thus, it is plausible that the effects of forage quality regulating warthog space-use could be 

underestimated, requiring further investigation. Warthogs avoided predators temporally by 

displaying predominantly diurnal activity in both seasons, but exhibited no spatial responses 

to predators (Chapter 5), despite their high susceptibility to predation from spotted hyaena 

(Hayward 2006) and leopard (Hayward et al. 2006). Diurnal activity could reflect antipredator 

behaviour (e.g., Tambling et al. 2015), or more likely an evolved behavioural adaptation to 

facilitate thermoregulation by avoiding lower nocturnal temperatures (Chapter 2; Skinner & 

Chimimba 2005). Thus, ecological trade-offs between thermal and predator tolerance needed 

to be quantified by evaluating the activity patterns of herbivores (varying in body size) to 

temperature variations in both the presence and absence of predators (Veldhuis et al. 2019). 

The lack of spatial responses by warthogs to predators was contrasted by the anthropogenic 

impacts of reserve boundaries (Chapter 5), driving warthogs to decrease occupancy near 

boundaries plausibly owing to increased mortality risks associated with high levels of 

bushmeat poaching (SANParks unpublished data 2022; Appendix Figure 5.2) (e.g., Kimanzi et 

al. 2015). Thus, the anthropogenic effects of reserve boundaries and lower nocturnal 
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temperatures impacting thermoregulation are likely modulating bottom-up effects driving 

warthog activity patterns and space-use in Pafuri (Figure 6.2). 

Zebra occupied open habitat patches (Chapter 5) with higher grass cover near rivers (Chapter 

4). Increased occupancy in habitat patches with higher grass cover corresponds with high 

intakes of graze by zebra in both seasons (Chapter 3) which is required to maintain the high 

metabolic demands of bulk foragers such as zebra (Okello et al. 2002, de Vos et al. 2020). 

Moreover, the high water dependency of zebra (Western 1975, Young et al. 2020) supports 

increased occupancy by the species in habitat patches (particularly SAV) near rivers. Despite 

their reduced predation susceptibility (Hayward 2006, Hayward et al. 2006), zebra responded 

temporally but not spatially to predators (Chapter 5) by avoiding peak periods of predator 

activity in both seasons, reflecting a landscape of fear (Laundré et al. 2001). Contrary to the 

spatial effects of predators, zebra occupied habitats further from reserve boundaries and 

roads, owing to the likely risks that were previously highlighted (e.g., common duiker, kudu, 

and warthogs), but increased occupancy near areas of human habitation synonymous with 

high human activity (Chapter 5), implying spatial attraction. It is possible that zebra are 

attracted to areas of human habitation as these offer protection from poachers enhanced by 

the presence of guests and security (Beier & Loe 1992) and/or improved foraging 

opportunities and access to water irrespective of season (Rimaze et al. 2020). Thus, zebra 

appear to favour temporal responses to avoid predators which reflect in their activity patterns, 

whereas space-use is predominantly regulated by graze and water availability with responses 

to these drivers augmented by anthropogenic risks synonymous with roads and boundaries, 

and by the possible refuge and/or improved access to resources synonymous with areas of 

human habitation (Figure 6.2).  
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Figure 6.2: Bottom-up and top-down drivers regulating activity and space-use patterns of 

grazer herbivores in Pafuri, KNP. Solid black lines represent temporal avoidance of peak 

predator activity. Solid and dashed lines represent directly and inversely proportional effects 

of drivers shaping herbivore space-use respectively, with blue lines depicting moderate 

effects, and red lines, significant effects. 

c. Mixed feeders 

I could not discern any season specific bottom-up or top-down drivers of elephant space-use. 

However, across habitat types, elephants occupied open patches with limited shrub and tree 

cover and higher graze quality (specifically in LRB; Chapter 4) near areas of human habitation 

(Chapter 5). Although decreased occupancy in open habitat patches with reduced browse 

cover does not correspond with high proportions of browse intake by elephants in both 

seasons (Chapter 3), grasses occur at lower densities than shrubs and trees in LRB (Chapter 4) 

which could explain the slightly higher graze intake (19% grasses) by elephants (specifically in 

the dry season), leading to their mixed feeder classification (see Codron et al. 2007a) during 

the same period. Like zebra, increased occupancy by elephants in habitat patches near 
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habitation implies spatial attraction, likely owing to the perceived safety from poaching 

attributed to high levels of human activity synonymous with areas of human habitation (e.g., 

Vinks et al. 2020) and/or the locations of habitation that may coincidentally occur in optimum 

habitats offering high quality forage and permanent water (e.g., Rimaze et al. 2020). Elephants 

were cathemeral in both seasons, but increased activity after sunset in the wet season, and 

around midday in the dry season (Chapter 5). Although elephants significantly avoided peak 

periods of predator activity in both seasons, elephants are largely free from predation in 

southern Africa (Valeix et al. 2008, Valenta et al. 2021), particularly in Pafuri as no lions were 

detected (Chapter 5). Thus, the activity patterns of elephant are likely driven by behavioural 

adaptations to limit thermal stress resulting in a perceived landscape of heat (Sears et al. 2016, 

Veldhuis et al. 2019), rather than a landscape of fear (Laundré et al. 2001). Overall, habitat-

specific forage availability and quality is likely driving elephant space-use in the Pafuri with 

activity patterns being regulated by seasonal variations in temperature impacting the ability 

of elephant to thermoregulate (Figure 6.3).  

Impala were regulated by both bottom-up and top-down drivers; the effects of which varied 

spatiotemporally. In the wet season, impala avoided predators temporally but not spatially, 

avoiding peak periods of predator activity, but increasing occupancy in habitats with higher 

predation risks (Chapter 5). Further, impala increased occupancy in habitats with higher 

quality graze (Chapter 4) and increased their intake of grasses in the wet season (Chapter 3). 

In contrast, impala responded temporally and spatially to predators in the dry season by 

avoiding periods and habitats with higher predation and perceived predation risks (Chapter 5) 

and increasing occupancy in open habitats with lower shrub cover (Chapter 4). This, despite 

including a higher proportion of browse in their diet in the dry season (Chapter 3). However, 

at the habitat-specific scale, impala increased occupancy in habitat patches with higher shrub 
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(specifically in LRB and LRF; Chapter 4), which likely corresponds with the higher proportions 

of browse intake (57%) by impala in the dry season. Irrespective, it appears as if impala’s ability 

to acquire forage is constrained by their ability to avoid predators spatially and temporally in 

the dry season. Further, impala occupied habitat patches further from reserve boundaries 

(specifically in SAV; e.g., Matandiko 2016) and roads (e.g., Mulero-Pázmány et al. 2016), near 

areas of human habitation (specifically in LRF; e.g., Matandiko 2016, Vinks et al. 2020) 

(Chapter 5). Thus, impala are likely bottom-up regulated in the wet season, with spatial 

responses to grass quality augmented by top-down anthropogenic pressures (i.e., boundaries, 

roads, and habitation), and temporal variations in predator activity. In contrast, the effects of 

spatial and temporal variations in predation and anthropogenic risks are likely modulating the 

impacts of shrub cover driving impala activity patterns and space-use in the dry season (Figure 

6.3). 

Nyala responded temporally but not spatially to predators by avoiding peak predator activity 

in both seasons (Chapter 5). Contrary to the lack of spatial responses to predators, nyala 

occupied habitat patches (specifically in LRF and SAV) with higher quality graze in the wet 

season (Chapter 4) – corresponding with increased grass intake (Chapter 3) – and increased 

occupancy in habitat patches (specifically in LRB and LRF) with higher shrub cover in the dry 

season – corresponding with high proportions of browse intake. In line with optimal foraging 

(MacArthur & Pianka 1966) and habitat selection (Rosenzweig 1981) theories, nyala are likely 

trading spatial avoidance of predators for improved foraging opportunities in habitats with 

higher quality graze in the wet season, and higher browse availability in the dry season – 

corresponding with seasonal dietary shifts (e.g., Davies et al. 2021). Moreover, anthropogenic 

factors regulated nyala space-use, driving the species to occupy habitats near roads and 

further from reserve boundaries (Chapter 5). Although it is possible that high poaching risks 
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could be driving spatial avoidance by nyala to boundaries (e.g., Matandiko 2016), nyala 

occupied habitats with higher graze quality and shrub cover (Chapter 4) near rivers located 

further from the reserve boundaries (Chapter 2), suggesting that the effects of boundaries on 

nyala space-use could be masked by species-specific habitat preferences (e.g., Furstenburg 

2016). Further, it is likely that nyala are not attracted to roads per se but rather to habitats 

that offer improved foraging opportunities that coincidentally occur near roads (Chapter 5; 

e.g., Matandiko 2016). Thus, similar to boundaries, it is possible that species-specific habitat 

preferences are likely masking fine-scale behavioural responses (see Mulero-Pázmány et al. 

2016, Jackson et al. 2017) by nyala to anthropogenic pressures synonymous with roads. 

Irrespective, nyala are likely bottom-up regulated by graze quality in the wet season, and by 

browse cover in the dry season, with responses to these drivers augmented by temporal 

variations in predator activity seasonally (Figure 6.3). 
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Figure 6.3: Bottom-up and top-down drivers regulating activity and space-use patterns of 

mixed feeder  herbivores in Pafuri, KNP. Solid black lines represent temporal avoidance of peak 

predator activity. Solid and dashed lines represent directly and inversely proportional effects 

of drivers shaping herbivore space-use respectively, with blue lines depicting moderate 

effects, and red lines, significant effects. Stars represent species that displayed seasonal 

feeding guild shifts. 

CONCLUSION 

Climate change and habitat fragmentation attributed to the expansion of the human 

population poses a potentially devastating threat to biodiversity (Hetem et al. 2014, Osborne 

et al. 2018, Balfour et al. 2021). Current estimates predict that by 2050, Africa will be among 

the continents with the largest habitat and biodiversity losses (Visconti et al. 2011, Comley 

2019). In this instance, conserving the high levels of biodiversity synonymous with South 

African protected areas is crucial for stemming the wide-spread and potentially irreversible 

impacts of human-mediated biodiversity losses. Protecting herbivore populations is vital for 

preserving ecosystem structure and function (Pringle et al. 2011, Balfour et al. 2021). 

However, the impacts of herbivores vary according to their space-use which is regulated by 

complex interactions between a myriad of bottom-up (i.e., forage and water) and top-down 

(i.e., predators and humans) drivers; the effects of which vary spatiotemporally (Bailey et al. 

1996, Hopcraft et al. 2010, O’Kane & Macdonald 2018). As highlighted in my study, drivers of 

herbivore space-use varied interspecifically with varying body size and feeding strategies. 

Importantly, using Pafuri as a model system, I found that in savanna systems with high 

spatiotemporal variations in resources, relatively low densities of natural predators, and 

relatively high levels of human activity, pressures exerted by humans can surpass the effects 

of resources and natural predation risks, driving herbivores to occupy a resultant human 
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induced landscape of fear. Therefore, while single species assessments remain important, 

quantifying the drivers of entire communities is vital to facilitate the proactive management 

of biodiversity in protected areas exposed to high levels of human activity throughout 

southern Africa. 
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APPENDIX

 

Figure 3.1: Elbow plot depicting the optimal number of clusters used to illustrate similarities in the mean %δ13C and %C estimates for herbivore 

species, and graze (C4-plants) and browse (C3-plants) forage in the wet (a) and dry (season). 
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Table 3.1 Camera trap ID and corresponding season and habitats in which each camera trap 

was deployed.  

Camera trap ID Season Habitat 

37W Wet Lowveld Riverine Forest 

3W Wet Subtropical Alluvial Vegetation 

4W Wet Lowveld Riverine Forest 

6W  Wet Limpopo Ridge Bushveld 

8W Wet Lowveld Riverine Forest 

13W Wet Limpopo Ridge Bushveld 

14W Wet Limpopo Ridge Bushveld 

16W Wet Limpopo Ridge Bushveld 

17W Wet Limpopo Ridge Bushveld 

18W Wet Limpopo Ridge Bushveld 

24W Wet Subtropical Alluvial Vegetation 

25W Wet Limpopo Ridge Bushveld 

26W Wet Limpopo Ridge Bushveld 

35W Wet Subtropical Alluvial Vegetation 

36W Wet Lowveld Riverine Forest 

38W Wet Limpopo Ridge Bushveld 

39W Wet Limpopo Ridge Bushveld 

41W Wet Limpopo Ridge Bushveld 

43W Wet Subtropical Alluvial Vegetation 

44W Wet Subtropical Alluvial Vegetation 

24D Dry Subtropical Alluvial Vegetation 

25D Dry Limpopo Ridge Bushveld 

26D Dry Limpopo Ridge Bushveld 

35D Dry Subtropical Alluvial Vegetation 

36D Dry Lowveld Riverine Forest 

37D Dry Lowveld Riverine Forest 

38D Dry Limpopo Ridge Bushveld 

39D Dry Limpopo Ridge Bushveld 

41D Dry Limpopo Ridge Bushveld 

43D Dry Subtropical Alluvial Vegetation 

44D Dry Subtropical Alluvial Vegetation 

3D Dry Subtropical Alluvial Vegetation 

4D Dry Lowveld Riverine Forest 

6D Dry Limpopo Ridge Bushveld 

8D Dry Lowveld Riverine Forest 

13D Dry Limpopo Ridge Bushveld 

14D Dry Limpopo Ridge Bushveld 

16D Dry Limpopo Ridge Bushveld 

17D Dry  Limpopo Ridge Bushveld 

18D Dry Limpopo Ridge Bushveld 
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Figure 4.1: Correlation matrix of bottom-up drivers influencing the space-use of the 

herbivore community in Pafuri, KNP. 
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Figure 5.1: Correlation matrix of predation and anthropogenic drivers influencing the space-

use of the herbivore community in Pafuri, KNP. 
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Figure 5.2: Kernel density plot depicting snares located in Pafuri, KNP.  

 


