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Abstract

As global change pushes ecosystems past climate tipping points, southern African sa-

vannas will experience more heat waves and droughts. These ecosystems are home to

90% of the world’s large herbivore diversity, millions of livestock, and a rapidly growing

human population expected to reach 2 billion by 2040. As a unique vestige of large

Pleistocene-era herbivores and a burgeoning powerhouse of global population, it is

necessary to understand how African savanna ecological communities will respond

to global change. Especially concerning for these communities are more frequent

droughts that may dry up key surface water resources; increased heat loads that may

overwhelm ungulate thermoregulatory systems; and the expansion of veterinary fenc-

ing across the landscape, which currently restricts historic great migrations of millions

of ungulates. Large herbivores regulate nutrient cycling and vegetation structure on

African savannas in a way that cannot be replaced by smaller herbivores or livestock;

therefore, their responses to these threats are of utmost importance to preserving sa-

vanna functioning for the future.

This dissertation explores the effects of increasing drought, heat, and veterinary

fencing on savanna ungulate communities from the individual to the metapopulation

scale. In the Kruger National Park, South Africa, I first address large-scale and long-term

questions of drought impacts on rare antelope populations in the context of the full

suite of large herbivores in the Kruger Park. I use thirty years of harmonized aerial cen-

sus data and a Bayesian Generalized Joint Attribute Model to understand how drought,
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and its interaction with regional rainfall and surface water supply, drives herbivore

community structure and rare antelope survival. In Khaudum National Park, Namibia,

I then use a four-year dataset of 33 antelope fitted with GPS collars to answer questions

on heat and fencing-induced behavioral changes on two species on opposite sides of

a water-dependence spectrum. I investigate how these species differ in their reliance

on surface water, cool microclimates, and shifting activity budgets when responding

to higher temperatures. I then explore how they differ in their responses to veterinary

fencing, and how these responses change seasonally.

As climate change brings more drought and hotter temperatures to southern Africa,

the findings of this dissertation indicate that the placement of artificial waterholes on

the landscape will be key to rare antelope survival in the Kruger Park; that water depen-

dence is a key factor in antelope responses to heat and fencing; and that the expression

of thermoregulatory strategies for two savanna ungulates will intensify under higher

temperatures. This dissertation adds these unique findings to the canon of savanna

movement and fence ecology literature, and provides multiple points from which future

research in this arena can improve on our expectations of savanna ungulate behavioral

shifts under climate change.
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1

Introduction

"There is a crucial need to establish relationships between herbivore movements and

their changing environments, especially in Africa where most of the world’s large her-

bivore diversity resides. . . . Without [this knowledge], we are likely to see a progressive

loss of this legacy, as protected areas lose their effectiveness under shifts in climate, atmo-

spheric carbon dioxide, and human activities plus infrastructure."

— Owen-Smith et al. 2020

For the �2.5 million years since the genus Homo evolved in Africa, the fates of

savanna biomes, large herbivores, and Earth’s climate have been intertwined with

human activity. One of the largest consequences of this relationship were the near-

synchronous late Pleistocene extinctions (�50,000–10,000 years before present) of 65%

of large mammal genera across the globe (Barnosky et al 2004), driven largely by human

hunting and exacerbated in some regions by climatic changes (Faith and Surovell 2009,

Koch et al 2006, Sandom et al 2014). Today, the spread of urbanization, agriculture,

and organized poaching, as well as the intensifying burden of anthropogenic climate

change on the biosphere, threaten many of the planet’s remaining large herbivore
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species. Despite vulnerability to these threats and African savannas’ high biodiversity,

large African herbivores are understudied compared to their North American, Euro-

pean, and Asian counterparts. The chapters that follow explore how changing climate,

landscapes, and human infrastructure affect the movements and behaviors of large

African savanna herbivores.

1.1 African savannas

The history and present of large African mammals, including modern humans (Homo

sapiens sapiens), are inextricable from the formation of the savanna biome. Savannas

are defined by a unique codominance of trees and grasses (<50% tree cover), and form

in regions where feedbacks between fire, herbivory, and rainfall prevent tree growth

from dominating the herbaceous layer (Scheiter and Higgins 2009, Staver et al. 2011).

Savannas are considered disturbance-driven ecosystems, where periodic consumption

of the vegetative layer, either through burning or herbivory, maintains an otherwise

unstable ecosystem state.

The dominance of savannas and grasslands that we see today (over 33% of the

Earth’s land surface) was made possible in the late Miocene (about 8 Ma) by the almost-

synchronous convergent evolution of the C4 photosynthetic pathway in grasses (Beer-

ling and Osborne 2006, Osborne and Beerling 2006). A major weakness in ancestral

C3 photosynthesis occurs when a key photosynthetic enzyme, RuBisCO, reacts with

oxygen instead of carbon dioxide at the leaf’s surface. The C4 pathway physically sepa-

rates the carbon-gain and sugar-production steps of photosynthesis, moving RuBisCO

deep within the leaf where it can be saturated with carbon transported from the leaf’s

surface in four-C chains (hence, "C4", Osborne and Beerling 2006). This avoidance

of photorespiratory waste provided an energetic advantage for C4 grasses in the low-

CO2 and high-aridity environments of the late Miocene (Osborne and Beerling 2006).
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The spread of C4 grasses enhanced the fire regime of early savannas, as grasses build

up more flammable fuel in the wet season. In addition, full forests can encourage

their own microclimate of high rainfall to form; replacing forests with savannas there-

fore interrupted this high-rainfall feedback and allowed understory grasses to flourish

(Beerling and Osborne 2006).

Due to their disturbance-driven structure and highly seasonal climate variation, sa-

vannas have a highly irregular distribution of nutrients and other resources. This land-

scape heterogeneity of African savannas, through an abundance of ecosystem types

and interfaces within small areas, promotes the coexistence of a high diversity of flora

and fauna (du Toit 2003). Large herbivores are particularly well-supported by landscape

heterogeneity, as their size often demands larger ranges that cover a greater diversity of

vegetative biomass (Katayama et al. 2014). This effect of heterogeneity crosses many

scales. At the feeding patch scale, variation in leaf to stem ratios or plant height can

result in spatial separation of herbivores by diet; therefore, vegetatively diverse patches

often support more diverse assemblages of ungulates (du Toit 2003). And, at the habi-

tat scale, a mosaic of habitats allows for more opportunities for speciation to occur, as

terrestrial mammals are often habitat specific (du Toit 2003, Vrba 1992). These features

of the savanna biome have led to its support, in Africa, of 90% of the world’s diversity in

large herbivores (Owen-Smith et al. 2020).

1.2 Herbivores and their movements

As with the mass mammalian extinctions of the late Pleistocene, large mammals today

(n ˘ 74 with mean adult body mass ¥100kg) are disproportionately threatened: 60%

of the world’s large herbivores are currently threatened with extinction, compared to

27% of all mammals (IUCN 2023, Ripple et al. 2015). Large mammals are more sus-

ceptible to hunting (Venter et al. 2020). Range area generally increases with body size
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(Harestad and Bunnel 1979, Reiss 1988, Tucker et al. 2014) and, with human encroach-

ment on wild spaces accelerating each year, the space available to free-ranging mam-

mals shrinks. Finally, large mammals are more likely than small mammals to pose a

threat to human lives and livelihoods, with instances of wildlife-human conflict in-

creasing with body size (Mukeka et al. 2019).

African large mammals in particular are over-threatened and under-studied. 50%

of the largest African mammals (17 of 32 species) have decreasing populations or are

extinct in the wild (IUCN 2023, Ripple et al. 2015). Despite these population trends

and the high biodiversity of large herbivores in Africa, the amount of research in the

region (245 mean articles per species) falls far behind that in North America (1,354),

Europe (1,045), and Asia (1,183). Additionally, most African research focuses on only

four species: African savanna elephant (Loxodonta africana), Cape buffalo (Syncerus

caffer), white rhinoceros (Ceratotherium simum) and black rhinoceros (Diceros bicor-

nis); Ripple et al. 2015).

The movement of free-ranging African herbivores across the landscape is critical

both to herbivore survival and to the maintenance of savanna functioning. African

herbivores are often called ecosystem engineers, as their movements significantly shape

savanna productivity (Geremia et al. 2019, Holdo et al. 2007), structure (Bakker et al.

2016, Holdo et al. 2009, O’Connor et al. 2020, Staver et al. 2009), and nutrient cycling

(McNaughton 1976, Melis et al. 2007, Subalusky et al. 2017). Long-distance migrations

allow large herbivores to follow the flush of fresh plant matter that follows the onset

of the rainy season (Bischof et al. 2012, Geremia et al. 2019, McNaughton 1976), while

local herbivore movements respond to acute climatic conditions such as a higher heat

index or local droughts (Boyers et al. 2019).

4



1.3 Human-caused changes for large herbivores

In the late Pleistocene to early Holocene (�50,000-10,000 years before present), a com-

bination of human over-hunting, climate shifts, and the cascading effects of large herbi-

vore loss brought about the extinction of over 60% of then-extant mammalian species

(Barnosky et al. 2004, Koch and Barnosky 2006, Prescott et al. 2012). Megafauna (an-

imals with average adult body mass >1,000kg) were completely extirpated in North

America, Australia, and Europe, with only a few species of elephant, rhinoceros, hip-

popotamus, and giraffe remaining in Africa and southern Asia (Owen-Smith 1987).

Human impacts on herbivores in the Anthropocene adds climate and landscape

change to the extractive declines of the Pleistocene. Anthropogenic climate change will

cause southern Africa to warm and dry faster than other subtropical biomes (Engel-

brecht et al. 2015). Increasing local temperatures will have differential effects on mam-

malian species depending on their size and thermoregulatory strategy, as larger mam-

mals have more difficulty shedding heat (Bell 1971, Jarman 1974, Owen-Smith 1989).

In addition to climatic changes, human infrastructure dominates the African land-

scape. As human populations in Africa are expected to reach 2 billion by 2040 (FAO

2023), these features will only increase in density. Veterinary fencing is the largest and

fastest-growing linear feature on the Earth’s surface (Jakes et al. 2018), and its fragemen-

tation of the landscape can have outsized effects on large mammals that need access

to large, heterogeneous landscapes. Landscape fragmentation can lower biodiversity

(Fahrig 2003) as fragmented landscapes support fewer species (He and Legendre 1996,

McIntyre 1995) and increase extinction rates (Wilcox and Murphy 1985). In addition,

the physical barriers creating this fragmentation can prevent herbivore seasonal mi-

gration into critical habitats (Kauffman et al. 2021).

Finally, the aridization and heating of African savannas will make water access

scarcer, yet ever more important, for large African mammals. Ephemeral surface wa-

5



ter sources in southern Africa may dry more quickly (Bates et al. 2008, Nkemelang

et al. 2018), leading to a greater dependence on permanent rivers and human-supplied

waterholes. This aggregation around scarce water may increase risks associated with

higher herbivore density, such as competition for forage access (Owen-Smith 1998) and

increased predation (Cozzi et al. 2012, Fuller 2016).

1.4 Chapters Overview

Chapter 2 combines 30 years of aerial ungulate census data from Kruger NP for the

first time, describing long-term population trends in fourteen species. I then use these

data along with a Bayesian generalized joint-attribute model (GJAM) to understand

how species differed in their responses to drought in the late 1980s and early 1990s,

and discuss what this might mean for rare antelope species of special concern today.

Chapters 3 and 4 use GPS collar data from two antelope species in Khaudum NP,

roan (Hippotragus equinus) and gemsbok (Oryx gazella), to investigate how climate

change and human infrastructure intersect with antelope thermoregulatory strategies

to alter movement behaviors. Chapter 3 investigates changes in the intensity of ther-

moregulatory strategy in roan and gesmbok, modeling the strength of roan dependence

on surface water and gemsbok dependence on shifting activity budgets under low and

high ambient temperatures. Chapter 4 investigates how seasonal movement strategies

affect roan and gemsbok interactions with veterinary fencing at the eastern boundary

of Khaudum NP.
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1.5 Study regions: Kruger NP, South Africa and Khaudum NP, Namibia

FIGURE 1.1: Map of study areas and surface water sources in the context of South-
ern Africa. Khaudum National Park (left) covers about 385,000ha of semi-arid savanna
habitat in northeastern Namibia. Kruger National Park (right) covers almost 2 million
ha of semi-arid savanna habitat in northeastern South Africa. Although about five de-
grees of latitude separate these two national parks, they both have similar climates
(about 500mm of rainfall, hot wet season, cool dry season) and vegetation cover (mostly
shrubby savanna with more sandy, dystrophic soils in the north and more eutrophic
soils in the south.
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