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ZUSAMMENFASSUNG

Wiisten bewohnende Huftiere leben in Okosystemetghediir Degradationsprozesse und
Klimaveranderung besonders anfallig sind. Anpassarder Morphologie, Physiologie und
des Verhaltens von Huftieren an Hitze und Trockdnied bereits relativ gut untersucht,
jedoch gibt es kaum Informationen zu ihrer Erndgeweise und den raumlich-zeitlichen
Strategien bei stark variabler Verfiigbarkeit vornNmag in ariden Okosystemen.

Ziel dieser Arbeit war die Untersuchung der Flelxii von zwei Huftierarten in Bezug auf
Nahrung und Raumnutzung. Als Fokusart dienten $oel® Oryx g. gazella und
Springbock Antidorcas marsupialis welche sympatrisch in den Wisten der Kunene-étegi
Namibias leben. Die Ernahrungsweise dieser zwetiétarten wurde tber eine Analyse der
stabilen Isotopenzusammensetzung von potenzielddmuvigspflanzen, sowie von Fell- und
Gewebeproben der Tiere untersucht. Die Resultagerzedass die Spiel3bock-Population der
Kunene-Region ihre Nahrung flexibler gestalten edsbisher angenommen wurde (Kapitel
II). SpieBbdcke anderten ihre Nahrungsstrategie Abhangigkeit von der saisonalen
Trockenheit. Wéahrend regenreicher Zeiten spezéatesn sie sich auf Graser und wahrend
trockener Zeiten wéhlten sie ein Mischfutter bestehaus Blattmaterial von Buschen und
Baumen (ungefahr 30%) und Gras aus (60%). Intamemseeise scheinen Spiel3bécke in der
Trockenzeit ebenfallEuphorbia damaranau verzehren, welches eine endemischen Pflanze
mit toxischen sekundaren Pflanzeninhaltsstoffen $giieRbocke scheinen gegenltber den
giftigen Substanzen weitestgehend tolerant zu ssindass die Tiere die Nahrstoffe und
Flussigkeit der Pflanzen im Bedarfsfall nutzen k&mnim Gegensatz zum Spiel3bock blieben
Springbdcke bei einer generalistischen Nahrungssfiy welche von der saisonalen
Trockenheit der Umwelt unabhangig war.

Des Weiteren zeigt meine Studie, dass Individuen aeei Untersuchungsarten in ihrer
Ernahrungsweise unterschiedlich auf Veradnderungen dmweltbedingung, wie zum
Beispiel eine verminderte Primarproduktivitat vditaRzen, reagieren (Kapitel Il1). Innerhalb
einer Art konnen Individuen verschiedene Erndhrumgsen aufzeigen. Variationen im
Verhéltnis von stabilen Kohlenstoff- und Sticksttdfbtopen in aufeinanderfolgenden
Segmenten von Schwanzhaaren von Spiel3- und Spokghdergaben Aufschluss tber die
Variabilitat in der Ernahrungsweise entlang eingitlichen Achse. Die Ernahrungsweise der
beiden Arten unterschied sich deutlich auf Artebdrigede wiesen jedoch eine ahnliche hohe
Variabilitdt auf. Innerhalb einer Art Uberlappteme dndividuellen Nahrungsnischen nur
teilweise, was darauf hindeutet, dass sich Indemdbeider Arten in ihrer Ernédhrungsweise

zum Teil klar voneinander abgrenzen. Kapitel listl@reibt die individuelle Differenzierung
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und Variabilitdt von Spiel3- und Springbockindividubezlglich ihrer Ernahrungsweise.
Wahrscheinlich vermindern die individuell untersatlichen Nahrungspraferenzen sowohl
innerhalb als auch zwischen den Arten die Nahrumgskrrenz. Diese Plastizitat in der
Ernahrungsweise konnte die individuellen Uberlebkaacen von SpielRbock und Springbock
in trockenen Okosystemen erhohen.

Basierend auf den Untersuchungen zur ErndhrungswmisHilfe von Isotopen stellte ich die
Hypothese auf, dass sich Spiel3bocke und Springhidkeer raumlich-zeitlichen Bewegung
unterscheiden. In Kapitel IV untersuche ich, wie dés sesshaft geltende SpieRbock mit
flexibler Nahrungsnische auf dem Populationsnivieiagichtlich seines Raumzeitmusters auf
eine Verknappung von Futterpflanzen reagieren wilbdzu dokumentierte ich die zeitliche
Variabilitdt des Aktionsradius und die Habitatnutgwon Spiel3bocken, welche ich zuvor mit
GPS-Halsbandern ausgerustet hatte. Die Resultagenzedass Springbdcke der Kunene-
Region tatséchlich als sesshaft einzustufen siadsid kein Migrationsverhalten zeigten,
wenn das Futterangebot wesentlich reduziert wae. $pielR3bocke wahlten ihr Habitat nach
der Verfligbarkeit von Ressourcen, der Topographt des Risikos, von Raubtieren gejagt
zu werden, aus. Individuen unterschieden sich timigch ihres Aktionsradius sowie der
Habitatnutzung, was mit der Beobachtung einer iddiellen Ernahrungsweise konsistent ist.
In meiner Doktorarbeit zeige ich 0kologische Medkaren auf, welche Wisten bewohnende
Huftiere nutzen, um in einer wasserarmen Umgebuaglében zu kdnnen. Spiel3bdcke und
Springbdcke ernahren sich unterschiedlich und esagimit unterschiedlichen Strategien auf
Nahrungsknappheit bei extremer Trockenheit. Indigid beider Arten waren zwar
spezialisiert, was auf individuelle Strategien Nahrungssuche deuten kdnnte. Diese kénnten
jedoch auch mit der Nutzung verschiedener Habitagdche sich in der Primarproduktivitat,
der Pflanzenzusammensetzung, sowie der Topographlié/egetationsdichte unterscheiden,
zusammenhangen. Die Resultate meiner Arbeit sind &ine Optimierung der
Managementstrategien von Wiusten bewohnenden Aatilogelevant. Die gewonnenen
Erkenntnisse konnten zudem Aufschlisse (ber den ermwartenden Erfolg von

Wiederansiedlungen oder Umsiedlungen von Wildtipgpationen in Wiistengebieten geben.



SUMMARY

SUMMARY

Desert ungulates live in adverse ecosystems tlegpaticularly sensitive to degradation and
global climate change. The morphological, physimalgand behavioural adaptations of
ungulates towards heat and drought stress arevedyaivell studied. However, only little
work focused on their dietary and spatio-temponatsgies to overcome severe shortages of
food resources in deserts.

The aim of this thesis was to investigate the dyetand spatial flexibility of two ungulate
species that live in the xeric Kunene Region of Nean grazing gemsbokQryx g. gazella
and browsing springbokAftidorcas marsupialls The diet of these two ungulates was
investigated using stable isotopes analyses ofaramd plant tissues. The results suggested
that the gemsbok population was more flexible sndiet than previously suggested in the
literature (Chapter Il). Individual gemsbok had &ea diet of grass and succulent plants
(60%), shrubs and trees (30%) during the broadpénjods (including 10% of uncertainty),
whereas they focused primarily on fresh sproutsgEsses during periods of rainfall.
Interestingly, isotopic data also indicated thamgbkok relied also okuphorbia damarana
during dry periods, an endemic plant that is richtaxic secondary plant compounds. In
contrast, springbok maintained a predominantly Isevdiet, independent of dryness.

Further investigation revealed that individual gbolsand springbok used different dietary
tactics when facing similar environmental changes; fluctuations in plant primary
productivity (Chapter Ill). Variations in stablerban and nitrogen isotope ratios of tail hair
increments were used as proxies for individual adietplasticity. Isotopic food niches of
populations of the two species were mutually exerjsbut similar in breadth. Within
species, individual dietary niches overlapped gudytially, suggesting that both populations
included individuals with distinct isotopic foodchies, but also individuals with a similar diet.
The data presented in chapter Ill suggest an isotetary niche segregation of the two
desert ungulate species. Similar, yet isotopicaligtinct feeding habits of individuals,
occurring within both species gemsbok and springboulations, may reduce intra species
competition for food resources and, thus, may itatd ungulates” survival in desert
environments.

Based on the isotopic data of used food resoudcésither hypothesised that gemsbok
differed in their spatio-temporal movements in orte support such dietary flexibility. In
Chapter 1V, | have therefore investigated how gesksindividuals, a sedentary ungulate
species with high dietary flexibility on a poputati level but pronounced individual

specialisation respond in habitat usefluctuations in plant primary availability report

7



SUMMARY

temporalvariation ofhome ranges and habitat use of gemsbok equippédG®S collars.
The results showed that gemsbok in the Kunene Regiere sedentary during the study
period, everduring extensive drought periods. Gemsbok seletttenl habitat according to
plant primary productivity and resource accessipiltopography and estimated risk of
predation by large predators. However, individwiiffered in their home ranges and habitat
uses, possibly reflecting their specific dietargfprences, as illustrated in Chapter Ill.

In this thesis, | revealed fundamental ecologica@chanisms that allow desert-dwelling
ungulates to exist in arid environments, partidylavhen facing unpredictable and severe
food shortages. Gemsbok and springbok occupiedndisisotopic niches and displayed
specific dietary habits when coping with droughtowéver, studied individuals of both
species were highly specialised, a complementarghar@sm that may reduce intra-specific
competition. To support such complex dietary betand, ungulates responded to resource
fluctuations by using a combination of interlacimgcal habitats that differ in plant
productivity, plant composition, topography and e&dgion cover. The results of this thesis
have implications for both local and global managetrof desert dwelling antelopes. As this
work was conducted on two of the most abundantligldpecies in the Kunene Region,
local communities have shown their interest in empeénting these results in their
management plans by defining protected areas astdctang the access to hunters and
livestock during the periods of drought. At a largeale, the dietary specialisation of
ungulate individuals might have implications forethreintroduction or relocation of

endangered animals in arid environments.
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CHAPTER I: GENERAL INTRODUCTION

Ungulates are very successful mammals, inhabitlngpst all ecosystems, even relatively
hostile habitats such as deserts. Desert unguaitds as the Arabian oryXO(yx leucoryy,
gemsbok QOryx g. gazella or springbok Antidorcas marsupialjsare among the largest
mammals in desert and semi-desert environments.abligy of these ungulates species to
survive long periods of drought mainly dependshenwater content of the used food (Taylor,
1968; Schmidt-Nielsen, 1979; Jhata al, 1992). But feeding on plants imposes a large
problem to ungulates in hot and arid environmeetsabise desert plants have low protein and
water content. Consequently, desert ungulates leweloped a number of remarkable
morphological, physiological and behavioural adapites.

Adaptations of ungulates towards desert life

Body size and heat dissipation

Ungulates living in desert environments are usualtge-bodied. Therefore, they have a low
surface to volume ratio. On the one hand, a lampgy beduces the rate at which core body
temperature increases with increasing ambient teatyre because of the relatively high
thermal inertia (McNab, 1983). In addition, pelagekness decreases with increasing body
size, which may help dissipate heat by reducingribelation capacity. On the other hand, a
large body could make it difficult for ungulatesdissipate heat when facing hyperthermia or
to find shade when vegetation cover is low (Louv&ely, 1982). Large animals also require
more energy for maintenance than smaller ones (Bitihrelsen, 1979, Louw & Seely,
1982). Usually, desert-dwelling ungulates exhiigihl to brownish pelage that reflects a large
portion of solar radiation (Hofmeyr, 1985). In atifoli, some ungulates such as gemsbok
antelopes possess long and highly vascularisedsharnich facilitate dissipation of excess

heat from their horns (Taylor, 1966).

Optimisation of digestion

To cope with the low digestibility and low waterntent of their forages, desert ungulates
slow down their rate of digestion, thus facilitgtimutrient uptake in their intestinal tract
(Choshniaket al, 1988). For example, grazing addax antelopeddéx nasomaculatys
increase the fermentation of ingested grasses dycieg the food transit time through the
rumen (Hummeett al, 2008). But dehydration that might occur fromthead water shortage
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may render digestion and nutrient uptake moreaiiffias it may increase saliva osmolarity
and reduce saliva flow (Brogt al, 1986; Choshniakt al, 1988; Hummeet al, 2008).

Water conservation

Desert-dwelling ungulates might also respond teithrial and water stress by reducing their
mass-specific metabolic rate and, thus, total ersjpp@ water loss. Arabian oryxOfyx
leucory®y has been demonstrated to exhibit the lowest mmassHic water influx of all
ungulates living in hot and dry environments (Osshi et al, 2002). As free water is rare in
arid to hyper-arid environments, ungulates may iipalty mobilize fat reserves to produce
oxidative metabolic water. For example, oxidativetey may represent approximately 15% of
the total water flux in Arabian oryx (Ostrowskt al, 2002). To yield a positive water
balance, many desert ungulates increase the urezmoation of their urine and decrease
faecal water loss (Tracy & Walsberg, 2000; Ostrowskal, 2002; 2006). At peak ambient
temperature, many desert ungulates raise their berdperature above their homoeothermic
level. This enables them to save water that woalcetelse been used for evaporative cooling.
The excess heat is then dissipated at night whepdratures fall. This adaptive heterothermy
is mostly driven by water limitation and not by tmability to sustain constant core body
temperatures (Ostrowsktt al, 2003; Hetem et al., 2010). To prevent neuromahage by
adaptive heterothermy, blood flow towards the bra@sses through a mesh of veins and
arteries, the carotid rete, where it is cooled ddoyrheat exchange with blood that returns
from the nasal membranes, where temperature iceeldva evaporative cooling (;Maloney
et al, 2002; Ostrowsket al, 2002).

Behavioural responses to heat and drought

Besides morphological and physiological adaptatiatesert-dwelling ungulates may also
respond to increased temperature by adjusting bediaviour. Gemsbok and springbok may
cope with high ambient temperatures by moving theshade of vegetation. In the shadow,
they often create small depression in the groundhich they lay down. This behaviour
facilitates the conductance of excess body hetitee@round (Bigalke, 1972; Nagy & Knight,
1994; Ostrowsket al, 2002). During hot periods, ungulates shift tlagitivity period into the
cool night. This is particularly beneficial for thveater budget of desert ungulates, since the
water content of desert plants increases up to dD%tal mass at night (Schmidt-Nielsen,

1990; Nagy & Knight, 1994). Ungulates also adjustit body position to minimise their
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exposure to sun and wind, thereby reducing the ingat via solar radiation by up to 60%
(Berryet al, 1984, Hofmeyr & Louw, 1987).

Diet and habitat use

Individuals inhabiting harsh environments mightpthky different strategies in dietary and
migratory behaviours to cope with shortage of poéémood resources (Berget al, 2008).

It is easy to understand that the survival of dedeselling animals closely depends on the
abundance of suitable food sources (Parker & Barb®809). However, the availability of
such plant sources in arid environments might greeary greatly over time and often in an
unpredictable manner. Thus, when facing shortaésod resources, ungulates may have at
least two options: either staying and broadenimygy ttiet to include less preferred forages, or
moving towards less xeric environments where theeferred food resources are still
available (Holdeet al, 2009). However, the ability of ungulate indivadsi to shift their home
range and integrate alternative food sources iir thets depends largely on their intrinsic
degree of dietary specialisation, which is congddp be inversely related to body size (Bell,
1971; Jarman, 1974; Demment & van Soest, 1985; HofmM1989). Thus, one might expect
small antelopes to be more specialised in theit tthian larger bodied ungulates, and may
therefore be more willing to move to other areamtlarge antelopes when aridity increases
and the availability of food resources declines.

Specialist vs. generalist feeder

Owing to a small digestive tract with low food meien capacity and high metabolic rates
small-bodied ungulates usually display relativayhidietary specialisation, since they cannot
process forage of low nutrient values (e.g. drsgydDemment & van Soest, 1985; Hofmann,
1989; Nagy & Knight, 1994). For example, severatses of small African duikers are
specialised on highly nutritive and digestible ite(agnon & Chew, 2000). However, some
other small ruminant species specialise on a gpdoibd source but broaden their diet when
needed. Mixed feeders, such as springbok, includeda variety of plants in their diet
(grasses, shrubs and succulents). Their survival ntd depend on the availability of a
particular plant species and they may cope betitr tive shortage of one or more plant food
sources than other specialist feeder (Van Zyl, 1%§alke, 1972; Skinner & Louw 1996,
Vorster, 1996; Stapelbery al, 2008).

Such dietary plasticity has also been observedangel ungulates. White-tailed deer

(Odocoileus virginianusand historic populations of bisoBigon antiquups showed flexible
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feeding habits when their preferred food resouredided (Borgniaet al, 2010; Lagoryet

al., 1985; Rivals & Semprebon, 2011). Hence, plants® selectivity and dietary orientation
might not only be defined by body size, but alsothg quantitative availability of food
resources in space and time. The ability of dededlling ungulates to use alternative food
sources in an opportunistic way might be crucialdwercoming drastic changes in plant food
sources in arid environments, and thus for survivat, whether or not desert ungulates show

this behaviour is by and large unknown.

Gemsbok and springbok: two model species with cordsting feeding habits

Gemsbok (Pic. 1A) and springbok (Pic. 1B) live @latively high densities in the so-called
Damaraland, one of the driest areas in the Kunegmm of Namibia. Both species overlap
largely in their geographical distribution in Soetth Africa, but differ in dietary preferences
(Gordon & lllius, 1996). Whereas springbok incluml@ariety of shrubs, herbs and grasses in
their diet (Nagy & Knight, 1994; Bergstrom & SkarpE99), gemsbok are recorded as
specialist grazers (Hypergrazer: Cerliagal, 2003; Grazer: Ambrose & DeNiro, 1986).
Grasses and shrubs differ in their content of sgaogn plant compounds and their
morphology, making them suitable, in terms of feegource, only to those herbivores which
are adapted to digest them. Accordingly, sympatngulate species that are exposed to the
same environmental changes such as heat and drmaghtespond in different ways. By

looking at stable isotope ratios on the plant aodsamer level, | asked how gemsbok and
springbok adjust their feeding habits and spatioperal movements to adverse and
unpredictable ambient conditions.

........

o o
L
. seivy

Picture 1: A. gemsbolQryx g. gazelly B. springbok Antidorcas marsupialjs Both species
are pictured free-roaming in their natural habikatnene Region, Namibi&redit photo:
David Lehmann
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Stable isotopes as indicators of animal dietary pferences

Use of stable isotopes analyse in animal ecology

Over the past decades, stable isotopes of carbdbmitnogen have been increasingly used as
tracers for dietary preferences, trophic positiand spatial movements (Summarized in Fry
2006, Hobson & Wassenaar, 2008). Light isotop€€, (**N) are more abundant in the
environment than heavier isotopes of the same eleiiéC, °N) (Dawson & Siegwolf,
2007). In ecological studies, researchers usu@itgrchine the ratio of heavy to light isotopes
and refer to it ag-notation, expressed &$°C in parts per mill (%o) difference between the
sample and an international standard (e.g. Vierew [Pee Belemnite limestone for carbon
and atmospheric N2 for nitrogen; Dawson & Siegw2UfQ7).

Stable isotope ratios of animal tissues can prowddeurate information on the relative
contribution of isotopically contrasting food resces to the diet of animals (Ambrose &
DeNiro, 1986). The underlying assumption of theapa approach in the study of animal
ecology can be summarized as “you are what you.eata few per mill”. This is because
isotopes are assimilated into body tissue accortbntheir ratio in the average diet of an
animal. A prerequisite for isotopic studies is thabitats or food sources are isotopically
contrasting. Desert plants differ in their stabkrbon isotope ratios depending on their
metabolic pathway of CfOfixation, which is either the C4/CAM (grasses auphorbia) or
the C3 (trees and shrubs) photosynthetic pathwasf€net al, 1979). Thus, stable isotope
ratios in tissues of gemsboks and springboks sheargl according to whether they consume
grass (C4 plant) or herbs (C3 plant) or a combamatif both, and should document seasonal
changes in dietary preferences and potentiallyiapatovements. In addition, nitrogen
isotope ratios in plant matter are indicative gjio@al patterns of aridity and environmental
conditions (Sealyet al, 1987; Cerlinget al, 2006). Tissues with different isotope retention
times, i.e. tissues that differ in cellular turnotiene may help answering questions on diet
and water ingested within different retrospectivmet windows (Mackoet al, 1999).
Metabolically active tissues, such as blood, lieermuscle (Chapter Il), give integrated
information on diet over the last weeks or monthsceding tissue sampling. In contrast,
metabolically inert tissues, such as keratinous twahorn (Chapter IIl), contain information
about the diet integrated at the time of tissueniron (Hobson & Wassenaar, 2008). Hence,
it is possible to infer the dietary histories ofngdok and springbok and to define their
isotopic niches in the Kunene Region of Namibiaeldasn isotopi®-space by combining the

isotopic signature of tissues with contrasting twer-rates, such as fur, muscle and liver

13



CHAPTER I: GENERAL INTRODUCTION

(Chapter II) and as well investigating chronologjicstopic variations within individuals
using serial tail hair increments (Chapter Il1).

An isotopic niche is defined by the subset valuethe overall isotopic composition of an
individual's tissues in thé-space of a given environment. The axes ofddspace are the
isotopic gradients of the stable isotopes ratiegtigated (e.g6**C, 5°N) (Newsomeet al,
2007; Laymaret al, 2007; Schmidet al, 2007; Martinez del Riet al, 2009), defining the
degree of specialisation in isotope and diet usdteaindividual and species levels for both
gemsbok and springbok. Martinez del Rio and colleagd2009) define an individual as an
isotopic specialist, if tissues deposited at ddfartimes (e.g. distinct isotope turnover-rates in
tissues or chronological increment of inert tissgash as tail hairs) have similar isotopic
composition. If these tissues or sampled serial iharements differ in isotopic composition,
the individual occupies a generalist isotopic nicMoreover, individuals can be dietary
generalists but at the same time isotopic spetsalisthey feed on the same resource mixture
at all times (Martinez del Riet al, 2009).

Characterizing isotopic niche width of communitesl individuals

Although the use of stable isotope ratios to irdeimal diet has become common, the
development of appropriate statistical methods dougately derivate community structure
and isotopic niche width from these data is impurtaFor example, Bayesian computation
allows calculating metrics of isotopic ellipsoidche at both species and individual levels
(Laymanet al, 2007; Jacksost al, 2011). These metrics describe the isotopic fne%.)
and positions occupied by population species awviddal in a given environmental isotopic
space, and thus allow the statistical comparisofmsatopic niche variations between and
within species. Isotopic niche differences in widthd position might occur between two
sympatric animal species, such as springbok andsigekn subject to similar variations in
plant food resources. Bayesian computation alsowallquantifying variations in isotopic
niche width between individuals of the same speomdsich is relevant since individual
consumers may have different dietary preferencesckl using Bayesian standard ellipse to
guantify the isotopic niche width and their oveday both population and individuals might
help inferring different degree of isotopic speization (Laymaret al, 2007; Jacksost al,
2011). Further, this method accounts for uncergamthe sampled data and corrects biases of
low sample size, allowing robust comparison betwdata sets differing in sample sizes
(Jacksoret al, 2011). In Chapter llI, | directly compare thetigpic niche width between and
within both gemsbok and springbok population andndifly their degrees of overlapping.
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Aims of the study

In this thesis, | aimed to provide a better underding of how ungulates survive in desert
environments in particular when challenged by er&eand unpredictable fluctuations in the
availability of their food resources and by proledgperiods of heat and drought. | have
chosen two focal species that differ in size aretliieg habit: gemsbok antelope3ryx g.
gazellg are larger than springbolArgtidorcas marsupialisand thought to feed more on
grass. The study site in the Kunene Region of Neafbrmally called Damaraland area, is
adjacent to one of the driest deserts on earthN#maib. | first investigated variation in the
consumption of plant food sources in space and biynesing stable isotope analysis of both
metabolically active and inert animal tissues, het population (Chapter 1) and individual
level (Chapter Ill) of both species. | then invgated the movement patterns of gemsbok in
relationship with plant primary productivity, haddit characteristics (i.e. plant types and
assemblages) and topography, and estimated rigledétion by large predators as well as the
variation of these characteristics in time, usimgthbempirical assessment and satellite
imageries and tracking animal movement using GRI&reqChapter IV). Besides serving as
an example of how ungulates are behaviourally adapb desert environment, | also
attempted to provide local human communities withdamental knowledge on the ecology
of two of their main socio-economic wildlife reseas, which, if implemented in their
sustainable management plan, would allow them ttebenanage their wildlife and reduce
food sources competition with their livestock. Hipaunderstanding how both ungulate
species adjust their feeding and spatial pattersglverse and xeric environmental conditions
may help, on a more general level, to predict thgponse of other ungulate species to
desertification and global climate change.

Study site

Fieldwork took place in the Kunene Region in thetimovestern Namibia (Maps 1 & 2). In
this arid environment, | selected two main fielgksi the Torra Conservancy and the Palmwag
Concession (Map 2). The Torra Conservancy is beiagaged by the local community that
ensures development and sustainable use of naés@lirces. This conservancy is a pioneer
in community-based wildlife resources managemenifiica. It was registered as the first
conservancy by the Ministry of Environment and Tsmr of Namibia in 1998 and aims
towards the sustainable use of its natural ressUid&SCO). The Torra Conservacy consists
of a territory of about 3,522 kmz2, where 1,200 pedje besides free roaming wildlife such

as elephant Loxodonta Africang black rhinoceros Oiceros bicornis bicornis lion
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Picture 2: Some other charismatic inhabitants efibinene Region. A. giraffé&fraffa
camelopardaliy B. black rhinocerodiceros bicornis bicornig C. elephantl{(oxodonta
Africang), D. lion (Panthera lep and E. greater kudd'fagelaphus strepsicerh<Credit
photo: David Lehmar

(Panthera led, leopard Panthera pardus)cheetah Acinonyx jubatus brown and spotted
hyena Hyaena brunnea, Crocuta crocQjagiraffe Giraffa camelopardalis endemic
Hartmann’s mountain zebradquus zebra hartmanngpespringbok, gemsbok and greater kudu
(Tragelaphus strepsicerpsas well as small duikers such as steenboR&phicerus
campestriy and klipspringer@reotragus oreotragyqPic. 2).

The human-wildlife conflict is high in this areaesertification has reduced the surface of
fertile ground and livestock density steadily irages as a result of developing human
communities, therefore increasing the competitionfbod sources between wild ungulates
and livestock. The incomes of the conservancy &rse trophy hunting, tourism and hunting
for meat. In 2011, the conservancy was assignedsp@iigbok and 150 gemsbok for this
specific year as consumptive quotas but actually ased 80 gemsbok and 260 springbok
individuals for their own use (Direct communicatiorom Torra Conservancy; NACSO
2011), out of populations estimated of around 58Ffngbok and 1920 gemsbok (NASCO,
2011; Environmental Information Service Namibia, wuhe-eis.com). During the course of
my thesis | managed to join two communal huntsGf@l2and 2012 where | collected fresh
tissues samples from both gemsbok and springbok.

Topographically, the Torra Conservancy rises fraavel plains close to sea level in the west
to an escarpment of basalts in the east whereiddst can reach up to 1,600 metres. These
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basalts underlie much of the conservancy, and wepmsited during a series of volcanic
eruptions which took place about 125 to 132 milyears ago at the time South America and
Africa split apart (Du Toiket al, 1927; de Wikt al, 2008). The red rocks distributed all over
the landscape, giving its name to the Torra Comsay (Torra meaning ‘red rock’ in
Damara), named after the hard basalt layers oEtbedeka Mountains. The area is extremely
dry, with annual average rainfall ranging from Iftn along the hills in the east to just 50
millimetres along the Skeleton Coast (Digital AtfNamibia, 2002). Most rain usually falls
during occasional thunderstorms in the late sumibetyween January and March (Digital
Atlas of Namibia, 2002; Namibia Nature Foundati@®09). However, rainfall can be
extremely variable and unpredictable. The area #xpgriences drastic variations in primary
plant productivity within and across years, an@wofsuffer prolonged period of drought (up to
several years according to local knowledge, NamN&ure Foundation, 2009; personal
observations). The sparse vegetation cover andHeight of most plants are largely a
consequence of aridity, but plant growth is alseited by the scarcity of adequate substrate
in most parts of the conservancy.

The plains are dominated by grass species suStigagrostis spandEriagrostis sp and by
dense assemblage of endemic and poisoRopsiorbia damarandushes. Important browse
food sources such a3etadilium spiniferumor Boescia foetidaare also found on plains
(Digital Atlas of Namibia, 2002). Several papertb&iee species characteristically grow on
hill slopes and mountain plateaus (Digital AtlasNdmibia, 2002). Shallow drainage lines
that feed into the ephemeral Springbok wasser ambHlivers provide refuge for evergreen
bushes such a@yperus marginatuand the endemi@/elwitschia mirabilis (Digital Atlas of
Namibia, 2002; NASCO, 2009). Relatively tall treeech asAcacia sp andProboscis spare
rooted in deep sandy beds that hold moisture ##eh floods (Namibia Nature Foundation,
2009).

During extensive periods of fieldwork, | sampletiptential plant food sources of gemsbok
and springbok for stable isotope analyses, acrbsset different years with varying
environmental conditions, such as rainfall and ppaimary productivity, and across all major
habitat types of the Torra Conservancy.

The Palmwag Concession is located north of thealGonservancy (19°52'54"S13°56'46"E)
and includes 5,500 km? of territories where wikllis not hunted, off road driving and
grazing livestock not permitted. This reserve imed by the surrounding conservancies but
managed and operated by Wilderness Safaris NanTibm.ecosystem is very similar to the

Torra Conservancy and consists of the Etendeka Mms) rocky and gravel plains,
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ephemeral riverbeds and deltas formed by the URaker. The annual rainfall ranges
between 80 and 150 mm and the ambient temperatayereach up to 55°C during the hot
dry season (Digital Atlas of Namibia, 2002). Vegieta ranges from open grassland to sparse
savannahs and the primary plant productivity idlyiggariable across time and environmental
conditions, but also often inexistent. In the PalagwConcession, | equipped gemsbok
individuals with GPS collars. | choose to perfotmststudy in this protected are to decrease
the probability of the collared gemsbok to be skwoice hunting is forbidden in the Palmwag
concession. | also spent several months in theessmn between 2010 and 2013, performing
empirical assessment of plant communities, sulestrabpography and estimating predation
risk of gemsbok by large predators in each habiags. For this study, | have developed tight
and successful collaborations with the local comitytmased conservancies, the University
of Namibia in Windhoek, the Wilderness Safaris Naimithat operates the Palmwag
Concession and with the neighbouring Etendeka Gsinme.

able Resource
Management Areas
of Namibia

A _ State Protected Area

Tourssm Concession

I l Reg d C o vancy

["] Emerging Communal Conservancy

- Freehold Conservancy
|

| Forest Reserve

V//// Community Forest

Mapl: Map of Namibia, includingrotected areas, conservancies and tol
concessions. The black rectangle delimits the studasof my doctore
work in the Kunene Region of Namibi@ihe Palmwag concession (Yellc
and the Torra Conservancy (Orange). Modified frorAQ$O 2011
http://www.nacso.org.na/
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Map 2: Detailed map of the study areas. Chapterghmded the gemsbok and spring
populations of the entire Torra Conservancy (inckja Chapter Il focused on individt
gemsbok and springbok of the two delimited (in blaeeas of the Torra Conservanc
Chapter Il only included individual gemsbok of thetected Palmwag concession (in r
Map built from topographic satellite imagery (ASTER GDEM

https://Ipdaac.usgs.gov/data access
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Picture 3: Look out upon the Huab Valley in the reo€onservancy. The three major hal
types (riverbed, open-field, and hillside) are welpresented in this pictur€redit photo
David Lehman

Picture 4: Coffee break at basecamp, near Aub Rivdahe wilderness of the Palmwag
concession. This picture was taken after a weektspethe bush performingegetatiol
survey and habitats characterization, in complatereomy.Credit photo: David Lehmann
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Outline of the study

The overall aim of this thesis was to gain infornimaton the dietary plasticity of gemsbok and
springbok at both population and individual levelsd to provide insights in spatio-temporal
movement patterns during drought using gemsbok awdel species. The results of this

study are presented in 3 manuscripts that comfireséollowing chapters:

Chapter II: Dietary plasticity of generalist and specialist ungulates in the Namibian
desert: A stable isotopes approach

Desert ungulates live in adverse ecosystems wheraliundance of potential food sources is
largely variable and unpredictable through timev@theless, ungulate density in such
environment might be high, and the underlying dietdrategies allowing animals to survive
and thrive in desert is still poorly known. In thstudy, | investigated how two ungulate
species with contrasting feeding habits, grazinggi®mk and browsing springbok, respond to
an increase in food availability during a pronouhcan period in the arid Kunene Region of
Namibia as compared to drought periods. | usecallestisotope approach to delineate the
feeding habits of these two ungulates across renetaonths. During the study period, |
investigated two periods of drought with limiteddastarce food availability for ungulates and
an intermediate period with extreme rainfalls résglin exceptional plant growth. | collected
plant samples in the field and animal tissues @lloommunal hunts. In the isotopic space of
my study area, | have documented thirteen isotdpidistinct food sources and compared
them to the isotopic range found in gemsbok anohgpok. The results of the Bayesian stable
isotopes mixing models inferred relatively hightdrg plasticity in gemsbok, which fed on a
mixture of plants, including more than 30% of Camgk during drought periods, but almost
exclusively on C4 and CAM plant types when food wéentiful. During drought periods,
gemsbok diets may have also consisted of up to @b#uphorbia damaranaan endemic
CAM plant that is rich in toxic secondary plant quoands. In contrast, results of the mixing
model suggested that springbok were generalistglifig on a higher proportion of C3 than
C4/CAM plants, irrespective of environmental comis. In this chapter, | was therefore able
to illustrate two distinct dietary strategies innmggbok and springbok which enable them to

survive and coexist in the hostile Kunene arid gstasn.
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Chapter lll: Individual variation of isotopic niche s in grazing and browsing desert
ungulates
Whereas in Chapter Il, | described the dietary tsabf the population of gemsbok and

springbok roaming freely in the arid environmenttug Torra Conservancy, in Chapter I, |
investigated whether all individuals of each popalahave similar feeding preferences. It is
not yet fully understood when and to what extedivduals changes their diet and, if they do
so, if all individuals of a population occupy distt or similar dietary niches. Thus, | studied
the temporal variation in individual isotopic nichgpace in grazing gemsbok and
predominantly browsing springbok. | used variatianstable carbon and nitrogen isotope
ratios of tail hair increments as proxies for indual dietary plasticity. The results of the
Bayesian standard isotopic ellipses computed franmations in stable isotopic compositions
of individual tail hair increments suggested, and the first time, that individual isotopic
dietary niche segregated within these two desegtilates species contrasting in their feeding
habits. In this Chapter, | argue that isotopicallgtinct feeding preferences of individuals
may reduce intra-species competition for food reseaiand, thus, may facilitate ungulates’

survival in in such challenging arid ecosystems.

Chapter IV: Movements of desert dwelling gemsbok @Qryx g. gazella) in response to
spatio-temporal variations in plant productivity

In Chapter Il and Ill, I have investigated how ulage populations and individuals cope with
unpredictable variations in food sources availgbilin this Chapter, |1 mainly focused on
understanding how non-migratory desert ungulatediadly exploit their environment at a
local scale in response to shortages in plant avidity. In this study, | investigated the
spatio-temporal variation of home ranges and habdga of 8 gemsbok equipped with GPS
collars. During the 2.5-years of this study, genksthiol not migrate, but selected their habitat
according to plant primary productivity and res@ueccessibility, topography and estimated
risk of predation, ranked here by order of impoctan observed inter-individual variation in

both home-range and habitat uses and argued tbsé ttiifferences reflect the individual
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dietary preferences. The ability of gemsbok to eipthree interlacing and contrasting
habitats at the local scale allow the efficienthgaihg of various food sources and thus avoid
fitness cost associated with large spatial movesaértis study also provided community-
based wildlife management with important knowledgegemsbok habitat preferences and
may help create refuge habitats for gemsbok aner athgulates where hunting and grazing

livestock are inadvisable.
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Abstract. Desert ungulates live in adverse ecosystems dhatparticularly sensitive to
degradation and global climate change. Here, wedastow two ungulate species with
contrasting feeding habits, grazing gemsb@kyk g. gazella and browsing springbok
(Antidorcas marsupialis respond to an increase in food availability dgra pronounced rain
period. We used a stable isotope approach to deéinthe feeding habits of these two
ungulates in the arid Kunene Region of Namibia. @umeteen months field investigation
included two time periods of drought when food &lality for ungulates was lowest and an
intermediate period with extreme, unusual rainfallée documented thirteen isotopically
distinct food sources in the isotopic space ofdtuely area. Our results indicated a relatively
high dietary plasticity of gemsbok, which fed omiture of plants, including more than 30%
of C3 plants during drought periods, but almostesieely on C4 and CAM plant types when
food was plentiful. During drought periods, theemed gemsbok diets also consisted of up to
25% of Euphorbia damaranaan endemic CAM plant that is rich in toxic secandplant
compounds. In contrast, springbok were generafis¢sling on a higher proportion of C3 than
C4/CAM plants, irrespective of environmental comis. Our results illustrate two dietary
strategies in gemsbok and springbok which enaldmtto survive and coexist in the hostile

Kunene arid ecosystem.
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INTRODUCTION

Ungulate species have colonized a wide range oftatabworldwide with different and
variable food resources. They even manage to ihlaigias of extreme environmental
conditions such as dry savannahs and deserts.[Ih&]survival of ungulates in these specific
environments depends on the abundance of adequatefants that offer sufficient nutrients
for survival [3]. The availability of these resoascoften varies with time, and ungulates
therefore may face challenges when undergoing aures bottleneck. Largely, ungulates
may rely on one of two strategies when facing redusource availability: either they stay
and broaden their diet or they leave in searcheir tspecialized, but temporarily restricted
diet [4]. The use of these strategies dependgaat bartly, on the intrinsic degree of dietary
specialization, which is thought to be inverseliated to body size [5, 6, 7, 8]. Following
these predictions, small antelopes display pronedinietary specificity with low tolerance to
changes in selected food availability, whereaselangngulates are more plastic in their
feeding habits and thus dietary generalist.

Small-sized antelopes with high metabolic rates anelatively short digestive tract with low
food retention capacity tend to specialize on highitritive and digestible food items, since
they are not well suited to internally process feodrces of poor quality (e.g. dry forage) [7,
8, 9]. A high dietary specificity of small body-sid ungulates has been suggested for a variety
of smaller ungulates. For example the African disk€ephalophus monticolaand
Cephalophus maxwellre specialized exclusively on a diet of fruitsl @ems which have
low fibre content and high digestibility [10]. Hower, new studies have shown that some
small ruminant species are able to significantlyaoien their diet when needed. For example,
the Cape grysbokRaphicerus melanofiss usually a highly selective browser feeding ttyos
on Acacia leaves [11]. Nevertheless this species may broatkenfeeding behaviour
temporarily to include grass and previously rej@écfant species when Acacias were
removed from the environment [12]. Other small mamt species such as springbok
(Antidorcas marsupialisare mixed feeders and include grass, succulamtplnd leaves of
shrubs in their diet [13, 14, 15]. Additionally,eth may adjust their diet in response to the
availability of food sources with variable qualifyreferring for example grass sprouts during
the wet season [16, 17], and browsing predominantlyeaves of bushes when grass quality
decreases [18].

This pattern of variable food selection has alsenbesported in a wide range of larger
ungulates, which should not be constrained in ttetary choice by body size but by their

guantitative requirements. Indeed, vicuMacggna vicugng white-tailed deer@docoileus
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virginianus) and historic populations of bisoBi§on antiquups show dietary plasticity and
generalization when their preferential food plants are scarce [19, 20, 21]). Ger@srk (
gazella gazella) of the African savannah have been categorized as grazers or hyper-grazers,
which implies that despite their large body size they specialize on grasses (up to 85% to 100%
of their diet [22, 23]. Nonetheless, studies on gemsbok populations of the Kalahari show that
they browse as well on succulent plants and also eat underground tubers (such as the so-called
gemsbok cucumbeAcanthosicyos naudinianusluring the dry season [24]. The ability to
optionally use these alternative food sources may be crucial in arid environments although the
high content of secondary plant compounds of these plants may hamper the digestive
efficiency [8, 25, 26].

Here, we investigated the link between temporal environmental changes and feeding habits in
two desert ungulate species. A knowledge about the plasticity of ungulate dietary strategies is
especially important since climate change is expected to promote desertification [27], to cause
loss in primary productivity and consequently to facilitate species extinction [28]. We
therefore asked how antelope species respond to changes in food availability in semi-desert
ecosystems.

Here, we quantitatively estimated the plasticity of feeding habits in gemsbok and
springbok, which are the most abundant ungulates in the southern part of the arid Kunene
region of Namibia. This environment is characterized by strong and unpredictable variation in
resource availability [29]. We hypothesised that springbok and gemsbok rely on different food
sources and display different patterns of resource use over time. As previous studies
suggested that gemsbok are specialist grazers and springbok generalist feeders [1, 2], we
predicted that springbok respond more strongly in their dietary niche than gemsbok when
facing a shortage of food sources. We predicted that during drought years springbok include
food items that have been avoided during periods of good primary productivity. We used
stable carbon and nitrogen isotope ratios to provide quantitative information on the relative
contribution of different food resources to the diet of gemsbok and springbok across nineteen
months, corresponding to one and a half seasonal cycle, of variable resource availability [23,
30]. Many desert plants differ in their stable carbon isotope ratios depending on their
metabolic pathway of C&Xixation, which is either the C4 and CAM (grasses Boghorbia
respectively) or the C3 (trees and shrubs) photosynthetic pathway [31, 32, 33]. Since stable
isotope ratios in tissues of gemsbok and springbok vary according to whether they consume
grass, euphorbia, leaves of trees and shrubs or a combination of them, we used a stable

isotope approach in our study. In particular, we analysed stable carbon and nitrogen isotope
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ratios to provide quantitative information on the relative contribution of food resources to the
diet of gemsbok and springbok across three years of variable resource availability. The
information gathered in this study might shed light on the mechanisms of resource
partitioning between these two species and provide important knowledge for local wildlife

management plans.

METHODS

Study site

This study took place from November 2010 to June 2012 in the southern part of the Kunene
region of Namibia (-20° 12' 58.59" N, +14° 4' 6.24" E), a 3,500 km? area that is managed by
the Torra Conservancy under the premise of sustainable use of natural resources. Gemsbok
and springbok represent one of the main protein sources from wildlife for local communities.
The local ecosystem consists of outcrops of basaltic mountain ranges, rocky and gravel plains,
dry riverbeds and deltas formed by the ephemeral Huab and Springbok rivers. The annual
precipitation usually ranges between 100 and 150 mm and the ambient temperature may reach
up to 50°C during the dry season [29]. In 2010, the area received less than 80 mm of rain
while in 2011 it received more than 500 mm (Torra conservancy, Damaraland Camp Weather
station, [34]). In 2012, annual precipitation returned to less than 180 mm of rainfall (Torra
conservancy, Namibian Weather Network [34]). Vegetation ranges from scarce open

grasslands with bushes to plain rocky and/or sandy desert [29].

Study species

Gemsbok are large ungulates (180 to 240 kg) that have a geographical distribution from South
Africa to northern Namibia and the southern parts of Botswana [2]. Springbok are smaller in
body size (30 to 44 kg) and occur from the northwestern part of South Africa through the
Kalahari Desert into Namibia and Botswana [2]. The distribution range of both gemsbok and
springbok includes various habitats including savannahs, woodlands and deserts [2].

Sample collection

Our work was carried out under the Research Permits number 1534/2010 and 1676/2012
issued by the Ministry of Environment and Tourism of Namibia and has been approved by the
Internal Committee for Ethics and Animal Welfare of the Leibniz Institute for Zoo and

Wildlife Re-search (1IZW) of Berlin. Also, the Torra Conservancy had granted us the right to
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conduct our research on the Torra Conservancy communal land, on behalf of the conservancy
members.

We collected and analysed the stable isotope ratios of potential food sources and three
types of tissues (blood, liver, muscle) from both species. We first collected plant and animal
tissues samples from November 2010 to February 2011, which corresponded to a period of
severe drought, labelled as “2010” in our study. We continued our sample collection from
April 2011 to August 2011, time period associated with heavy rainfalls and increased primary
productivity. This time period was labelled “2011” in our study. Our third fieldwork session
was performed from February 2012 to June 2012, which corresponds to another drought
period, labelled as “2012” in our study.

Collected plant species were selected according to the known diet of the springbok and
gemsbok [2], direct observations or based on information from local game guards. We also
collected samples from plants from which feeding observations by ungulate were not recorded
and from plants of poor availabilities, scarcely distributed in the environment. From each
plant, we collected about 2 g wet mass of leaves. Samples were dried in the sun before storing
them in 1.5 ml Eppendorf vials. We obtained samples from the following species; Trees (C3):
Colophospermum mopar(éeaves; n = 26)Boscia albitrunca(leaves; n=26), Faidherbia
albida (leaves) (n = 14)Acacia erioloba(leaves, flowers and pods; n = 27), Acacia tortilis
(leaves, flowers and pods; n = 38grminalia prunoidegfruits and leaves; n = 2Z2Jamarix
usneoidegleaves; n = 18); Bushes and shrubs (C3licorema capitata (leaves and flowers;

n = 14), Boscia foetida(leaves; n = 25), Salvadora persica (leaves; n = 13), Cyperus
marginatus (leaves; n = 34), Petalidium spiniferufteaves; n = 39) Cadaba shroepelli
(leaves n = 35), Phaeoptilum spinosuifieaves; n = 18) Grasses (C4): Stipagrostis
damarensign = 12) otherStipagrostis sp(n = 42) and Eragrostis spn = 53) and succulent
plants (CAM):Euphorbia damaranéfruits and branches; n = 2@alsola sleaves; n = 11)

and Zygophylum simpledeaves; n = 11).Additionally, we collected material from a few
ephemeral bushes and flowers during the unusually heavy rainy season of 2011, including
samples oPetalidium halimoidegn = 10),Pegolettia oxydonta (n = 6J;eigera alata (n =

6), Trichodesma africanunfn = 6), Lotononis sp. (n = 6)Cleome foliosa(n = 6) and
Heliotropium oliveranun{n = 6) as well atndigofera adenocarpa (n = 6). Samples from the
same species were collected from various habitats such as riverbeds, plains, valleys, hills and
mountain slopes to cover most of the important habitats of the area in which gemsbok and
springbok populations lived. In total, we collected 551 plant samples from 29 species.

Tissues of springbok and gemsbok (herein after referred to as consumer tissues or
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materials) were collected during the communal mgntof the Torra community-based
conservancy or from fresh carcasses found in tékel.fiAnimals were not killed for the
purpose of this study; we were granted the righdditect samples from hunt products by the
Torra Conservancy. Under Namibia’s Community Badé&tural Resource Management
Program [35], conservancies are given annual quotésl selected mammals as a source of
revenue for community projects and food to hous#hol During the study period, we
collected samples (2 g muscle tissue, 2 g liveugsand 1 ml blood) from 56 gemsbok and 55
springbok individuals. From gemsbok, we collectathples from 6 males and 3 females in
2010, from 18 males and 20 females in 2011 and #amales and 5 females in 2012. From
springbok, we collected samples from 2 males afeh¥hles in 2010, from 17 males and 26
females in 2011 and from 4 males and 2 female®i2 2All samples were dried in the sun
and then stored in 1.5 ml plastic vials. Plant #sgue samples were shipped to the stable
isotope laboratory at the Leibniz Institute for Zad Wildlife Research in Berlin, Germany.
In the laboratory, all samples were washed withileid water, dried in an oven (Heraeus
Function Lab, Thermo Electron Corporation, 6350%densbold, Germany) until constant
mass, and then powdered using a mortar grinder 8&ET GmbH milling machine). An
aliquot sample of 1.5 and 2 mg and 0.3-0.4 mgpfant and consumer materials respectively
were loaded into tin capsuleSQSTECH Analytical Ing.

Samples were combusted and the resultant gaseen(NCQ) were sequentially measured in
a CE 1110 elemental analyzer connected via a aomig flow system to a Thermo Finnigan
Delta Plus isotope ratio mass spectrometer (TheFmmigan, Bremen, Germany). The
sample isotope ratios were compared with internatigas standards (USGS-24 and IAEA-
N1) [36]. Isotope ratios were expressed indhetation in parts per thousand (%o) [37]. We
used stable carbon isotope ratio of Vienna Pee Beemnite limestone and the nitrogen
isotope ratio of air as reference. The precisiomefsurements was better than 0.1%. (one

standard deviation) for both elements.

Statistical analysis

To delineate the feeding habits of gemsbok andchgpak, we used isotope mixing models
that included information abodt®C and&*>N for both consumer and food material [38, 39,
40]. We also controlled for variable concentratioh€ and N in focal plants [41, 42, 43, 44,
45]. The use of stable isotopic techniques to studynal diets requires a priori estimates of
isotope discrimination within the tissues of inrgA 3C and A ™N, also called

discrimination factors), which represent the d#feres in isotopic composition between
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animal tissues and the animals’ diet. Since we da know the species-specific
discrimination factors for our study species, wkemed to discrimination factors for blood,
liver and muscle of mammalian species accordinGdat and colleagues [46] for blood and
liver, and to the work of Sutoh [47] and Codron adleagues [38] for muscle. Hence, we
corrected raw stable isotopic ratios of carbon mitrgen of blood by -1.3 %0 and 2.7 %o, of
liver by -0.69 %o and 3.3 %o, of muscle by 1.5 %o &@%. (A °C andA N, respectively).
We used théMonte Carlo Mapped PowdMCMP) isotope mixing models from the package
SIAR version 4.1.3 [48] of the free statisticaltsafre R (R Development Core Team, 2010)
to assess the relative contribution of plant resesirto the diet of our two study species.
Furthermore, we report the estimated proportionsfomid sources to the gemsbok and
springbok diets given by the most likely source tomig solutions calculated by the Bayesian
isotope mixing models [39, 43, 49]. The range ofiateon in %o was sufficiently high to
warrant a high resolution in the estimate of thenfd’ relative contribution to the overall diet
of gemsbok and springbok, e.g. > 10 %o in b&N andd**C (Fig. 2) [50]. We selected
priori eleven plant groups as potential food sourcescategorized them according to their
photosynthetic pathway and their similarity or ampé differences in stable carbon and
nitrogen isotope ratios. The potential food soumwese clustered as followedStipagrostis

(n = 54) and “Grass” (n = 53) for the C4 plant typEuphorbid (n = 26) and “Other
succulents” (n = 22) for the CAM plant group ar@iticoremd (n = 14), “Weed & others”
(n = 14), “Shrub” (n = 78), “Tree” (n = 52),Bbscid (n = 16), “Salvadord (n = 13),
“Cyperus (n = 27) for the C3 plant group, which summedta 8369 plant samples used.

Since we sampled plant species or plant groupsigltinree field trips over a period of
nineteen months in the same environment, we peddraidMANOVA , including “year” as
fixed factor, for C3, C4 and CAM plant categorieparately, to assess whether the isotopic
composition of each clustered food resources @iffdretween years and between them. We
then performed a pairwise comparison MANOVA, exahgdthe year of sampling as co-
parameter and including plant groups as factotesd whether these defined groups were
isotopically different.

Using MANOVA, with “year” included as fixed factowe tested whether the isotopic
composition of the two species differed and wheihearied among years. We performed
Mann Whitney pairwise comparisons to delineate betwthe potential effects of the
different years of sampling on the mean tissuedlestaarbon and nitrogen isotopic

compositions of gemsbok and springbok.
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RESULTS

Plant stable isotope composition

In general, 8C of plants followed a bimodal distribution, consistent with the isotopic contrast
between C3, C4 and CAM plants (Table &fN values were more evenly distributed (Table

1). Stable carbon and nitrogen isotope ratios of potential feeding plants with a C3
photosynthetic pathway did not differ among yeass¢t= 0.37; Pillai = 0.007; p = 0.83) but
differed between a priori defined plant categories:{f= 19.6; Pillai = 0.73; p < 0.001).
These differences were consistent over years>fk= 2.9; Pillai = 0.27; p < 0.001). We
therefore pooled data of different years for each element and plant category in this C3 plant
group.

We observed thatBoscia” and Salvadora” had similar isotopic signatures, §&= 0.66;

Pillai = 0.037; p = 0.52).Boscia” and Salvadora” also shared a similar isotopic signature
with “Weed & others” (k37= 0.06; Pillai = 0.0033; p = 0.94 and &= 019; Pillai = 0.015; p

= 0.82; respectively). Stable isotope ratios of the categories “Tree” and “Shrub” were similar
(F1,140 = 2.65; Pillai = 0.037; p = 0.073)Bobscia” and “Tree” differed in their isotopic
composition (kgs = 5.33; Pillai = 0.11; p = 0.0066). Moreover, “Tree” differed from
“Salvadora” (k74= 5.37; Pillai = 0.13; p = 0.0066) and “Weed & othersi {fr= 14.45;

Pillai = 0.22; p < 0.001).Boscia” differed from “Shrub” (Eze = 4.56; Pillai = 0.11; p =
0.013). Hence, we groupeddscia”’, “Salvadora” and “Weed & others” in the category
“C3a” (n = 43) and “Shrub” and “Tree” in the category “C3b” (n = 130). Following this, the
isotopic mixture of “C3a” differed from “C3b” @R92= 21.11; Pillai = 0.18; p < 0.001), from
“Calicorema” (R,e4= 15.68; Pillai = 0.33; p < 0.001) an@yperus (F1es = 33.7; Pillai =

0.33; p < 0.001). “C3b” also formed an independent cluster filcalicorema” (k,154= 32.8;

Pillai = 0.3; p < 0.001) andCyperus$ (Fi11s5= 90.47; Pillai = 0.54; p < 0.001). Lastly,
“Calicorema” and Cyperu$ were found to be significantly different {bz= 12.24; Pillai =

0.48; p < 0.001) (Fig.1).

Our MANOVA analysis revealed that stable carbon and / or nitrogen isotope ratios of C4
potential plant sources differed between yeaps4= 3.47; Pillai = 0.092; p = 0.009) and
betweena priori defined plant categories {lz: = 22.49; Pillai = 0.64; p < 0.001). Our
analysis indicated that these differences were consistent over years {R2.43; Pillai =

0.18; p = 0.005). We therefore performed MANOVA pair-wise comparisons to test if these
C4 and CAM defined groups were isotopically different within years. Moreover, when
comparing C4 and CAM plant categories for 2010, we found Bigbegrostis had a similar
isotopic composition compared with “Other succulentg”»¢E 0.14; Pillai = 0.010 p = 0.86)
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(Fig. 1A). Consequently, we pooled these two potential food sources as “C4al” (n =31) and
recalculated our model (Fig. 1A). According to this analysis, “C4al” differed from “Grass”
(F1,45= 9.50; Pillai = 0.30; p = 0.0004) an&tphorbia” (F,44= 5.05; Pillai = 0.19; p-value =
0.011). ‘Euphorbia” and “Grass” also differed from each othar6g 7.82; Pillai = 0.35; p =
0.002) (Fig. 1A).. For 2011, we found th&tipagrostis had a similar isotopic composition
with “Other succulents” (Fisa = 3.40; Pillai = 0.34 p = 0.065) and thaEuphorbia” and
“Grass” also shared similar isotopic compositions. Consequently, we pddlgadrostis

and “other succulents” potential food sources as “C4a2” (n = 16) Boghorbia” and
“Grass” as “C4b2” (n = 19). Plants of the category “C4a2” differed from those of “C4b2”
(F1,33= 62.85; Pillai = 0.79; p < 0.0001) (Fig. 1B). In 201&tipagrostis differed from
“Other succulents” (F20= 4.56; Pillai = 0.32 p = 0.024), from “Grass™ (o= 25.68; Pillai =
0.56; p < 0.001) andEuphorbia” (F30= 12.75; Pillai = 0.46; p = 0.00010). The isotopic
composition of “Grass” differed also from “Other succulentg’»¢E 21.30; Pillai = 0.64; p <
0.0001) and from Euphorbia” (R 34= 23.13; Pillai = 0.58; p < 0.0001). “Other succulents”
and ‘Euphorbia” differed from each other as well (= 27.60; Pillai = 0.80; p < 0.0001)
(Fig. 1C).

To summarize, categories “C3a”, “C3b’Cdlicorema”, ‘Cyperu$ and “C4al’,
“Grassl”, ‘Euphorbial” (“2010”"; Fig. 1A). “C4a2” and “C4b2” (“2011”; Fig. 1B) and
“Stipagrosti8”, “Grass3”, “Other succulents3” andtiphorbia3” (“2012”; Fig. 1C) differed
significantly in their mean stable carbon and nitrogen isotopes ratios (Table 1). Thus, we
documented thirteen resources with distinct mean stable carbon and / or nitrogen isotopes
values (Table 1; Fig. 1). Mean values and standard deviations for stable isotope ratios were
used in our stable isotope mixing models (Table 1).

Isotopic composition of consumer tissue

The mean isotopic mixtures of collected tissues from gemsbok and springbok varied
among years (Fos= 5.42; Pillai = 0.48; p < 0.0001; Fig. 2). Gemsbok and springbok differed
in their respective isotopic signatures {f== 250.92; Pillai = 0.94; p < 0.0001; Fig. 1 & 2)
and this difference was consistent over yeassof= 5.1; Pillai = 0.46; p < 0.0001; Fig. 1 &
2).
Results of our study showed that the mean stable carbon isotope ratio of gemsbok tissues
differed between 2010 and 2011 (W = 282; p = 0.0028; Fig. 2 A), between 2010 and 2012 (W
= 69; p = 0.0013; Fig. 2A) but not between 2011 and 2012 (W = 157; p = 0.72; Fig. 2A). Data

analysis further indicated that the mean nitrogen isotope ratios of gemsbok did not differ
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between 2010 and 2011 (W = 142; p = 0.45 Fig. 2B), or between 2010 and 2012 (W =38; p =
0.86; Fig. 2B) or between 2011 and 2012 (W = 176; p = 0.91; Fig. 2B). With respect to the
springbok population, our model revealed that the mean stable carbon isotope ratios of the
three tissues (blood, liver and muscle) differed between 2010 and 2012 (W = 33; p = 0.015),
and between 2011 and 2012 (W = 195; p = 0.043), but not between 2010 and 2011 (W = 163;
p = 0.31). Moreover, mean values of nitrogen stable isotope ratios differed between 2010 and
2011 (W = 245; p < 0.0001), between 2010 and 2012 (W = 5; p < 0.041) as well as between
2011 and 2012 (W = 0, p < 0.0001). Simultaneously, we observed a large range of deviating
isotopic values within each distinct gemsbok population (Fig 2A, 2B). Accordingly, we
calculated mixing models for both species and for each year separately instead of pooling
isotopically similar data from 2011 and 2012.

Relative contribution of potential food sourceshe animal diet

Using isotopic mixed models (SIAR) for each of the collection years, we estimated the
relative contribution of the major food sources to the diets of gemsbok (Fig. 3 A, B & C) and
springbok (Fig. 3E; 3F; 3G). For gemsbok, the best model explained 90% of the variation in
stable isotope ratios. This model suggested that gemsbok fed on average on 68 + 21.7% of
C4/CAM and on 21 + 14.2% of C3 plants (Fig. 4 A). Our best model for springbok explained
96% of the variation in stable isotope ratios. According to this analysis, springbok included 65
+ 8% C3 and 29 + 1.5% C4/CAM plants in their diet (Fig. 4 B) (Mean * SD of the three year
mode for each species). However, our results regarding gemsbok indicate a shift in food
resource utilization between dry and wet years. Gemsbok diet included 93% C4/CAM and 5%
C3 plants sources in 2011, whereas the diets of 2010 and 2011 were more balanced with
respect to the relative contributions of plant types (Fig. 3 A, B & C; Fig.4 A). Our data also
suggest that springbok diets were less variable than those of gemsbok. Indeed, the pattern of
resource utilization for springbok did not change from wet to dry years (Fig. 4 B). Our model
revealed that the isotopic signature of springbok tissues matched a broad range of plant, with

a constant mixed use of C3 and C4 / CAM sources and with a preference for C3 plants.

DISCUSSION

We studied the effect of increased food availability following an intense rain period on the

feeding habits of gemsbok and springbok in the arid Kunene region of Namibia. We found

that (1) the stable isotopic compositions of C4 and CAM plant sources varied at a local and

restricted geographical scale, between years of extreme drought and exceptional rainfall.
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Further, (2) stable isotope ratios in consumer tissues differed between gemsbok and springbok
and respective isotopic compositions of these tissues varied annually according to resource
availability. In addition, (3) annual changes reflected the severity of the drought. Lastly, the
study indicated that (4) gemsbok were flexible in their diet but specialist feeders when
preferential food resources were available. In contrast, springbok were constant generalist

feeders. In the next paragraphs, we discuss each finding in detalil.

Plant isotopic compositions

The stable isotopic ratios of C4/CAM plants categories varied between years of extreme
drought and the intermediate year of unusual rainfall at a local scale. Similar variations in
isotopic compositions of plant species have been previously recorded at a much larger spatial
scale, encompassing environments with different precipitation patterns [33, 51, 52, 53, 54,
55]. In our study, the variations in C4/CAM plant isotopic signatures were possibly related to
the fluctuations in rainfall intensity during the study period. The observed variations in plant
isotope compositions were mostly related to variatiod'iN of C4/CAM plants, sincé'*C

values of C4 plants are not known to correlate with water availability (e.g. the extent of
precipitation) [52, 53]. The large range’d@f enrichments in plant matter might be related to
varying levels of aridity. Also3®N might differ between C4/CAM plant species [55, 56, 57,
58]. In our study, we also showed that the pererfdiiglagrostis sp, (including the endemic
Stipagrostis damarengisvere enriched if°N compared with less resistant, more ephemeral
grass species such &sagrostis sp. This might reflect the fact thatipagrostisis better
adapted to grow during relatively dry conditions [54, 55, 56, 58]. Using a combinaten of
priori categories that were based on knowledge sl hoccategories that were based on
statistical criteria [42, 44], we defined C4/CAM plants categories for each year of the study
period. In contrast to C4 and CAM plants, we did not record any inter-annual variations in C3
plant isotope compositions. On the regional scale, C3 plants of arid environment exhibited
higher3°N than C3 vegetation of wetter areas [52, 57, 58, 59]. Since we subsumed several
species in the various C3 plant categories, it is possible that the resulting higher variation in
stable isotope ratios may have obscured inter-annual differences in isotope compositions for
the C3 plant categories [52, 53, 55]. Moreover, intra-specific variation in isotopic compaosition
might have also occurred between individuals collected from different micro-habitats, such as
river beds, rocky plains or mountain slopes [60, 61]. Yet, we could not control for these
effects in our data analysis because the number of putative interfering factors was large in

relation to the sample size of our study.
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Animal tissues compositions and inferred diets

Long-term climate data confirmed that the Torrasssaancy of the Kunene region faced a
five year drought that ended in early 2011 (Toran$ervancy, Namibian Weather Network
[34], Damaraland Camp Weather station). Prior tadii&011, the local ecosystem received
only little rain (< 80 mm per year) and temperasureached up to 50°C at sun-exposed
places. During such conditions, only a few patchigtributed and dry perennial grasses
persist above ground and are thus accessible tolateg. According to the variation #C
enrichment in animal tissues over the nineteen hsostudy period, gemsbok included more
plant resources during the dry than during theyeats. The gemsbok population of the Torra
conservancy used leaves from perennial bushesasBbscia foetida, Calicorema capitata,
Salvadora persicdut seemed to rely more on the resistant everg@ggerus marginatus
However, the inferred diet of gemsbok included yoS4/CAM plants with a predominance
of Euphorbia damaranand a mixture of high®N grasses and succulent plants. Succulent
plants are well adjusted to adverse conditions f#] may represent a useful resource for
ungulates during dry periods, because they areimieater [24]. Yet, our study is the first to
demonstrate the significant use of succulent plagtgemsbok (up to 40% of the overall
diet), which may explain why gemsboks are relajivieldependent from drinking water
during extended periods of drought. Most interggyingemsbok predominantly fed on the
evergreenEuphorbia damaranaduring the dry yearsThis euphorbia is highly toxic and
endemic to our study area [63]. Otlt&rphorbiaspecies are used by other herbivores as well,
such as browsing Kudidiragelaphus strepsicerog4], black rhinoceroDiceros bicornis
bicornis [65] or small antelopes [66] but have never beeauthented to be utilized by an
ungulate that is traditionally considered a graktemce, our result suggests that the gemsbok
population of the Kunene region may have evolvegsgtogical abilities that allow them to
process or tolerate the highly toxic secondary cmmpgs of Euphorbia damaranaand
consequently to benefit fromts high water and nutritious content. In 2011, ilgiour second
study period, the local ecosystem received unugumedhvy rainfall (>500 mm within two
months; Torra conservancy, Damaraland Camp Weathgon, [34]). As a consequence, we
observed a large increase in flowering perennidlegghemeral grasses with high and i
values; respectively, which were almost uniformigticbuted across various habitats of our
study area. During this time, gemsbok consumedetheegilable and relatively easily
palatable plants, an observation that is in agree¢mwéh earlier studies [67, 68]. However,

during the rainy year, gemsbok did not inclUgiephorbia damaranan their diet. Instead,
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they seemed to feed on a mixture of grasses aruiemts.

In 2012, when rainfall decreased in intensity byrenthan half, we observed an increase in
13C enrichment in the gemsbok tissues. From thisstable isotope mixing model inferred an
increased contribution duphorbia damaranand succulent plants to the gemsbok diet. Our
stable isotope mixing model suggested an internedise of C4/CAM and C3 plants as food,
meaning that although animals are using both resotypes, their diets are biased toward C4
and CAM plants. The evergredtyperus marginatuss well asCalicorema capitataand
other perennial shrubs such Bsscia foetidaand Salvadora persicavere used as food,;
probably in response to the shortageShipagrostis spand low™®N, less resistant grasses.
Similar to 2010,Euphorbia damaranaepresented one of the most utilized food items fo
gemsbok.

The diet of springbok was more constant over timeteien months of our study period, with
fewer variations in C3 versus C4/CAM resource dbatrons between years. However, we
observed an enrichment B and a depletion dPN in the mean isotope tissue compositions
between 2010 and 2011. This can be explained bgtarg switch fromCyperus marginatus
Calicorema capitatanixture in 2010 to plants of the category C3b (blsr& trees) in 2011.
The depletion of springbok tissue N during 2011 could be explained by the much larger
proportion of plants from the categories “C4a8tifagrostis sp& succulent plants) and
“C4b2” (low >N grasses &Euphorbia damarangin the diet of springbok. Both C4 and
CAM categories had lowes'®>N values in contrast t@€alicorema capitataand Cyperus
marginatusfood sources. In 2012, we observed that springissués were enriched #C
and depleted in*®N compared to 2010 and 2011. This indicated the bioed and
predominant use o€yperus marginatus, Calicorema capitat@3a and C3b food source
categories as grasses availability decreased.

In this study, we demonstrated a high dietary m#gtof gemsbok during times of
fluctuating primary productivity and water availbtyi Indeed, the gemsbok populations in
our study area ingested a broad range of plantfydimg mostly C3 and C4/CAM plants
during years of extremely low rainfall (2010 andL2pbut specialized on grasses during the
year of exceptional heavy rainfall (2011) with higiimary productivity. Hence, the reduced
availability of grass plant matter during prolongddy periods clearly led gemsbok to
supplement their diet with alternative food sourc@sntrary to our predictions, gemsbok was
able to successfully expand their dietary nicherweeded and thus did not move away from
our study area. We also observed a large rangewétihg isotopic values in stable isotope

ratios for gemsbok, possibly suggesting some idd&i feeding preferences or movements
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on a larger scale. As aridity increased and food resource availability decreased, animals might
have travelled excessively and avoided aggregations [69]. Consequently, individuals from the
same population might have visited different habitats with contrasting isotopic baselines [69,
70]. Individuals of the same population may have therefore specialized on a specific food
mixture during the drought period in order to reduce intra-specific competition. Since sample
sizes were low for animal tissues in 2010 and 2012, we were not able to elucidate better the
underlying causes for isotopic variation within a given year. Hence, further studies, including
a larger number of samples per individual over an extended lapse of the animal lifetime are
needed to explicitly document this potential phenomenon of individual isotopic specialization.
Springbok were mixed, intermediate feeders of C3 plants. However, the important shift of
their mean tissues isotopic composition from one year to another, in conjunction with the
small standard deviation of the overall C3, C4 and CAM resources used revealed a lower
dietary plasticity in response to changes in precipitation patterns. Additionally, the smaller
range of deviating isotopic values implies that individuals of the local population were mostly
feeding on the same mixture of plants. In contrast to our expectation, springbok seem to have
a lower dietary plasticity than gemsbok possibly for the simple reason that they might not
need it.

In this study we observed distinct dietary strategies in two ungulate species with
different body size. Gemsbok and springbok preferred different food sources at any time of
our study period and do not necessarily overlap in resource use. This mechanism of resource
partitioning may facilitate the coexistences of these two ungulate species [71]. Moreover
gemsbok might facilitate the access to high quality grasses during increased primary
productivity by cropping off dried plants, allowing springbok to easily access low height
young green sprouts, which in turn stimulate plants to grow faster and higher [72, 73, 74].
Possibly gemsbok are then rewarded with a freshly grown plant source with adequate
palatable height. To conclude, we inferred from stable isotope ratios of plants and animal
tissues the contrasted diets of gemsbok and springbok in the arid Kunene environment. We
successfully demonstrated a radical shift in gemsbok diet between years of different

precipitation rhythms, while springbok diet remained constant, but intrinsically varied.
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Table 1: Summary of the Mean + s.d. values ©5and §°N for thirteen food sources.

Source (n=369) Type "Year" d1%C (Mean £ s.d.) (%o) &N (Mean % s.d.) ( %o)
C3a (n=43) C3 2010, 11 & 12 -25.6+2.2 11.5+4.8
C3b (n=130) C3 2010, 11 & 12 -259+1.9 7.8+3.9
Calicorema (n=14) C3 2010,11 & 12 -21.4+2.2 13.1+45
Cyperus (n=27) C3 2010,11 & 12 -26.5+ 3.3 20.8+6.9
Cdal (n=31) 55% C4 - 45% CAM 2010 -14+1.8 9.3+1.8
Grassl (n=16) C4 2010 14 +1 43+1.2
Euphorbial (n=15) CAM 2010 -129+1.7 7+1.1
C4a2 (n=16) 56% C4 - 44% CAM 2011 -14.1+1.7 13.7+1.3
C4b2 (n=19) 84% C4 - 16% CAM 2011 -13.9+0.6 4.2+0.7
Stipagrostis3 (n=19) C4 2012 -14.1+0.6 82+1.2
Other succulents3 (n=3) CAM 2012 -14.1+15 13+54
Grass3 (n=23) C4 2012 -14.0+£0.9 41+1.1
Euphorbia3 (n=13) CAM 2012 -12.9+0.7 74+1
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FIGURE CAPTIONS

Figure 1: Isotopic projections along the nitrogen and carbon axes (all in delta notation) of the
thirteen major potential food sources (Mean; 95%ClI) in A) 2010, B) 2011 and C) 2012
plotted with the mean values of the three metabolically active tissues (blood, liver and
muscle) of gemsbok and springbok sampled in A) 2010, B) 2011 and C) 2012.

Figure 2: Mean (z s.d) of the yearly mean stable carbon isotope tissue composition of A
gemsbok and C springbok. B and D represent the yearly mean nitrogen isotope composition
of gemsbok and springbok tissues, respectively. The levels of significant differences are
shown (* p < 0.05, ** p < 0.01, ** p < 0.001, **** p < 0.0001)

Figure 3: Relative contribution of the potential food sources to the diets of gemsbok (A,B,C)
and springbok (D, E, F) , as determined by our SIAR isotope mixing model relative to the
mean composition of the three metabolically active tissues analysed (blood, liver, muscle) for
2010 (A and D); 2011 (B and E) and 2012 (C and F). The boxplots show the relative
proportions of each food source with 95% (dark grey), 75%, 25% and 5% (lightest grey)

credibility intervals.

Figure 4. : Relative contribution of the potential food sources to the diets of gemsbok (A) and
springbok (B) , as determined by our SIAR isotope mixing model relative to the mean
composition of the three metabolically active tissues analysed (blood, liver, muscle) and for
our three focal years. The boxplots show the relative proportions of each food source with C3
plant source (dark grey), C4/CAM plant source and the remaining explained part of the diets

(lightest grey).
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Figure 1
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Figure 2

5" °Cu-ros.cor (%o)

5 15NAIR.corr (%O)

24 22 20 -18 -16 -14 -12 10

-26

18

* %

**

LS

Xk ¥k

E——

N
—

2010

2011

2012

2010 2011 2012

51



Proportion

CHAPTER II: DIETARY STRATEGIES OF DESERT-DWELLING U NGULATES

Figure 3

A Gemsbok 2010 g D Springbok 2010

il itLATT

0.6

0.4
04

0.2
02

- o )
B  Gemsbok 2011 =] E  Springbok 2011
] @ =
= a
N Nl e é % %
c 27 %e
o - - B e & o
3 C  Gemsbok 2012 = F  Springbok 2012
) <
e <]
~
o

[ | | =]
| | =]
1) —
o —
==

.| &
5

1 ;

o $ b B A" nvoom o, m o, ] ° O 9 ~ N Ny Ny oM M om IS
Y N LS 2 9 : m ;. S 5 &
¢ ¥ 5§ & FEFFTFE S S ¢ 0¥ § F FF FF E ¢ 5
& Q kS 3 (&} 3 (& & [&] & 5 [§] (o] = o T
K\ IS & 5 < > & K & 4 e & 5
v g ¢ Sources © S s 69



CHAPTER II: DIETARY STRATEGIES OF DESERT-DWELLING U NGULATES

Figure 4
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CHAPTER IlII: INDIVIDUAL VARIATION OF ISOTOPIC NICHES

Abstract. Ungulates often adjust their diet when food awlity varies over time.
However, it is poorly understood when and to what extent individuals change their diet and, if
they do so, if all individuals of a population occupy distinct or similar dietary niches. In arid
Namibian Kunene Region, we studied temporatiations ofindividual nichesin grazing
gemsbok QOryx g. gazella) and predominantly browsing springbdktidorcas marsupialjs

We used variation in stable carbon and nitrogen isotope ratios of tail hair increments as
proxies to estimate individual isotopic dietary niches and their temporal plasticity. Isotopic
dietary niches of populations of the two species were mutually exclusive, but similar in
breadth. Isotopic niche breadth of gemsbok was better explained by within-individual
variation than by between-individual variation of stable isotope ratios, indicating that
gemsbok individuals were facultative specialists in using isotopically distinct local food
resources. In contrast, inter- and intra-individual variations contributed similarly to the
isotopic niche breadth of the springbok population, suggesting a higher degree of individual
isotopic segregation in a more generalist ungulate. In both species, between-individual
variation was neither explained by changes in plant primary productivity, sex, geographical
position nor group size. Within species, individual dietary niches overlapped partially,
suggesting that both populations included individuals with distinct isotopic dietary niches.
Our study provides first evidence for isotopic dietary niche segregation in individuals of two
distinct desert ungulates. Similar, yet isotopically distinct dietary niches of individuals may

facilitate partitioning of food resources and thus individual survival in desert ecosystems.
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INTRODUCTION

Mammalian herbivores such as ungulates select fesdurces according to various
factors. For example, ungulates may choose food according to the availability of plants in
space and time, endogenous digestive capabilities (du Toit 2003) and social constraints like
individual ranks in a groupAppleby 1980, C6t2000). Yet, many ungulates are also flexible
in their feeding habits, for example when food abundance varies over time (Owen-Smith
2008, Lehmann et al. 2013). The dietary niche of an animal is typically defined by the overall
range of food resources contributing to its diet. Since variation in primary productivity often
follows precipitation patterns, and since a dietary niche of an animal speiggaacedby
the local quantity, quality and accessibiliy available food resourcedécdonald, 1983;
Spalinger and Hobbs, 1992; Sih and Christiansen, 20afl@)ary niches of populations are
expected to expand or shrink in response to the availability of the animals’ preferred food
items Codron et al. 200@wen-Smith et al. 2013). At the population leveklsexpansions
or constrictions in dietary niche width have been confirmed for sable anteldippstfagus
niger, Owen-Smith et al. 2013), zebrdsgluus quaggaPwen-Smith et al. 2013) and moose
(Alces alcey (Dungan and Wright 2005). Yet, past studies neglected that the feeding ecology
of local ungulate populations might result from the additive effect of individual food selection
and consequently by the extent of individualized dietary niches. Accordingly, dietary niches
of animals may be better inferred from the sum of individual feeding preferences within a
given population (Bolnick et al. 2003, 2007). For example, individuals within a population of
dietary generalists might largely overlap in their use of food resources, or each individual
might be highly specialized towards a subset of food resoufiResghgarden 1972)
Individual dietary specialization has been confirni@dapex marine predators (Matich et al.
2010; Kim et al. 2013) and other predatory fishes (Quevedanback and Eklov 2009), for
birds (Inger et al. 2006; Martinez del Rio et al. 2009), and for reptilasder Zanden et al.
2010). Dietary specialization of individuals may be dnvBy seasonal and yearly or inter-
habitat differences in resource availability or by energy requirements or habitat choices at
specific life stages (Estes et al. 20@3janbackand Persson 2004; Darimont, Paquet and
Reimchen 2009). Overall, studies on individual dietary strategies of mammals are scarce and
mainly limited to top predators (Urton and Hobson 2005), omnivdies/$ome et al. 2007),
primates (Watts 1984Dammhahn and Kappeler 2014) or mega-herbivores (Codron et al.
2012). Thus far, no study has considedietary specialization in individual ungulatesd

none has investigated individual specialization in antelopes of deserts.
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Many desert plants differ in their stable carbastape ratios depending on their metabolic
pathway of CQ fixation, which is either the C4 and CAM (for expl® grasses and
succulents such as members of the family Euphcagbmcrespectively) or the C3 (trees and
shrubs) photosynthetic pathwaBegnhder 1971; Osmond 1978; Tieszen et al. 1979)s,Thu
stable carbon isotopes differentiate C3 and C4/QAdts. In addition, using stable nitrogen
isotope ratios of C3, C4 and CAM plants may furttefine the differentiation of plants at the
species levels within the aforementioned plant gso(Lehmann et al. 2013). Indeed, in a
previous study, we observed that nitrogen ratistirdjuished between grasses and succulent
species of similar stable carbon isotope compasiths well, we were able to discriminate
between trees and shrub species based on the@geitisotope ratios (Lehmann et al. 2013).
Based on stable isotope ratios in metabolicallyvadissues (blood, liver and muscle), we
showed that local populations of gemsbdlryx g. gazellp and springbok Antidorcas
marsupialig varied in their dietary choice according to temgbachanges in precipitation,
(Lehmann et al. 2013). Odindings highlighted hat gemsbok populations exhibit relatively
flexible dietary habits (Lehmann et al. 2013), tleey consume a mixture of potential food
plants, including more than 30% of C3 plants dudngught periods, but almost exclusively
C4 and CAM plant types when food is plentiful. Dwyidrought periods, the diet of gemsbok
consisted presumably of up to 25%Ediphorbia damaranaan endemic CAM plant that is
rich in toxic plant secondary compounds. In confrdise studied springbok population
consisted of more generalist feeders, which condumehigher proportion of C3 than
C4/CAM plants, independent of changes in envirortalezonditions (Lehmann et al. 2013).
The ranges of such variations may therefore be tesgder the isotopic niche breadth at both
individual and population levels in the two-dimensal ¢°C and §'*N) environmental
isotopic space of the study site. The isotopic @ibheadth therefore reflects the overall range
of isotopically contrasted food resources consulmedn individual or a specieélthough
our previous findings provided important insightgoi how syntopic ungulates overcome
unpredictable shortages in biomass productivitgivilual isotopic niche breadths and their
temporal plasticity still remained unexplored. Hemee go beyond the population level
approach and ask how isotopic variation of indialdgemsbok and springbok may contribute
to the isotopic dietary niches of populations.

Stable isotope ratios of incrementally growing tn&ssues such as teeth (including ivory),
horns, whiskers or tail hairs have been increagingked to infer temporal changes in both
dietary isotopic niches of individuals and popuati(Cerling et al. 2009; Newsome et al.

2009; Codron et al. 2012, 2013; Kim et al. 2013)isTis because such continuously growing
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tissues record temporal variations in stable cadowh nitrogen ratios that directly reflect the
range of isotopically contrasting food resourcesstoned over time. Specifically, we aimed
to evaluate the isotopic dietary niche breadths oividdal ungulates and their variation in
time and position within the two-dimensional isatofiood space of our study site. We
characterized the individual isotopic dietary nitineadths as the surface area enclosed within
the boundaries of the 95% confidence interval ofye8&an ellipses within the two-
dimensional §3C and&'®N) isotopic space of the food resources (Newsomat. €2007; del
Rio et al. 2009; Flaherty and Ben-David 2010). Adaagly, we estimate the isotopic dietary
niche breadth of an animal by the metric size efalea occupied in the dietary isotopic space
(Newsome et al. 2007, 2012). These ellipses welaileded and drawn from the varying
values of the combined stable carbon and nitrogemopic compositions of tail hair of
individual ungulates over a period of almost twange encompassing two annual cycles that
differed markedly in food and water availability.evéisked if individual isotopic niches varied
within and between populations of generalist amditative specialistsWe also asked if and
how isotopic dietary niche breadths of individuaésy in response to temporal changes in
resource availability. We hypothesized that theogim niche breadths of springbok and
gemsbok ought to differ when plant productivity ebas Yet, we are aware that a distinction
between isotopic and realized niches still remaifiserefore, based on the previously
observed isotopic ratios of potential food resosiraed their temporal variations in the arid
environment of the Kunene Region of Namibia (Lehmahal. 2013), we set the variation of
isotopic values of tail hair, recorded as Bayes#lipse areas, in relation to the realized
dietary niche of individual gemsbok and springbok.

For springbok we predicted that the isotopic dietache breadth remains constant and thus
independent of fluctuating plant primary produdiyiwhich is consistent with our previous
findings that this ungulate species is an oppostimintermediate feeder of C3 and C4/CAM
plant resources (Lehmann et al. 2013). In contwstpredicted that individuals of gemsbok,
a facultative dietary specialist species in thd &iuinene Region of Namibia (Lehmann et al.
2013), have narrow isotopic dietary niches duriegiqus of high primary productivity but
broad ones when food resources become scarce. pHftiisrn wouldindicate that both
ungulate species are flexible in their feeding tglallowing animals to adjust their diets to
the food availability of a heterogeneous habitatjcly on the long run may enhance their
survival during periods of extreme food shortagechsas during prolonged droughts.
Furthermore, intra and inter-species competitianrésources may as well influence habitat

selection in ungulates (Hensman et al. 2013). Atingty, high levels of individual niche
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variations in desert-dwelling ungulates would iedity reflect mechanisms of habitat and

resource partitioning time and spacamong individuals and populations.

METHODS
Study site and species

Field work took place in June 2011 in the southeant of the Kunene Region of
Namibia (-20° 12' 98.3" N, +14° 04' 15.2" E), a@=%m? area that is managed by the Torra
conservancy under the premise of sustainable useatoiral resources (Fig. 1). The local
ecosystem consists of outcrops of basaltic mountanges, rocky and gravel plains, dry
riverbeds and deltas formed by the ephemeral Huab $pringbok rivers. The annual
precipitation usually ranges between 100 mm andrif0and the ambient temperature may
reach up to 50°C during the dry season (Digitabatbf Namibia, 2002). Precipitation may
vary largely in this area and therefore plant alality is mostly unpredictable. Vegetation
ranges from few, scarce open grasslands with bust@ain rocky and/or sandy desert.
Gemsbok are relatively large ungulates (body mad8® to 240 kg) that have a geographical
distribution from South Africa to northern Namib&énd the southern parts of Botswana
(Skinner and Chimimba 2005). Springbok body masstB44 kg) is lower than that of
gemsbok. Springbok occur from the north-westertn paBouth Africathrough the Kalahari

Desert intoNamibiaandBotswara (Skinner and Chimimba 2005). The distributiongeaiof

both species is largely overlapping and includesioua habitats such as savannahs,

woodlands and deserts (Skinner and Chimimba 2005).

Sample collections

Sample collection was authorised by the MinistryEsfvironment and Tourism of
Namibia (Research permit numbers 1534/2010 and /26I8) and approved by the
Institutional Committee for Ethics and Animal Web#aof the Leibniz Institute for Zoo and
Wildlife Research (1ZW) of Berlin (Number 2009-10)0

Under the Namibian program of community based maatoesource management
(NACSO 2012 ,Namibia Association of CBNRM Support Organizatigreonservancies are
given annual quotas for population control. We exiitd tail hairs of springbok and gemsbok
hunted by conservancy members. In total, we catetil hairs from 16 adult gemsbok (10
males and 6 females) and 30 adult springbok (1esrahd 13 females). As the growth rate of
gemsbok and springbok tail hair is unknown, we udath from closely related species of
similar body size as the best estimate. We assutinadiemsbok tail hair has a similar growth
rate as that of equids and large bodied bovid whamth averages 0.7 mm per day (Domestic
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horseEquus caballusAyliffe et al. 2004; West et al. 2004; Ponies:rDett and Lees, 2005
and domestic coMBos taurus:Schwertl et al. 2003). As the best proxy for thevgh rate of
springbok tail hair, we referred to a study on similar sized impalaAepyceros melamplus
(Saitoh et al. 1969; Sponheimer et al. 2003) thdicated a tail hair growth rate of 1 cm per
month. We collected on average 35 + 6 cm (Mean 4 8Dtail hair from gemsbok
individuals and 16 + 6 cm from springbok individsiaAccordingly, we assumed that the
stable isotope ratios of tail hair of both spedmggrated over the food consumption of a
maximum of 22 months (from Nov. 2009 to"™.5un. 2011, i.e. the day of the hunt).

We recorded the specific locations where animalsewainted (location), as well as the
identity and size of the group from which it waslected (group identity and size). Springbok
and gemsbok were harvested by game guards fronaras in the Torra conservancy. In the
Western part of the conservancy, we collected sasnfpbm animals roaming around at four
localities at a distance of about 8 =+ 6 km (meaong¢ standard deviation) from each other
(Euclidian distance, Table S1, Fig. 1). In additiare collected samples from animals near
Spaartwater, around 40 km North from the centrditmm of the four others locations
(Euclidian distance, Table S1, Fig. 1). These tweas are situated within the Etendeka
mountain range and are similar in habitat charesties; a set of rugged hills interlacing with
open grassland, flood plains and herbaceous uplasndgell as with more wooded riverbed
and drainage lines. Springbok were sampled fromlvevegroups of eight group sizes.
Gemsbok individuals were sampled from nine distgraups of six group sizes. The identity
of groups, their respective sizes at the time ef ltint and locations are reported beside
numbers and sex of individuals in Table S1. Weenbdld mean values of NDVI, Normalized
Distributed Vegetation Index, (One month composli2VIi, NASA MODIS 13B, National
Aeronautics and Space Administration Moderate-tggwl Imaging Spectroradiometer) from
the Torra conservancy as a measure for vegetatimntly that corresponds to variations in
plant primary productivity during the 22 months ggding the communal hunt. High NDVI
values occurred after rainfall events while lowued indicated drought periods, when
vegetation growth rates are minimal or null. Howewince these variations in plant primary
productivity are unpredictable in the arid enviramhof the Kunene region, the pattern is not
consistent with the conventional definition of aslg seasonal cycle.

Our estimations of monthly rainfall in our studyeswere not reliable and therefore could not
be used in this study. Based on discontinuous dscof local precipitation and weather
stations from tourist camps and neighbouring corssaies, we estimated yearly amounts of

rainfall in Torra conservancy. In 2009, rainfallcacred in February-March and October-
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November and amounted in total about 60 mm. In 20#0area received less than 80 mm of
rainfall from January to March and November to Deber. In 2011, local habitats received
more than 500 mm of rainfall with an intense raggyiod between January and April (Torra
conservancy, Damaraland Camp Weather station, Namityeather Network). Since NDVI
measures green vegetation, it takes into accoentetention of green matter through dryer
times, allowing a more accurate observation of tdm@poral changes in food resources
availability than rainfall (Chirima et al. 2013).

All tail hairs were cleaned with water, dried inetlsun and stored in plastic bags. Hair
samples were shipped to the stable isotope labgratathe 1ZW in Berlin, Germany under
the export permit number M.E. T 85197 issued on 86.2011.

L aboratory preparation

We cut tail hairs into series of 1 cm intervals,jethsummed up to 557 samples for gemsbok
and 453 samples for springbok. Tail hair sectioesawbtained from a single individual hair
to avoid potential signal blurring that could ansken using clumps of multiple hair strands
(Remien et al. 2014). We obtained on average 346&+hair sections from each gemsbok
individual and 15.1 + 6.0 from each springbok indial. The soft tissue root of each hair
wasremoved using a scalpel to avoid sample contanoindiy non-keratinous materigll
samples were wiped with 96 % alcohol to remove @k oil residues and dirt that could
have biased the stable carbon isotopic values. Wenat used a 2:1 chloroform-methanol
solution to further extract lipids from the haiiace the effects of lipid extraction seems to
have no or little effects o&C in lipid-poor tissues (such as keratinous materisee Tieszen
and Boutton, 1989).

All samples were then repeatedly cleansed withlldidtwater and dried in a drying oven
(Heraeus Function Lab, Thermo Electron Corporati68505 Langensbold, Germany).
Samples were then powdered using a mortar grirRlETSCH GmbH milling machine). An
aliquot sample of 0.3 to 0.4 mg of each hair secti@s hereafter loaded into tin capsules
(COSTECH Analytical Ing. and combusted. The resultant gases é&dd CQ) were
sequentially measured in a CE 1110 elemental agralybich was connected to a Thermo
Finnigan Delta Plus (Thermo Finnigan, Bremen, Geyhasotope ratio mass spectrometer
via continuous flow. The sample isotope ratios weneafter compared with international gas
standards; USGS-24 (U.S. Geological Society graphises the stable carbon isotope ratio of
Vienna Pee Dee Belemnite limestone as reference laBéd-N1 (International Atomic

Energy Agency ammonium sulphate) refers to thegén isotope ratio of aiGonfiantini et
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al. 1995;Voigt et al. 2003). Stable isotope ratios were egped following thé notation with
parts per mil (%) as the unit of measurement ($lateal. 2001). According to repeated
measurements of laboratory standards, precisionaiveessys better than 0.1%. (one standard

deviation) in both elements.

Statistical analyses
Animal hair isotopic compositions

To project the compositions of tail hairs of genislamd springbok in an isotopic
space, we required a priori estimates of isotopipHic discrimination of the tissues of
interest. Trophic discrimination of stable isotopegers to the differences in isotopic
composition between animal tissues and that oathmals’ diet. Since we did not know the
species-specific discrimination factors for ourdstispecies, we used discrimination factors
for keratinous materials that have been observedher ungulate species before (Cerling and
Harris 1999, 2003; Sutoh et al. 1987). Accordinghge corrected raw stable carbon and
nitrogen isotopic ratios of tail hair by subtractiof 3.1%. (Cerling and Harris 1999) and
2.9%o respectively (Sutoh et al. 1987).
To inform whether the isotopic compositions of segted tail hairs varied significantly
among and within individuals of both species anagngroups and locations, we performed
linear mixed effect models. To do so, we nesteddbetity of an individual within the group
identity from which it belonged, which was nestedthwn its original location; e.g.:
Imer(Carbon ~ 1|Location/GroupID/ID).
To assess the influence of NDVI on within- and kesn individual variations in isotopic
concentration, we used the method described bydeaRol and Wright (2009) since NDVI
values were linked to specific tail hair sectionsading to the respective hair growth rate of
each species. We defined two different covariate®NDVI: one is providing the mean values
for NDVI in each individual and one is providingoeaoxy for temporal deviations from this
mean value (NDVI-Mean_NDVI) for each measuremerarindividual. In the remainder of
the text, we refer to this deviation as ResidualMNAccordingly, the regression coefficient
associated with the first covariate quantified thiéect of between-individual isotopic
variations of tail hairs and the one associateti wie second covariate measures the effect of
NDVI on within-individual variation of stable carband nitrogen isotopes ratios (van de Pol
and Wright, 2009). Thus, to explain the inter- amwa-individual variation in stable carbon
and nitrogen isotope ratios in both species, waidened Mean_NDVI, Residual _NDVI, and

sex and group size as fixed factors to be includetivo additional models, one for each
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stable isotope and species; e.g.: Imer(Carbon ~nM¢BVI + Residual NDVI + Sex +
GroupSize + (1|Location/GrouplD/ID)).

Each factor (Mean_NDVI, Residual_NDVI, group siz®ex) was added one by one and
models were compared using one-way analysis oanee based on AIC criterion. We then
selected the model with the lowest value of Al@, the model which explained best the
isotopic variation for each species and element. p&tdormed one model per isotope per
species. The model residuals were tested for nodisatibution using Q-Q plot. Model
outputs provided estimates of the influence ofdextn explaining inter- and intra- individual
range of stable isotope ratios of tail hairs. Wesh#er refer to these estimates of inter- and
intra-individual isotopic range a&'*C and A™®N. We used 1,000 parametric bootstraps to
obtain the 95% confidence intervals of the effedtBxed and random factors on the variation
of tail hair isotopic ratios within and between ividuals. All tests were performed with R
(version 3.0.2; R Development Core Team 2013) ufiiagunctionmer andconfintfrom the
package “lme4” (version 1.0.5B&teset al. 2013) for linear mixed effect models.

To assess whether changes in food resource avigylatiluenced the variations of springbok
and gemsbok individual isotopic niches, we clustak®VI values according to periods of
high and low primary productivity; namely NDVI+ @uFeb. 2011 and May-Feb. 2010) and
NDVI - (Jan. 2011 — Jun. 2010 and Jan. 2010 — 2049).

Isotopic niches

Isotopic dietary niche metrics were calculated ghotted using SIBER routines
(Jackson 2011, Parnell and Jackson 2013) from SAAR CAR packages using R (version
3.0.1; R Development Core Team 2013). The limitghef isotopic niche were statistically
defined as Bayesian standard ellipses drawn inriaieaplots §*3C ands®N) of the local
isotopic space of plant resources. Since stabtepses ratios of gemsbok and springbok were
converted to diet coordinates, we regarded thergeaek ellipses as being representative of
the respective isotopic dietary niche in the ism@pace of the Torra conservancy; which is
defined by the stable carbon and nitrogen isotopmpositions of the food resources
potentially consumed by animals. SEA values wemected for small sample size (SEAc)
using ‘Stable Isotope Bayesian Ellipses in R’ (SlBBBackson et ak011) from the ‘SIAR
package, version 4.2, in R (R Development Core Ted@h3). We defined the 95%
confidence intervals of these niches as the adiaahdaries of individual isotopic dietary
niches during the study period (see Jackson e2(Hl2). We then used 1,000 parametric
bootstraps to create Bayesian estimations of SESAA(B), which allowed calculations of

isotopic dietary niche overlaps by comparing 95%ficence intervals (Cl). Accordingly, we
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estimated isotopic niche overlap among individatsld populations) by looking at the extent
at which ellipses overlapped. Ellipses were firstirrated for each individual of both
gemsbok and springbok across the study period, hwkitnmed up to 46 ellipses (n = 46
individuals). To observe the degree of individusdtopic specialization, we calculated the
overlap of an individual’s isotopic dietary nichéghaniches of all other conspecifics. We then
estimated the mean total overlap for each indiMiguth all other conspecificsVe calculated
the proportional overlap between two ellipses basetbtal area of the corresponding ellipses
involved. Thus, we obtained the extent of total mewerlap that ranged from 0 to 100% for
each individual, with values closer to 100% sugggstlmost complete isotopic dietary niche
overlap and implying that individuals of the styalypulation occupy the exact same isotopic
dietary niche. The mean isotopic composition ofdesa and males were calculated for each
species as four ellipses, thereby allowing SIBER-w&e comparisons between the ellipses
of males and females in each species. Finally, latipn ellipses were also calculated,
allowing isotopic niche comparisons between our taaal species. Using a pair-wise niche
comparison approach based on SIBER, we calculateéd@mpared ellipses for each sex and
population for periods of NDVI+ and NDVI - to asses-variation in isotopic dietary niche

breadth with plant productivity.

RESULTS
| sotopic composition of tail hairs

The tail hair isotopic compositions of 16 gemsbokraged -15.6 + 1.2%o fa3*3C
(range:-18.1 to -12.2%o; Fig. 1A) and 14.1 + 0.8%. ®PN (range:12.4 to 15.5%o.; Fig. 1B).
The stable isotopic compositions of tail hair asaly from 30 springbok averaged -21.8 +
1.2%o for1°C (range:-24.1 to -17.3 %o; Fig. S1C) and 13.3 * 1.3%0 361N (range:10.4 to
16.3%o0; Fig. S1D). For gemsbok, the best modelsamiplg isotopic variations within and
between individuals included Mean NDVI and Residdd@VI as fixed factor for both
elements (Table S2.a). Our models indicated tladtlestcarbon and nitrogen isotope ratios of
tail hairs significantly differed among individual@nter-individual differences hereafter
referred to ad'*C or A™N), since the estimate for random effect (ERE; 0.3&)within the
95% CI [0.2 to 0.8%] for carbom\{*C) and for nitrogenA*®N: ERE = 0.5%o, 95% CI = [0.2
to 0.8%0]). Our models also revealed larger varigiavithin than between individuals for
both stable isotopes ratios'C: ERE = 1.1%o, 95% CI = [1.05 to 1.2%d}1°N: ERE = 0.8%,
95% CI =[0.7 to 0.8%o]). Stable carbon and nitroggatope ratios varied only little between

gemsbok groups of the same locatid#*C: ERE = 0.8%o, 95% CI = [0.07 to 1.02%d}°N:
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ERE = 0.6%o, 95% CI = [0.02 to 1.04%0]). In additioor models suggested that isotope
ratios varied between gemsbok individuals fromedtéht locationsA**C: ERE= 0.2%o, 95%
Cl =[0.1 to 1.3%o]; and\*®N: ERE = 0.001%o, 95% CI = [0.01 to 0.9%o]).

For gemsbok, our models further indicated that aesd group size did not explain inter-
individual variations in stable carbon and nitrogeatope ratios. Furthermore, the model
suggested that a difference in Mean_NDVI by 0.leguivalent to an average isotopic
difference among individuals of 0.7%. for carbon aoid1.7%. for nitrogen. However,
Mean_NDVI had a wide range of effects on inter-idlial isotopic variations and, therefore,
its impact cannot be generalized for the gemsbqgluladion (95% CI = [-3.9 to 5.3%o] for
carbon, 95% CI = [-1.9 to 5.7%o0] for nitrogen), iodiing that NDVI+ or NDVI- had no
effect on the isotopic differences between indigidu In addition, we observed that as
Residual_NDVI increased by 0.1, isotopic composgiof individual tail hairs increased by
0.1%0 for stable carbon isotopé85% CI = [0.04 to 0.2%0]) andby 0.09%. for nitrogen
isotopes (95% CI = [0.02 to 0.1%o]), suggesting gnisicant effect of Residual NDVI on
isotopic composition within individuals.

For springbok, the best models explaining isotaaidations within and between individuals
included Mean_NDVI and Residual_NDVI but did notlude group size and sex for both
stable carbon and nitrogen isotope ratios (Tabld)SBoth models revealed that stable
carbon and nitrogen isotope ratios differed sigaifitly among individualsA(*C: ERE =
0.8%o, 95% CIl = [0.5 t0 1.1%0]A™N: ERE = 1.0%0, 95% CI = [0.6 to 1.2%o]). We also
observed high isotopic variations within individsigh'3C: ERE = 1.3%0, 95% CI = [1.2 to
1.4%o]; A¥>N: ERE = 1%o, 95% CI = [0.9 to 1.1%o]). Similar to gshok, isotopic composition
of springbok did not vary between groups3C: ERE = 0.001%o0, 95% CI = [0.05 to 1.1%o]
for carbon;A>N: ERE = 0.001%o, 95% CI = [0.03 to 1.04%o]). As famysbok, the isotopic
compositions of springbok varied only little betwdecations A°C: ERE = 0.07%o, 95% CI

= [0.01 to 0.7%0];A™N: ERE = 0.2%0, 95% CI = [0.1 to 0.8%o]). Since grosipe and sex
were not selected as fixed parameters based oncA#&ion, we assumed that these factors
had no effect on the stable carbon and nitrogelopes ratios of tail hair sections within and
between springbok individuals. Our models showad &hdifference in Mean_NDVI by 0.1 is
equivalent to an isotopic difference in tail haim@ng individuals by 0.6%o i**C and of 1.5%o

in 1>N. However, Mean_NDVI had a wide range of effects ioter-individual isotopic
variations and its impact can therefore not be gdized for the springbok population (95%
Cl = [-0.5 to 1.860] for carbon, 95% CI = [-0.2 to 1.4%o] for nitrogenndicating that NDVI

+ or NDVI — had no effect on the isotopic differescbetween springbok. Also our models
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revealed that as Residual NDVI increased by 0.1thimi individual stable isotope
compositions decreased by 0.2%o. for stable carbaopes(95% CI = [-0.3 to -0.05%.]) and
by 0.5%o for nitrogen isotopg®5% CI = [-0.6 to -0.4%0]), suggesting a significaftect of

Residual_NDVI on isotopic composition within sprivak individuals.

Breadth and overlap of isotopic niches

At the individual level, we observed variationsthe areas of ellipses (2.5 + 1%%o
Fig. 2A) and an average overlap of 18.8 + 8.7% sxall studied gemsbok individuals (Fig.
2A , Fig. 3A). Our results showed a similar extehbverlap between springbok individuals
(21 + 7.6%; Fig. 2A). The sizes of the isotopicfaoe area occupied by springbok within the
dietary isotopic space varied greatly among indigid (3.8 + 2.8%, Fig. 3A). On average,
isotopic niches of male and female gemsbok oveddppy 55% (Fig. 2B), with isotopic
dietary niches of males being wider along the ggroaxis than those of females. In contrast,
females exhibited a broader isotopic dietary niglomg the carbon axis than males (Fig. 2B).
Male and female gemsbok showed similar sizes itojso dietary niche areas as defined by
standard Bayesian ellipses (SEA.B; male = 23%male = 2.2%; p = 0.33; fig. 3B). In
springbok, females exhibited significantly smalleotopic dietary niches than males
(females: SEA.B = 1.9%, males: SEA.B = 4.2% p = 0.041; Fig. 2B, 3B), i.e. the isotopic
niche of male springbok encompassed the isotogivesi of female springbok, yet only 43%
of male isotopic niche was overlapping with the &ensotopic niche (Fig. 2B).
We calculated the isotopic dietary niche of botlkecsgs, using the mean stable carbon and
nitrogen isotope ratios of tail hair incrementsrafividuals of the respective species. Isotopic
niches of the two species were completely sepagdtdte population level (Fig. 2B), yet both
isotopic niches were of similar size (gemsbok SEA.B.4%¢; springbok SEA.B = 3.1% p
= 0.26; Fig. 3C).
We further asked if changes in primary productivitgycorded here as NDVI+ and NDVI-,
would affect the isotopic niches of individuals atitus, populations of both species. Also,
we asked if isotopic niche size and breadth of maled females changed in response to
primary productivity. At the individual level, onlfive out of sixteen gemsbok (31% of
individuals) showed significant decreases in ismtagiche sizes as primary productivity
increased (Table S3a). Similarly, six out of thisgyringbok individuals (20% of individuals)
showed decreases in isotopic niche sizes follownugeased primary productivity (Table
S3b).
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Gemsbok individuals had similar isotopic niche ditba in times of high and low primary
productivity (NDVI + / NDVI —; p = 0.5) and isotopiniches of males and females
overlapped largely during both periods (Table )rirgybok individuals, however, had a
narrower isotopic dietary niche during the NDVI erijod than during the NDVI — period (p =
0.018). The overlap of isotopic niches of springbdmween both periods averaged 34%
(Table 1). The isotopic dietary niche of gemsbokemalid not differ in size during periods of
higher plant source availability (NDVI +) from thegalised during periods of lower primary
productivity (NDVI -) (p = 0.78; Table 2), yet ovap was only small (Table 2). Also, males
and females had similar isotopic niche sizes dupiegods of higher vegetation growth, i.e.
during periods of NDVI + (p = 0.88). Female isotmpiche breadths did not differ between
periods with contrasting NDVI values (p = 0.88) buerlapped largely (Table 2). In contrast,
niche breadth of male springbok decreased as pyipraductivity increased (p = 0.032) and
overlapped only little between periods of NDVI +daNDVI - (Table 3). The niche breadths
of female springbok were similar in times of highdalow primary productivity and
overlapped only little (p = 0.68, Table 3). Nicheeddth was larger in males than in female

springbok during times of low primary productivify = 0.004; Table 3).

DISCUSSION

We assessed the isotopic niches of individual geknsind springbok in the arid
Kunene Region of Namibia by measuring the stablearaand nitrogen isotopes ratios in tail
hair increments. We were interested in the vamatb individual isotopic dietary niches in
response to temporal changes of food availabildyr study revealed for gemsbok that
within-individual variation of stable isotope ragiexplained the isotopic niche breadth of the
study population better than between-individualiateon. In contrast, inter- and intra-
individual variation in stable isotope ratios camiited equally to the isotopic niche breadth of
springbok.We observed that the isotopic surface areas olystndnals, characterized in our
study by Bayesian ellipses, fell within the locsbtopic space defined by the stable isotopic
composition of the food resources they consumednpiaily. Therefore, we inferred that the
limits of these ellipses reflected the extent o tBotopic dietary niche occupied by an
individual. Further, welemonstrated that populations of both species statsdf individuals
with distinct isotopic dietary niches. In contrastour prediction, we founthat the size of
gemsbok isotopic s did not differ between periofidosv and high primary productivity,
whereas springbok individuals reduced their isaapetary niche breadth during periods of

high primary productivity. Lastly, we showed thabtopic dietary niches of springbok and
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gemsbok populations were similar in breadth butrditioverlap in the isotopic space of local
habitats.

Variation of isotopic nichesin individual ungulates

Our study suggests non-overlapping isotopic dietaghes of individuals in the studied
gemsbok and springbok population. Relatively higyels of within- and between-individual
variations ind**C and§'°N values of tail hair sections, and thus a high eeaf individual
isotopic food specialization, have also been foumdprevious isotopic studies on e.g.
carnivores (Cherel et al. 2009, Matich et al. 20Inivores (Newsome et al. 2009) and
non-mammalian herbivores (Murry and Wolf, 2013).t,Yaur findings contrast with those
from African mega-herbivores, namely elephants, rehietra-individual isotopic variations
caused by seasonal changes in plant productiviglaged almost all inter-individual
variation in stable carbon, nitrogen and oxygemoiges (Codron et al. 2013).

We speculate that the difference of isotopic dietaches among individuals of desert
ungulates is best explained by a combination atiddal preferences for a specific food type
and also by specific movements of individuals aenerious habitats in response to changing
environmental conditions. With respect to the diestrategy, our previous study indicated
that the two study species prefer distinct foodueses in the Kunene Region of Namibia.
This clear dietary segregation between gemsbokspridgbok echoed with the results of this
study because the respective isotopic dietary siciggemsbok and springbok individual did
not overlap. Furthermore, the stable isotopic casitpms of both gemsbok and springbok
populations observed in the current study matchét the stable isotopic compositions
recorded before across a nineteen months periddnwiite entire geographical range of the
Torra conservancy (Lehmann et al. 2003)erefore, we assume that the gemsbok sampled in
this study followed the relatively flexible feedimgbits as it was demonstrated in our earlier
study (Lehmann et al. 2013); where gemsbok inclugiégd of C3 plants and up to 25% of
Euphorbia damaranaluring drought periods, but fed almost exclusivetyC4 grasses and
discreet CAM plants when food was plentiful. Hertbe, results of the present study suggest
that the breadth of the realized dietary nichehefgemsbok population might be represented
by the sum of the distinct, non-overlapping, isatapetary niches of individual conspecifics.
We therefore conclude thanhdividual variation in isotopic dietary niche ass from
individual specialization in gemsbok. The studigdirsgbok population consumed a mixture
of C3 and C4/CAM plants, irrespective of changesnmironmental conditions (Lehmann et

al. 2013). Thus, the high level of isotopic dietamche segregation observed among
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individual springbok suggested that the populat@fnthis dietary generalist is in fact
composed of relatively specialized individuals, ismto what previous studies found in
populations of other species, e.g. reptiles arfteEgBolnick et al2007; Vander Zanden et al.
2010), mammalian predators (Newsome et al. 2008)na@mmmalian herbivoredicEachern

et al. 2006) In both our study species, isotopically distimdividual dietary niche may

mitigate the intensity of intra-specific resourcesnpetition.

Influence of sociality, age, sex and plant primary productivity on individual use of isotopic
niche

Typically, increases in NDVI values at a local gcadflect an overall increase in both C3 and
C4/CAM biomasses. However, the availability of Génps seemed to be more related to
rainfall than that of C3 plants (Lehmann et al 20Fr example, evergreen C3 plants such
as Cyperus spandAcacia sp.and also CAM plants, e.g. the enderiigphorbia damarana
might represent the most available food resoureesgl periods of low NDVI values; i.e.
drought. Stipagrostis sgC4 grass) also persists at a relatively high idemsiring both wet
and dry periods and may therefore provide a contisly available forage even during severe
droughts. In our previous study, we collected 3tedknt plant species that included potential
food resources for gemsbok and springbok in thdysarea. Based on stable carbon and
nitrogen isotope ratios, these plants species weoeiped into 13 different food types
(Lehmann et al. 2013). C3 plants biomasses waslynaiasent in riverbed habitats and their
isotopic compositions remained constant from droughwetter periods, while C4 and CAM
food resources mainly occurred in open-field habifgrassland, flood plains and herbaceous
uplands). In contrast to C3 plan&°>N values of some C4/CAM plant species such as,
Zygophylum simplexCAM) and Eragrostis sp(C4) varied with the extent of drought, and
thus between periods of high and low NDVI valuegha local geographic scale of the Torra
conservancy (Lehmann et al. 2013). In this studg, aiserved that botlgemsbok and
springbok move over relatively large areas (petsseovation, unpublished data); which
suggests, given the short distances between ol@ctioh sites, that individuals of this study
were equally likely to cross the interlacing sehabitats (riverbeds, open-field and hillsides)
that characterized our study area. Therefore, \aeathat individual ungulates of our study
were subject to similar spatial and temporal varet in food plant availability and isotopic
compositions. Furthermore, we did not observe affgrdnces in isotopic compositions of
the two study species between populations of the $tudy sites (at 40 km distance),
suggesting that vegetation structures and avatiakilmight have been similar in both of our

sampling areas.
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Springbok are usually gregarious, roaming in sraltds during dry time but aggregating in
much larger groups when primary productivity inces (Child and Le Riche, 1969).
Therefore, we expected similar isotopic dietaryheién individuals of the same group. In
contrast, our findings of relatively high isotopilietary niche segregation of individuals
during both dry and wet periods indicate that amgnpartition their food resources even when
grazing or browsing in a group. This is also supabiby the fact that group size did not
explain intra- or inter-individual isotopic variatis in this study. However, group
compositions may vary over time in both speciebfahg a fission-fusion pattern (Jarman
1974) and might therefore still explain some of tketopic differences found among
members of the same core group. We only considsaall individuals in our study, but were
not able to include age as a factor. Thereforeywse not able to evaluate if age correlates
with some isotopic niche breadth. Age-related clkang dietary requirements have already
been observed in other taxa, including herbivonmasnmals(Lindstrom, 1999)Therefore,
some of the unexplained variation in isotopic daty be attributable to age-specific feeding
habits. Also, intrinsic physiological conditions may hawearied among conspecific
individuals and this may have influenced their fooesources selection and spatial
movements.

With respect to sex-specific differences in isotopiche size of ungulates, we observed
differences between individuals of the studied dmyksand springbok population. We
observed a twofold broader isotopic dietary nighenale springbok than in female springbok,
suggesting that males included a broader rangsotddpically contrasting plant resources in
their diet. This might have been caused by sexispedifferences in the movement
behaviour. Like other ungulates of Southern Afriggringbok and gemsbok females usually
form groups; whereas males are more loosely agsdciith members of the same or
opposite sex and have typically larger home-ran@estes 1991, Skinner and Chimimba
2005). Possibly, springbok males utilized largeritieries, thereby encountering a larger
number of isotopically different food items. Maladafemale gemsbok did not differ in
absolute sizes of their respective isotopic nicheatiths, but we observed differences in
isotopic locations of their niches, with femaleglexing a broader range of plants with
different3'°C values. In contrast, males selected plants vintilag §1°C values but with more
variabled'®N values. Sex-specific differences in isotopic aigtniches may also reflect sex-
specific differences in the use of local habitatsleed, the isotopic dietary niches of female
gemsbok seem to include more C3 plants than thatadés. In the Torra conservancy, we

recorded C3 plants mostly along ephemeral riverbaagyesting that female groups preferred
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this habitat. Possibly, there were capable of dsmfpecause as a group they were better able
to be vigilant against predators (Jarman 1974) avelenseColophospermum moparerests
with largeAcaciatrees and thick bushes (e®plvadora persicatand Cyperus marginatys
which lowered the visibility of predators (Thakérag 2011).

Accordingly, group-living could enable female gemwislto exploit other plants compared
with solitary males. The latter may prefer opensgland and uplands where they can better
detect and avoid predators. Additionally, the shap¢he isotopic dietary niche of males,
which was broad along tHé°N scale but narrower along tB&€C scale, may also reflects the
preferential use of open habitat food types, i@ larger range 08°N values of male
isotopic niche is consistent with the observatiér8'8N variation (around 2%o) in the most
available C4/CAM plants, such &Stipagrosis sp Eragrostis sp Zygophylum simplex
(Lehmann et al. 2013). In summary, we conclude ti@tvariations in isotopic compositions
of males may reflect the variations in isotopic pasitions of C4/CAM plants across varying
environmental conditions; i.e. from drought to wetime. Lastly, the observed differences in
isotopic dietary niche variations between males famales might also be related to sex-
specific energy demands due to the allometric tatrom of metabolism and body size, which
might lead to both foraging and habitat segregatigaviewed by du Toit in Ruckstuhl and
Neuhaus, 2005)In general, female ungulatéscrease the selection of high quality food
resource, to enhance their digestion rate and topeosate for the physiological costs
imposed by maternal care (Ruckstuhl et al. 2008us] we hypothesized that the stable
carbon isotopic variations observed in femaleseotfh dietary shift from C4/CAM to C3
plant foods to fuel the high energetic costg@$tation and lactation, since C3 food resources
were more available over time than C4 plants amduee C3 plants contain in general more
nutrients than C4 plant8éarbehenn et al. 20D4Also, females may reduce their consumption
of CAM plant food resources during reproductiveip@s, since the high concentration of
secondary plant metabolite in these plants may ledserse effects on the foetal and
ontogenic development of the offspring. Dietaryftshiom C4/CAM to C3 plant resources
may also explain some of the more pronounced intteddual isotopic variationebserved

in reproductively active female gemsbok.

We predicted that the isotopic dietary niche breadt gemsbok would decrease with
increasing primary productivity. Although this tckof isotopic dietary niche reduction was
observed it was only statistically significant fiive individuals, representing 30% of all
gemsbok studied. For springbok, we predicted that isotopic niche breadth remains

constant irrespective of changes in plant prodigtiHowever, we observed a reduction in
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isotopic dietary niche breadth size in six indiati) representing 20% of our springbok data
set. The tail lengths of five springbok were toorsho allow a statistical comparison of their
respective isotopic compositions between periodsowf and high plant productiorSince
these variations among some individuals followegttfiations of plant primary growth that
unpredictably occurred in the arid environmenthef Kunene region; the observed pattern of
isotopic dietary niche constriction from droughwietter time is therefore not consistent with
the conventional definition of a yearly (periodar) seasonal (semi-periodic) cycle. However,
theseresults suggest that individuals of both specxktsbéed different dietary tactics to cope
with changes in plant productivity. This variationthe feeding habits of individuals has to be
considered when investigating the impacts of foesburce abundance on both distribution

and dietary niches of ungulate species in deseit@mment (Hopcraft et al. 2012).

Conclusion

In this study, we observed high levels of dietagregation within populations of two
desert ungulate species that differed in body simd feeding habits. We showed that
populations of gemsbok and springbok exhibitedojgizially distinct dietary niches and argue
that individually distinct isotopic niches withiropulations of the same species reflect dietary
preference of individuals, which can also be pa#digtinfluenced by their specific spatial
behaviour and intrinsic physiological requiremenitse observed flexibility in the breadth of
the dietary niche of desert ungulates may helpntwease survival and co-existence of
individuals during adverse periods such as drougflareover, we demonstrated that males
and females of both species occupied distialtteit overlapping, isotopic niche, which may
reflect sex-specific differences in habitat utitina. In conclusion, stable isotope ratios of tail
hair increments indicated that isotopic dietaryhes were distinct and overall separated from
each other in individuals of gemsbok and springbmlexisting in an arid environment of the
Kunene Region in Southern Africa.
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Table 1: SEA.B areas (%o and niche overlap (%) of population of both spscduring
periods of high (NDVI+) and low (NDVI-) primary pdoictivity.

Population Gemsbok (n =16) Springbok (n = 30)

NDVI value Size SEA.B Overlap Size SEA.B Overlap
NDVI + 2.7 77.2 3.2 52.8
NDVI - 3.0 69.7 4.9 34.8

Table 2: SEA.B areas (%oand niche overlap (%) of male and female gemsthakng
periods of high (NDVI+) and low (NDVI-) primary pdoictivity.

Gemsbok Male (n =10) Female (n = 6)

NDVI value Size SEA.B Overlap Size SEA.B Overlap
NDVI + 1.8 52 19 76.7
NDVI - 2.9 31 3.0 49

Table 3: Summary of the SEA.B areas J%and niche overlap (%) of male and female
springbok during periods of high (NDVI+) and lowDN|-) primary productivity.

Springbok Male (n =17) Female (n = 13)

NDVI value Size SEA.B Overlap Size SEA.B Overlap
NDVI + 3.4 54.6 2.6 32.1
NDVI - 7.0 26.7 1.9 44.0
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Figure 1:Diptych map. Distribution ranges of gemsbok and springaotoss the Southern Africa (right). Springbok disttion is reported in
yellow. Gemsbok distribution is represented in gerNote that both animal distributions largely ieye. The black rectangle delimits the limits of
this study in the Kunene Region of Namibia. Theritiation ranges were taken from IUCN (Internatiodaion for Conservation of Natur@ryx
gazelle& Antidorcas marsiupialisVersion 2014.3. The IUCN Red List of Threatene@&@gs). The enlarged and topographic map of thaystu
area (left) details the Torra conservancy whers siidy took place. The two major locations fromahour focal animals were sampled are
indicated by blue circles. Both sampling areas i@rated within the Etendeka Mountain chain (rédp built from topographic satellite imagery
(ASTER GDEMNhttps://Ipdaac.usgs.gov/data_access; freely adde}si

Figure 2: Bivariate plot of stable carbon and mjgwo isotope ratios (mean + one standard deviaiiorigil hair of individual gemsbok and
springbok.Raw isotopic data were corrected for trophic dieanation.Each Bayesian standard ellipse wasculated based on all data points of a

given individual (A) or for males and females otlibspecies separately (B).

Figure 3: Isotopic niche sizes of gemsbok and gpok individuals (A) of males and females of theresponding species (B) and of the two
species (C) estimated by the area of ellipse$ (#the two-dimensional isotopic space. Black defsresent the mode; grey squares represent the
true population values. The shaded boxes indit&®&®%, 75% and 95% credible intervals from dardigtat grey.
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Electronic Supplementary Materials:

Table S1: The identity of distinct groups sampl€Hteir respective sizes and locations are

reported besides individual sex for a) gemsbokigrepringbok.

a) Gemsbok Group Group-size Location Female (n) Maje (
Ag 30 Spaarwater 3 0
Bg 1 Jebico 0 1
Cg 3 Spaarwater 0 1
Dg 15 Driefontein 0 1
Eg 13 Zinkfontein 2 1
Fg 2 Spaarwater 0 1
Gg 2 Spaarwater 0 2
Hg 2 CollinsRoadSpring 0 2
Ig 15 CollinsRoadSpring 1 1

b) Springbok As 120 Driefontein 4 2
Bs 25 Jebico 1 1
Cs 18 Zinkfontein 1 1
Ds 1 CollinsRoadSpring 0 1
Es 12 CollinsRoadSpring 1 1
Fs 150 CollinsRoadSpring 1 3
Gs 30 Zinkfontein 2 0
Hs 25 Jebico 0 1
Is 25 Spaarwater 0 1
Js 90 CollinsRoadSpring 3 1
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Ks 10

Ls 25

Zinkfontein 0 1

Spaarwater 0 4

a
) Fixed factors Random factors AIC AAIC
Gemsbok
Carbon Mean_NDVI + (Residual_NDVI- _
(1|Location/GrouplID/ID) 1791.9 0O
Mean_NDVI)
Mean_NDVI + (Residual_NDVI- )
(1|Location/GrouplD/ID) 1793.8 1.9
Mean_NDVI) + Sex
Mean_NDVI + (Residual_NDVI- _
. (1|Location/GrouplID/ID) 1793.9 2
Mean_NDVI)+ GroupSize
Mean_NDVI + (Residual_NDVI- )
_ (1|Location/GrouplD/ID) 1795.8 3.9
Mean_NDVI) + Sex + GroupSize
1 (1|Location/GrouplD/ID) 1797.7 5.8
Nitrogen Mean_NDVI + (Residual_NDVI- _
_ (1|Location/GrouplD/ID) 1361.2 O
Mean_NDVI) + GroupSize
Mean_NDVI + (Residual_NDVI- )
(1|Location/GrouplID/ID) 1361.5 0.3
Mean_NDVI)
Mean_NDVI + (Residual_NDVI- _
(1|Location/GrouplD/ID) 1362.9 1.7
Mean_NDVI) + Sex
Mean_NDVI + (Residual_NDVI- )
_ (1|Location/GrouplID/ID) 1363.1 1.9
Mean_NDVI) + Sex + GroupSize
1 (1|Location/GrouplID/ID) 1367.1 5.9
b)
Springbok
Carbon Mean_NDVI + (Residual_NDVI- (1|Location/GréDiD) 1555.8 0
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Mean_NDVI)
Mean_NDVI + (Residual_NDVI-
Mean_NDVI)+ GroupSize
Mean_NDVI + (Residual_NDVI-
Mean_NDVI) + Sex
Mean_NDVI + (Residual_NDVI-
_ (1|Location/GrouplD/ID) 1557.1 1.3
Mean_NDVI) + Sex + GroupSize
1 (1|Location/GrouplD/ID) 1563.2 7.4
Nitrogen Mean_NDVI + (Residual_NDVI-
Mean_NDVI)
Mean_NDVI + (Residual_NDVI-
Mean_NDVI) + Sex
Mean_NDVI + (Residual_NDVI-
) (1|Location/GrouplID/ID) 1391.1 2.4
Mean_NDVI) + Sex + GroupSize
1 (1|Location/GrouplID/ID) 1457.6 68.9
Mean_NDVI + (Residual_NDVI-
Mean_NDVI) + GroupSize

(1|Location/GroupID/ID) 1556 0.2

(1|Location/GrouplD/ID) 1556.7 0.9

(1|Location/GrouplD/ID) 1388.7 O

(1|Location/GrouplID/ID) 1390.2 1.5

(1|Location/GrouplID/ID) 1556.7 168

Table S2: List of candidate linear mixed effect migdfor the stable carbon and nitrogen
isotope compositions of individual tail hairs foy gemsbok and b) springbok. The best
supported models according to the AIC criterion raqgorted in front row for each isotope of

each species.

Table S3: Summary of the SEAc areas’%§ gemsbok a) and springbok b) individuals
during periods of low (NDVI-) and high (NDVI+) priany productivity. Significant
differences are given by SIMPER pairwise compari&pr< 0.05. **p < 0.01. **p < 0.001).

a) Gemsbok NDVI- SEAc NDVI+ SEAc SIMPER (p)
1.3 1.2 0.42
1.4 2.3 0.75
2.4 0.9 0.01 **
1.6 1.2 0.24
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b) Springbok
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Figure S1: Stable carbon and nitrogen isotopegatidail hair incrementsf 16 gemsbok (A,

B) and 30 springbok (C, D) in relation to day obyéday, month) when corresponding tail
increments grew. Tail hairs were cut into 1-cm pgeand converted into the retrospective
time period by assuming species-specific growtlesaSequences of male individuals are
represented by full lines, those of females byetbtines. Raw isotopic data were corrected
for diet-tissue discrimination factor. NDVI valuese plotted for reference. NDVI records
represent the variations in plant primary produgtivin the general geographic region over
the length of time represented by the hair isotagm®ord. The two marked picks in NDVI
values occurred after rainfall events. Each pigkresents an increase in plant green growth

while low NDVI values represent drought times, whba vegetation growth is minimal or

null.
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Abstract. Ungulates often adjust their habitat use wheil faailability varies over time,
by switching between forage or by migrating. Howevkis poorly known how sedentary
desert ungulates respond towards shortages in glarability. In the arid Kunene Region of
Namibia, we studied the temporaariation of home ranges and habitat use of gemsbok
equipped with GPS collars. During our studyemsbok did not migrate when food
productivity decreased drastically. Home-range ssidel not vary with local Normalized
Differenced Vegetation Index; a proxy for local mlgroductivity. Gemsbok selected their
habitat according to plant primary productivity aresource accessibility, topography and
estimated risk of predation. We argue that intéiviidual variation in home-range and habitat
uses reflect dietary preferences, but may alsath@enced by individual life history stages.
Gemsbok responded to resource fluctuations by usicgmbination of interlacing habitats
that differ in plant productivity, plant composiip topography and vegetation cover.
Gemsbok exploit local resources efficiently andsthsurvive when facing temporal and
unpredictable food shortages. Our study help coniydimased wildlife management by
providing important information about gemsbok habipreferences, which facilitate the
development of refuge habitats for gemsbok andrathgulates where hunting wildlife and

grazing livestock are forbidden.
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INTRODUCTION

Understanding what factors influence distributiord ahus abundance of animals and how
animal populations move and select habitats inr thaiural environment is of fundamental
importance to both ecological research and conserv&fforts Simcharoen et al., 2014,
Mateo-Sanchez et al., 2014). Movements of animeadsoften constricted to specific home
ranges (Stamps 1995), and animals usually seleat pineferred habitats based on several
criteria such as species-specific preferences dod fitems, competition for resources, the
availability and accessibility of habitats, predatirisk or human disturbances among others
(Johnson, 1980; Senft et al.,, 1987; Johnson,e2@il4).

The size of home ranges is largely influenced by $pecific energetic requirements of
animals which are a function of body size and Ifistory stage, such as growth or
reproduction (Harestad & Bunnell 1979; Lindstedt)léd & Buskirk 1986; Carbone et al.,
2005). However, home range sizes may also varyiwgpecies beyond factors such as size
and life-history stage (Kie et al., 2002, Borger att, 2006). For example, the spatial
behaviour of individuals may be affected by an npleey of temporal changes in resource
abundances (seasonal: Dussault et al., 2005a lyr &avrud, Loe & Mysterud 2010) and
intrinsic life history traits (Cederlund & Sand ¥®Boérger et al., 2006). For example, van
Beest and colleagues (2011) showed that reprogustatus was the most important factor
explaining differences in home ranges among indizidnoose Alces alcel with female-
calf pairs using smaller areas than gravid or n@wd individuals. Furthermore, they
demonstrated that individual home ranges and thairations were strongly related to
temporary fluctuations of food abundance and qualn top of that, anthropogenic factors
such as roads or hunting pressure largely influemaeements, site selection and home range
boundaries of wildlife species (e.g. in Americaadk BearUrsus americanysLewis et al.,
2011; Roe deeCapreolus capreolydBenhaiem et al., 2008;).

For ungulates, temporal variations of habitat ctigréstics may lead to seasonal shifts
between distinct home ranges (Borger et al., 2008)to varying levels of resource
exploitation in the core areas of home ranges (&@an et al., 2001). Environmental
stochasticity, such as temporal variation in ambiemperature, precipitation, occurrence of
flash floods or the temporary presence of ephemeatkr bodies might as well influence
individual movement patterns, as for example in sgoflces alcesvan Beest et al., 2011)
and sable antelopeHlippotragus niger Hensman et al 2013). Lastly, intra- and interedpe

competition of wildlife species with similar ecologl niches, interactions with potential
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predators and human hunting pressure may alscemtkithe spatial movement patterns and
home range sizes (Gaston, 199&ylinden et al., 1998Chirima et al., 2013).

In deserts, fluctuations in food availability mag the most prominent stressor responsible for
changes in ungulate movements. Species of arideon-arid environments face severe
challenges when resources are vanishing, for exampting extended periods of drought
(Lehmann et al., 2013). GemsbdRryx g. gazella of the Kunene Region in Namibia vary
their diet with increasingirought, i.e. even though gemsbok are considerebdetcstrict
grazers, they may include more than 30% of forage fshrubs and bushes in their diet when
ambient conditions are dry. However, during perioflsigh plant productivity, they consume
almost exclusively grass and succulent plantsrdstagly, in the Kunene region of Namibia
they may also include up to 25% Bfiphorbia damaranaan endemic succulent plant that is
rich in nutrients and water but also in toxic setamy compounds (Lehmann et al., 2013).
Thus, temporal fluctuations in available plants #meir productivity may strongly influence
the spatial distribution and behaviour of desemgfeok. Other studies used indirect measures
of vegetation productivity such as the Normalizeiffdbence Vegetation Index to study
habitat selection of ungulates (NDVI; e.g. Wiegaetd al., 2008; Mueller et al., 2008;
Pettorelli et al., 2011; Hurley et al., 2014). NDvdlues have been found to be positively
related to grass greenness in the field and tdalai(vVerlingen & Masago, 1997). NDVI
values explained partially the habitat selectioocpss of migratory grazers in the semi-arid
Kalahari ecosystem (e.g., wildebeegSbnnochaetes taurinugnd hartebeeshlcelaphus
buselaphusVerlinden & Masogo 1997). But NDVI alone may rio# ideal in to explaining
habitat selection and spatial behaviour of non-wdependant antelopes, such as gemsbok
(Nagy, 1994), inhabiting heterogeneous environmévieslinden & Masogo, 1997 Hence,
additional biotic and abiotic factors to NDVI hateebe considered to understand and explain
the spatial behaviours and habitat selection oemaidependent, non-migrating, ungulates in
arid mountairecosystems such as the Kunene Region of Namibia.

Here, we investigated the spatial movements of kemgamsbok Qryx g. gazella equipped
with GPS collars in the arid environment of the Knae Region of Namibia, specifically in
the Palmwag concession. Gemsbok are of crucial itapce for local communities, not only
as a source of protein for local communities, beb as a source of income when local
conservancies engage in managed trophy huntingnaeat sales. In the conservancies
neighbouring our study site, ungulates are huntadeu the premise of a sustainable
management that defines annual quotas for eachiespend site (NACSO 2012).

Understanding the spatial behaviour and the faatoderlying the selection of habitats by
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ungulates might therefore provide important inssdior refining the annual quota that are set
for each conservancy, and help to define protestess within the conservancie our
study, we used empirical data of habitat and véigetaharacteristics and satellite pictures to
evaluate the relevance of three major habitat typegiemsbok; i.e. open-fields, riverbeds
and hillsides. We describe local habitats accordinthe following parameters: composition
and cover of vegetation, temporal fluctuations oéep plant matters, topography, and
likelihood of detecting large predators accordiagvisibility. We recorded changes in plant
primary productivity during three years and obtdii&ormation on the spatial movement of
gemsbok from individuals equipped with GPS collars.

We predicted that gemsbok select grasslands dys@ngpds of high primary productivity.
Grasslands may be open or part of more complexyst®as such as savannah or plateaus
which are also rich in herbs. When grass resouteesease, we expected gemsbok to select
habitats with relatively high abundance of alteieatood sources, such as shrubs and bushes
or Euphorbia damaranaNe also predicted that gemsbok select open habitdishigh levels

of visibility since this would facilitate predatatetection and increase the likelihood of
escaping from them successfully. Further, we exgqoegemsbok core areas to increase in size
as primary productivity decreases while their olldrame range should remain similar. In
concordance with observations in other African datgs, we expected home ranges of
neighbouring individuals to overlap to some exténg. African buffaloSyncerus caffer
Cornélis et al., 2011; Sable antelopppotragus nigerHensman et al., 2013). We expected
therefore that neighbouring individuals share samihabitat types within their respective
home ranges and face similar environmental variatieading to convergent patterns in their
spatial behaviour. However, if gemsbok individuale plant specialistsve expected them to
select different plant species when sharing theeshaitat with other conspecifits avoid

or reduce competition for food sources. Hence, weeeted to observdifferences between
individual spatial movement behaviours, habitaesgbn, home range sizes and associated
variations Finally, since the study population seems to le#l adapted to overcome even
strong shortages of food sources (Lehmann et @L3)2 we also expected gemsbok not to

move outside the area during prolonged periodsamight.

METHODS
Study area

The Palmwag concession is located in the KunendoRegf north-west Namibia
(19°52'54"S- 13°56'46"E) between the Etendeka Casaan, Etosha National Park and the
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Skeleton National Park. It includes a 5,500 km#&aknost void of human settlements and
thus anthropogenic impact on wildlife. Hunting &t mllowed within the concession and only
about 900 km? is accessible for tourists. The diimsnows an overall annual rainfall between
100 and 150 mm and the ambient temperature may nepcto 50°C during the hot-dry
season (Digital Atlas of Namibia, 2002). The loeabsystem consists of outcrops of basaltic
mountain ranges, rocky and gravel plains, dry beds and deltas formed by ephemeral
rivers. Metamorphic and granitic stones with a thimd compacted sedimentary crust only
retain a substrate poor in nutrients for primamyduictivity. Vegetation therefore ranges from
none to open grassland and sparse savannah, with wanded area concentrated around
ephemeral riverbeds.

Gemsbok are relatively large bodied ungulates (boégs of 180 to 240 kg, Skinner and
Chimimba 2005). Their distribution ranges from $oéfrica to northern Namibia and the
southern parts of Botswana (Skinner and Chimimi@®52 Gemsbok use various habitats
throughout their geographic distribution range,hsas savannahs, woodlands and deserts
(Skinner and Chimimba 2005), suggesting that thimal is capable of adjusting to a broad

range of environmental conditions (Lehmann et24l13).

Immobilisation of animals and GPS collaring

For our study, we selected only female gemsbok usecathey may provide
information on the habitat preferences of herds.leMgemsbok often forage solitary.
Moreover, females are more important than males faomanagement perspective. Between
1t and 4" of April 2011, we immobilized seven adult femafesm seven different herds in
the recreational area of Palmwag, and equipped esith IRIDIUM GPS collars
(VECTRONIC aerospace, Berlin GmbH). One additiar@lar was placed on another female
in February 2013. Immobilization attempts took pldetween 6 a.m. -12 a.m. and 3 p.m. - 5
p.m to avoid the peak temperatures. Gemsboks vegteddfrom the ground, using single-use
pressurised darts filled with 7 mg M99, 10 mg Meditline and 100 mg Azaperone. Darted
females rapidly fell asleep after within 12 + 3 oiiés (mean = SD) on average. Individuals
were then transferred to the shade of a bush eranel moisten with water to reduce the
effects of solar radiation and to avoid overheatingividuals remained immobilized for an
average of 19 =+ 3 minutes (mean + SD). Drug effestse reversed using an intravenous
injection of 12 mg M5050 mixed with 50 mg Naltraxeoand 5 ml Yohimbine or Atisedane.
GPS collars were programmed with 7 hours rolloehesgules; meaning that one location was

recorded every 7 hours independently of the tim¢hefday. This method allowed a more
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complete overview of the daily activity rhythm ofirofocal, radio-collared, individuals and
the coverage of the whole 24 hours of a day whe8 Gérked for several months. GPS fixes
were automatically transmitted via satellite taoaputer.

Capture using immobilizing drugs were conductedh®yNamibian state veterinarian
and authorised by the Ministry of Environment anouifism of Namibia (Research permit
numbers 1534/2010 and 1676/2012). The conditionth@fimmobilization procedure were
approved by the Institutional Committee for Ethemssd Animal Welfare of the Leibniz
Institute for Zoo and Wildlife Research (1ZW) of e (Number 2009-10-01). During the
course of this project, we lost three animals: @ lost to predation, i.e. the animal was
killed by lions (as revealed by field investigafioAnother female was most likely poached
and one died from unknown natural causes other phagiation as its carcass was found in a
seemingly intact state and un-scavenged (persnaism Dr. Philipp Stander). From these
individuals, we only collected 1938 (06-04-20112®-08-2012), 950 (04-04-2011 to 13-11-
2011) and 647 (04-04-2011 to 18-08-2011) spatiahtions, respectively. Of the five
remaining individuals we collected 3,396 (06-04-2@@ 31-08-2013), 3,220 (05-04-2011 to
31-08-2013), 3,227 (03-04-2011 to 31-08-2013), 3,(04-04-2011 to 31-08-2011) and 676
(15-02-2013 to 31-08-2013) GPS locations. In sum,oltained a total of 15,487 GPS data
points between the &4of April 2011 and the 310of August 2013.

Habitat empirical characterization

We used two complementary approaches to charaetaunitable habitats for gemsbok
individuals equipped with GPS collars. First, weually assessed distinct habitat categories
such as riverbeds, hillsides and open-fields a$ agebkubstrates, topographies and dominant
vegetation types in order to describe the oveiatliution of plant resources as a function of
habitat specificity. Secondly, we selected 78 spathin the boundaries of the recreational
tourist zone of the Palmwag Concession (33 spotgén-fields type habitats, 15 in riverbeds
environments and 30 in hillside/mountainous hadjtaAt each of these spots, two transects
of 20 meters that crossed in the middle were lam] discrete and continuous data on
vegetation were recorded using a mixed point /-iimiercept methodHloyd & Anderson,
1987) Vegetation types, dominant plants, percentagmweér, greenness, percentage of grass
and shrub and substrate were recorded (Manley,et%3; Sanchez-Rojas & Gallina, 2000;
Johnson et al., 2002). In the four quotas formethkycross-point intercept, we identified and
measured the two nearest trees from the centrengUai 1 by 1 m square with 16

compartments (four ropes being fitted between @achllel sides of the square) placed at the
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centre and at the four edges of each transectssessed the percentage of soil cover (using
the Braun-Blanquet cover-abundance scale; Brauneilet, 1932) and fine-scale percentage
green, grass and shrub. The estimates of the lpartmments were then pooled for one
square, averaged and expressed as percentage.vhalueach square, we furthermore
measured the height of grass. Percentage of vigibil each plot was assessed as a measure
of predation/competition detection and calculatsthgi a 1.5 m pole painted with 10 cm
alternating white and red stripes. This pole wasgdl at five random locations per sampling
site and at a distance of 25 to 30 meters frontémere. The stripes that were visible from the
point intercept were counted and expressed as miage of visibility. Suitability of the
habitat for gemsbok is likely varying unpredictabty this environment between years or
seasons. To determine changes in habitat chastateriover time, we conducted two
repeated measures between subsequent years coligtingl3" July 2011 to the™ August
2011) and intermediate primary productivity tim&¥{ March 2012 to 28 April 2012).
Unfortunately, we could not investigate these sdasng the lowest primary productivity
period of 2013. To detect differences of thesarestes within and between habitats, we used

Wilcoxon signed-rank test and Mann-Whitney U Testifidependent samples, respectively.

Satellite imagery and habitat modelling

A map of three major habitats types (open-fieldserbeds and hillsides) from the study area
was drawn using a combination of satellite imagefiem LANDSAT (50 meters resolution;
http://earthexplorer.usgs.gov/),  MODIS Terra  (250mresolution,  MOD13Q1;
https://lpdaac.usgs.gov/data_access) and ASTER gtapbic visualization (30 meters
resolution; ASTER Global DEMhttps://Ipdaac.usgs.gov/data_access) as well as fhe
data obtained from field work on the ground. Weitdigd polygons around these three
available habitats and confirmed that all our 78tspwere encompassed within the habitat
types originally assigned to them, which therefemkdated our empirical habitat assessment.
The defined habitat polygons were then converteshépefiles.

Simultaneously, we used NDVI data to estimate \agwet density. We downloaded 62
NDVI raster maps from MODIS Terra with 250 metegsalutions from two-week intervals
to track changes in primary productivity during 8tady period (Johnson et al., 2002; Brown
et al.,, 2006; Mueller et al., 2008). To assess drethanges in food source availability
influenced the spatial behaviour and habitat seleaif gemsbok in the Palmwag concession,
we defined three periods with contrasting plantay productivity: High (06-03-2011 to 24-
08-2011; NDVI = 2859 + 754), Intermediate (25-08t200 31-05-2012; NDVI = 1553 + 85)

and Low (01-06-2012 to 31-08-2013; NDVI = 1329 4.64DVI values were then used to
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estimate variations in food resource availabiliteesoss time within and between habitat
types. From the variations of NDVI values during study period, we defined three distinct
intensities of plant productivity and refereed t@s “season” in our model, acknowledging
that the apparent unpredictability of plant produtt at our study site is not consistent with
the conventional definition of a yearly seasonatley Comparison of the plant greenness
were made between the three habitat types, yetotedirthat the tree layers of the riverbed
environments might blurred the total primary praduty of this habitat, since variations in
ground-based vegetation might be masked by treeptes (Hensman et al., 2013). Our
estimation of plant greenness was slightly diffetdian the subjective estimation performed
by Knigh 1991 and Verlinden & Masago (1997), whigney defined six different point scales
of the herbaceous layers greenness alone (no ggesss without green, slightly green,
yellow-green, green-yellow, and totally green). dontrast, we visually estimated the
percentage greenness relative to the entire plavgrcgoresent at each plot; including both
grasses and shrubs species since previous studshioadh that gemsbok do not exclusively
feed on grass species in this environment (Lehnedrah., 2013). Indeed, riverbeds harbours
many potential food sources, such@gerus sp., Stipagrostis damaranerans succulent
plant species that are used by gemsbok during mpgelb periods of drought (Lehmann et al.,
2013). We therefore controlled for potential NDVases in primary productivity of riverbeds
by visually assessing the greenness of its groased plants and took into account the
implications of such potential biases while intetprg our gemsbok habitat selection model
output.

Further, we downloaded shapefiles of the primagyavel roads) and secondary roads
(usually non-gravel) crossing the concession, tiandge lines, the major tributaries and the
ephemeral riverbeds (freely accessible online \ha tvebsite of the Environmental

Information Service Namibidnttp://www.the-eis.con)/

Data analysis

We first converted all latitude and longitude caonades (UTC) to the UTM coordinate
system using the WGS 1984 UTM 33 south projectie. also converted UTC day time of
recorded locations to Namibian local time.

We included only GPS locations that were marketaldated” in the offset transmitted via
IRIDIUM satellite into our dataset, meaning that thecorded geographic location was
accurate to five meters or less. Additionally wamosed burst, points that were time stamped

at a closer interval than initially specified arnmhgally auto-correlated locations (Getz et al.,
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2007, Mueller et al., 2008). Consequently, we reduour overall dataset from 15,487 to
13,190 GPS data points. From this data pool, weutated the 95% (total home range area)
and 50% (core home range area) isopleths for bameéd and MCP home ranges (Ha)
(Worton 1987, Jennrich & Turner 1969), using thédrary ‘adehabitat’ (Calenge 2006). We
only referred to the Kernel estimates in the follogvtext. Kernel estimates of individual
home-ranges were log-transformed to yield data waimal distribution. We used student t-
test for paired samples to assess differenceseroterall and core area home-range sizes
between three periods of contrasting plant ressuabeindances (high, intermediate, and low
plant primary productivity).

Further, as we lost three individuals during tharse of this study we did not obtain the same
number of data points for each individual. Consetljyeour total dataset of gemsbok spatial
locations was biased against these less representiitiuals. To control for this bias, we
randomly resampled a more homogeneous amount oklgEmlocations between each
individual during each primary productivity timerpa and for each day and night (Fieberg
2007a, Fieberg 2007b). We then obtained a defotia base of 10,000 GPS locations to
which 5 individuals contributed with 80 % and theee killed animals with 20% of data
points. For each GPS location of each individua,extracted the corresponding NDVI value
from the nearest two-week NDVI raster data. Using@S 9.3.1 Proximity Analysis-230
Near-tool, we calculated for each GPS point therestadistance to a road and riverbed
(including major tributaries and drainage lineshe3e parameters are referred to in the
remainder of the text as Dist_Road and Dist. RBNny#ASTER topography imagery at 30
meters resolution of the Palmwag concession, weaebed elevation values for each
individual GPS location. Additionally, using ourlhtat map, we attributed to each GPS point
one of the three major habitat types. Finally, akeualated the differences between individual
NDVI_indiv. values of each point location with tieanNDVI of its total home range at a
given time, providing a proxy for temporal deviasofrom this mean value (NDVI_indiv.-
MeanNDVI) for each spatial locations of an indivadiuwhich will be referred to as DfNDVI

in the following. Simultaneously, DINDVI revealsetihange of primary productivity preferred
by individual gemsbok. Also, in order to define e animals used the environment
depending on daytime hour, we included Day-Nightagparameters. Therefore, to assess
whether a location was reached by an individuabating to specific environmental and
temporal conditions, we randomly permuted the tdata within individuals keeping location
constant. Thus, we created a simulated datasetewdr@mal locations were randomly re-

allocated in time of year and day ensuring thatfoaal individuals were not located at this
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particular spatial position at this specific tinker this simulated dataset we also extracted
elevation, NDVI of each individual at every sindteation reached at a specific time and
calculated the differences in primary productiwiith the mean primary productivity of the
individual entire home range (DfNDVI), distance riearest road and riverbeds as well as
habitat and season. We therefore obtained an absensus presence binomial dataset where
the observed GPS locations are represented by thargimulated GPS points by 0 (Mueller
et al., 2008). The absence versus presence of ganisthividual at a specific location at a
given time is referred in the remaining of the tast Response. Therefore, each individual
contributed with both “observed” and “simulated’imiolocations to the data analysis, which
summed up to an overall dataset of 20,000 GP Sitorsat

To explain variation in geographical locations stdd by an individual and to test for
hypothetical differences in spatial behaviours agiolividuals inhabiting the same area but
with individualized, albeit overlapping home ranges considered MeanNDVI, DINDVI,
elevation, Day-Night, habitat, season and yearasl ffactors to be included in a binomial
generalized mixed effects model as used vs. avail@source selection. In this analysis, we
included individual ID as random factor interceptaccount for residual patterns of each
fixed effects that could occur from repeated measdiour focal gemsbok (Pinheiro & Bates
2000; Borger et al., 2006). Our general model wdbktefore take the following form e.qg.:
glmer (Response ~ Dist Road + Dist RB + Day-NigitMleanNDVI + (Elevation + Habitat

+ DINDVI) * Season + (1]ID), family = binomial). Aordingly, the regression coefficient
associated with MeanNDVI covariate of each GPS tpquantified the effect of between-
individual variations in site selection. The regiea coefficient of DINDVI of each GPS
point was associated with the covariate measuréiseoéffect of NDVI on within-individual
variation in habitat selection (van de Pol and \Wj@009).

Model outputs provided estimates of the influentéaotors in spatial movement behaviours
between and within individuaWe used 1,000 parametric bootstraps to obtain 59é¢ 6f
confidence intervals of the effects of fixed anddam factors on the variation of habitats
selection within and between individuals. All testere performed with R (version 3.0.2; R
Development Core Team 2013) using the functjlnerandconfintfrom the package “Ime4”
(version 1.0.5)Bateset al., 2013).

Lastly, we conducted Spearman correlation two-sigsts to observe whereas the mean of
individual proportions of habitats occupancy across study period were related to the
individual mean -range sizes. We also conducte@®@men correlation two-sided tests on the

standard deviation of these individual habitat @ency estimates to observe whether
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individual proportion shift in habitat used acrasg study period were related to total and

core home-range sizes.

RESULTS

Habitats characterizations and vegetation surveys

The three focal habitats of our study area areadii@rized in Table 1 and their geographical
distribution is described in Fig. 1. Open habitat&h as gravel and flood plains, sparse
savannahs and grasslands were dominated by thewiiedj plants: Eriagrostis sp.and
Stipagrostis sp(both grasses)Boescia foetidgshrub) Euphorbia damarangsucculent),
Petaditlium spiniferm (shrub), Calicorema capitata (shrub), Zygophylum simplex
(succulent), andsalsola sp (succulent) as well aBoecia albitrunca(tree). Heliotropium
oliveranum, Indigofera adenocarpa, Petalidium halides and Sesamothamnus guerichii
were also observed and are reported as ‘other’aiplel 1. Euphorbia damarangn = 13)
averaged 5.8 £ 2.7 m in plant circumferences af8 *.0.68 m in height whil®oeascia
albitrunca(n = 5) averaged 1.2 + 0.65 m in circumferences4iidt 1.6 m in height. Open-
field substrates were composed of 70% basaltic, r@0ko gravel and 10% of a mixture of
compacted earth and sand.

Riverbed habitats included ephemeral rivers, majbutaries, drainages lines and canyons
and were dominated bgolophospermum mopangree), Acacia torticollis (tree) andA.
erioloba (tree) as well ag-aidherbia albida(tree). Ground vegetation includeglyperus
marginatus(classified here as shrul8tipagrostis s@ndStipagrostis damarensis well as
Eriagrostis sp Terminalia prunoidesvere always observed in drainage lines Sat/adora
persicata(shrub) were present at high density along rivesbédso, Trichodesma africanum
Welwitschia mirabilisPegolettia oxydontaGeigeria alata, Cleome foliosand various weed
specieswere also frequently encountered (reported as rotineTable 1) We could not
guantify the height and width @fcacia sp.Faidherbia albidaand Mopane trees as they were
too high (> 4.5 m). Howeveiferminalia prunoides(n = 7) averaged 3.6 £ 2.1 m in
circumferences and 3.2 £ 1.8 meters in hei§atvadora persicatén = 4) averaged 6.7 =+ 2.8
m and 2.6 = 0.78 meters respectively. The substrthis habitat was composed of about
30% gravel, 30% rock, 30% sand and 10% of a mixtfisand and mud.

Hillside habitats included ridges, cliff and steslppes as well as herbaceous plateaus and
were dominated byEriagrostis sp, Stipagrostis sp Petadilium spiniferum Boescia
albitrunca, Sesamothamnus guerict{tree) andCommiphora wildii(tree). Geigeria alata

Pachypodium lealljiiLotononis sp.Euphorbia viroseand Adenia pechueliwere also present
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in this environment and reported as ‘other’ in EablBoeascia albitruncgn = 6) averaged
3.9+ 1.4 min height and 1.8 £ 0.72 m in circurafese, andsesamothamnus guericlin =

7) 1.8 £ 0.93 m and 1.2 + 0.65 m respectively. diliés were formed of about 80% basaltic
rocks, 10% gravel and 10% compacted earth.

The three defined time periods differed in plant@ary productivity. The period of high plant
productivity differed from that of intermediate aloav productivity (W = 198, p < 0.0001 and
W = 330, p < 0.001; respectively); and the latteo tiffered as well (W = 538, p < 0.0001).
Primary productivity estimated from NDVI values thiese habitats decreased between the
two periods investigated in the field (Table 1). é&gected, primary productivity was always
higher in riverbeds, albeit only slightly companeith open-fields and hillsides (W = 635, p =
0.005 and W = 1270.5, p = 0.0015; respectively,lddl). Plant primary productivity was
similar across time between open-field and hillsiti@bitats (W = 2111, p = 0.52, Tablel).
Percentage plant covers was always close to orrldihan 50 % in all three habitats
investigated (Table 1), which means that the bawmurgl was almost not covered by
vegetation. The percentage of ground covered bytglaepresenting the density of ground
surface plants, decreased as primary productivetyehsed in both open-fields and hillsides
habitat (Table 1). Percentage greenness relatitteetoverall vegetation cover increased only
in open-field areas between high and intermediktet productivity periods (Table 1).
Open-fields and hillsides included the highest vaigen cover throughout the study period.
Vegetation cover of these two habitats were of lsimamplitude (W = 1843.5, p = 0.42).
Riverbed areas harboured less vegetation than figlds- (W = 1321, p = 0.0011) and
hillsides (W = 499, p = 0.0089). Visibility ratesrass time were higher in open-fields and
hillsides than in riverbeds (W = 1757.5, p < 0.Giid W = 90, p < 0.001; respectively).
Open-fields provided better visibility than hillgsl (W = 2088.5, p = 0.017). Estimated
visibility for gemsbok at 25 meters distance totcanpoints did not differ in habitats over
time; open-fields: High: 85.6 = 17.3 %; Inter: 8%26.0%; W = 460.5, p = 0.49; riverbeds:
High: 39.4 + 17.92%; Inter: 41.6 + 23.8%; W = 99 ®.81, hillsides: High: 78.2 + 15.9%;
Inter: 79.77 + 38.08%; W = 434, p = 0.81.

Home range sizes and variations

The total home ranges (95% Kernel isopleths) of 8hedio-collared gemsbok averaged
6,151 + 3,835 harénge: 683 -11,399 ha; Table 2; Fig. 1). The core are@43Q0ernel
isopleths) of gemsbok home ranges averaged 1,789 Ha (ange:642 — 2,324 ha; Table 2;
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Fig. 1) for the overall 13,190 GPS locations obsdrindividual home ranges of gemsbok
were sorted according to size in Table 2.

There were no significant differences in total horaege sizes of gemsbok between
periods of high and intermediate (t = -0.68, df,9% 0.52; Fig. 2), periods of high and low (t
=-1.35, df = 4, p = 0.25 Fig. 2) or periods ofeimhediate and low plant productivity (t = -
1.33, df = 4, p = 0.25; Fig. 2). Although core are@peared to be smaller during periods of
high and intermediate primary productivity than idgr the period of low primary
productivity, these differences were not significéin= -1.42, df =4, p = 0.23 and t = -1.69, df
=4, p = 0.16; respectively, Fig. 2). Furthermdhere were no significant differences in core
area sizes between times of high and intermediate primary productivity (t = -1.03, df =
5, p = 0.35; Fig. 2). Individual core areas andrtlariations between periods of different
plant productivity appeared to differ; i.e.; 95%d&0% home-range sizes differed across time
within and between individual were summarized arawvh for qualitative visualisation (Fig.
3, Table 3).

Environmental parameters influencing spatial moveintehaviours and habitat selections
Our model suggested that loocgg¢msbok presence was not related to local ND&lues
(Table 4) since gemsbok selected areas of inteateegilant growths during the period of
highest primary productivity but preferred areashwthe highest plant productivity during
intermediate and low productivity periods (Table @gmsbok selected areas of low elevation
during periods of high primary productivity (Taklg but selected habitats of high elevations
during intermediate and low primary productivityripels (Table 4). Gemsbok predominantly
used open-field habitats during our study peridd @5 7% occupancy against 26.4 + 2.5%
hillside and 21.1 + 5% riverbeds; mean + SD) bgh#icantly increased the use of riverbed
environments when plant sources vanished elsewflaBle 4, Fig 4). The relevance of
hillside habitats increased as primary productivgcreased (Table 4, Fig. 4). Distance to
riverbeds and roads did not affect the spatial wiela of gemsbok (Table 4). Habitat
selections differed significantly between indivitkiaven when facing similar environmental
variations (ID (n= 8), variance of random effediraate = 0.025: SD = 0.16: 95% confidence
interval to the standard deviation of the intercfpt— 0.04]; Table 5). These different
proportions of habitat occupancies among individwahs not correlated with both total and
core area home range sizes for open-field (95%eadugp = -0.38, p = 0.36 ; 50 % isopleths:
p =-0.45, p = 0.27; n = 8), hillside (95% isopleths= 0.59, p = 0.13 ; 50 % isopleths= -
0.59, p = 0.13; n = 8) and riverbed habitats (95¥pleths:p = 0.27, p = 0.51 ; 50 %
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isopleths:p = 0.19, p = 0.65; n = 8). Also, intra-individuaanations of selected habitats
among the three periods was neither related to totdlhnor to core area home-range sizes for
open-field (95% isoplethgi = -0.55, p = 0.17 ; 50 % isopleths= -0.24, p = 0.58; n = 8),
hillside (95% isoplethsp = 0.07, p = 0.88 ; 50 % isopleths= 0.26, p = 0.53; n = 8) and
riverbed habitats (95% isopleths=-0.12, p = 0.79 ; 50 % isopleths=-0.33, p = 0.43; n =
8).

DISCUSSION

We assessed the movement ecology of gemsbok imaride Kunene Region of
Namibia using GPS locations of 8 females over a@8ths period. We described the habitat
use of gemsbok in relation to three types of h&bivehich covered major elements of the
local landscape and which contrasted in plant pynpaoductivity, vegetation compaosition,
greenness, plant cover, vegetation height and visikility, type of ground substrate and
elevation. We were interested in how gemsbok waakpond in their spatial behaviour to
variations in food source availability and habitdtaracteristics, topography and human
disturbances such as roa@ur study revealed thaemsbok did not perform seasonal (i.e.
migration) or non-seasonal (temporal relocation)yemeents, even when plant productivity
decreased drastically during periods of severe ghod-urthermore, gemsbok home ranges
did not vary in size across the three periods ottresting plant productivity. However, we
observed differences in home-range sizes and spatiaviour among individuals, suggesting
that gemsbok follow distinct individual movememntas¢égies even when encountering similar
environmental conditions. In general, the extentmolvements was not related to changes in
Normalized Differenced Vegetation Index (NDVI) vek) a proxy for the greenness of
habitats. Instead, gemsbok selected patches wgteki plant growth within habitats which
they used only during periods of low primary proikity, and preferred areas of intermediate
primary productivity when food sources were plaiitiAlso, gemsbok always preferred open
habitats. However, they also used increasingly rbeds during periods of low plant
productivity. Results further revealed that opesids provided better visibility for gemsbok
and thus a higher likelihood of escaping succelssiidm potential predators. Contrary to our
expectation, we did not observe differences in tadlmccupancies between day and night.

Lastly, the proximity of roads did not influencestbpatial behaviour of gemsbok.
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4.1 Suitability of habitats in the Palmwag concessiogeaof the Kunene Region for gemsbok
At our study site, we distinguished between thremomhabitat types based on abiotic
(topographic profile and substrate types) and biatures (primary productivity, community
structures of plants and visibility), namely opégld, riverbed and hillside. NDVI values
decreased in all environments from wet to dryerddmms at our study period. We observed
the highest primary productivity in riverbeds comgghwith other habitats, probably due to
large trees and evergreen bushes. Riverbeds irttleds grass species than open-fields and
hillsides. The coverage of ground surface plantel¢eling trees) decreased in open-fields
and hillsides habitats with increasing dryness rmittin riverbeds between these two time-
periods. Only open-field habitats seemed to comtiptoviding new green grasses forage
when drought continued. Therefore, the open-figditat may still provide high quality areas
when overall available food sources decreasedarKimene area. The higher protein crude
content of fresh grass sprouts makes them betitabteifor ungulates than dry forage (Cable
& Shumway 1966, St-Louis & @é 2014). Since gemsbok usually prefer fresh geass$,due

to the relative resilience of grass greenness evéimes of increased aridity (Knight 1991,
Verlinden & Masago, 1997), open-field habitats nhigh preferred over riverbeds as drought
periods progressed. In general, evergreen bushesulsnt and weed species and trees,
including pods and fruits (Lehmann et al., 2013¢ravalways more abundant in riverbeds
than in open-field or hillside habitats. Riverbddrpp communities were more stable across
time, making riverbeds the most suitable habitaenvigrass species disappear elsewhere
(Lehmann et al., 2013). However, foraging in riv® might increase the likelihood of
predation, since denggolophospermum moparferests and thiclSalvadora persicatand
Cyperus marginatsi bushes and high river banks may facilitate theting success of large
predators (Thaker et al., 2011).

Open-field and hillside vegetation structures wameninated by grasses. These habitats were
therefore more suitable during wetter time peri@iisce gemsbok almost exclusively feed on
grasses when sufficiently availabl&k{nner and Chimimba, 200%ehmann et al., 2013).
Additionally, open-field habitats encompass ma&uphorbia damaranglants, a plant that
may significantly contribute to the diet of gemslhshking drought periods (Lehmann et al.,
2013). Boescia spwas also abundant in open-fields and thus may lcanributed to the
overall attractiveness of this habitat for gemskloff 1959, Lehmann et al., 2013). Also,
gemsbok may travel easier on the smoother substnat@ven topography of open-fields than
on hillside terrain. The terrain structure of ogeids may also better support the vigilance

behaviour and thus escape success of gemsboks htpamore challenging habitats such
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as hillsides or riverbeds. In conclusion, opendfiblabitats seem to be the most suitable
landscape element for gemsbok, at least during amghintermediate primary productivity

periods.

Home-range and habitat selection of gemsbok withessing drought

We investigated the total home range and core afegasmsbok in the recreational part of the
Palmwag concession over 29 months, covering per@fdsarying drought. In general,
gemsbok moved over relatively stable geographmades across time, which concords with
the gemsbok population spatial behaviour in the &alahari Transfrontier Park (Knight
1991, Verlinden & Masago, 1997). As predicted, dgeokstotal home ranges did not vary or
shift across three different levels of plant praduty, suggesting that temporal changes in
plant primary productivity did not fully explain gesbok spatial behaviourd/érlinden &
Masogo, 199). Contrary to our prediction, core areas of gemsthdknot increase as plant
primary productivity decreased. Therefore, gemsthmot seem to roam across larger areas
to follow shifts spatio-temporal variations in foedurces, contrary to non-desert dwelling or
migratory ungulates species when subject to seasoraonmental changes (Sinclair 1983,
McNaughton 1985, Mueller et al., 2008; Owen-Smitis&odall 2014).

We confirmed from our habitat selection model tN&tVI values did not directly influence
habitat selection of gemsbok. Gemsbok home-rangésat shift largely in response to
vanishing resources. Yet, gemsbok preferred moggign-field habitats to riverbed and
hillside during periods of high plant primary prativity. As expected, gemsbok selected a
larger portion of riverbed habitats in search obdowhen drought progressed and grass
availability decreased in open-field and hillsidablats. The ephemeral rivers of the
Palmwag concession are “flash-flood” riverbeds andace water runs only temporarily.
However, the riverbed habitat still had small wabedies patchily distributed, as aridity
increased, which may have increased the attra@sseof this habitat for gemsbok (Cain 11l et
al., 2006). Lastly, the substrate of riverbed tabitllows a slower retention of water than the
open-field and hillside grounds, which enhanceswftoof water-dependant plants as
compared to grasses for example (Kemp et al., 199%$ could result in a higher density of
alternative food sources for gemsbok than in the tther habitats. The use of hillside
habitats increased slightly during periods of ditugopography was one of the main factors
linked to habitat selection of our study animaleeTtopography of hillside habitats seems to
be much more challenging for moving gemsbok thaenefeld. Usually, gemsbok followed

game trails which might have constrained their isgpatinge during foraging. Overall, a
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hillside habitat were less attractive for foragiggmsbok than open-field habitats, but were
generally preferred over riverbeds.

As predicted, home-ranges analyses and habitatctiegle model revealed significant
differences between the spatial movements of iddadis even though animals faced similar,
albeit not exactly the same environmental varigid@tudy animals included all three habitat
types in their home ranges and their home ranges @erlapped largely. We observed
differences in size and variation of total and choene ranges among individuals. Previous
studies on large ungulates illustrated that reprtdel status was the main factor explaining
differences in home ranges among individuals (Bedret al., 1996, Beest et al., 2011). All
of our adult females equipped with GPS units wdreeoved to be asynchronously gravid or
lactating at least once during our study periodfioming that this species has no regular
breeding season in the Kunene region (personahadisens, Eloff 1959). These observations
also suggest that females do not adjust reproduaifort in response to environmental
variations, as it is the case in ungulates of #mperate zone or of more seasonal climates
(Simard et al., 2014). In each specific herd ofhefmcal female, calves ranging from a few
weeks to several months in age were observed dutegentire study period (pers.
Observation. D. Lehmann). Unfortunately, we coubd pair calves and cows in each group
and thus estimates dates of birth or whether affgpwere successfully weaned. Hence, we
could not control for the potential influence ofchulife history traits and differences in
energy requirements on individual home ranges. Hewesince all individuals were
reproductively active, they shared similar reprdoeccosts. Therefore, calving cannot fully
explain the differences in home-ranges and spat@alement behaviour observed during the
overall study period. Alternatively, limits and iatrons of home ranges and habitat selections
might have also been driven by gemsbok individuatady specialization, with individual
specialist being more prone to spatial displacerfaltiwing the varying availability of their
preferred food sources and thus covering largetigrorof the environment, while more
generalist individual feeding on a larger rangefarfd plants could better exploit smaller
areas.

Spatial data of the lion pride roaming in the Paldgwoncession would be needed to shed
light on the relationship between gemsbok movemamdstheir main predator and to obtain a
more comprehensive picture of gemsbok habitat Befecriteria including predatory risks.

The tourist visitation rate is quit high throughdié year in this area, and gemsbok are sued
to be exposed to human presence and related disiteb (such a noise and smell) throughout

their whole lives. Hence, gemsbok showed greatrdoke towards roads, which had
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unsurprisingly no impact on their spatial behavieund habitat selection. However, they
remained shy towards cars attempting to approas tt close range and usually maintained
a minimum distance of about 50 meters, in conttasbther African ungulates in fenced

national parks (Sable antelopppotragus niger 20 m tolerance to car, Hensman et al.,
2013).

Implications for management and conservation

The results of the present study have importantlicgajpons for management and
conservation of ungulates and in particular gemshbé&biting the Palmwag Concession area
of Kunene Region and its surrounding communal cwaseies. Residency of gemsbok in the
study area even during periods of drought sugdbatananagement and conservation efforts
should concentrate on ensuring that the habitageofsbok are maintained and not degraded
by human activities. Preference of open-fields whgemsbok fed predominantly on grasses
during periods of high primary productivity allowse rare and endemiuphobia damarana

to grow, so that during periods of drought, thexelienty of alternative food available for
gemsbok (Lehmann et al., 2013). Furthermore, ggaam open-field habitats during periods
of high to intermediate primary productivity allowerbeds to accumulate more biomass
which is used during periods of low productivityengsbok spent more time in riverbed
habitats during periods of lower plant growth. Tdomservancies should therefore encourage
local communities to protect riverbed habitatsythleould not destroy or cut down vegetation
in riverbeds especially during periods of drougdftie present study showed that total home
ranges of gemsbok did not vary or shift over tinmerethough food availability differed
largely in time, i.e. gemsbok did not leave thedgtarea even when resources were very low.
This implies that gemsbok is predominantly residi@enthe concession area and hence an
important component of the area as a source ofmeceia tourism or hunting under
conservancy management. However, conservanciesdshewencouraged to avoid livestock
presence in gemsbok feeding refuges during peobttsv primary productivity when food is
scarce and not available in some areas such asfiep#s) to reduce pressure on these
habitats. This would reduce the human-wildlife dchfand enable a quick recovery of these
habitats following periods of strong drought. Fipaltourism is an important source of
income to the local community-based conservancwesirgg the Palmwag concession. The
fact that gemsbok resides permanently in this andronment and that human disturbance
(e.g. human presence, noise from cars) did noedaway local gemsboks indicates that this

charismatic ungulate is an excellent wildlife spsdior tourists to observe.
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Conclusion

In this study, we observed relatively few spatiadvements of gemsbok related to strong
decreases in plant primary productivity and avdlilgbin the Palmwag concession of the
Kunene Region in Namibia. We showed that NDVI valueere not related to the limits,
extent and variations of gemsbok home ranges. Wkeiudemonstrated that gemsbok trade
habitat use between local plant primary produgtjvibpography and resources accessibility
as well as predatory risk. We argue that in-betwedividual variations in home-ranges and
habitat use reflect dietary preference of individuahich can also be potentially influenced
by their specific reproductive status. In conclasigemsbok cope with drastic environmental
changes by maximizing the utilization of interlagihabitats that differ in biotic and abiotic
traits, such as plant community and productivibpdgraphy and openness. The efficient use
of these habitats may reduce fitness costs asedandth increased spatial movements during
times of decreasing plant availability. Thus, geakslseems particularly well adapted to
survive in arid environments which are prone toredpctable environmental changes. Our
study also provides local community-based consereanwith important knowledge on
gemsbok spatio-temporal habitat use, which could hetigating resource competition with

livestock and help conserving habitats in thisexg environment.

ACKNOWLEDGMENTS

Our gratitude goes to the Ministry of EnvironmemidaTourism of Namibia for
granting us research permits (numbers 1534/2010A&n6/2012). We are very grateful to the
Torra, Anabeb and Sesfontein community-based ceaseles of the Kunene Region and
their members for allowing this study to be perfedchon their communal territory. We thank
Wilderness Safari Namibia for support in the fielidh logistic and field vehicle maintenance.
We are thankful to Pieter Kasaona and Kapoi Kas&mm Palmwag Lodge. We thank the
team of Damaraland Camp for assisting with logistispecially Pascolena Florry, Maggie
Vries, Efreida Hebach. We thank Milena Stilfriedirgen Niedballa, Robert Hagen and
Stephanie Kramer-Schadt for habitat modelling aglvM/e thank Alexandre Courtiol for
statistical advice. We thank Karin Schneebergempfoviding useful comments. This study
was approved by the Institutional Committee fori€thand Animal Welfare of the Leibniz
Institute for Zoo and Wildlife Research of BerliNmber 2009-10-01). This work is part of
the Doctoral thesis of David Lehmann. The Univegrkibrary of the Freie Universitat Berlin,

111



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Germany, shall be allowed to make the final drafstprefereeing of this scientific paper
freely accessible to the general public on therh@eor in some other form 6 months after
publication of the article.

REFERENCES

ASTER GDEM is a product of METI and NASA. The LANB3$, MODIS TERRA
MOD13Q1 and ASTER L1B data products were obtaihedugh the online Data Pool at the
NASA Land Processes Distributed Active Archive @en{LP DAAC), USGS/Earth
Resources Observation and Science (EROS) Centevux SiFalls, South Dakota
(https://lpdaac.usgs.gov/data_access).

Benhaiem, S., Delon, M., Lourtet, B., Cargnelgti, Aulagnier, S., Hewison, A. J., Morellet,
N., Verheyden, H. 2008. Hunting increases vigilalesels in roe deer and modifies feeding
site selectionAnimal Behaviour76(3), 611-618

Bertrand, M. R., DeNicola, A. J., Beissinger, S, R. Swihart, R. K. 1996. Effects of
parturition on home ranges and social affiliatiohgemale white-tailed deefhe Journal of
wildlife managemen899-909

Borger, L., Franconi, N., Ferretti, F., Meschi, BeMichele, G., Gantz, A., Coulson, T. 2006.
An integrated approach to identify spatio-tempasald individual-level determinants of

animal home range size. American Naturalist, 168-485.

Braun-Blanquet, J. 1932. Plant sociology (TransD.G-uller and H.S Conrad). McGraw-
Hill, New York. 539

Brown, G.S., Rettie, W.J., Mallory, F.F. 2006. Apption of a variance decomposition
method to compare satellite and aerial inventorta:da tool for evaluating wildlife-habitat
relationshipsJ. Appl. Ecal43: 173-184

Cain lll, J.W., Krausman, P.R., Rosenstock, S.Surné&r, J.C. 2006. Mechanisms of
thermoregulation and water balance in desert utegNsildlife Society Bulletin34(3), 570-
581

Cable, D.R., Shumway, R.P. 1966. Crude proteirumen contents and in forage. Journal of

Range Management, 124-128

112



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Calenge, C. 2006. The package “adehabitat” far B software: a tool for the analysis of
space and habitat use by animals. Ecological Miodgll97: 516-519

Carbone, C., Cowlishaw, G., Isaac, N.J.B., Rowgliff.M. 2005. How far do animals go?
Determinants of day range in mammals. American fddisi, 165, 290-297.

Cederlund, G., Sand, H. 1994. Home-range sizelatioa to age and sex in moose. Journal
of Mammalogy, 75, 1005-1012.

Chirima. G.J., Owen-Smith, N., Erasmus, B. N. Rrini, F. 2013. Distributional niche of
relatively rare sable antelope in a South Africamasina: habitat versus biotic relationships.
Ecography, 36: 068—079

Cornélis, D., Benhamou, S., Janeau, G., Morellet,uiedraogo, M., de Visscher, M. N.
2011. Spatio-temporal dynamics of forage and watspurces shape space use of West
African savanna buffaloegournal of mammalog®2(6), 1287-1297

Digital Atlas of Namibia. 2002. Directorate of Emwnmental Affaires, Ministry of
Environment and Tourism of Namibia. http://www.uni-
koeln.de/sfb389/e/el/download/atlas namibia/inddmne

Dussault, C., Courtois, R., Ouellet, J.P., Girdr®005a. Space use of moose in relation to

food availability. Canadian Journal of Zoology, 8331-1437.

Eloff, P. 1959. Observations on the migration aatits of the Antelopes of the Kalahari
Gemsbok Park-Part Koedoe 2(1), 1-29.

Environmental Information Service Namibia: httpWw.the-eis.com/index.php

Fieberg, J. 2007a. Kernel density estimators of dwoamge: Smoothing and the
autocorrelation red herring. Ecology 88: 1059-1066

Fieberg, J. 2007b. Utilization distribution estimat using weighted kernel density
estimators. Journal of Wildlife Management 71: 1-4695

Floyd, D. A., & Anderson, J. E. 1987. A comparisainthree methods for estimating plant
cover.The Journal of Ecology21-228.

Gaston, K. J. 1991. How large is a species' gebigapngeDikos 434-438.

113



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Harestad, A.S., Bunnell, F.L. 1979. Home range laodly-weight — a re-evaluation. Ecology,
60, 389-402

Hensman, M. C., Owen-Smith, N., Parrini, F., BorgorC. M. 2013. Resource use and the
nutritional status of sable antelope in the Okawaiglta region of northern Bostwana.
African Journal of Ecology, doi: 10.1111/aje.12113

Hurley, M.,Hebblewhite, M., Gaillard, J-M., Dray,,STaylor, K.A., Smith, W.K., Zager, P.,
Bonenfant, C., 2014. Functional analysis of Normeali Difference Vegetation Index curves
reveals overwinter mule deer survival is driven ligth spring and autumn phenology.

Philosophical Transactions of the Royal Society®iogical Sciences 369, 1643: 2013

Jennrich, R.1., Turner, B. 1969. Measurement of-ciocular home range, J. Theor. Biol. 22,
227-237

Johnson, D.H. 1980. The comparison of usage antdabil#y measurement for evaluating

resources preferences. Ecology. 61:65-71

Johnson, C.J., Parker, K.L., Hear, D.C., GillinghavhP. 2002. A multiscale behavioural
approach to understanding the movements of woodlaridou.Ecol. Appli 12: 1840-1860

Johnson, C.J., Russell, D.E. 2014. Long-term dhistion responses of a migratory caribou

herd to human disturbandgiological Conservationl77, 52-63

Kemp, P. R., Reynolds, J. F., Pachepsky, Y., & Cheh. (1997). A comparative modeling
study of soil water dynamics in a desert ecosystéater Resources Reseay83(1), 73-90.

Kernohan, B.J., Gitzen, R.A. & Millspaugh, J.J. 208nalysis of animal space use and
movements. Radio Tracking and Animal Populatioms (&J. Millspaugh & J.M. Marzluff),
pp. 126-164, Academic Press, San Diego, CalifothgA.

Kie, J.G., Bowyer, R.T., Nicholson, M.C., Borosi®.B., Loft, E.R. 2002. Landscape
heterogeneity at differing scales: effects on gpatistribution of mule deer. Ecology, 83,
530-544.

Lehmann, D., Mfune, J. K. E., Gewers, E., CloeteBdain, C., & Voigt, C. C. 2013. Dietary
Plasticity of Generalist and Specialist Ungulateghe Namibian Desert: A Stable Isotopes
Approach. PloS one, 8(8), e72190.

114



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Lewis, J.S., Rachlow, J.L., Horne, J.S., GartonQ.E.Wakkinen, W.L., et al., 2011.
Identifying habitat characteristics to predict hgly crossing areas for black bears within a
human-modified landscape. Landscape and Urban iRad01: 99-107

Lindstedt, S.L., Miller, B.J., Buskirk, S.W. 1986lome range, time, and body size in
mammals. Ecology, 67, 413-418

McNaughton, S. J. 1985. Ecology of a grazing edesys the SerengetiEcological
monographs, 55(3), 259-294.

Manley, B.F.J., McDonald, L.L., Thomas,, D.L. 199Besource selection by animals:

statistical design and analysis for field studiesmdon: Chapman & Hall

MatecSanchez, M.C., Cushman, S. A., Saura, S. 2014. é&ing endangered brown bear

subpopulations in the Cantabrian Range (rantistern Spain). Animal Conservation.

Mueller, T., Olson, K.A., Fuller, T.K., Schaller,.&, Murray, M.G., & Leimgruber, P. 2008.
In search of forage: predicting dynamic habitat$vimingolian gazelles using satellibased

estimates of vegetation productivifiournal of Applied Ecologyt5(2), 649-658.

Namibia  Association of CBNRM  Support OrganizationsNACSO. 2012

http://www.nacso.org.na/index.php.

Nagy, K.A. 1994. Seasonal water, energy and food by free-living, arid-habitat

mammals. Australian Journal of Zoology, 42(1), 55-6

OwenSmith, N., & Goodall, V. 2014. Coping with savanseasonality: comparative daily
activity patterns of African ungulates as revealeyg GPS telemetrylournal of
Zoologydoi:10.1111/jz0.12132

Pettorelli, N., Ryan, S., Mueller, T., Bunnefeld, Bedrzejewska, B., Lima, M., Kausrud, K.
2011. The Normalized Difference Vegetation IndeXO{N): unforeseen successes in animal

ecology. Climate Research, 46(1), 15-27

Rivrud, .M., Loe, L.E., Mysterud, A. 2010. How doécal weather predict red deer home
range size at different temporal scales? Journahahal Ecology, 79, 1280-1295.

Sanchez-Rojas, G., Gallina, S. 2000. Factors afigdtabitat use by mule deer (Odocoileus
hemionus) in the central part of the Chihuahun Dé&exico: an assessement with univariate

and multivariate methodgthol. Ecol. Evol12: 405-417
115



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Senft, R.L., Coughenour, M.B., Bailey, D.W., Ritt@use, L.R., Sala, O.E., Swift, D.M.
1987. Large herbivore foraging and ecological higrees.BioScience789-799

Simard, M. A., Huot, J., de Bellefeuille, S., Co6t®, D. 2014. Linking conception and
weaning success with environmental variation andafe body condition in a northern
ungulate Journal of Mammalogy©5(2), 311-327

Simcharoen, A., Savini, T., Gale, G. A., Roche, Ehimchome, V., Smith, J.L. 2014.
Ecological factors that influence sambar (Rusa alai¢ distribution and abundance in
western Thailand: implications for tiger consereatRAFFLES BULLETIN OF
ZOOLOGY 62, 100-106

Sinclair, A. R. E. 1983. The function of distancevements in vertebrates.The ecology of

animal movement, 240-258

Skinner, J.D., Chimimba, C.T. 2005. The mammalshaf southern African Sub-region.
Oxford University Press. 814 p

Stamps, J. 1995. Motor learning and the value ofilfar space. American Naturalist, 146,
41-58

St-Louis, A., & Cote, S. D. (2014). Resource saétecin a high-altitude rangeland equid, the
kiang (Equus kiang): influence of forage abundarael quality at multiple spatial
scales. Canadian Journal of Zoolo§%(3), 239-249.

Thaker, M., Vanak, A. T., Owen, C. R., Ogden, M. Biemann, S. M., & Slotow, R. (2011).
Minimizing predation risk in a landscape of muléppredators: effects on the spatial
distribution of African ungulates. Ecology,92(298407

van Beest, F.M., Rivrud, .M., Loe, L.E., MilnertMl, Mysterud, A. 2011. What determines
variation in home range size across spatio-tempaedles in a large browsing
herbivore?Journal of Animal Ecology8((4), 771-785

Verlinden, A., Perkins, J. S., Murray, M., & Masands. (1998). How are people affecting
the distribution of less migratory wildlife in theuthern Kalahari of Botswana? A spatial

analysisJournal of Arid environment88(1), 129-141

Verlinden, A., Masogo, R. 1997. Satellite remotasaeg of habitat suitability for ungulates
and ostrich in the Kalahari of Botswandournal of Arid Environment35: 563-574

116



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Wiegand, T., Naves, J., Garbulsky, M. F., Fernantez2008. Animal habitat quality and

ecosystem  functioning: exploring seasonal patternssing NDVI.Ecological
Monographs78(1), 87-103.

Worton, B.J. 1987. A review of models of home rarige animal movement. Ecological
Modelling, 38, 277-298.

117



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Tables

Table 1: Habitat specific characteristic, vegetatitmminance and seasonal variations of the

three main habitat types empirically investigatadthe recreational area of the Plamwag

concession. Percentage estimate of each plantgocgtand greenness are relative to the

overall vegetation cover of each habitat. We useittdXon paired rank test to observe

significant differences between season of eacimagtis and for each habitat. P values are
listed as follow p < 0.001 *** p < 0.01 ** and P05 *

Habitat types Open-fields (n=33) Riverbeds (n=15) Hillsides (n=30
Variables 15.07.2011| 28.03.2012 15.07.2011 | 28.03.2012 | 16.07.2011 27.03.2012
(Mean £ SD) | t02.08.2011| 30.04.2012 02.08.2011 |26.04.2012 | 01.08.2011 29.04.2012
NDVI 1,769.5 +| 1,449.6 +269.1| 2,019.6 + 1,728.7 + 1727.2 + | 1434.9 £209.2

202.5 ok 369.2 430.3*** 182.6 o

56.4 + 47.5 +
Cover (%) 26.6 £ 18+ 28 £ 20 17.3+14.9 26.3 + 20.4

24.2 25.7
123+
Green (%) 7.6 £ 9.5 422+32% |22.17+18.63 40.4+38.6 136 31.8+30
64.7 £

Grass (%) 78.2 £24.6 78.8+£34.2 18 +24.5 1829 6 o5 8 65.6 + 37
Shrub (%) 10.3+17.1 9.2+16.3 51.8 + 35{8 54380 | 30249 26.9 + 26
Succulent (%) 2+6.6 1.8+9.6 42+2.9 6.1+52 0.2+14 0.8+4.6
Other (%) 3.6+12 0+0 06+22 1.7+6.4 1.6 £8.9 0321
Weeds (%) 0+0 0+0 8.2+3.9 0.3+1.3 06+34 03+19
Tree (%) 0.3x1 147 147+ 7.1 17.1+6.4 4259 3.1+£8.3
Euphorbia (%)] 5.5%7.6 8.8+14.4 2.5+5.7 18+ | 1.3+24 287
Grass Height 45.3 =

46 £ 19 16.3 £ 13.2* 61.5+31.8| 425+341 19.7 £ 10.5**
(cm) 13.8
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Table 2: Gemsbok home range sizes estimates fromgiil 2011 to the 31 August 2013 in
the Palmwag concession of the Kunene Region in Niamihe 95% isopleths represent the

total area size used by individual ab@%o isopleths the core area utilized by animalsndur

this period.

Home range estimates MCP (ha) Kernel (ha)
ID -Time lapse 95% 50% 95% 50%
9278 (03-04-2011 - 31.08.2013) 12223 260p 113P8 4232
9259 (05-04-2011 - 31-08-2013) 10200 2844 10345 2225
9258B (15-02-2013 - 31-08-2013) 9389 1677 9773 1769
9215 (04-04-2011 - 31-08-2011) 6082 533 5046 642
9251 (06-04-2011 - 23-08-2102) 4175 831 4200 855
9284 (04-04-2011- 18-08-2011) 3546 1054 4102 877
9258( 04-04-2011 to 13-11-2011) 3182 804 3543 902
9257 (06-04-2011 - 31-08-2013) 1045 10403 794 682

Table 3: Spatio-temporal variations of individuahgsbok home range sizes in the Palmwag

concession of the Kunene Region. 95% isoplethsesgmt the total area size used by

individual. 50% isopleths represent the core atdi@ed by animals during this period. Home

range estimates are reported in Ha for both MCPKardel isopleths. Individual 9258 was

killed before the lowest plant productivity timerjel. Individual 9284 died before the

intermediate season and individual 9258B was oglyipped at the beginning of the lowest

plant growth period.

Home-ranges

MCP isopleths

Kernel isopleths

D00

estimates

NDVI time » _ _ _ J

veriod igh Intermediate Low High Intermediate Low
Animal ID 95% | 50%| 95%| 50% 95¢ 50%  95% 50% 93% 50% 5%9 [ 50%
9215 2442 291 | 2339 | 417| 5485 567 3170 388 2367 43 703p
9251 305 790 | 3908 | 717| 2658 10834367 902 | 4181 761 4261.7T1095
9257 7749 879 | 8530 | 981 | 9224 1035/732 990 | 7267| 947 7022.2853
9258 150Q 501 | 2532 ( 610 NA NA [ 1976 5271 3810 788 NA N/
9259 8815 2411| 10713| 2583| 9819 | 2857 11415 | 2544 11000( 2486| 10953 | 2397
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9278 5130 1697 8767 | 1884 11577| 2810( 6770 1764 9665 | 2067| 13608 | 2786
9258B NA [ NA | NA NA [ 9389 | 1671 NA NA [ NA NA |9773 1769
9284 35406 1054 | NA NA | NA NA 4102.06| 877 | NA NA | NA NA
Table 4: Fixed effects of logistic generalized ndixeodels explaining spatial movement
behaviours of gemsbok from April 2011 to August 20Estimate, standard error. Z-value
and 95% confidence interval of each factor are ntepo
Fixed effects Estimate | SE Z-value  2.5% 97.5%
Day_Night 4.45e+00| 2.87e+01] 0.15 -0.05 0.06
DIST_RIVER 1.11e-02 8.19e-02 0.13 0.00 0.0p
DIST_ROAD -3.04e-03| 1.25e-02| -0.24 0.00 0.00
DfNDVI -9.03e-01 | 9.19e-02 -90.82 0.00 0.0d
MeanNDVI -0.51e-03| 3.90e-02 -0.24 0.00 0.00
Seasonint -1.20e+03 8.32e+02  -1.44 -1.75 -0/67
SeasonLow -0.59e+03 7.85e+02  -12.22 -10.00 -9116
Elevation -5.53e+00 7.11e-01 -7.79 -0.01 -0.01
HabitatOpenGrassland 3.48e+0R 7.43e+01 4.69 0.22 48 O
HabitatRiverbed -4.52e+02 1.05e+02 -4.31 -0.64 7-0{2
DfNDVI:Seasonint 8.88e-01 1.23e-01 7.23 0.00 0.00
DfNDVI:SeasonLow 9.46e-01| 1.22e-01 7.74 0.00 0.00
Seasonint:Elevation 1.48e+00 8.82e-01L 1.67 0.00 0 00
SeasonLow:Elevation 1.03e+01 8.29e-01L 12.42 0.01] 010
Seasonint:HabitatOpenGrasslang -4.67e+02 9.52e+04.90 - -0.64 -0.29
SeasonLow:HabitatOpenGrassland -3.71e+02 9.00e+04.12 - -0.55 -0.20
Seasonint:HabitatRiverbed 4.74e+02 1.27e+D2  3729.0028 0.72
SeasonLow:HabitatRiverbed 6.85e+02 1.21e+p2 5.65| 48 0. | 0.91
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Table 5: Spatio-temporal variations of individuahgsbok habitats selection in the Palmwag

concession of the Kunene Region. Habitat used dhyigtual are reported in proportion (%),

across three different plant primary productiviti€ represents open field, HS represents

hillside and RB represents riverbed habitat.

NDVI period High Intermediate Low Total (mean = SD)
Animal ID

/Habitat OF HS | RB OF HS | RB| OF HS| RB OF HS RB
9278 47 18 35 41 24 36 47 39 1 4544 27 £|11 28 +
9259 67 22 11 47 32 21 47 34 1 594 +12 3047 57 x
9258B NA NA | NA| NA | NA | NA | 38 25 38 | 38+22 25+14 38 + 22
9215 83 14 3 63 26 11 4G 1% 4 62+22 1847 20 +
9251 34 57 9 55 26 19 39 51 1 43 +11 45%17 62 *
9284 39 23 38 NA| NA| NA| NA| NA| NA| 39+23 23+13 32
9258 74 23 4 49 26 25 NA NA NA 61+38 24+14 144
9257 77 16 7 54 19 28 64 11 2 65+12 1544 19
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FIGURE CAPTIONS

Fig 1: Mapped distribution of three habitat typesour study area. Dark grey represents
riverbeds habitat, grey represents open-fields taal@nd light grey represents hillsides
habitats. Riverbed, drainage lines and major tabes are represented in dash lines. Cross
lines represent roads. Total home ranges (95% Kem@eths) of 8 gemsbok individuals are
represented in solid lines and their core area%(B@rnel isopleths) are represented in dotted

lines.

Fig 2: Spatio-temporal variation of gemsbok homegeasize across three distinct primary
productivity time periods. Box plots are given floig-transformed 95% and 50% Kernel

isopleths in hectares (ha).

Fig 3: The 50% home range Kernel isopleths of fenggmsbok. Core areas for period of
high primary productivity are represented with ddines, for period of intermediate primary
productivity in dash lines and for low primary pumtivity in dotted lines. Dark grey
represents riverbeds habitat, grey represents figles- habitat and light grey represents
hillsides habitats. Riverbed, drainage lines angbmabutaries are represented in dash lines.
Cross lines represent roads. A, B, C, D and E sgmteindividual that lived through the entire
time span investigated. F represents home rangeanoindividual for both high and
intermediate primary productivity time period. Goresents the individual home range only
for the lowest primary productivity time period ard only for the highest primary

productivity time period.

Fig 4. Change in the proportion of GPS locationgvarbeds (dark grey), open-fields (grey)
and hillsides (light grey) habitats for height géwis individuals across three different time

periods of primary productivity.
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Figure 2

)
i

lag (home range size (ha))

a5t S0
High

9% S0% 5%
Intermediate

5%

124



CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Figure 3




CHAPTER IV: SPATIO-TEMPORAL MOVEMENT PATTERNS

Figure 4
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Figure 1: Relationship between movements of eigihghbok in the Palmwag concession and changes
in primary productivity as represented by shadegreén. NDVI values of the area are time-spaced
from one another by two weeks interval. GPS locatiof each gemsbok were projected within the
nearest two-week time window picturing NDVI valudshe time window depicted in this figure
through 59 pictures range from th& Blarch 2011 to the 29August 2013, from left to right, and
covers the entire study period.
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CHAPTER V: GENERAL DISCUSSION

The general purpose of this dissertation was to gasights into the dietary and spatial
movements strategies of gemsbok and springbokge waith unpredictable variations of food
resources in the Northern section of the Namib RedeNamibia, the arid Kunene Region.
The arid environment of the Kunene region is chiaraaed by erratic, unpredictable and
short rainy period, with low and discontinues ralhf high evaporation rate and high
temperature amplitude from night to day. Desertulatgs face constant challenges upon their
survival and reproductive success arising from vemyited and highly variable food
resources availability. In this thesis, | focusedtle food resources and habitats used across
drastic changes in environmental conditions, ahlbe population and individual levels,

allowing gemsbok and springbok to survive, coeaisl thrive in desert environments.

Dietary and spatio-temporal strategies of desert-delling ungulate populations in
responses to drought

During this study, | inferred the underlying distastrategies allowing gemsbok and
springbok to survive and thrive in the Torra comaacy of the Kunene Region of Namibia
from stable isotopes analyses of animal and plesués. | analyzed the stable isotope
compositions of blood, liver and muscle from 56 gbok and 55 springbok across a nineteen
months period with two periods of drought and aerimediate period with extreme rainfalls
resulting in exceptional plant growth. To infer tdeet of these two ungulates species, |
collected 551 plant samples from 29 species andpga them statistically in 13 different
food resource types.

In Chapter I, | found that stable isotope ratiosonsumer tissues differed between gemsbok
and springbok and respective isotopic compositadrieese tissues varied annually according
to resource availability. The results of my doctoveork suggested that the gemsbok
population was dietary plastic, a result that casts with previous work on this species in
more temperate environment (Cerlirg al, 2003; Ambrose & DeNiro, 1986). During
drought, gemsbok had a mixed diet of grass andusermicplants (60%), shrubs and trees
(30%) and including around 10% of uncertainty, wldlring periods of intense rainfall, they
fed almost exclusively on fresh grass (Chapterli)erestingly, the results of my isotopic
analyses also suggested that gemsbok also fdguphorbia damaranaluring dry periods
(up to 25% of their diet), a plant which is richsacondary plant compounds and thus toxic to
most mammals. The uncertainties arising from thélstisotope mixing models reported in
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Chapter Il may be resulting from omitting identifgi an alternative food resources during
drought but are more likely to arise from missingiradequate prior information to stable
isotope analyses (see last part of this discusdimnits and prerequisites of stable isotope
mixing models). These results are in concordandh tvabitat use patterns of this species,
which | found from data of 8 gemsbok individualsuiggped with radio collars over a 29
months period. In Chapter IV | have characterizeding both extensive empirical
assessments and computational habitat modellingatlite imageries, three major habitat
types, riverbed, open-field and hillside contragtin plant primary productivity, vegetation
composition, greenness, plant cover, vegetatiorghteitype of ground substrate and
topography. | have then found that during drougftse individuals increased their used of
river habitat that embedded most of the shrubsteses in the area, which concord with the
observed radical shift of gemsbok toward C3 foambueces (Chapter IlI), compared to period
of high primary plant growth, when they extensiveled open-field habitats covered with
fresh C4 grass (Chapter 1V). As well, Chapter IVealed that gemsbok did not vacate the
area when plant productivity decreased drastiahliyng periods of severe drought and that
their home-range sizes did not vary across diftepemniods of contrasting plant productivity,
suggesting that the extent of the gemsbok movenveassnot directly related to changes in
habitats greenness (as inferred from NDVI valud3jus, the flexibility of gemsbok in
adequately using an interlacing set of local h&hithased on a hierarchical selection of
environmental parameters such as plant primary ymtodty and resource accessibility,
topography and estimated risk of predation, sugpibie dietary plasticity of this population
observed in Chapter I.

In contrast to gemsbok who adjusts its diet to thenfall, springbok maintained a
predominantly browser diet, independent of dryn@gsch is in accordance with previous
studies using behavioral data (Van Zyl, 1965; Bigal1972; Skinner & Louw, 1996).
However, these studies did not provide quantitatisemates of the relative contribution of
different food resources to the springbok diethis study, | was able to illustrate two distinct
dietary strategies in gemsbok and springbok witfetint body size. Gemsbok and springbok
use different types of food resources at any tifn@uo study period, suggesting a segregation
of their respective dietary niches (Chapter Il)eTRsult is further supported by the fact that
isotopic dietary niches of springbok and gemsboputettions, albeit similar in breadth, did
not overlap in the isotopic space of the local teal(iChapter Ill). This might help avoiding,
or reducing, competition for food resources betwtdese two species, which would allow

them to better co-exist and thrive in such aridiemment (Hanley & Hanley 1982; Gordon
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& lllius, 1989). Fundamentally, these results atetute the Jarman-Bell hypothesis (Bell,
1971; Jarman, 1974; Demment & van Soest, 1985; Hofm 1989), that expect small
antelopes to be more specialised in their diet fhager bodied ungulates. In this doctoral
work, | was also able to directly link the inferrgdmsbok dietary plasticity (Chapter Il) to its

spatio-temporal behavior (Chapter IlI).

Individual dietary and spatio-temporal tactics of desert-dwelling ungulates in responses
to drought

During the course of my doctoral work, | observedividual differences in spatial and
feeding behaviors of gemsbok. | therefore decideth¥estigate whether individuals of both
springbok and gemsbok population have similar fegdoreferences, and whether these
differences could be linked to individual spatioafral movement patterns in gemsbok
(Chapter 1ll & IV). In particular, | was interestéd observe the extent of individual dietary
variation in relationship to temporal changes indaesource availability It is not yet fully
understood when and to what extent individuals gbartheir diet and, if they do so, if all
individuals of a population occupy distinct or diani dietary niches. Using the isotopic
compositions of one centimetre increment of onlehi@r from16 gemsbok and 30 springbok
each as proxy, | therefore studied the temporaatian in individual isotopic niche spaae
both gemsbok and springbok (Chapter Ill). The tssaf Chapter Il suggest that within-
individual variation of stable isotope ratios innggbok tail hair increments better explained
the isotopic niche breadth of the study populatiban between-individual variation. In
contrast, inter- and intra-individual variationgtable isotope ratios contributed equally to the
isotopic niche breadth of springbok. Further, tlopyations of both species consisted of
individuals with distinct isotopic niches, suggestia relatively high degree of individual
isotopic specialization in both species, indicatihgt they might exhibit isotopically distinct
dietary niches. At contrary that what | first exjget; | found that the size of the isotopic
dietary niche of gemsbok did not differ betweengus of low and high primary productivity.
However, this result concord with the invariabilby home-range sizes across contrasting
periods of plant primary productivity that | obsedvin Chapter IV. In contrast, springbok
individuals reduced their isotopic dietary nichesdmith during periods of high primary
productivity, indicating that their apparent digtgeneralization observed in Chapter Il might
in fact be obligate; meaning that they might narrtheir dietary preferences towards a

smaller set of the most available food resourcesgueriod of high primary productivity,
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but that they must maintain a similar ratio of C8/80od resources in their diet, irrespectively
of environmental conditions.

Typically, dietary specialisation can be interpdets an individual tactic, which arises from
the individual specific proprieties and constrathis condition its optimum feeding behavior
(Le V. Dit Durell, 2000). Thus, individuals withia population of dietary generalists might
largely overlap in their use of food resourceseach individual might specialize towards a
subset of the available food resources (Roughgarti®id2). Dietary specialization may
therefore reflect the preferences of an individarad might directly be related to social status,
individual ability and morphological or physiologic adaptations, individual energy
requirements and habitat choices at specific ié@eas (Le V. Dit Durell, 2000; Estes al,
2003; Svanback & Persson 2004). Such individudidaaight also be driven by seasonal and
yearly or habitat differences in food resource lamlity (Darimontet al, 2009). Individual
dietary specialization has been thoroughly investig and underlined in apex marine
predators (Matictet al. 2010; Kimet al 2013) and other predatory fishes (Quevetial,
2009), for birds (Ingeet al 2006; del Ricet al 2009), and for reptiles (Vander Zandsiral,
2010). But the individual component in dietary tacemain widely overlooked in mammals
and mainly addressed predators (Urton & Hobson R@aff&nivores (Newsomet al, 2007),
primates (Oelzet al, 2014) or mega-herbivores (Codretnal 2012).

In this doctoral work, my results suggest for thestftime the dietary specialisation of
individual desert ungulates (Chapter IIl). For gbois these findings are also supported by
the data | obtained from GPS-collared individuahgpter 1V). The observed differences
among individuals in home-range sizes and use @ftlihee major habitat types, riverbed,
open-field and hillside, suggest that gemsbok Wwlidistinct individual movement tactics
(Chapter 1V), in response to similar changes iniremvnental conditions. These dietary and
habitat use specialization might be due to theviddal ability of desert ungulates to
assimilate different types of food resources anckspond to resource fluctuations by using a
combination of interlacing local habitats that eifin plant productivity, plant composition,
topography and vegetation cover. Indeed, animalafeable to process toxic secondary plant
compounds are more likely to include larger prapartof Euphoria damaranaand thus
utilize open-field habitat at greater rate thanvithiials that are unable to do so. Such feeding
and spatial individual tactics might help partitiog scarce and unpredictably available food
resources and reduce intra-specific competitiomgeyTmight also have consequences upon
the whole populations, where individuals more prtmimclude C3 plants in their diets during

drought would spend more time foraging in river thedbitat, where the visual detection of
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predators by ungulates is made difficult from as#enover of shrubs and trees (Chapter V)
and thus increase their risks of being predatednupoge predators (such as lions). In
contrast, individuals specializing in CAM plantsrithg drought would spend relatively more
time foraging open-field habitats, where the ridk ppedation is lower. However, these
individuals might face the physiological costs wéreased toxic secondary plant compounds
in their diet. Therefore, differences in individuatk and benefits may result from their
specific individual dietary and spatial tacticsdahus may lead to difference in individual
reproductive success and survival in desert enmigrt. In my study, | also observed that
isotopic niche segregation occurred between sew&s;h may indicate that males and

females differ in their spatial and dietary resst® environmental variations.

Relationship between variation in stable isotopesompositions of desert plants and
aridity

The analyses of the collected plant materials @isivided important information on the
variation in stable isotopic signatures of desdainys through drastic changes in aridity.
Stable isotopic compositions of C4 and CAM plantirses varied at a local and restricted
geographical scale, between years of extreme dtoagl exceptional rainfall. Similar
variations in isotopic compositions of plant spedmave previously also been recorded at a
larger spatial scale, across environments largefferohg in precipitation patterns and
environmental conditions (Swagt al, 2004; Liuet al, 2005), with isotopic composition of
C3 plants such as tree and shrubs being mainlygtatfeby seasonal changes. My results
might provide important information on the longneproprieties on water use efficiency,
stress and dependency of C4 and CAM plants in saglronment. Changes in stable carbon
isotope composition of plant material are generatiyrelated to the ratio of intercellular to
ambient CQ levels (Ehleringeet al, 1992). This ratio varies according to tempetand
aridity (Ehleringeret al, 1992). Thus, the desert plants that signifigandiry in their isotopic
composition might be the plant species that deplkadnost on water input and temperature
variations, such as the graBsiagrostis sp and the succulent pla@ygophylum simplex
whereas evergreen shrubs and trees (C3) as welHupblorbia Damarana(CAM) and
Stipagrostis sp(C4) may be more resistant to drought, sincedl bt record inter-annual
variations in their stable isotope compositionsedén findings are of crucial importance for
reconstructing animal local diet using stable ipet analyses. In fact, to obtain the most

accurate dietary inferences from stable isotopiximgi models, we must obligatory associate
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temporal isotopic signatures of food resource$i¢ospecific retrospective time window of the

animal tissues investigated.

Adaptations to toxic plants

As aforementioned, gemsbok seem to feed subsigridiakoxic Euphorbia damaranauring
dry periods. This leafless stem succulent is a danti evergreen perennial plant in the
Kunene region. The photosynthetic pathway of Eupiageae has been classified as
crassulacean acid metabolism, a physiological atiapt allowing survival in arid
environments (Ehleringer & Monson, 1993; Al-Tuedi al, 2014). Desert succulent plants
have been described as being tolerant to droughtstbying water bodies within its
photosynthetic organs that help maintaining a pasitlaily carbon balance even when cell
water content decrease drastically. Furthermotis, glant type avoids drought by physical
adaptations maintaining tissue water concentratigher than in soil or ambient air (Levitt,
1980; Nobel, 1984; Mulroy & Rundel, 1977; von Witle1992). In contrast tdygophylum
simplex another dominant succulent species of this enment that stores water in its leafs
and therefore more prone to evaporation and ddgocauring extended drought period,
Euphorbia damaranahas a thick latex embedded in its branches thatagsts high
concentrations of water, nutrients and plant seapnohetabolite compounds.

Euphorbia damaranas well known as being extremely toxic, and inlaitis of the Torra
conservancy avoid being in direct contact with thtex secreted by these plants when
wounded. The high concentration of secondary métabmmpounds present in the latex of
Euphorbia sp(such as flavonoids, tannins, alkanes, sterolpet®ids, as well as skin-
irritating and tumor-promoting substances (Acamo&icBrooker, 2005; Jassbi, 2006) is
sought to deter herbivore and thus represent aatigbor mechanisms. Such secondary plant
metabolite compounds might have negative effectherphysiology, health and reproductive
success of animals feeding on plant with high cotregion of secondary metabolite
compounds (Dearingt al, 2005; Acamovic & Brooker, 2005; Estell, 2010)rfhermore, the
ingestion of plant secondary metabolite compoundseased water intake and urine output
and decreased urine osmolarity in woodrats, suggeshat diuresis might be a prevalent
consequence of secondary metabolites consumptidreripivorous species (Dearirgg al,
2001). One striking result of my doctoral thesisswihe significant relative contribution of
Euphorbia damarando the gemsbok diet during drought time, when dkailability of its
preferred food sources, such as grass speciesedlased. For gemsbok roaming the arid

environment of the Kunene region, with temporal apdtial restrictions in accessing surface
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water, the potentially increased need for wateakiat arising from the consumption of
Euphorbia damaranamay have influenced both dietary and spatial fimggoehaviors
observed during my doctoral work. During my dockavark, | could not delineate whether
individuals that fed more on that plant increasesirtwater intake and consumption. Hence, |
suggest to further analyses stable hydrogen andemxisotopes ratios in gemsbok and plant
tissues, but also from spring, riverbed and raintal observe the relationship between the
variations in use of free standing water, preformeder contained in plant forages, water
created by oxidizing fat deposits and the quamigaestimates oEuphorbia damarana
assimilated in the diet of gemsbok during dry pdsioThe relative consumption of different
water sources would then be compared with wett@esj when gemsbok focus almost
exclusively on fresh grass growth as food resouf€aphorbiaspecies have been known to
be use by other herbivores as well, such as brgw&indu Tragelaphus strepsiceros
(Hofmann & Stewart, 1972), black rhinoce&eros bicornis bicornigLuskeet al, 2009)

or small antelopes (Prireg al, 2006) but have never been found to be implementéte diet

of a traditionally thought specialist grazer ungelda hus, the studied gemsbok population of
the Kunene region might have evolved physiologatailities allowing them to process or
tolerate the highly toxic secondary compounds Eafphorbia damaranaand thus, to
potentially benefit fromts high water and nutritious content.

Yet, it is relatively unknown how ungulates may otaract the negative effects of secondary
plant metabolites. Potentially, the evolutionarggsures of the Kunene environment may
have selected individual that are able to mitigatenhibit the adverse effects of alkaloid with
their saliva, as previously observed in moo&keds alcesand European reindegRdngifer
tarandug feeding on the mutualistic association of fohangal endophyt&pichloé festucae,
that produces ergot alkaloids, and its grass-i@stuca rubra(Tanentzapet al, 2014).
Increased food retention time through the rumengnical breakdown via mastication may
also help fractionating these metabolites, inmgittheir chemical effects on the body and
increasing their excretion rates in the urine. Thereased size of the renal system and
associated loop of Henle characterize desert adlaptgulates and allow the retention and
reabsorption of water while creating concentratedeufor excretion (Tracy & Walsberg,
2000; Ostrowskyet al, 2002, 2006). This particular physiological addipin may as well
help counteracting the potential diuresis effettthe plant secondary compounds ingested.

| first suggest performing complete qualitative aqgantitative analyses of tHeuphorbia
damarana secondary plant metabolite compounds. | furtheggest a comparative

experimental study measuring the effects these nslecyg plant compounds on water
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consumption, urine volume, urine osmolarity, metabeate, and their effects on internal
organs such as liver between two distinct capte@ghbok populations, one originating from
the arid Kunene Region and one other originatioghfa more temperate environment. Such
experiment would help shed light on the evolutignarechanisms allowing gemsbok to

successfully overcome toxicity included in its diet

Implications for local and global management of de=t dwelling antelopes

The results of this doctoral work have importantplications for management and
conservation of ungulates inhabiting desert envirents.

The results of this doctoral work provide new imgggon the dietary and spatial ecology of
two of the most abundant wildlife species inhalgitihe arid Kunene Region of Namibia. The
complex dietary strategies and tactics of gemsho#t springbok and associated sptial
movements of gemsbok gemsbok, as highlighted inwogk, would help managing the
sustainable use of different habitat types andndefi suitable pastures for livestock in order
to reduce direct competition for food resourceiwiild species (as detailed in Chapter V).
The permanent residency of gemsbok in the areaidgeswexcellent wildlife sightings for
tourists. Since tourism is a major source of incdanghe local people, the community-based
conservancies must make sure that all habitat tgpéiseir environment remain suitable for
gemsbok, and springbok, especially while expermgrolonged period of drought (Chapter
V).

At a more global scale, the new knowledge on dyetard spatial strategies displayed to
overcome challenging environmental events, as a®lthe individualized tactics suggested
from the results of my doctoral work might help tt@nservation efforts of wild ungulates
species in environments subject to the procesesdrtification. This study might also be of
crucial importance for the translocation and reidtrction of endangered ungulates species in
the wild or within the limits of a wildlife reservén general, the reintroduction of animals that
were extirpated from their natural habitat intousafiamiliar, buta priori similar, environment

is a complex operation and present high risks dbirlg during which all reintroduced
individual might perish (Shorel al., 1992; Fischer & Lindemayer, 2000). Previous vgork
aimed toward increasing the success rate of suotraduction efforts advocate an in-depth
observation of the reintroduced animal (Fischer i&@demayer, 2000; Amstrong & Seddon,
2008); where its ability to cope with the imposeatie-off between the exploration of the new
environment and the exploitation of its food resesrwas closely monitored. The need of

such extensive post-release monitoring has beecessitlly demonstrated in reintroduced
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desert-adapted ungulates populations of Persidowfatleer Dama mesopotamigaand
Arabian oryx Qryx leucoryx) (Berger-Tal & Saltz, 2014) and Sand gazeleaZella
subgutturosa marigaand Arabian oryx (Islanet al, 2014). However, the results of my
doctoral work enhance the relevance of a completeglease ecological study of the targeted
ungulates species to maximize the success of spemations, especially for species
inhabiting these challenging environment that aseds. The dietary and spatial strategies of
ungulates species displayed toward changes of@magntal conditions, vegetation structure
and community, as well as its ability to reduceawoid competition for food resources and
habitat use with sympatric species must be assedsabitat types also need to be
meticulously characterized in both natal and adepgnvironments and their variations in
suitability for the focal species across time mastcompared. As well, since individual may
differ in their preferred food resources and hdhites, the degree of individual specialization
within the reintroduced population must be invesitgl beforehand, allowing the selection of
an environment that can provide sufficient foodbtese and habitat diversities to support the
determined spectrum of individualized dietary apdt®gl tactics; and thus maximizing the

survival of the entire reintroduced population.

Limits and prerequisites of stable isotope mixing radels

Stable isotopes mixing model is one of the mainl taged by ecologist to infer the
guantitative contribution of food resources to aml diet and was the main method used in
my doctoral work. A simplistic approach of this nebdan be translated as follow: with two
isotopically contrasting food resources (e.g., ®&d Y) and one stable isotope, we obtain an
equation of two unknowngx, pr) wherepx gives the contribution of the food source X and
py gives the contribution of food source Y to thenaal diet. Assuming thatpg + py) = 1,
such model can easily be solved. However, the degfecomplexity of these models, and
thus associated uncertainty, increases with thebeuraf food resources, numbers of stable
isotopes investigated and prior information suclsapic discrimination factors (Phillips &
Gregg, 2003). Despite the difficulty to match ale@quisites, as in any biological studies, |
find it both relevant and informative to discusernthin the following paragraphs, while in
Chapter Il and Ill, | have already explained inailsthow some of these priors information
where taken into account while performing stabl@ape analyses. The extensive efforts
displayed to understand the environmental dynarhimy study area, to define all potential
food resources, to characterize habitats as wdheadield based behavioral observations of

both species, the large samples size of plant amdah tissues, the in-depth record of the
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changes in environmental parameters across ditf@enods of contrasting precipitation and
plant primary productivity, and the accurate stabbtopes and statistical analyses performed
during my doctoral work allowed me to be very cdefit with the robustness of my results.

Assumptions of stable isotope mixing models

The outputs of stable isotope mixing model infex tdontribution of a mixture of assimilated
diet, not ingested diet and will assume by defthdt all consumers have the same diet, that
all food resources are equally available, thatttimeover rate of consumer tissues match the
time period investigated, that all potential fooesaurces were included, and that their
isotopic signatures were stable in time. Often,atlodf these assumptions are met, but should
be investigated prior to performing a mixing modkl. Chapter II, | have already well

explained how | tackled these assumptions.

Prior information to mixing models

Ideally, the use of stable isotope mixing to retats or infer animal diets and trophic levels

would require numerous prerequisites informatiomede a priori estimates mainly regard the
isotopic fractionation between diet and animalugssisotopic routing that differ between

different consumer tissues, the elemental condemtraf each food resource, the assimilation
efficiency and digestibility of food resources, agll as information gathered from gut

contents, scat analysis or behavioral observatimesrporating all these prior estimates into
the stable isotope mixing model would lead to grea¢sult robustness. However, they are
not always available and thus, the inference ahahtdiet from the outputs of mixing models

must always be reported with their uncertaintied gotentially arise from missing priors.

Discrimination factors

Discrimination factors (referred asl3C andA15N for carbon and nitrogen stable isotopes),
are also called fractionation factors and represkatdifferences in isotopic composition
between an animal and its diet (e.g. Stable carboiope diet-tissue discrimination factor
(AX) = oX tissue —oX diet; where X represents the stable isotope satigestigated (Caut el
al., 2009; Gustine et al., 2014). Isotope fractimma occurs during animal metabolic
transformations of food resources during digespioocesses. These discrimination factors
may vary according to taxon, environment, tiss@egs, food resources and trophic levels
(Caut el al., 2009; Lecomte et al., 2011). Due @mssndifferences between heavy and light

stable isotopes, the relative abundance of stabli®pes naturally varies in food resources.
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These differences in masses between differentpsstof the same atom cause these isotopes
to behave differently in both physical processes @memical reactions occurring during the
assimilation of food nutrients in animal’'s body.€elhghter isotopes (12C and 14N in my
study) generally form weaker bonds leading to gneedte of physical fractionation and also
react chemically faster than the heavier isoto@@C(Bnd 15N) (del Rio & Wolf, 2005).
Consequently, heavier isotope excretion rate idlemhan that of lighter ones and typically
leave the animal tissues enriched with heavienstabtopes when compared to the isotopic
signatures of its assimilated food resources (i®ERVolf, 2005). Thus, raw isotopic data of
animal tissues must be corrected by isotopes asdds specific discrimination factors prior

performing stable isotopes analyses, as | did iap@r 1l and 11

Dietary switch experiment, discrimination factorsdatissue turnover rates

It is quit challenging to define appropriate distnation factors specific to taxon,
environment, animal tissues or food resources, thnd, they often taken from previous
studies. Such factors are best defined when penfigrian dietary switch experiment, where a
target species is fed a single or mixed diet ofvkmdsotopic signature for a time lapse long
enough to allow the investigated tissue to readtable isotopic equilibrium state. At this
point, the animal diet is switched to a second foegburce with contrasting isotopic values.
Depending on the turnover rate of the tissue ingatdd, the isotopic compositions of this
tissue will eventually reach another isotopic @atefrom which we can subtract the isotopic
value of the new food resources, and thus deterthimestable isotope discrimination factor
specific to this animal tissue (Lecomte et al., POThis method also allows determining the
turnover rate of consumer tissues, which is relevarreplace the inferred diet within its
corresponding time-window (Lecomte et al., 201 I)fdgtunately during my doctoral work, it
was not possible to perform such dietary switcheexpent. | therefore used stable carbon
and nitrogen isotopes discrimination factors spe¢d blood, liver and muscle of ungulates
described by Caut and colleagues (2009). | chobsset discrimination factors after
performing sensitivity analyses on the raw isotoglues of each tissue of both gemsbok and
springbok. However, dissimilarity between the disanation factors used from literature and
the true, unknown, discrimination factors might éanccurred, and therefore contributed to

uncertainties of the stable isotope mixing modepsorted in Chapter II.
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Isotopic routing, assimilation and digestibility fwiod resources in animal tissues

Nutrients, and thus stable isotopes of food resmrmight be assimilated differently within
the animal body, depending on the tissue-specifietabolic assimilation and energy
requirements that might vary due to variations and resources availability (seasonality,
changes in environmental conditions) and animalsinisic life history traits (fat gain or loss,
reproductive status, ontogeny development) (del®Wolf 2005; Gustineet al, 2014). As a
result, stable isotope ratios might differ from dissue to another even though their cells are
replaced during a period where the individual inggdhe same mixture of food (Gustiee
al., 2014). Also, the degree of efficiency in assatiilg food resources, as inferred via stable
isotope analyses, might differ from the degree aufdf resource specific digestion rate, as
inferred via visual, chemical or DNA food resourcasalysis in faeces. For example, the
higher protein crude content of fresh grass sprmdkes them better suitable for ungulates
than dry forage (Cable & Shumway, 1966; St-Loui&té, 2014) and we can assume that
crude proteins are relatively easier to assimilate the animal tissues. These two different
types of food resources might have different adation efficiency, and their dietary isotopic
signatures would therefore be incorporated intosoorer tissues at different rates. In this
doctoral work, it was not possible to determine dffeciency in assimilating different food
resources by gemsbok and springbok. Hence, to alofar discrepancies that might have
occurred between food resources rates of assiomlaticombined three tissues of different
turnover rates to obtain mean values in stableocadnd nitrogen isotope ratios that covered
a time window relatively long enough to allow asiition of all ingested food resources into
the animal tissues, and thus providing better edés of the actual diet (Chiarad4 al.,
2014). Both this method and the one described atwdetermine discrimination factors may
serve as an alternative if studies face certaintdinons leading to the inability to perform
prior experiments or analysis. This may especibyimportant for studies on protected or

rare species, or when funding is limited as it Weescase during my doctoral work.

Elemental concentration dependence of food resgurce

Elemental concentration dependence of food ressuats® need to be determined prior to
performing stable isotope mixing models, as thegaiage of food resource contribution to
the diet might not be the same for all elementsrenad (e.g., C & N) and these elemental
concentrations may also vary between food resouiebslips & Koch, 2002). Typically,
food resources with high concentration of nitrogentribute more nitrogen relative to carbon

than do food resources with lower nitrogen conegiutn (Phillips & Koch, 2001). Thus, it is
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important to incorporate these data into mixing glsdas | did in Chapter IlI, while inferring

the relative contribution of different food resoeisdo an animal diet.

Conclusive remarks

In this thesis, | explored the dietary and spatioyhoral behaviors of desert dwelling
gemsbok and springbok used to overcome drasticgesaim environmental conditions in a
desert ecosystem. | investigated the processesrlvindedietary and habitat choices in a
dynamic framework of population strategies andviatlialized tactics displayed to cope with
the decreased availability of food resources dupngonged periods of drought. For this
purpose, | used stable isotope analyses of platgrials and metabolically active and inert
animal tissues, GPS telemetry data of gemsbok atiddmpirical and computational habitat
characterizations. These analyses were coupled wothplex statistical methods. The
identified dietary plasticity of gemsbok driven tlyanges in food resource availability did not
match previous conclusions from the existing litiera. In fact, gemsbok has been described
as an obligate specialist grazer. However, thelteestimy doctoral work suggested that this
species may dramatically shift its diet from gras®rowse and use significant proportion of
CAM toxic plants when drought occur and preferredsg food resources are not available.
Springbok however followed the predictions arisfram previous works and may feed on a
broad spectrum of available and contrasting foasbueces, irrespectively of changes in
environmental conditions. Thus, my studies reveahaa distinct dietary strategies allowing
both species to survive and co-exist in a harshuspdedictable desert environment.

My investigations of the dietary tactics used byliwduals of both species suggested
differentiation in diet selected among individuahem facing similar environmental changes.
Isotopic food niches of the two species were miguakclusive, but similar in breadth.
Within species, my results suggested, that indafidof both species may have distinct
isotopic niches; being the first time this is shownungulates species. This observation
suggested an of individualized dietary niche mawgm that potentially reduce intra species
competition for food resources and thus may fatdit ungulates” survival in desert
environments. To support such complex dietary bieingyvl found that gemsbok responded to
resource fluctuations by using an interlacing sktlomwal habitats that differ in plant
productivity and composition, topography and vegetacover. The results of this thesis
provide important insights on the complexities ofra- and inter- species relationship of
sympatric ungulates species to food resourcesadititiy in an unpredictable and challenging

environment. They should contribute to our undexditag of the conflicts arising between
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ungulates populations and within individuals of g@me species toward habitats and food
resources used to overcome drought. My work shglt lon new behavioural processes
having implications for both local and global maeawgnt of desert dwelling antelopes.
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