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ABSTRACT

The successful conservation management of Africeephants depends largely on
understanding the fundamental processes drivingdpeilation regulation of this species.
Southern Africa’s increasing populations have iisencern over the impact of high
elephant densities on the system, in stark conagainst the elephant’s more precarious
position in other parts of Africa. As we search $ofutions from the processes of historical
elephant regulation, we realise that there is addedclack of empirical evidence to
explicitly direct our efforts. In this PhD, | att@ito investigate the application of the
classic pattern of large herbivore population latian, which mainly involves high juvenile
mortality in response to stochastic environmentadnés, to African elephant population
dynamics. Firstly, | evaluated the magnitude amdjdency of mortality events that would
be required to prevent elephant population growthe death of 85 % of infants and
weaned calves would need to occur twice a generatidile a single severe mortality
event (causing the death of all infants and wearsdes and 10 % of the rest of the
population) once a generation would be sufficietdwever, the severity of these events is
not matched in natural occurrence in Africa todag anly a single recorded event in Tsavo
National Park, Kenya, in the 1970’s has come clesen more than 7 000 died during a
very severe drought. Secondly, | evaluated thentialerole of fire as a stochastic, mass-
mortality event limiting elephant populations. ufa that fire functions in a similar manner
to other environmental catastrophes and primaslyses high juvenile mortality. However,
this catastrophic event also highlighted the ex&rdrahavioural and physiological impacts
experienced by the elephant population involved pbtential role of these types of events
on long-term female fecundity needs further imgggton. In isolation, this type of
mortality event would need to occur with high freqay to prevent population growth.
However, in combination with a decrease in femalahdity, these stochastic events may
have a much greater impact on population demography first thought. Thirdly, 1
investigated a potential mechanistic link betwettlsastic mortality events and juvenile
susceptibility to resource limitation. Allometrielationships dictate that juveniles select a
diet of higher quality than adult elephants. Wenfdahat this was achieved by weaned calf
selection of higher quality plant parts, althougde wf plant types and plant species was
similar to that of adult females, who they moveoasrthe landscape with. The strong

sexual dimorphism exhibited by this species wagcedd in adult male use of lower quality



forage than adult females (or juveniles) in botl dnd wet seasons. Diet quality scaled
negatively with body size, but adult females caesiy selected a higher quality diet than
adult males, irrespective of body size. The nainil and reproductive demands placed on
an individual during different life-history stagéiserefore influence foraging strategies,
together with nutrient requirements, e.g. phosphofor pregnancy/lactation selected
consistently by females when unrestricted in theé season, protein for growth selected
consistently by weaned calves. Competitive dispreae of adult females to feed at higher
levels in the canopy by calves also influenced ifegedbehaviour. Therefore intraspecific
body size, nutritional requirements (in terms ofriemts and energy) and competition had a
strong influence on foraging strategy employed ¢g-sex classes of elephants in response
to seasonal environmental change. More selectivenjle foraging requirements means
that juveniles are most susceptible to resourcédtian, for example during stochastic
environmental events such as droughts. In smaketl systems, juvenile mortality is likely
to have a strong influence on elephant populategulation, with a slight, temporary
decrease in female fecundity possibly acting inwaction with juvenile mortality effects.
Therefore, stochastic environmental events suadragght and fire may be the only natural
incidence of population regulation to occur in #negstems, where populations continue to
grow exponentially and there is no evidence of dgependence (as in the case of many
small, fenced reserves in South Africa). In largiegen, high-density systems in other parts
of southern Africa, density dependence acts stgongl female fecundity and causes low
levels of juvenile mortality in areas of local pdgtion aggregation. Therefore, in isolation,
natural juvenile mortality is unlikely to regulat&frican elephant populations, but in
conjunction with decreased female fecundity in oese to density-dependent feedbacks
and stochastic environmental events, populationlagign may occur. The management of
long-lived megaherbivore species with similar dermapyic drivers must include an
appreciation of the complexity of population resp®rto manipulation of mortality or
fecundity effects. Small changes can potentiallgulte in large shifts in population
dynamics. Further insight into the mechanisms dgvihese processes will allow sound

scientific support of megaherbivore managementsitats to be made throughout Africa.



PREFACE

The dissertation includes four paper manuscriptepgred for submission to different

scientific peer-reviewed journals (as indicatectlom title page of each chapter). Styles and
formatting of these chapters follow the respecforenal requirements. This results in some
duplication in study site description and methodsMeen chapters. A single reference list
was compiled for the general introduction (Chapgigrand synthesis (Chapter 6) and

follows after Chapter 6.

These studies represent original work by the autimor have not otherwise been submitted
in any form for any degree or diploma to any teytiastitution. Where use has been made

of the work of others it is duly acknowledged ie tiext.

All fieldwork was carried out in Pilanesberg NawbrPark in the North West Province of
South Africa, through the School of Biological aGdnservation Sciences, University of
KwaZulu-Natal, Westville from September 2003 to btaR006.

This work was performed under the supervision of FRob Slotow and the co-supervision

of Mr. Bruce Page.
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Chapter 1

General Introduction

Historically, the African elephantLxodonta africana) occurred throughout sub-Saharan
Africa (Blancet al., 2007). However, at the turn of the twentiethtagn elephants were in
decline throughout their former range, primarilyedio human impact (e.g. ivory hunting
(Parker, 2004), and loss of habitat to agricult(ivelner-Gulland & Beddington, 1993)).
Currently elephants are distributed across theiment ranging from small, fragmented
populations in West Africa, to large, relatively disturbed free-ranging populations in
eastern, central and southern Africa (Blehal., 2007; Carrutherat al., 2008).

Southern Africa has the highest number of elephantsaccounts for the largest extent of
elephant range in Africa, making up 39% of totalga area (Blanet al., 2007). Most of
southern Africa’s elephants survive within natiorn@drks, the majority being unfenced
(typical for Botswana, Namibia, Zambia, Zimbabwe &fhozambique), but South Africa has
many small ( < 1000 kfr), fenced reserves containing elephants (Slatbal., 2005). The
Kruger National Park in South Africa is home to mps 15 000 ) of the country’s elephants
(Carrutherset al., 2008).

Elephant numbers have increased steadily in squtA&ica to the point that conservation
authorities are concerned with the impact of higimhers of elephant (Kerlegt al., 2008),
motivating the debate over the control of elephmogulation size in some places (Mabunda,
2005; Owen-Smithet al., 2006; Biggset al., 2008). Here the impact of high elephant
densities lies in stark contrast against the elefanore precarious status beyond southern
Africa (IUCN status Low Concern in southern Afridajinerable rest of Africa (Blanet al.,
2008); Baxter & Getz, 2005; Owen-Sméhal., 2006). The debate centres on the complexity
and uncertainty surrounding long-term elephant fimn dynamics, the recovery-impact
cycles between elephants and their forage resquitt@smpact of elephants on other species
and the appropriate methods of elephant managefiaitunda, 2005; Owen-Smit al.,



2006; Biggset al., 2008; Kerleyet al., 2008). The ‘elephant problem’ has arisen in
conjunction with the expansion of human activityd aettlements across the landscape and
there is concern that the ecosystems containimghatds, and the people that live adjacent to
elephant populations, are becoming increasinglgatened by possibly irreversible elephant
impact on the system (Caughley, 1976; Biggal., 2008; Carrutherst al., 2008; Kerleyet

al., 2008; Twine & Magome, 2008). There is thus ageacy about the need for scientific
consensus and ultimately a future course of adborthe management of elephants in the
southern African region (Biggg al., 2008; Kerleyet al., 2008).

The African elephant is the largest extant teri@stmammal and classified as a
megaherbivore of body size in excess of 1 ton (O®memith, 1988). Their large body size
makes the scale of their impact on the ecosystege land may result in changes to
vegetation and biodiversity (Kerlest al., 2008). Elephants can thus be considered as a
keystone species (Powet al., 1996; Sinclair, 2003), a term that is often estd to
‘ecological engineers’ (Jonegt al., 1994). This implies that their removal or sigraht
increase in a system may have consequences for ctimeponents (Millset al., 1993).
Elephants have the potential to significantly alteeir environment which can have far-
reaching consequences, for example their contabstcan range from plant seed dispersal
(Kerley & Landman, 2006) to tree mortality (Landmetnal., 2008), as well as increased
availability of forage for other species (Smallie @Connor, 2000; Skarpet al., 2004;
Makhabuet al., 2006), the excavation of waterholes in dry hegts (Conybeare & Haynes,
1984), and the creation of refugia for invertelsateder toppled tree trunks (Govender,
2005). An increase in elephant population sizearaplify these impacts, especially in closed
systems where spatial and temporal variation inaictg is reduced (Kerlegt al., 2008).

Therefore any management decisions must take sdiilple ecosystem impacts into account.

In South Africa, elephant management philosophagithanged over time from an initial
focus on species preservation to the stabilizabbranimal numbers (carrying-capacity
paradigm), which involved the manipulation of acidl waterpoints and elephant culling
practices (e.g. van Wyk & Fairall, 1969; Whyeal., 1998, Biggst al., 2008). Scientific

consensus shifted thereafter to recognize heteestyeand variability as an integral part of
ecosystem dynamics and focus shifted from managiwogulation numbers to the
consideration of entire ecosystems (Bradshaw & BeR601; Meffeet al., 2002; Biggs &



Rogers, 2003; Biggst al., 2008). The control of elephant populations bilimy has been
under moratorium since the mid-1990’s (Slotetval., 2008). However, scientific uncertainty
persists as there is no long-term empirical evideotcthe consequences of high elephant
densities (Owen-Smitét al., 2006; Kerleyet al., 2008; Biggst al., 2008).

A key uncertainty that emerges is what limits pagiohs naturally, and whether this
limitation will occur at the same levels in humarodiiied systems (e.g. with fences or
artificial water) compared to natural systems (O@enith et al., 2006). The regulation of
elephant populations living in variable environnsengoverned by climate-driven
environmental stochasticity remains poorly underdtoTherefore it is difficult to predict
when and how elephant populations may self-regufatesources are limited (Owen-Smith
et al., 2006; van Aardest al., 2008; Slotowet al., 2008). The processes driving elephant
population dynamics would provide valuable insigigon which management decisions
could be based. Inferences can be drawn, howevem fthe consequences of past
management practices (e.g. culling, translocatmnklephant population dynamics, as well
as scientific knowledge of the processes activéhen regulation of other large herbivore

populations.

All South African elephant populations have beennaged in some way due to their
containment within fences (Bertshinggtral., 2008; Grantt al., 2008; Grobleget al., 2008;
Slotowet al., 2008; van Aardet al., 2008), while other unfenced populations in Adrltave
had relatively little management interference (Gterset al., 2008). South Africa has seen
a faster increase in elephant populations (i.ehdriggrowth rates), with less variability in
growth rates, than that of populations elsewher&fiita (van Jaarsvelet al., 1999; Slotow

et al., 2005; Mackeyet al., 2006; van Aardet al., 2008). Therefore, management efforts
seem to have created conditions promoting highhalepppopulation growth, possibly due to
high resource (e.g. water) supply, protection freoaching and the prevention of dispersal
which forces locally high elephant densities (Sho& al., 2005; Mackeyet al., 2006; Grant

et al., 2008; van Aardet al., 2008).

Original decisions taken throughout Africa to calephants were made according to the
perceived impact of high elephant numbers on tlyetation of an area (e.g. Pienaaal.,
1966; van Wyk & Fairall, 1969; Lawat al., 1975; Bell, 1983). However, culled populations



generally show a trend of maximum population groptist-culling (van Aarde & Jackson,
2007; Slotowet al., 2008). The reduction in density seems to in@gepulation growth rate
by releasing vital rates from density-dependenttéitions, thereby maximising reproductive
potential (Whyteet al., 1998; van Aardet al., 1999; Slotowet al., 2008). However, high
growth rates in post-cull populations could alsaberibed to these populations still being far
from the ecological carrying capacity set by resedmitation levels (Fowler, 1981; Owen-
Smithet al., 2006). The growth phase post-cull inevitablyde#o a population bias towards
young individuals (e.g. Coulsoet al., 2004; Whiteet al., 2007; Mackeyet al., in press).
These skewed population age structures can reshigh growth rates (Mackeg al., 2006).

It has also been suggested that the skewed papulage structure of many of the South
African populations, either as founder-effects sraaresult of culling operations, holds the
population in a state of eruptive growth where pafons overshoot their natural limits due
to population response inertia (Caughley, 1970sybr& Caley, 2006; Slotowt al., 2008;
Mackey et al., in press). Where stable age structure is presiemsity dependence acts to
constrain population growth over the long-term vehar decline in key limiting resources

causes a subsequent decline in the populationghrimit cycles (Caughley, 1970).

Similarly, newly established populations from tracation operations also show extremely
high growth rates (Slotowt al., 2005; Mackeet al., 2006), well beyond the maximum rate
of increase predicted by birth and death ratesdofined elephant populations (Calef, 1988;
van Aardeet al., 1999). A population comprised of many young fetfemales can result in
abnormally high growth rates through synchronisatviog and very low mortality rates
ascribed to unstable population structures, wheoetaity from old age is not initially
present and juvenile mortality is prevented dudith resource availability (Mackegt al.,
2006; van Aardet al., 2008). Theoretically, as these populations agesséable structures are
established, population growth rates would dec{Mackeyet al., 2006; Mackeet al., in
press). Therefore the manipulation of elephant [atjmn structure can have a profound
effect on the mechanisms of natural limitation. tPamnagement actions highlight the
complexity of the processes involved in elephanpytation dynamics and, in fact, the
sensitivity of the mechanisms of natural limitati@nperturbation (Owen-Smitit al., 2006;
Slotowet al., 2008; van Aardet al., 2008).



The population dynamics of herbivore populationdistated by the difference between
births, deaths, emigration and immigration, witk thtal rates of the population (e.g. age at
sexual maturity, conception rate, gestation perioter-birthing interval) influencing its
fecundity, growth potential and turnover or generatime (Fowler, 1981; Gaillarét al.,
2000). Some species may be resource limited, disigadensity-dependent responses
(Coulsonet al., 2001). Others may be top-down limited by predat®wen-Smithet al.,
2005). Long-lived species may also be limited bgckastic environmental events (e.g.
drought, flood, fire, disease) which can cause sndahd significant shifts in population size
and dynamics over a very short time, if the effedftsuch impacts on the demographics of
the population are of sufficient frequency andmsigy (Mangel & Tier, 1994; Clutton-Brock
et al., 1997, Saether, 1997; Gaillagtal., 1998; Turner & Vale, 1998; Saethstral., 2002;
Bull & Bonsall, 2008). In large, predator-free higdye systems, population growth is most
sensitive to adult survivorship, but high tempovatiation in juvenile survival typically
drives variability in population growth rates bathring stochastic environmental events and
density-dependent situations (Gailladal., 1998, 2000; Owen-Smith & Mason 2005). In
long-lived vertebrates, density-dependent feedbatfiest juvenile survival first, then age at
first breeding, adult fecundity and adult survi&berhardt, 1977, 2002; Gaillart al.,
1998). Typically, environmental variability affecisivenile survival most considerably
(Saether, 1997; Gaillardt al., 1999, 2000; Owen-Smitat al., 2005). Therefore, general
patterns identified for large mammalian herbivosaggest that juvenile survival is the key

factor responsible for fluctuations in populatidres

As in other large herbivore populations, elephaytation dynamics seems closely tied to
resource limitation (e.g. Fritet al., 2002) and variation in recruitment is driven ay
combination of environmental stochasticity and gapon density effects (Wittemyet al.,
2007; Chamaillé-Jammesal., 2008; van Aardet al., 2008). The mechanisms of population
regulation are thought to involve both female fetitynand juvenile mortality in response to
temporal variation in resource availability and lgya with seasonal variation affecting
female reproductive outputs such as ovulation amteption (Wittemyeet al., 2007), and
severe environmental perturbation (e.g. droughsilteng in high juvenile mortality (Dudley
et al., 2001; Moss, 2001; Folest al., 2008) and decreased female fecundifyLeggatt,
2003). Although mortality rates are very importamtdetermining population persistence,

resource availability dictated by stochastic enwinental events (e.g. drought) or population



density also affect vital rates (van Aar@e al., 2008), for example female elephant

conception rates varied with primary productivitykienya (Wittemyeet al., 2007).

The natural limitation of elephant populations herefore likely to be driven by processes
affecting vital rates (Wittemyeet al., 2007), and/or resulting in mortalities (Moss,020
Dudley et al., 2001; Wittemyeret al., 2005; Foleyet al., 2008), as well as temporal and
spatial factors affecting emigration and immigratidunkeret al., 2008; Chamaillé-Jammes
et al., 2008). In the fenced reserves of South Africgural emigration and immigration are
removed, emphasising the role of mortality and felity in the potential growth of these
populations (Slotovet al., 2005; Macket al., 2006).

Although density influences on population growtk aitimately inevitable (Sinclair, 2003),
there is a lack of evidence to dispel the uncefasurrounding the exact stage at which
elephant populations will respond in systems difigrin rainfall and habitat conditions
(Gough & Kerley, 2006; Junkett al., 2008; Chamaillé-Jammes al., 2008). Large-bodied
herbivore populations seem to maintain near-maxgnath rates even when very near to
the limits set by forage resources (Fowler & SmitB73; Fowler, 1981). Therefore, it is
difficult to predict when and how density-dependdéeedbacks will occur in elephant

populations.

Most evidence suggests that some South African |popns may be showing slight
reproductive impacts in response to high elephamsiies (van Aardet al., 1999; van
Jaarsveldtt al., 1999), but others show no evidence of densipeddence (van Jaarsvedd
al., 1999; Gough & Kerley, 2006). It has been suggksdhat the free-ranging populations in
Botswana and Zimbabwe may be showing signs of tedspendence (Junker al., 2008;
Chamaillé-Jammest al., 2008), but in these regions high elephant diessiare either
countered by dispersal (Junketral., 2008) or density-dependent feedbacks act ahatdp
densities exceeding 2 kKi{Chamaillé-Jammest al., 2008), suggesting that natural limitation
through density dependence may only occur at vigfly elephant densities. This is possibly
due to the lag in population level response inl véges to the resource restriction imposed by
high densities of elephants, due to the charatiehife history traits of this species, i.e. long
generation times, low annual fecundity, high sualikates (Lawst al., 1975; Moss, 2001;
Wittemyeret al., 2007).



In contrast to changes in vital rates, mortaligp@nses to stochastic environmental events
are immediate (Dudlest al, 2001; Moss, 2001; Wittemyet al., 2005; Foleyet al., 2008;
Valeix et al., 2008; Woolleyet al., 2008b). However, as a single mechanism actioigeabn
the population, the levels of mortality and thegfrency of these events required to prevent
population growth may need to be very high andéyrequent to facilitate population
regulation (Woolleyet al., 2008a). Population fluctuations in large herb&vsystems are
closely tied to climatic variation which influencessource availability (Saether, 1997; Post &
Stenseth, 1999; Gaillaed al., 2000). In particular, variability in dry seas@infall has an
underlying influence on the population dynamic$aofe herbivores in semi-arid savannas
(Mdumaet al., 1999; Dudleyet al., 2001; Ogutu & Owen-Smith, 2003; Dunhatval., 2004,
Foleyet al., 2008; Valeixet al., 2008). Although historical evidence is lackiitgs known
that environmental events such as drought increl@gpdant mortality rates (Corfield, 1973;
Moss, 2001; Dudlegt al., 2001; Wittemyeet al., 2005; Foleyet al., 2008), although large-
scale die-offs are rare (e.g. Corfield, 1973). Loilegels of drought mortality may occur
approximately once a generation and mainly invojugsniles (e.g. Moss, 2001; Dudlety
al., 2001; Foleyt al., 2008). In other large herbivore populationsdpt®n on the adult
segment can cause dramatic shifts in populatioamtyes (e.g. Owen-Smith & Mason,
2005), and in combination with stochastic environtakevents such as disease outbreaks
(e.g. Gasawawt al., 1996) or drought (e.g. Walketrral., 1987; Owen-Smith & Mason, 2005)
can result in population regulation or decline.geaherbivore population dynamics can be
strongly influenced by single mortality events, the strength of impact depends on where
mortality acts, i.e. the age-sex classes mosttaffieevith adult female mortality having the
greatest effect (Gaillaret al., 1998, 2000; Saether, 1997; Ogutu & Owen-Smidlo52
Owen-Smith & Mason, 2005; Owen-Smétal., 2005).

As in other large herbivore populations, naturalrtaddy in large, well-established, free-
ranging elephant populations is age-dependent, théhyoungest being most susceptible to
dry season impacts (Moss, 2001; Dudétyal., 2001; Foleyet al., 2008). For example, in
Tarangire National Park, Tanzania, 20 % of calviesl dvithin a nine month period in a
severe drought in 1993 (Foleyal., 2008). In this case, the sex of the calf hadgyortant
influence on survival, with highest occurrence @lencalf mortality, while the experience of

mothers also influenced calf mortality (Foletyal., 2008). In the lowveld of Zimbabwe, all



calves under eight years of age died during a drobgtween 1991 and 1993 (Leggatt,
2003), and a drought in 1994 killed 5 — 9 % of ¢hephant population of Hwange National
Park, Zimbabwe, with the highest frequency of mayt&ccurring in the youngest age class
(Dudley et al., 2001). Elephants in some parts of the KalaharidSaregion of Hwange
National Park dig craters to reach water duringdhe season and droughts (Weir, 1971).
Mortality in the youngest age-classes in 1994 wss iafluenced by whether elephants could
reach this water (Dudlest al., 2001). Whereas nursing calves can rely on mitkhiaration,
juvenile weaned calves died from dehydration whenwater table dropped below the level
reachable by their trunks (Conybeare & Haynes, 1984gh juvenile mortality during
resource restriction can cause discriminate agepgmoortalities and subsequent gaps in age
distribution (Moss, 2001; Dudlegt al., 2001; Foleyet al., 2008). The exact mechanisms
driving juvenile elephant mortality have not beawestigated, but it could be linked to body
size influences on resource (food and water) requénts. The physiological mechanisms
triggering the increased susceptibility of juvenibel kangaroosacropus rufus) to resource
limitation during drought have been linked to refatenergy requirements and the allometric
scaling of diet quality (Munn & Dawson, 2006; Muerel., 2006).

Temporal variation in resource availability duesemasonal environmental change limits the
guantity and quality of resources available to leteyis (Owen-Smith, 1988). Free-ranging
African elephants in deciduous semi-arid savanaggand to temporal heterogeneity in food
availability and quality by switching the compaoaiti of their diet from predominantly grass
in the wet, summer season to browse in the drytavseason (Owen-Smith, 1988; Cerlatg
al., 2006; Koset al., in press). Protein and energy gains are maxdrtiseugh ingestion of
forage at the first flush of new growth (van So&896; Scholes, 2003).

The ability of different age and sex classes toecopth this type of environmental
stochasticity varies mainly due to body size inflces on physiology. The higher tolerance of
large-bodied herbivores to lower quality diets bagn used to explain differences between
species of different body size (e.g. Demment & @mest, 1985; du Toit & Owen-Smith,
1989; Clauss & Lechner-Doll, 2001), as well as séxlimorphism in ungulates (e.g. Beier,
1987; du Toit, 1995) and the African elephant (8&& du Toit, 2000), where it was shown
that smaller-bodied adult females selected a didtigher quality than large-bodied adult

males. Increased nutritional demands imposed ol feioales by pregnancy and/or lactation



means that adult male and female elephants ofairbddy size are likely to have differing

nutritional requirements (van Soest, 1996).

As a megaherbivore species, the African elephaotiges us with a model of population
regulation applicable to other megaherbivores (glgte rhino Ceratotherium simum), black
rhino (Diceros bicornis), hippopotamus Hippopotamus amphibious), giraffe Giraffa
camelopardalis)) operating in similar systems where extrinsicdeg, such as the effects of
resource limitation on survival and fecundity, @otregulate populations (Owen-Smith,
1988). In these large, long-lived species similapyiation processes function to regulate
populations, with wide fluctuation in juvenile swal in response to both stochastic
environmental variation and changes in populatienstty, and displays of cyclic variability
associated with environmental conditions and predadffects (Owen-Smith, 1988; Ogutu &
Owen-Smith, 2005; Owen-Smith & Mason, 2005; OwenitBra al., 2005). Predation may
play a greater role in the dynamics of smaller mse¢e.g. giraffe), where mortality from
predation, especially by lionPdnthera leo), features more strongly than it does for elephant
(e.g. Ogutu & Owen-Smith, 2005).

Aims and objectives

This dissertation attempts to fill some of the gapsour empirical knowledge of the
mechanisms and consequences of elephant populadigmation driven by stochastic
environmental events.

Specifically | investigate:

(1) where mortality needs to act to regulate elephapufations (i.e. magnitude

and frequency of age-specific mortality);

(2) the potential role of fire as a stochastic, masstatity event; and

(3) why juveniles (especially weaned calves) are moiseeptible to stochastic

environmental restriction, given body size influeson diet quality requirements.



Where appropriate, the behaviour and physiologindividual elephants and the population
as a whole were integrated into assessments oflgiapu dynamics and intraspecific
responses to temporal variation in resource auétiab

Findings will attempt to extend our broader knowgedbase beyond known generalizations of
demographic processes driving large herbivore @jor dynamics to reveal the potential
role of stochastic environmental events, togethigh wossible causes of juvenile mortality.
The successful conservation management of the &rielephant, as well as other
megaherbivore species with similar demographicetsivhinges on understanding these types
of fundamental population processes and their qdati contribution to natural population
regulation. Management decisions can be taken gonant these natural processes, in that
way ensuring species survival within a system inoatance with specific conservation

objectives.

The four chapters hereafter are constructed asrpapauscripts, submitted to scientific,
peer-reviewed journals. Each addresses the mairs auoilined above. In Chapter 2
(publishedOryx 42(1): 49-57) | used a population model to sinmaulabrtality events for the
evaluation of the magnitude and frequency of ageifip mortalities required to prevent
elephant population growth. In Chapter 3 (publisRedS ONE 3(9): €3233. doi: 10.1371/
journal.pone.0003233), elephant response to atoapasc fire is assessed on a behavioural,
physiological and demographic basis. In Chapten $resslJournal of Wildlife Management)
elephant diet quality differences are investigadedording to sex and body size, to assess
disparities in age-specific susceptibility to fogaguality restriction. In Chapter 5 (prepared
for submission tdecosystems) | compare the seasonal foraging strategies eragldy adult
females and weaned calves within the elephant yaumilt to evaluate potential impacts on
juveniles during times of nutritional stress. Cle@ is a general discussion of the findings
and implications of Chapters 2 — 5.
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Chapter 2

Modelling the effect of age-specific mortality on Aican elephant

L oxodonta africana populations: can natural mortality provide regulation?

Leigh-Ann Woolley *, Robin L. Mackey, Bruce R. Pagied Rob Slotow

School of Biological and Conservation Sciences, University of KwaZulu-Natal, Howard

College Campus, Durban 4041, South Africa

Published January 2008  Oryx 42 (1) : 49 - 57
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Abstract

The historical regulation of African elephdmtxodonta africana populations could provide
guidelines for management efforts and decisionar@as where elephant numbers are now
increasing. However, there are few detailed recofdte natural mortality processes of the
past. Therefore, we modelled elephant populatieutr to evaluate possible effects of age-
specific mortality. Model projections indicated tlza annual mortality of 17.1% of juveniles
or 10.5% of adults would be sufficient to preveapplation growth. For age classes below or
just at sexual maturity (i.e. 0-3, 4-7, 8-11) 37.8kkual mortality of one of these classes was
required to achieve 0% population growth. Thesetafity levels are much higher than those
reported in southern Africa today. Simulations pfsedic mortality events (e.g. droughts)
indicated that such events would need to occuryel@ryears at a severity that would cause
the mortality of all infants and weaned calves (0 year old), as well as 10% of adults and
subadults (8 - 60 year old) to prevent long-ternpytation growth. An 8-year frequency
required the mortality of 84.7% of infants and weéralves. Historically, it is possible that
high drought mortality and frequency, and high ptexh levels, may have reduced
population growth significantly but current mortglrates and frequencies are insufficient to
constrain long-term average population growth at 0%e natural limitation of existent
elephant populations through mortality is therefardikely, indicating a need for active
management of the increasing elephant populatiossuthern Africa today.

Keywords

Demography, elephant management, growth ram&donta africana, mortality, population
model, southern Africa.

12



Introduction

There is concern over the current rate of incredsAfrican elephant.oxodonta africana
populations in southern Africa. Past maximum anrelaphant growth rates have been
estimated at up to 7% (Hanks & Mcintosh, 1973; €al®88) but more recent studies
indicate that short-term rates of growth can be mmhigher. Van Jaarsveld al. (1999)
calculated average annual growth rates of up to, 5% Mackeyet al. (2006) showed that

annual growth rates of 10 - 15% were not uncommamature reserves in South Africa.

Up to the mid 1990s culling was promoted as a mamagt tool for elephant populations
confined to conservation areas in southern AfriRaeChnert al., 1963; Glover, 1963; van
Wyk & Fairall, 1969). However, there is now agagbdte over the impact of high numbers
of elephants and the possible need to further ee@opulations. This creates a conservation
dilemma, with the impact of high elephant densitiesiodiversity being in contrast with the
elephant's more precarious status beyond southfeicaABaxter & Getz, 2005; Mabunda,
2005; Owen-Smitlet al., 2006). The lack of evidence for density dependesponses in
elephant populations (Gough & Kerley, 2006) sugg#st current high rates of population
growth may not slow down under natural conditiokithough density feedbacks must
inevitably influence population growth, it is untan at which stage this occurs in different
elephant systems (Owen-Smétal., 2006). Maximum population growth rate can be
maintained in large-bodied mammals until the paihen forage resources can no longer
support the population (Fowler & Smith, 1973; Fowl981). However, because of their
long generation times elephant populations camldlgeir response to changing forage
availability, theoretically causing oscillationstime numbers of elephants and forage rather

than the achievement of an equilibrium (Caughl&y,a).

The direct study of long-term mortality is diffi¢uh a long-lived mammal and few studies
have documented elephant populations over a langstale (Whitehouse & Hall-Martin,
2000; Moss, 2001; Wittemyer, 2001; Wittemyeal., 2005). Natural mortality in large, well-
established, free-ranging elephant populationsgis-dependent, with the youngest being
most susceptible to dry season impacts (Moss, 2DQdlleyet al., 2001). For example, all
calves <8 years of age died during a drought 098d.x 1993 in the lowveld of Zimbabwe
(Leggatt, 2003), and a drought in 1994 killed 5-8%the elephant population of Hwange

National Park, Zimbabwe, with the highest frequeantynortality occurring in the youngest
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age class (Dudlegt al., 2001). Elephants in some parts of the KalahandSaegion of
Hwange National Park may be entirely dependentutmssirface drinking water during the
dry season and droughts (Weir, 1971), digging csatie reach water, and mortality in the
youngest age-class in 1994 was also influenced limtiver elephants could reach this water.
Whereas nursing calves can rely on milk for hydratijuvenile weaned calves die from
dehydration when the water table drops below thelleeachable by their trunks (Conybeare
& Haynes, 1984).

In addition to drought and senescence other, lessmon, causes of elephant mortality
include disease, injury, and predation by lions hnchans (Corfield, 1973; Laves al., 1975;
Walkeret al., 1987; Moss 2001; Dudlegt al., 2001; Wittemyegt al., 2005). Generally, little
mortality can be attributed to disease, except iosla where endemic anthrax causes
mortality in all age classes (Lindeque & Turnbd®94). Predation by lions most commonly
involves juvenile elephants (Ruggiero, 1991; Wityemet al., 2005). Injury and human
predation mainly affect adults, with poaching feory having reduced numbers of large adult
elephants in the 1970s and 1980s, especially in Afiga (Ottichillo et al., 1987; Moss,
2001; Wittemyeet al., 2005).

Because any long-term consequences of high elepleasities have not yet been observed
there are scientific uncertainties surrounding lede management. Nevertheless, decision-
makers are again looking for ways to manage thepoypeilation of elephants in southern
African nature reserves, with the need to evaluh& long-term effects of mortality on
population growth being of particular importance.the absence of direct evidence of the
long-term effects of mortality we therefore usednathematical population model with
various scenarios to gauge the magnitude of mtytaéquired to bring about a zero
population growth rate. This enabled us to (1) exanthe age-specific mortality levels
required to prevent long-term population growthd g2) simulate age-specific mortality

resulting from drought events.

Methods
The model
We used a probabilistic age and state model, basetthe model of Wu & Botkin (1980),

incorporating aspects of elephant life history dhd following demographic parameters:
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maximum expected lifespan, female age at sexualintgtaverage calving interval for the
population, age at menopause, sex ratio of newband age-specific probabilities of
survival. The number of individuals of differentemgand biological states were transitioned
through a matrix in which the number of individuafseach age was recorded in the rows and
states in the columns, i.e. males (first colume)uslly immature females (second column);
sexually mature but not pregnant females (thircurmwi); pregnant females in the first or
second year of pregnancy (next two columns), femal the first, second, third or fourth
year post-parturition anoestrus (next four colummdales aged and died, but were not
transitioned through specific states as it wasrassithat sexually mature males were always
present in the population and thus conception waslimited by the presence of mature
males. All parameters other than the maximum expgetifespan and average period of
anoestrus were input as probabilities for each age state (i.e. probability of sexual
maturity, probability of conception, probability sfirvival, and the sex ratio or probability of
being born female). Menopause was included as &apility of conception in older
individuals, and variations in mortality as the Ipability of survival in different ages and
states. For this simulation the state of the irdlisl was assumed not to influence mortality.
The number of individuals dying and/or conceivingeach cell of the matrix was determined
by comparing the input probability value with a walobtained from a random number
generator that produced a normal distribution ¢des between 0 and 1. The model was thus
stochastic in nature but input probabilities weeptkconstant over the period of simulation.
The population was recorded at the end of eachgfearsimulation. The statistical variation
introduced by the probabilistic approach was deiteech by repeating each simulation 500
times and the means and standard deviations ctddui@m these replicate simulations.

Population parameters

A lifespan of 60 years was used in all simulatiidanks & Mclintosh, 1973; Wu & Botkin,
1980; Whyteet al., 1998), along with a moderate estimate of menopau$® years of age
(Hanks & Mcintosh, 1973; Wu & Botkin, 1980; Owen-Bm 1988; Woodd, 1999; Moss,
2001). Female age at sexual maturity was set tgea@s (Smuts, 1975; Moss, 2001; Mackey
et al., 2006) and a mean calving interval, or periodimiet between consecutive births for
females averaged over all females in the populatbd years was used (Eltringham, 1982;
Owen-Smith, 1988; Whytet al,. 1998; Whitehouse & Hall-Martin, 2000; Moss, 2004).
birth sex ratio of 1:1 was used (Lawfsal., 1975; Calef, 1988; Whitehouse & Hall-Martin,
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2000; Moss, 2001). The probability of female conimephas been found to vary with age,
with lowest conception in the youngest and oldedividuals (Wu & Botkin 1980, Domingt

al. 1998). However, Macket al. (2006) concluded that variation in the age-specifi
probability of conception had little effect on mbgwojections of population growth; we
therefore chose to simplify our model by using abgability of conception of 1 for all of

breeding age.

Smulations

A hypothetical initial population was created byming two females each of 6, 7 and 8 years
old (i.e. a total of six females) through the modsing the population parameters above.
When the population age structure was constanttmité (i.e. population size was increasing
at a constant rate, and survivorship and fecunditys were constant), this population size
and structure was selected as the initial populatidhich consisted of 759 individuals, with
juveniles (0-9 years old) comprising 54% and ad({li8-60 years old) 46% of the total

population.

Using the initial population, simulations were rover 300 years, so as to include at least 10
generations and allow enough time to evaluate teng- trends. To examine the potential
effects of different age-specific mortality reginmseeral mortality schedules were simulated,
with mortality occurring from year 21 onwards aftdlowing 20 years for the initial effects
of the population parameters to occur. Mortalitgrsarios were run until the population
reached a 0% population growth rate over the 284 yene period after mortality was
initiated. The percentage annual mortality of thofving age classes, required to achieve
0% total population growth over 280 years, was e@rath overall population mortality; adult
(10 - 60 years old) mortality; juvenile (O - 9 yeanld) mortality; mortality in 10-year age
classes; and mortality in 4-year age classes. Taepg of individuals into 10-year age
classes was to separate the juvenile (0 to 9 yadjsfrom the adult age classes. Further
division into 4-year age classes added more bic&gelevance to age divisions, as it divided
the young portion of the population into infants-(® years), weaned calves (4 - 7 years) and
subadults (8 - 11 years). The weaned calf classseiaat 4 years because calving interval (in
this case 4 years) usually determines the averggeaiawhich a calf is weaned, with almost
all calves suckling until the birth of the nextfcar just a few months thereafter (Lee &
Moss, 1986).
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To evaluate the measure of dispersion of resukstduhe probabilistic nature of the model,
95% confidence limits of the mean population growdte were calculated from the means
and standard deviations obtained from replicatauitions (Zar, 1974). Population growth
rate was calculated using the standard equatioeXjpponential population growth (Begon &
Mortimer, 1986): % population growth ="(e 1) * 100, where = (InN — InNy) / t, Ny and

Ni; are population size at the beginning and end etithe interval in question, respectively,

andt is the length of the time span in years.

We examined the frequency of episodic mortality eserequired to prevent population
growth when 100% mortality occurred in each agesldhe same age classes used in the
annual mortality scenarios above were used ina&iation of episodic mortality. A drought
event was then simulated at a frequency of 16 yglaesaverage cyclic frequency of rainfall
occurring in southern Africa; Tysost al. 1975; Louw 1982; Reason & Rouault 2002). The
levels of mortality required in infant and weanexdf €0 - 7 years), as well as sub—adult and
adult (8 - 60 years) age classes, to give a long-fgopulation growth rate of 0%, were
examined. The mortality levels required with a dyolufrequency of 8 years were also
assessed. Age at sexual maturity was then adjtstbtlyears of age and calving interval to 5
years to examine the effect of these reproductelayd on the mortality requireed to prevent

long-term population growth at a frequency of 1érge

Drought events were simulated as single year oenaes of high mortality, as an alternative
to multiple year occurrences of low mortality. Tinéensity and duration of drought affects
the levels of drought-related mortality experiendsdelephant populations (Dudley al.,
2001) and the frequency of elephant drought meytalccurs most prolifically after some
years of drought-related resource restriction, lteguin a mortality event (Moss, 2001). The
longevity of the elephant, the low mortality amoadults even under poor conditions, the
ability to effectively exploit browse when necegsand a unique combination of life history
traits affect the elephant’s ability to respond iethately to temporal variability in
environmental conditions (Fowler & Smith, 1973; Mp2001; Wittemyeet al., 2007).

The sensitivity of model projections to adjustmeintsnean calving interval, female age at

sexual maturity, initial population size and sturet was assessed by varying each of these
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parameters separately whilst keeping all else eotskMean calving interval was adjusted to
3, 5 and 6 years, female age at sexual maturityadassted to 12 and 14 years, and initial
population structure was adjusted to be adult biaseg taking 349 individuals (46% of
baseline initial population size) from the juveradlge class and adding it to the adult age class
with an even spread of individuals in each yead waice versa for a juvenile biased initial

population size.

Results

The achievement of 0% population growth is the $oofiall mortality scenarios. The levels

of mortality giving this growth rate are sectionatb annual and episodic mortality events, as
well as different age classes. The frequenciespetiic episodic events, and the level of
mortality of different age classes during thesesegc events, are central to the results

presented.

Annual age-specific mortality

The mortality of the age classes (i.e. entire patorh, adults, and juveniles, and 10-year and
4-year age classes) required to give 0% populatiowth are given in Fig. 1. The percentage
age-specific mortality required to produce the esrin Fig. 1 are presented in Table 1 and
outlined below.

It was projected that 5.9% annual mortality of #mire population across all ages was
required to achieve 0% population growth, wheréasannual mortality of 10.5% of adults
(10-60 years old) or 17.1% of juveniles (0-9 yeald) was required to achieve the same
result. The effectiveness of mortality in 10-yege @&lasses for controlling population growth
differed amongst age classes. The annual mortiit®.3% of 10 - 19 year olds would result
in 0% population growth. However, 100% annual maytaf individuals in the 20 - 29 year
age class was required to level off population.dize 10-year age classes above this (i.e. 30
- 39; 40 - 49 etc.) 100% annual mortality of indivals was insufficient to reduce population

growth to 0%.
Within individual 4-year age classes below and atstexual maturity (i.e. 0-3;4-7;8 - 11

years), 37.5% annual mortality was required to eahi0% population growth. An annual
mortality of 41.4% of 12 - 15 year olds, or 53.1%16 - 19 year olds, or 97.1% of 20 - 23
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year olds resulted in a levelling off of populati@ize. Annual mortality of 100% of
individuals in age classes >30 years (i.e. 30 -48D: 49, etc.) was insufficient to reduce

population growth to 0%.

Mortality of age classes >20 years achieved 0% tiromore quickly than that of age groups
<20 years. However, the percentage mortality reguio achieve 0% growth in age classes >
20 years, as well as the average population siameatl, and the variability of this population

size, was higher than in classes below 20 years.

The variability of results due to the stochastitura of the model is indicated by the 95%
confidence limits of mean population size and glovates (Table 1, Fig. 2). The mortality of
5.9% of the entire population resulted in a popaotatgrowth rate confidence interval of
+0.04 (Table 1). Population growth rate confidenguitt from age-specific mortality

scenarios were <0.04 (Table 1). The 95% confiddmé& of the mean population size,

calculated from 500 replicate simulations of 5.98fw@al mortality of the entire population,
did not coincide with 95% confidence limits caldeld similarly from 5.8 or 6.0% annual
mortality of the entire population (Fig. 2a). Cald@nce limits showed slight overlap for adult
and juvenile mortality scenarios but this disappdawith increasing simulation time, as well
as a 0.1% change in percentage mortality either gfdhat required to give 0% population
growth (Fig. 2b,c). Therefore, results can be ater&d statistically reliable, although few
replications at slightly lower or higher levels ofortality may result in 0% population
growth.

Episodic mortality

When mortality occurred from discrete events orpisodic, rather than annual, basis, it was
found that 100% mortality of the adult age class wejuired at a frequency of 18 - 19 years
to produce 0% long-term population growth (Fig. 2ad 100% juvenile mortality was
required at a frequency of 13 years (Fig. 3b). @psodic mortality of 10-year age classes
could not be examined for classes >20 years, asrtality rate of 100% was required on an
annual basis to prevent growth of the populatiorfrefjuency of 11 years was sufficient to
prevent long-term population growth if 100% of t{&- 19 year age class occurred (Fig. 3b),
while 100% mortality in 4-year age classes at gueacy of 4 - 5 years was required (Fig.
3a).
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Episodic mortality at a frequency of 16 years resliin 0% long-term population growth if
there was 100% mortality of infants and weanedesal® - 7 years) and 10% of the rest of
the population (Fig. 4). An 8-year frequency regdithe mortality of 84.6% of infants and
weaned calves (0 - 7 years old) to give an ové@&llpopulation growth and cycling about a
constant mean population size of 2,743 (x455)g# at sexual maturity was adjusted to 14
years of age and calving interval to 5 years, tlwtality of 100% of infants and weaned
calves every 16 years, or 78% of infants and weaabees every 8 years, was sufficient to

prevent long-term population growth.

Model robustness

Model projections of age-specific mortality were sheensitive to a change in mean calving
interval and, to a lesser extent, age at sexualnitya{Table 2). Model projections were not
sensitive to population age structure. In age elmsgith individuals >20 years, mortality
requirements for 0% growth tended towards 100%.

Discussion

With the recent trend of increasing elephant pdmra across southern Africa, decision
makers are attempting to take past population mettento account when implementing
elephant management plans (Mabunda, 2005). Thericest limitation of free-ranging
elephant populations may have been driven by a owtbn of factors. It is not known
whether predation by large cats or prehistoric gt@d may have influenced elephant
population dynamics in the past but human preddtamhad a significant impact on elephant
population size since prehistoric times (Kay, 2088rovellet al., 2005). Episodic events,
such as drought, have influenced both past aneépretephant mortality patterns (Walletr
al., 1987; McKnight, 2000; Dudlest al., 2001).

Senescence and predation are forms of mortalitycthwald occur throughout any year. Model
projections from this study indicate that an annmaltality of 5.9% of the entire elephant
population would be required to reduce the longatpopulation growth to 0%. In contrast to
this, a mean annual mortality rate of just 0.4% ¥easd in small fenced reserves in South
Africa (Slotowet al., 2005), 3.2% in the Kruger National Park (Whyte, 20@ndc. 3% in

Amboseli National Park, Kenya, which was averagedra27 years that included both
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drought and high human impacts (Moss, 2001). Tleeame annual mortality rate over 1998 -
2003 for Samburu and Buffalo Springs National ResgrKenya, was 2.6% (Wittemyetr
al., 2005). If predation were historically common it mhagve been a limiting factor for
elephant population growth in the past. Howeversauthern Africa today predation on
elephants occurs rarely and accounts are geneaakcdotal, with known accounts of
predation on elephants by lions mainly involvingguailes (Ruggiero, 1991). In the Samburu
and Buffalo Springs National Reserves 23.8% of paiftalities recorded over 1998 - 2003
were attributed to lion and these mortalities aoted for only 4% of total population
mortality (Wittemyeret al., 2005). These levels of predation on juvenile ledehs do not
reach the projected 17% annual mortality rate @ #ge class required to achieve 0%
population growth. Therefore, the current elephauurtality rate due to senescence and

predation is unlikely to control elephant populat®ze.

In southern Africa there is considerable decadabbdity in drought events, with a 16 - 20
year cycle in total rainfall (Tysoet al., 1975; Louw, 1982; Reason & Rouault, 2002; Rouault
& Richard, 2005). The realization of modelled pobjens of mortality of all adults every 18
years, or all juveniles every 13 years, is theeefary unlikely. Adult mortality at such a high
level is unrealistic, while a very severe droughtising the mortality of all juveniles would
be uncommon at a frequency of 13 years. Very Iitdeural adult elephant mortality has been
recorded during drought events but juvenile madstasi usually high (Haynes, 1987; Dudley
et al., 2001; Moss, 2001). A drought frequency of 16 yearsaccordance with the rainfall
cycle of the southern African region, was projectedequire the death of all infants and
weaned calves, as well as 10% of adults and sulsadiiiese levels of mortality would
perhaps be possible in an extremely severe droengdmt, such as that which lead to the
notorious die-off of at least 7,000 elephants (16f4he Tsavo East elephant population)
during an extreme drought in 1970 - 1971 (Corfia®73). However, severe droughts do not
occur with any regularity, or at frequencies lekant or equal to, 16 years (Rouault &
Richard, 2005).

Separately, predation and drought mortality areikeh to have historically controlled
elephant population growth but if, in combinatidhe resulting mortality occurred at high
levels and frequencies (i.e. regular, severe drsugffecting the death of juveniles and

adults, together with high predation levels) thisymhave contributed significantly to
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historical control of elephant populations. In $wmrh Africa today, however, reported rates
of mortality due to senescence, predation and dhtoaige not high enough to control elephant

population size.

There are few options left for decision-makersaketin areas with high elephant densities
and population growth rates. In general, eithehéignortality rates can be introduced via
culling, or simulated by live removal of elephants,populations can be left to increase at
current rates, with the expectation that densitgdbacks will eventually reduce the
population growth rate to zero. However, it hasrbeecommended that any measures be
applied through differential management of the Bmecituation, with each assessed
independently and suitable measures taken accotdinghat is possible, e.g. removal of
elephants from sensitive areas, restriction ofamarfwater in sensitive areas, biochemical

contraception of elephant populations in smalfeoced reserves (Owen-Sméhal., 2006).

The matriarchal social system of the elephant nhestconsidered if culling or removals
occur, with the possibility that sex- and age-sf@cnortality would be better options. An
adult female has an extremely strong bond with duekling calf, whereas weaned calves
have looser bonds with their mothers and other neesnbf the family group (Moss & Poole,
1983). Predation of weaned elephant calves byiBocommon because of these weakened
bonds (Ruggiero, 1991; Wittemyetral., 2005). Mortality of weaned calves is also common
during drought periods (Dudlest al., 2001; Moss, 2001). Thus the mortality of weaned
calves may have a significant role in the naturatftality pattern.

High temporal variation in juvenile survival typigadrives population growth rates in
predator-free systems, although growth rates ane reensitive to changes in adult survival
(Saether, 1997; Gaillardt al., 1998, 2000). In systems where large predat@spagsent
adult, as well as juvenile, survival responds teiremmental variability due to interactions
between resource availability, population size anedation pressure (Owen-Smith al.,
2005). Our model projections indicated that aduirtadity was very important in the short-
term achievement of 0% growth but a higher peragntd individuals were required to die in
these age classes (>20 years) than in juvenileckgses (<20 years) to achieve the same
result. The mortality of 100% of individuals >30aye old was insufficient to reduce

population growth to 0%. This is easily understdodelaf the mean generation timeds15-
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20 years, with animals >30 years old having a lofluence on the growth rate of the
population. Juvenile mortality was important in ntaining population size at a lower
average level, as well as causing less fluctuatiopopulation size about this average than
that obtained from the mortality of adult age ctsssTherefore, while it is more common to
find high juvenile mortality in elephant populat®rfLaws, 1969; Corfield, 1973), adult
mortality can cause a significant shift in bringiagout a more immediate reduction of
population growth.

Mortality impacts can be significant during timefsresource limitation but female fecundity
and reproductive limitations can also play a sigaiit role. Wittemyeet al. (2007) suggest
that demographic fluctuations in African elephaapylations are not driven by the classic
juvenile mortality pattern observed in many ungel@gbpulations but by the relationship
between female fecundity and ecological stochagtifdensity feedbacks are expected to
affect elephant population growth through possiiituences on female fecundity and
reproductive delays caused by competition for awdd resources at high elephant densities
(Dobson, 1993; Sinclair, 2003; Owen-Smithal., 2006). Reproductive delays are evident in
some populations that live in extreme conditiongshsas that of Namibia, where a mean
calving interval of 5 years and age at first cajvof 11 - 20 years seems to be sufficient to
curb population increase (Leggatt, 2003). Our m@adejections indicated that an increase in
mean calving interval and female age at sexual miyatoaused a decrease in mortality
requirements to prevent elephant population growtterefore, in combination with density-
dependence, stochastic environmental events cam daaignificant impact on the limitation
of elephant populations.

The effects of episodic mortality events requinegiterm assessment over hundreds of years,
as elephant population sizes may historically haarged significantly in the short-term, with
mean population size evident only on assessmentaofy episodic mortality events. Model
projections indicated that while long-term avergg@ulation growth may be constrained at
0%, oscillations of population size about an ovdaraan may have high amplitude, resulting
in high short-term variability in population sizin the case of episodic mortality events,
modelled populations varied by >1,000 elephantsafnie500), which totalledc. 40% of
mean population size. Annual mortality rates regmbrover short periods will therefore not

reliably indicate the real mortality losses oveteexied periods.
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Historically, it may have been possible that a coation of high drought mortality and
predation kept elephant population growth in chebbday, however, artificial waterholes
minimize the effects of resource limitation and yliriation due to drought, elephants are well
protected from human predation, and reserves aseuree-rich, resulting in rapidly
increasing populations. Our modelled projectionglephant population growth suggest that
the current level and frequency of natural momgaiit southern Africa is insufficient to
prevent long-term growth of the elephant populatiohthe region. Therefore, interventions
to increase mortality or introduce reproductiveagslare needed if population growth is to be

prevented.
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Table 1 Percentage mortality required of each age classnnpopulation size obtained and
the time, since mortality was implemented, requit@échieve 0% mean population growth

rate, and the 95% confidence limits of the mearufadjon growth rate.

Mortality Mean population size Time
Age class (years) required (%)  (+SD) (years) 95% CL
0-60 (entire population) 5.9 2,226 + 26 5 0.04
10-60 (adults) 10.5 2,238 £ 29 5 0.03
10-year age classes
0-9 (juveniles) 17.1 2,848 + 142 150 0.02
10-19 19.3 2,915 +112 150 0.01
20-29 100 3,128 + 167 60 0.02
4-year age classes
0-3 37.5 3,030 £ 177 150 0.02
4-7 37.5 3,161 £ 162 150 0.02
8-11 37.4 3,022 +131 150 0.01
12-15 41.4 3,080 + 125 150 0.01
16-19 53.1 3,664 + 210 100 0.01
20-23 97.1 4,200 + 339 100 0.02
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Table 2 The sensitivity of the model to changes in mednimg interval and age at sexual maturity as thecgtage change from baseline
mortality requirements.

Age class (years) Baseline (%6) Sensitivitie$ (% change from baseline)
Calving interval (years) Age at sexual matugitgars)
3 5 6 12 14
0-60 (entire population) 5.9 +1.3 -0.9 -1.4 -0.4 .8-0
10-60 (adult) 10.5 +3.7 -2.2 -3.1 -1.5 -2.6
10-year age classes
0-9 (juvenile) 17.1 +2.3 -2.7 -3.2 -0.6 -0.6
10-19 19.3 +3.7 -2.8 -3.8 -1.8 2.4
20-29 100 * 0.0 -14.2 0.0 -67.4
30_39 * * * * * *
4-year age classes
0-3 37.5 +4.0 -4.3 -6.0 -1.3 -1.4
4-7 37.5 +4.0 -4.3 -6.0 -1.3 -1.3
8-11 37.4 +4.1 -4.2 -5.9 -1.2 -1.2
12-15 41.4 +9.4 -6.2 -7.9 -4.6 -5.2
16-19 53.1 +43.8 -9.8 -12.6 -7.0 -12.9
20-23 97.1 * -6.1 -48.5 -9.5 -61.7
24-27 * * * 96.4 * *
28_31 * * * * * *

'Projected percentage mortality required to ach@epopulation growth using the baseline populaiarameters of a 4-year calving interval and 10-year
age at sexual maturity.

2+, an increase from the baseline; -, a decreasE)(% mortality in a particular age class was nifiGent to cause a zero population growth. If daee
percentage of 100% was insufficient and a resut eidained after adjustment of sensitivity paranseteeither + nor - is shown.
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Fig. 1 Change in projected elephant population size ov&80@ year duration under the
following annual age-specific mortality scenari¢s)total population mortality, adult (10-60
year olds) mortality, and juvenile (0-9years) miiya(b) 10-year age classes; (c) 4-year age
classes. Population size (at 37.5% mortality) & &d 12-15 year olds fell between the 4-7
and 8-11 year age projections and therefore, tocedlutter, were not included in this figure.
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Abstract

In predator-free large herbivore populations, whiesity-dependent feedbacks occur at
the limit where forage resources can no longer supihe population, environmental
catastrophes may play a significant role in popotategulation. The potential role of
fire as a stochastic mass-mortality event limitihgse populations is poorly understood,
so too the behavioural and physiological respon$éise affected animals to this type of
large disturbance event. During September 2005ildfing resulted in mortality of 29
(18% population mortality) and injury to 18, Africaelephants in Pilanesberg National
Park, South Africa. We examined movement and hestb@ation patterns of six GPS-
collared breeding herds, and evaluated populatiysiplogical response through faecal
glucocorticoid metabolite (stress) levels. We inigsged population size, structure and
projected growth rates using a simulation modeten initial flight response post-fire,
severely injured breeding herds reduced daily dmghent with increased daily
variability, reduced home range size, spent mone in non-tourist areas and associated
less with other herds. Uninjured, or less severglyed, breeding herds also shifted into
non-tourist areas post-fire, but in contrast, iasexl displacement rate (both mean and
variability), did not adjust home range size andrfed larger herds post-fire. Adult cow
stress hormone levels increased significantly ficst-whereas juvenile and adult bull
stress levels did not change significantly. Mostrtaddy occurred to the juvenile age
class causing a change in post-fire populationsagesture. Projected population growth
rate remained unchanged at 6.5% p.a., and at ¢ueeandity levels, the population
would reach its previous level three to four ygaost-fire. The natural mortality patterns
seen in elephant populations during stochasticteyasnch as droughts, follows that of
the classic mortality pattern seen in predator-faege ungulate populations, i.e. mainly
involving juveniles. Fire therefore functions insemilar manner to other environmental
catastrophes and may be a natural mechanism aatiigbto population limitation.
Welfare concerns of arson fires, burning during t“fie” conditions and the
conservation implications of fire suppression (removal of a potential contributing
factor to natural population regulation) should in¢egrated into fire management

strategies for conservation areas.
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Introduction

Successful conservation management of large mamaalghe ironic consequence of
problems associated with overpopulation [1]. Thisparticularly so with fragmented,
small populations or with keystone species thahigit population densities, can impose
negative impacts on the system [2]. A key uncetyaihat emerges is what limits such
populations naturally, and whether such limitatraft occur at the same levels in human
modified systems (e.g. with fences or artificialterq compared to natural systems [1].
Some species may be resource limited, displayingsitie dependent responses [3].
Others may be top-down limited by predators [4]ngdived species may also be limited
by environmental catastrophes, such as drougtddflére or disease, which can cause
sudden and, at times, significant shifts in popotasize and dynamics over a very short
time, if the effects of such catastrophic impacts aemographics are of sufficient
frequency and intensity [5]. Although there is sotheoretical and empirical evidence
that drought may limit elephant populations [6gr has been no evaluation of the role
that fire may play. Due to their rare occurrereegluation of the impacts of such events

on population dynamics and individual responsedss rare.

Fire is commonly applied for ecosystem managemesavannas and arson fires occur
regularly [7]. Whilst the impact of fire on plant amality has been extensively
researched, there is little research that has ssseke influence of fire on mortality in
animals or the welfare issues associated withrisavanna systems. Given elephants are
highly intelligent and social mammals, fire, or ethsevere disturbances, may also
precipitate behavioural or physiological responges.example, high elephant poaching

caused heavily stressed elephants to form largermpgrthan unstressed elephants [8].

The extremely hot, dry, windy (“hot-fire”) conditig experienced towards the end of the
dry season in Pilanesberg National Park (PNP), alls{&70knf), fenced reserve in
South Africa facilitated the spread of an uncom#hwild fire. The area had a 1 — 2 year
fuel load, with the last pre-fire rains falling May 2005. Below average (~ 630 mm p.a.)
annual rainfall of 554 mm was recorded during tB@425 wet season, while 824 mm fell
in 2003/4 and 411 mm in 2002/3. On 21 September52@0nbient midday air
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temperature was 34°C, while wind speed was gegestaitbng but variable in direction.
The fire entered the western boundary of the Pa&r Mlatlaganyane village on 20
September 2005 and within two days had moved aamssea of approximately 61 km
This catastrophic fire resulted in the mortality 2® and injury to 18 elephants,
unprecedented in PNP, where few natural elephamtaiitiies had occurred prior to this
event [9,10]. This event provided us with the opyoity to assess the potential influence
of severe fires in which animals become trappedhenbehavioural, physiological and
demographic responses of the elephant populatianpkvide an assessment of (1) the
behavioural and physiological responses of thehalets to this large disturbance event,
and (2) the potential for rare, stochastic masstality events to limit population size.
We examined movement and herd association pattfrssx GPS-collared breeding
herds, and evaluated physiological response thrdagbal glucocorticoid metabolite
(stress) levels [11,12]. We investigated populasare, structure and projected growth

rates.

Results

Behavioural response

Daily displacement

There was no significant difference in mean daigpthcement over four days before
versus after the fire for all cows & -1.238,P = 0.271). However, injured herds (CEO3,
CE88) and a herd in close proximity to the firetae of injury (CE32) moved
significantly further per day after the fire thaeftre (¢ = -6.915,P = 0.020), while there
was no significant difference in mean daily displaent of uninjured herds (CE13,
CEG61, CE81) over four days before versus aftefitagFigure 1).

There was no significant difference in daily dig@ment among collared cows over a
ten-day period before the firefs,= 0.305,P = 0.908). However, there was a significant
difference in daily displacement among collared sawer the ten-day period, post-
flight, after the fire (5 s4= 9.346,P < 0.0005). Injured cows (CEO3 and CE88) moved at
a significantly slower rate in the ten days after fire (to = 4.486,P = 0.002; § = 2.756,

P = 0.022 respectively), compared with ten-day ddibplacement before the fire (Figure
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1). Uninjured cows CE61, CE81, CE32 and CE13, diishow a significant change in
daily displacement in the ten day period beforeswerafter the fire ¢ = -0.450,P =
0.663; tg = -0.930,P = 0.928; tg = 1.084,P = 0.307; t9 = 0.745,P = 0.476 respectively)
(Figure 1). There was no significant differencethie coefficients of variation (CV) of
daily displacement for the ten-day periods pre- post-fire (ty = -2.064,P = 0.094), but
a general trend of increased variability is evidemtthose herds involved in the fire
(CEO3, CES88) or those close to the fire when igsioccurred (CE32) (Figure 1).

There was no significant difference in daily dig@ment among collared cows over a
three-month period before the fires(bso = 1.709,P = 0.131). However, there was a
significant difference in daily displacement amormjlared cows over a three-month
period post-fire (F s40=5.720,P < 0.001). The daily displacement over three mofahs
injured cows CEO3 and CES88, as well as CE88’'s neatriaxch CE13, were not
statistically different, while daily displacememtrfCE88 and CE13 was not statistically
different from uninjured cows (CE81, CE61 and CE@2yure 1). Uninjured cows CE81
and CE61 showed significant increase in their ddigplacement during three months
post-fire (tgo = -3.664,P < 0.001; tgo = -3.830,P < 0.001) (Figure 1). Severely injured
cow CEO3 showed a significant decrease in threetmaaily displacement post-fire

= -3.240,P < 0.0005) (Figure 1). Less severely injured cow88Ematriarch CE13 and
uninjured cow CE32 showed no significant differeirc¢hree month daily displacement
before versus after the firegft=-1.337,P = 0.185; o= -0.747,P = 0.457; tgo = -1.641,

P = 0.104 respectively) (Figure 1). There was aigant difference between pre- and
post-fire CV in daily displacement over three menthy = -2.984,P = 0.031), with a

general trend of increase in variability post-fiFeggure 1).

Home range

There was no significant difference in home rarige before and after the fire among all
cows (50% kernel sizegt= 0.505,P = 0.635; 95% kernel home range,= -0.024,P =
0.982). Only severely injured cow CEO3 reduceddize of her core home range (36.1
km? to 6.3 knf) and 95% home range (305.9 ko 71.6 ki) dramatically after the fire
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and her home range shifted from the central ardatheo Park to the south-eastern

wilderness area (Figure 2).

Cows spent significantly more time in the wildemeweas of the Park in the three
months after than in the three months before tiee(fs = -4.510,P = 0.006). Percentage

overlap of home ranges indicated a shift in honmgedocation post-fire (Figure 2).

There was no significant difference in core (50%nkd range size over the 44 day
period before versus after the fires (£ -1.290,P = 0.267). However, the size of 95%
kernel home range differed significantly over ttime period ( = -3.753,P = 0.020),
with most cows having a larger 95% home range d#fterfire. Home range size for the
44 day period after the first spring rains wassighificantly different to home range size
before the rain (50%:4= 0.096,P = 0.928; 95%: t = 0.654,P = 0.542). Percentage
overlap of before rain 95% home range and after €46% home range was 47.2%,
80.5%, 73.2%, 90.7%, 64.8% and 78.1% for CE03, CEE32, CE61, CE81 and CES88
respectively. Therefore, all except severely injusmw CEO3 had similar 95% home
range location before versus after the rain. Thiggests that the change in season post-

fire was not the reason for the change in 95% hiange we observed.

Herd fission/fusion

The time spent associating with other herds prd-post-fire was significantly different
for uninjured versus injured cows,(t -3.675,P = 0.021). For the first two months post-
fire, fission behaviour was exhibited by injuredmsy with CEO3 and CE88 spending
only 10.3 % and 34.7 % of their time associatinthwither herds respectively, compared
with 91.2 % and 62.2 % respectively before the. finethe third month post-fire, CEO3
exhibited increased fusion behaviour, with assamatime increasing from 10.3 % to
43.8 % and CES88 joined uninjured collared cow CE¥8manent association to August
2008). Uninjured cows generally exhibited greatesidn behaviour after the fire.
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Physiological stress response

While pre- versus post-fire measurement, in genéi@d no significant effect on stress
hormone levels (F 133 = 0.261,P = 0.610), there was a significant difference among
elephant age-sex classes (i.e. juvenile, adult adlllt cow) (E 133= 16.155P < 0.001).
There was also a significant interaction betweeas persus post-fire and elephant age-
sex class (i, 133 = 4.240,P = 0.016). Before the fire, adult cow and juversieess levels
were not significantly different, but were both rsigcantly lower than adult bull stress
levels (Figure 3). Cow stress levels increasedifsigntly post-fire but juvenile and bull

stress levels were unchanged by the fire (Figure 3)

Evaluation of stress hormone levels before verétes the first Spring rain fell showed
that there was no significant change in stress boetevels between wet and dry 44 day
periods (R, 9= 0.015,P = 0.902).

Demography

Five family units and six independent adult bulléfered burn injuries (47 individuals),
of which 29 mortalities occurred (17.6% of pre-fpepulation total) (Table 1). Five
juveniles between six and ten years of age, 11ltdeuhales and two adult males
recovered from their burn injuries (Table 1). Fefteinfants € 3 years old), seven weaned
calves (4 to 10 years old), four adult females nee adult males died, either as a direct
result of their burn injuries, or from euthanasigpliemented by Park authorities due to
the severity of their injuries (Table 1). Initialogt-fire assessment resulted in the
euthanasia of two of the four adult females andhatte adult males, with veterinarians
deciding on strict euthanasia criteria which ineldd> 50% burns to total body surface
area, marked oedema, eschars, severe supparategcand severe impairment of
mobility due to burn lesions. Seventeen of theregujuveniles were taken to a holding
facility off-site and their wounds treated. Onlyawf these elephants survived and were
released back into the Park. Of the fifteen juanihat died, ten were euthanazed, with
euthanasia criteria including > 50% burns to ttwadly surface area, large skin surface
area with open tissue, comparative behavioural rdscondicating severe pain and

distress, collapse without recovery after revivas, well as low blood protein and
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calcium. Euthanasia was only considered in casesrevilecovery was impossible
(criteria for recovery see [13]) and thus mortaliign be considered representative of
natural fire mortality.

Age structure, classified according to 10-year drngear age classes, was significantly
different after the fire than before (10-year afpsses: G = 70.637,P < 0.001; 4-year
age classes: g= 71.598P < 0.001). Model projections over 30 years showedhange

in projected population growth rates achieved usiegiographic data before the fire, as
well as demographic data after fire mortalities evaccounted for (6.5% p.a.). It took
four years for the projected population to recawethe pre-fire population size of 165
individuals (Figure 4). In the absence of fire, fapulation was projected to grow to
303, 577, and 1079 individuals in 10, 20, and 3@ryeespectively (Figure 4). Taking
into account the effects of fire on the populatsructure, the population was projected
to reach 255, 485, and 903 individuals in the sameframes (Figure 4). For this type of
mortality event to reduce long-term population gtowate to 0%, it would be required at

a frequency of every three to four years (Figute 4)

Discussion

A large disturbance event causing catastrophicyrand mortality has consequences that
can significantly affect the functioning and beloari of an elephant population. In
response to a catastrophic fire in PNP, injuregredat cows showed an initial short-term
(lasting about four days) flight response post;fadonger-term (over about ten days to
three months) decrease in daily displacement, fa ishhome range, social withdrawal,
seclusion to non-tourist areas, and significantlighbr stress levels. However,
behavioural responses were not limited to injuretividuals alone. Uninjured cows also
showed altered physiological and behavioural respsnpost-fire. These cows had
significantly raised stress levels, a general iasee in daily displacement, more
variability in daily distance moved, withdrawal tmn-tourist areas and a herd fusion
response. Injured herds therefore may have sigh#tieir distress to uninjured herds.
Elephant family groups that show a high frequenfcgssociation have been known to act

in a co-coordinated manner, due to the complexasdoghaviour and long-range
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communication used by elephants [14,15]. The stoésmjury, together with social

disruption due to the loss of and injury to famiembers is likely to have affected the
behaviour of injured breeding herds. This is addai to the increased vulnerability of
injured juveniles to predation, or the compromiaedity of injured adult cows to protect

their young, which would have increased stressldevEhe incidence of elephant calf
predation has been found to increase during timh@somught when nutritional stress and
dehydration facilitates the circumstances wherevesalcan lag behind the herd and
become vulnerable to predators [16]. Injured calveee seen alone in PNP after the fire

(pers. obs.), increasing their vulnerability togaon.

The physiological and behavioural responses appareéhe PNP population post-fire are
consistent with elephant reactions to stressfulitmms. Breeding herds showed raised
stress levels and a fusion response to cow imnzabitins and high-volume tourist
activity in PNP [9]. Working elephants in a safaperation had high stress hormone
levels associated with transportation and episdalici noises, such as lightning and
thunderstorms and human-induced activities, witebae levels of faecal glucocorticoid
metabolites for adult elephants in PNP of approxétya25ng.g- [12]. Heavily stressed
elephants, responding to high levels of poachingnéd larger groups than unstressed
elephants [8]. Stress responses to culling in Krugational Park were initial flight,
taking elephants outside of home ranges [17], dsasghe movement of elephants into
and out of culling regions in response to cullivgrgs [18,19]. As these studies indicate,
elephants are stressed by human-induced and ndistaibances. Stressed animals alter
their behaviour in an attempt to eliminate thessioe. Thus, shifts in home range and
seclusion to non-tourist areas are predictableptabée responses to disturbance.
Therefore, a fire event resulting in elephant nidytdas the potential to induce severe
behavioural and physiological stress responses[28dor review of trauma effects on
neuroendochrinological development of elephantsd @ubsequent non-normative
behaviour). Whereas drought may cause elephanalitied over an extended period of
time [21], fire mortality occurs within a short tenperiod after the event. Long-term
elephant behavioural response to fire mortality rttegrefore persist, due the dramatic

and traumatic nature of the event [20].

44



The demographic impact of fire on the PNP eleplpapulation predominantly involved
the mortality of juveniles (76% of total mortalityAmong large herbivore populations
where predators are absent, high temporal variatigivenile survival is often seen,
with fairly constant adult survival [22-24]. In 2gss where large predators are present,
both adult and juvenile survival responds to envinental variability, due to interactions
between resource availability, population size gmddation pressure [4]. Without
constant predation pressure, the natural mortpltyerns often seen in African elephant
populations during stochastic events, such as ttsugollows that of the classic
mortality pattern seen in predator-free large uagupopulations, which mainly involves
juveniles [21,25,26]. Fire therefore functions isimilar manner to other environmental
catastrophes.

Population structure prior to the fire was sigrafty different post-mortality, due to
predominant mortality in the juvenile age-classeffect, the loss of a high proportion of
juveniles serves not only to lower population sizet also to increase calving interval
where the lost calf creates a gap between siblirigsvever, among large herbivore
populations, population growth is most sensitiveattult mortality, especially that of
prime-aged females [22-24,29]. The mortality ofyofdur adult females from the PNP
population as a result of the fire meant that mtej¢ population growth rate remained
unchanged. Therefore, the ability of this type tdchastic, catastrophic mortality
exhibited in the PNP fire to limit population siaegrowth would require higher or more
frequent mortality, would need to include a higphesportion of adult females [19,29], or
cause demographic delays such as a decline in gboicaates, increased inter-calving
interval, or increased age at sexual maturity [AP,3

In order to reduce the PNP elephant population troate to zero, this type and level of
mortality event would be required at a frequencyapproximately three to four years.
This gives an indication of the resilience of el@ph populations to environmental
perturbation. The demographic response of popuatito episodic mortality is

influenced by the life-history characteristics lo¢ tspecies. Elephant life-history is typical
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of large-bodied ungulates in that these mammalse Hang generation times, low
fecundity and high adult survival [30,31]. In el@pih populations, a unique combination
of life-history traits prolong demographic respotsenvironmental disturbance [30] and
maximum population growth rate tends to be maiegiantil the very limit where forage
resources can no longer support the populationréefensity dependent feedbacks occur
[1,32,33]. Therefore, stochastic mortality alones lthe potential to limit short-term
population size, but is unlikely to affect popubatigrowth over the long-term. However,
in combination with density-dependent effects, k&g populations may be limited by
environmental catastrophes and the stochasticaydht about by temporal variation in
resources. Thus when populations are close to ingrrgapacity, and background
mortalities are higher and fecundities lower thdrsesved here, less intense mortality
would be required to achieve a stabilizing effeetd longer intervals between periodic
catastrophes could still result in fire-induced talities influencing demographics
substantially. Catastrophic fires are likely to fage events with expected return in the
order of decades [27]. Therefore in isolation thesents will not provide population
regulation, but in combination with other stochastnvironmental events and density-
dependent feedbacks, they may play a role in ptipaléimitation. Thus removal of fire
from the system in some actively managed natuerves may not only be detrimental to
the vegetation [7,28], but also the dynamics obhlare populations where fire mortality
may be avoided. These fire events should not beidered as negative catastrophes but
instead as integral to the savanna system, withptitential to make infrequent but

positive contributions to the regulation of abuntdaerbivore populations.

Burning during the late dry season, under “hot*frenditions when fires can be very
intense, can result in catastrophic mortality ejéamammal species. Arson fires during
these times have the potential to impact not amyvegetation of the area, but also raise
welfare concerns over any animals affected by the due to the significant stress
responses and behavioural changes which may oddw. conservation status and
abundance of species will influence fire managemeqguirements. The contribution of
fire mortality to abundant game species (e.g. blildebeest Connochaetes taurinus),

impala @Aepyceros melampus)) population dynamics may be less problematic toathat
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of threatened species such as the black rimeefos bicornis), which would conversely

require extreme awareness of the need to preveently intense catastrophic fires to
ensure minimum mortality impacts. If herbivore plapions are fairly stable, even a rare
catastrophic fire could cause a shift in populatignamics that, in combination with the
current factors causing regulation, may cause aulptpn decline. Therefore, the

integration of the conservation implications ofeimse, hot-fire suppression (i.e. removal
of a potential contributing factor to natural pagtidn regulation), the welfare concerns
of arson fires and burning during “hot-fire” condits into fire management strategies for

conservation areas is important.

Materials and methods

Study site

Pilanesberg National Park (PNP; 25°24'S, 27°08'E0 %nf), North West Province,
South Africa, is located within the transition zavfeKalahari Thornveld in the west and
Bushveld in the east [34]. The habitat consistsnigabf savanna ranging from
broadleafAcacia thickets to open grassland. There are several dathi the Park, one
major perennial river system and many ephemeltaltitries and streams. The region has
summer rainfall of approximately 630 mm p.a. Gealally, PNP is an extinct volcanic
crater formed over 1 200 million years ago andchig@ample of an alkaline ring complex
[35]. The weathering of this complex has creatadigged, hilly landscape, with steep
slopes and deep valleys (Figure 5). PNP is opaounsts, but has large “wilderness”
areas where there is no tourist access, limitedagement tracks, and is rarely traversed
by people (Figure 5). This wilderness zone compreggroximately half of the total area
of PNP. Elephant were introduced to PNP betweerl 188 1998 [36]. As of early
September 2005, the PNP population totalled 16%vichaally identified elephants, of
which 37 were independent adult bulls and 128 wemet of 18 relatively stable
matriarchal family groups. All individuals in th@jpulation were known from unique ear
notches and tusk configuration. Pre-fire, the pafoih was made up of 86 juveniles
under 10 years of age (56 males, 30 females), 2301¢ear old adults (10 males, 13
females), as well as 29 adult females and 27 adalés between the ages of 20 and 42
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(oldest elephants in population). There had beemaxality from old age, with the first

expected to occur in around 15 years time [37].

Behavioural response

We investigated both short-term and long-term rasps of the elephants to a fire event
that caused elephant injury on the afternoon o&ftember 2005. Short-term responses
were investigated over a four and ten-day period- @nd post-fire. Longer-term
responses were assessed over three months prgoatifire. Prior to the fire, GPS-
collars had been fitted to six elephant cows, bglamnto different breeding herds within
the PNP population. The movement of these elepl{@i83, CE13, CE32, CE61, CE81
and CE88) was assumed to depict the movement lmehrani the breeding herd to which
they belonged [14]. Location points were takenim@tlar times of the afternoon for each
cow every day. Members of two of these breedinglhevere injured in the fire (CEO3
and CE88). CE03 was severely injured, with moren th&8% total body surface area
(TBSA) burned and CE88 was less severely injuragstagning burn injuries to
approximately 20% TBSA [13]. Analyses pre-fire udéd data before fire injury
occurred, while post-fire analyses included datst{gury.

All statistical analyses in this paper were perfednin SPSS 15.0 (SPSS Inc., Chicago,
lllinois, USA) with a = 0.05. In the case of parametric tests, assumgpticere tested and
satisfied. The work was approved by the Animal &hCommittee of the University of
KwaZulu-Natal.

Daily displacement

The distance moved by the collared elephants eagh(Z## hour fixes) was calculated
using polylines in the Animal Movement Extensior8][3o ArcView 3.2 (ESRI Inc.,
Redlands, California, USA). We considered this sgifine between the two readings as

an index of daily displacement, and refer to tl@kie as daily displacement hereafter.

To test whether there was an initial flight dirgctfter the fire, mean daily displacement

of all cows over four days before and after the firas compared using a paired samples
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t-test. Four day mean daily displacement of injucedvs (CE03, CE88) as well as
uninjured cow in close proximity to fire during umy (CE32) was tested with a paired-
samples t-test and the same was done for four aéganrdaily displacement of uninjured
cows (CE13, CE61, CES81).

The mean daily displacement during a ten day pebefibre the fire was compared
among cows using one-way ANOVA, and the same wasedfor mean daily
displacement for a ten day period, post-flighterathe fire (i.e. day 5 — 14). A paired-
samples t-test was performed on each cow’s daslgla@cement ten days before and post-
flight, after the fire. Variability in displacemenvas assessed using coefficient of
variation (CV) for each cow’s daily displacementeoten days, pre- and after flight,
post-fire; these were contrasted using a pairepkesm-test. We performed the same
contrasts of daily displacement from a three mqguehiod directly before the fire (21
June 2005 — 21 September 2005) and after theAReSeptember 2005 — 22 December
2005).

Homerange

Each cow’s 24-hourly locations for a period of thmmonths pre- and post-fire were
mapped in ArcView 3.2. We calculated Kernel homeges (core home range enclosed
by the 50% probability contour and 95% home rangelosed by the 95% probability
contour) in animal movement extension SA 2.1 [88jng least-squares cross-validation
(LSCV) smoothing. Both 50% core and 95% home ranga® compared before versus
after the fire using paired-samples t-tests. Peagenof overlap between the 95% home
range before the fire and after the fire was caked for each cow according to the

following equation [39]:
% overlap = [(A/Ab X AafAl)]” x 100,
where Ay is the area of overlap between home range béferére (A,) and home range

after the fire (A). Percentage overlap data, together with the p&age of locations of

each cow in either the wilderness or tourist zayfd3NP for three months pre- and post-
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fire, were used to establish whether a shift in @oange had occurred subsequent to the
fire and to ascertain if the elephants avoidedttheist zone after the disturbance. A
paired-samples t-test was used to compare thergageelocation of collared cows in the

wilderness zone pre- and post-fire.

An increase in home range size has been reportedeliephants in semi-arid
environments during the wet season, due to incdeaseess to areas with ephemeral
water sources in the wet season [40,41]. The Bping rains fell in PNP on 4
November, 2005. In order to examine whether thexg aichange in home range size and
location after the rain (and therefore establisletiver any change could be attributed to a
seasonal shift in home range alone), kernel homgeravas calculated for 44 day periods
before the fire (9 August — 21 September 2005gratie fire but before the rain (22
September — 4 November 2005), as well as afteraime(5 November — 18 December
2005). Areas of 50% and 95% home ranges for edtdred cow over these time periods

were compared (paired-samples t-test).

Approximately 70% of PNP was burnt during the 2@@% season. Thus during the late
dry season (post-fire and before the rains), thailaility of forage was similar
throughout the Park in terms of fire-impacted vageh. We therefore did not consider
the post-burn condition of the vegetation as a twaslephant movement decisions over
the study period.

Herd fission/fusion

To determine whether the breeding herds showedssioh’ or ‘fusion’ response (i.e.
whether breeding herds came together or disperssgectively) following the fire, we
compared the number of matriarchs (where one meltrismmdicates the presence of one
herd) seen together in the three-month period pret post-fire. A herd’s grouping
tendency was represented by the percentage fusatoulated as the number of sightings
of a particular herd with other breeding herdsagsercentage of the total number of
sightings of that herd. For each herd, percentagieifi was calculated before the fire and

after the fire. Because injured and uninjured hefasved opposite fusion trends, a t-test
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on the difference between pre- and post-fire peagen fusion was used to compare
injured and uninjured collared herds. Injured cawidn response over three months
post-fire was further broken down into the firstotwnonths post-fire, and the month
following that, to examine any change in assocmfattern on partial recovery from

injury.

Physiological stress response

Severe, persistent stress can cause glucocorlieoéds to increase and remain elevated
[42]. The measurement of glucocorticoid metabdétieels in elephant faeces has proven
a useful non-invasive way of investigating stressels in African elephants [12,43,44].
A total of 171 fresh (i.e. < 6 hours since depositi elephant faecal samples were
collected randomly from the PNP population in theeé-month periods before and after
the fire. Some samples were collected from knowdividuals at the time of deposition.
Those that were not, were classified accordinghto approximate age of the elephant
from which they came [45], where age was estiméitech dung bolus size. Average
dung bolus diameter greater than 16 cm was coresiderbelong to adult bulls; all adult
cows in the PNP population, with the exception oé,overe below 30 years of age at the
time of sample collection, corresponding to dundubaliameters of approximately 14
cm. For anonymous samples with a bolus > 16 cm iameter, the sample was
considered to originate from an adult bull if it s3vfom a site where a single track
indicated the presence of a large, solitary elept@amples were assigned to cows if they
were collected from a site where tracks indicategetiing herd activity and if bolus
diameters were between 10 - 14 cm. Samples witling #olus diameter < 10 cm were

considered to belong to juveniles.
Faecal glucocorticoid metabolite levels were measgwsing methods involving the use
of a corticosterone'#* radioimmunoassay (RIA) kit (MP Biomedicals, Costadd,

California, USA) [46,47]. This assay has been \akd and used for elephants [12,47].

Differences in glucocorticoid levels among aduliesaadult females and juveniles, pre-

and post-fire, were compared using two-way ANOVA&pRated measures ANOVA was
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not used because samples before and after thevére not necessarily, and likely

improbably, from the same individuals.

The effect of season on stress levels was exammedtablish whether any change in
stress hormone level after the fire was consisigtiit the onset of the first spring rains
and thus a seasonal change in stress hormone Aavanalysis (two-way ANOVA) of

stress hormone levels was carried out over 44 daggs post-fire (i.e. before the rain 22
September — 4 November 2005 and after the raineMber — 18 December 2005). Wet
and dry season stress levels for different elepbttés (juveniles, adult cows and adult

bulls) were compared.

Demography

The effect of the fire on PNP elephant populatize sind age structure was assessed by
accounting for all mortalities (categorized accogdito age and sex) and comparing
population size and age structure before the fitk that after the fire. A G-test was used
to assess if age structure was different, by sépgrtotal count data into 10-year and 4-
year age classes and comparing the number of elepimeach age class pre- and post-

fire.

The potential for fire to limit the population wesnsidered using a probabilistic age and
state model [48]. The model was used to calculafrilation size over 30 years, a time-
period relevant for conservation management deeisiaking, using population data (1)
before the fire, and (2) after the fire. The modak also used to determine how often a
fire of this nature would need to occur for longatepopulation growth rate to be reduced
to zero over a period of 300 years, to allow forplmreproductive generations and
growth. Population growth rate was calculated ugdngjected population size from
demographic data before the fire and after the &ceording to the following standard

equation for exponential population growth:

% population growth = {e- 1) x 100,
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where r=(IMNt; — InNt;)/t andNt; andNt, are population size at the beginning and
end of the time interval in question, respectivagdt is the length of the time span in

years.

The model incorporated aspects of the life histofyindividuals and the following
important demographic parameters according to @abkpvalues from the literature:
maximum expected lifespan of 60 years [18,37], fenae at sexual maturity of ten
years [10,31], average calving interval for the yapon of four years [31,49], age at
menopause of 50 years [37,50] and a 1:1 sex ranewborns [31,49]. These parameters
were a slightly conservative estimate of thosarested from past elephant demographic
patterns in PNP [10].

The model used was a probabilistic matrix modelemhnumbers of individuals of
different ages were transitioned through specifadgical states, i.e. males; sexually
immature females; sexually mature, non-pregnantafes) pregnant females (in first or
second year of pregnancy); females in the firstosd, third or fourth year post-
parturition. Males were aged but not transitioneugh specific states. All parameters
other than average calving interval were input exbabilities for each age and state,
determined by comparison of input probability valuigh one obtained from a random
number generator that produced a normal distributibvalues between 0 and 1. The
statistical variation introduced by the probabitistpproach was determined by repeating
each simulation 500 times and the means and sthudsiations were calculated from
these replicate simulations. The population wasmsd at the end of each year of a

simulation.
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Table 1. Demographic response to fire: elephant mtality and survival recorded
after a fire in Pilanesberg National Park on 21 Segember 2005, giving theherd of

origin and an estimate of elephant age are givengaf December 2005).

Herd Collared cow Age of individuals in differerdgtegories *
Injured and died Injured and survived

Gold CE 57 12,3, 4,8 4, 8, 8,10, 25, 30, 35

Monica CE 98 12, 4 10, 12, 30

Red CE 07 2,2,3,35 8,12

Sheena CE 88 2,3,4,4,630, 30 8,20

Yellow CE 03 11,2, 4,5,30 15, 42

Adult bulls 12, 15, 20 12,15

* Females are indicated in bold.
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Figure 1. Behavioural response to fire giving meadaily displacement (+ 95% CL)

of each collared cow over: (A) 4 days, (B) 10 dayad (C) 3 months, before and
after the fire. Coefficients of variation (CV (%)) of daily dismgament before or after
the fire are given above or below the upper or lokiveit of CL bars. Pre-fire CV’s are
located above if the value of pre-fire mean + 95% i€ located above (i.e. is greater
than) post-fire mean + 95% CL. Where mean + 95%p€d- and post-fire are equal, pre-

fire CV's are located below CL batr.
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Figure 2. Behavioural response to fire showing corbome range and 95% home
range kernels for: uninjured adult cows (A) CE13, (B) CE81, (C) CE) CE32 and
injured adult cows (E) CE88 and (F) CEO3 three in®1ia) before and (b) after injury in
a fire on 21 September 2005 in Pilanesberg Natidteak. The percentage overlap
between 95% home ranges before and after the &ee (®) 80.5, (B) 72.7, (C) 49.7, (D)

86.0, (E) 74.1 and (F) 52.5 respectively.
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Figure 3. Physiological response to fire indicatedoy glucocorticoid metabolite
(stress) levels (meag 95% CL) for adult bulls, adult cows and juvenilesbefore and

after the fire. Sample size (n) is shown above each category.
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Figure 4. The effect of fire on the future Pilaneserg National Park elephant
population: (A) comparative modelled projection over a 30 yearod using population
data before and then after the fire in Septemb862(B) effect of three year and four
year fire frequency on population size over a 3@@ryperiod using population data

before the fire, and the mortality parameters aased with this fire event.
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Figure 5. Map of Pilanesberg National Park incorpoating 20m contours, tourist
roads, management tracks, the site where elephantgere injured in a fire on 21

September 2005 and the approximate extent of therd.
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ABSTRACT

Mammalian herbivores adopt foraging strategiesptinuze nutritional trade-offs against
restrictions imposed by body size, nutritional reguments, digestive anatomy,
physiology, and the forage resource they expl@le&ive or generalist feeding strategies
scale with body size across species. However, nvdpecies where constraints should be
most similar, responses to limitation have rareberb examined. We used African
elephantsl(oxodonta africana) to test for changes in seasonal diet qualityndiiiduals

of differing body size and sex through measurenadriecal nitrogen and phosphorus.
We measured physiological stress response of thgeeand sex classes to seasonal
change by fecal glucocorticoid metabolite levels. (stress hormones). Large body size
increased tolerance to lower quality forage. Adudties and females exhibited divergent
trends; females had higher diet quality than maiesspective of body size. When
limited by forage availability or quality duringelrdry season, diet quality declined across
all body sizes, but weaned calves ingested a higinality diet than larger-bodied adults.
On release from restriction during the wet seasegned calf nitrogen concentrations
were consistently high and stress hormone levelgedsed, whereas adult female
phosphorus levels were highest and less variabte siress hormone levels were
unchanged. The ability to adjust forage qualityaisimportant strategy used to ensure
adequate nutritional intake according to body sizetations. Although body size is a
key determining factor of dietary differences bedawadult elephants, foraging strategies
are also driven by specific nutritional requirenserwhich may override the body size
effects driving foraging decisions in some casdee diversity of intraspecific response
highlights ecologically segregated entities withirspecies and should be a concern for
population management planning, particularly fae#tened species. Fecal diet quality
and stress hormone analysis could provide an eadysensitive indicator for monitoring

age and sex class responses to resource restiittogh-density elephant populations.

KEY WORDS Allometry, dimorphism, foraging strategy, limitatio Loxodonta

africana, nutrition, seasonal restriction, South Africa.

67



INTRODUCTION

Mammalian herbivores use various strategies to eaffechanges in forage quality and
guantity available at any one time. The abilityaof herbivore to respond strategically to
resource limitation can be critical to its fithesssurvival (McNaughton and Georgiadis
1986). Body size and digestive strategy affectastd benefits incurred by herbivore
decisions to select higher quality forage (Claussale 2003). Selective (i.e., active
selection for high quality forage) or generalisé.(i acceptance of lower quality forage in
accordance with availability) feeding strategieslscwith body size across species
(Bodmer 1990, Gordon and lllius 1994, Robbins e1885). In general, small herbivores
are selective feeders, with their small size cansing digestive capacity (van Soest
1996, Clauss et al. 2003). Larger herbivores haeeatlvantage of increased digestive
capacity (mean retention) and therefore can ugge lguantities of lower quality forage
(van Soest 1996, Clauss et al. 2003). Large hembdvaith hindgut fermentation (e.g.
African elephant L[[oxodonta africana]) can utilize lower quality forage by maximising
throughput rate. In contrast ruminants use moreiefit foregut fermentation so large
ruminants (e.g. giraffediraffa camelopardalis]) can meet their nutritional requirements
using a more selective foraging strategy (Clausd.€2007). Therefore, species-specific
characteristics can constrain all individuals tbofw a particular strategy regardless of
body size. However, there may be a need to overcbeepecies-specific constraint due
to the variable requirements of growth and reprtidnc The same responses to being
selective or generalist may thus apply to individuaf different body size within the
same species, particularly in dimorphic speciesrevtb®dy size can vary more within-
species than among-species. Nutritional requiresneaty not only according to body
size but also the life-history stage of the aninaal,predicted by high juvenile growth
rates and adult reproductive demands (Meissner )198RBerefore smaller-bodied,
younger herbivores may adopt a different feedin@tat)yy to larger-bodied, older
herbivores in different stages of reproductive aut@he influence of body size and
nutritional requirement applies to both among-sgecdifferences, as well as to
intraspecific differences among juveniles, aduttsd different sexes within the same

species.
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To evaluate whether seasonal variation in foragelability results in an adjustment in
forage quality selection strategy within a specwes,used the African elephant as a test
subject due to the large difference in body sizeveen calves (200 — 800 kg), adult
females (1,500 — 2,500 kg), and adult males (3;0@0000 kg; Laws et al. 1975). The
African elephant is also a generalist, mixed feedén the ability to adjust the quality of
forage ingested by varying the type of forage (lm®wgrass) ingested (Cerling et al.
2006), as well as plant part (even to the poinigyboting woody species to access roots;
Stokke and du Toit 2000, Shannon et al. 20060 maximize nutritional intake. The
higher tolerance of large-bodied herbivores to lowaality diets has been used to
explain differences between species of differemybsize (e.g. Demment and van Soest
1985, du Toit and Owen-Smith 1989, Clauss and LexcBoll 2001), as well as sexual
dimorphism in ungulates and the African elepharttemg it was shown that smaller-
bodied adult females selected a diet of higherityuddan large-bodied adult males (e.g.
Beier 1987, du Toit 1995; Stokke and du Toit 200Divergent growth patterns are
exhibited for male and female elephants after &doll is reached, whereupon males
grow more quickly and continue to grow into old agéereas female growth slows
dramatically and stops at around 30 years (LeeMasls 1995, Morrison et al. 2005,
Shrader et al. 2006). Therefore older females negimilar in body size to younger
adult males. Increased nutritional demands impase@dult females by pregnancy or
lactation means that adult male and female eleghainsimilar body size are likely to
have differing nutritional requirements (van SoE396). Furthermore, few studies have
investigated intraspecific differences in feedinglegy dictated by body size disparities
between juveniles and mature individuals of the esapecies (e.g. Hooper and Welch
1983, Munn et al. 2006). Due to lack of gastroitmed development and small body
size, juveniles may be unable to cope with adwdtsdor diets of low quality (e.g. Munn
and Dawson 2006). The stress response of herbivonestritional restriction may help
forewarn of critical levels of diet quality changesd offers a unique view of the
consequences of the foraging choices being maaal Bricocorticoid metabolite levels
have been used to investigate African elephansstevels during stressful events such
as transportation and culling (e.g. Millspaugh let2807, Burke et al. 2008) and have
been linked to seasonal nutritional stress (Fole}.€001, Viljoen et al. 2008).
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Therefore, our main aim was to assess whether aiphadjust the quality of their

seasonal diet to cope with nutritional requiremelitsated by body size and life-history
stage and whether there is a corresponding chang&#ass hormone levels, which we
evaluated through: 1) diet quality differences hedw adult males, adult females, and
weaned calves measured using fecal nutrient asadysl 2) the resultant effect of such
dietary differences on stress using fecal hormoradyais. We predicted: 1) diet quality
would scale with body size (i.e. ad M would ingdet lowest quality diet and weaned
calves the highest quality diet); 2) variability imutritional requirements would

differentiate diet quality in adult elephants ofmgar body size but different sex, and
these relationships would be more pronounced in dhe season; and 3) seasonal

nutritional stress would cause increased stresdden the dry season.

STUDY AREA

Pilanesberg National Park (PNP, 25°24'S, 27°08'E)k&f) was located in the North
West Province of South Africa, in the transitiomedetween the dry Kalahari Thornveld
to the west and the wetter Bushveld region to dmt Acocks 1988), providing unique
overlaps in fauna and flora specific to each ofséheegetation types. Pilanesberg
National Park was a geologically important areamied by volcanic activity 1,200
million years ago to produce an alkaline ring coempand resultant rugged landscape

after weathering (Boonzaaier and Collinson 2000).

Rainfall averaged 630 mm annually, with approxirya@®0% falling during summer
between November and April. There was one majoerrsystem in PNP and many
ephemeral tributaries and streams, with severalsdaraking water supply plentiful
throughout the Park, especially in the wet seasbe. combination of rainfall, geology,
and landscape gave rise to diverse habitat typegng from broadleaf thickets to open
grasslands, with rocky hillsides mainly consistiof§ broad-leaf species e.g. Red
bushwillow Combretum apiculatum, Live-longLannea discolor, Transvaal beechaurea
saligna, Lavender fever-berrLroton gratissmus, Small-leaved bride’s busRavetta

zeyheri and the bottomlands mainly accommodating finedeéagpecies e.g. Umbrella
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thorn Acacia tortilis, Sweet thornA. karroo, Black thorn A. mdlifera, whereas the

herbaceous layer was dominated by tufted peregraakes (Brockett 1993).

Between 1981 and 1998, elephants were reintrodiacBIP (Slotow and van Dyk 2004)
and at the beginning of the study in September 2008 population totaled
approximately 150 individually identified elephanté which 35 were independent adult
males and 115 formed part of 18 stable matriartmaily groups. However, mortality
due to a fire in September 2005 (Woolley et al.&0@duced the population from 165 to
136 elephants.

METHODS

We collected fecal samples opportunistically durthg wet season (late Nov — early
Apr) and dry season (late Jun — early Nov) fromt&aper 2003 to February 2006, with
concentration of efforts during the late dry seaBom September to first spring rains
(early Nov) and during the wet summer months frgppraximately 2 weeks after first

spring rains (i.e. post green flush approx. lat@)No February.

We measured the mean diameter of an intact bolresti dung (< 6 hr since deposition)
according to Morrison et al. (2005) to give an aation of body size (and approx. age) of
the donor elephant. Mean dung bolus diameter igngly correlated with African
elephant body size (Morrison et al. 2005). A seakchange in the fiber content of the
diet causes the bolus produced by an individughtg in fiber content (bulk density), but
size of the bolus remains consistent in diametet @snthus depends on anal size
(Wimberger 2001).

We collected samples of fecal matter from the incame of a bolus, placed them in a
cooler immediately, and stored them frozen withirieav hours of collection. Some
samples came from known individuals (diet qualigmples n = 67, stress hormone
samples n = 82), whereas others came from unknamord (diet quality samples n =
161, stress hormone samples n = 179). In the chsakmown donors, we classified

mean dung bolus diameters (MDBD) of 8 — 11 cm dsnggng to weaned calves.
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Weaning generally occurs at birth of the next adpland with a mean calving interval of
3 years in the PNP population, the MDBD correspogdvith age at first weaning of 3
years according to Morrison et al. (2005) was 7&cm (Lee and Moss 1986, Mackey et
al. 2006). We calculated mean female age at saxaalrity of the PNP population at
approximately 10 years, which corresponds with MDBD approximately 11 cm
(Morrison et al. 2005, Mackey et al. 2006). Therefwe classified samples >11 cm in
diameter as those excreted by adult elephants.tAdiehhants are sexually dimorphic
and changes in MDBD follow the typical growth patt®bserved in African elephants
(Morrison et al. 2005). To distinguish between alifnces in adult sex classes, we
evaluated the sex of anonymous adult donors acwprth the presence of single
(indicative of independent ad M) or multiple (breegherd) tracks, as well as size of the
dung bolus. We ignored unknown samples with MDBDL1a&f— 15 cm collected from
breeding herd sites if we found young males assogiavith the source herd, to ensure
that we used only female donors. We considered MDBDB cm to belong to an adult
male, as all bar one adult female in the PNP pojmavere <30 years of age at the time
of sampling (corresponding to a MDBD of approx. 445 cm). We classified adult
males with MDBD 11 — 16 cm as smaller-bodied andBB@D>16 cm as large-bodied.

We used fecal nitrogen (Nand phosphorus {Pconcentrations as indices of diet quality.
Under conditions of consistent study site and vera population, and across broad
seasonal trends, measurement pfidis been a useful index of dietary nitrogen fathb
temperate (e.g. Mubanga et al. 1985, Leslie ank&tal 987, Howery and Pfister 1990,
Kamler and Homolka 2005) as well as southern Africagulates (e.g. Grant et al. 1995,
Wrench et al. 1996, Wrench et al. 1997, van der |\@aal. 2003, Mbatha and Ward
2006). Fecal phosphorus concentrations are strarwghelated with dietary phosphorus
concentrations and a further indication of dietgoality but are consistent across all
feeding types (i.e. browser, grazers and mixeddeedBelonje 1980, Howery and Pfister
1990, Grant et al. 1995, Wrench et96, Grant et al. 2000).

We dried fecal samples at 90° C for 36 hours andrgt them through a 1-mm mesh in a
Retsch Mill (Retsch Inc., Haan, Germany). We deteech N in duplicate by the Dumas
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Combustion method in a Leco FP-2000 Nitrogen Aralyt eco, St. Joseph, MO) by
AOAC Official Method 990.03 (AOAC International 2P0 From fecal material derived
from the same dung samples used inaNalyses (total n = 228), we determinedrP
duplicate using a Technicon Autoanalyser |l (SEAbhaltical Limited, West Sussex,
England) by AOAC Official Method 965.17 (AOAC Intetional 2002), after initial
digestion in sulphuric acid, hydrogen peroxide andelenium catalyst using a block

digestor at 360° C. We presentdd R results on a dry matter (DM) basis.

We measured levels of glucocorticoid metaboliteemfr fecal samples using a
modification of Schwartzenberger et al. (1991) dbsd by Wasser et al. (2000),
involving the use of a corticosterongé’lradioimmunoassay kit (MP Biomedicals, Solon,
OH), which has been validated for elephants (Waastsal. 2000, Millspaugh et al. 2007).
Where possible we used fecal material derived fimensame raw dung samples we used
in diet quality analyses and we also included aalil samples (total n = 264). However,
unlike samples used in the diet quality analyses,prepared stress hormone analysis
samples differently. For glucocorticoid metabobltgsessment, samples remained frozen
until we freeze-dried them for 24 hours and sietherifeces to remove woody material
prior to hormone extraction. Adult female stressnfione levels increased significantly
after a catastrophic fire in September 2005, wiesstult male and weaned calf stress
hormone levels did not change significantly (Woplét al. 2008). Therefore we did not
include postfire adult female samples in stressnome samples, but we did include
weaned calf and adult male samples to maximize pdarestatistical analyses. All
work on live animals was approved by the Animali€&IfCommittee of the University of
KwaZulu-Natal (010/08/Animal).

We compared N P, and stress hormone concentrations between thanadetlry season
and among elephant classes (i.e. weaned calf, tdde-bodied ad M, small-bodied ad
M) using 2-way analyses of variance (ANOVA). It wiaghly improbable that dung
samples collected during the wet season came fdemtical individuals during the dry
season and we considered these time periods indeperthus we did not use repeated-

measures ANOVA. We validated assumptions usingKibkenogorov-Smirnov test for
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normality and Levene’s test for homogeneity of aades. We investigated significant
differences detected by ANOVA further with post-htests (Tukey). We could not
perform post-hoc tests for season because theee 9Bgroups. Consequently, we could
not perform post-hoc tests for class x seasonaatens, but we tested the significance
of these relationships further using independentgast-tests. We assessed variability
in seasonal N P, and stress hormone concentrations using the cmftiof variation.
We assessed the magnitude of the effects;@nd R on stress hormone concentrations
using multiple linear regression and we used Pea@wrelation to test the significance
and strength of relationship betweepaxd F. We used SPSS 15.0 (SPSS Inc., Chicago,
IL) for all statistical analyses withh = 0.05 unless otherwise stated. We applied 1etaile
tests in circumstances where there was a cleaditagtional hypothesis and we were

concerned with lack of statistical power (Sokal &uhlf 1995).

RESULTS
We considered differences statistically significata = 0.05. Comparison of data
between years showed no differen& X 0.05), therefore we pooled data from each

season of each year over the study period.

Season and elephant class affectedvhereas the interaction between class and season
was not significant (Table 1). In general, largé@>m MDBD) and small (11 — 16 cm
MDBD) adult males had 25% lower overall bhan adult females and weaned calves
(Table 1). Adult female Ndid not differ from those of weaned calves, nat i of large

adult males differ from small adult males (Table 1)

When analyzed on a seasonal basis, dry seastor All elephant states were 20% lower
than wet season concentrations (Table 1). Wearlétlcavas higher than other age and
sex classes during both the dry (7% higher thai,a20% higher than ad M) and wet
season (7% higher than ad F, 30% higher than adddle 1, Fig. 1). Adult female dry
and wet seasontNvas 25% higher than that of small adult males lange adult males
(Table 1, Fig. 1). However, {Nf large and small males did not differ in neittiee dry

nor wet season (Table 1, Fig. 1).
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Season and elephant class affectgt the interaction between class and season was
not significant (Table 1). Adult males (large asmdall) had 30% lower overall; Fhan
adult females and weaned calves, whereas adulidsraad weaned calves, as well as

large adult males and small adult males, were am(ilable 1).

Dry season ffor all elephant states were 30% lower than welsge concentrations.
Weaned calf Pwere highest during the dry season (Table 1, EjgDuring the wet
season adult female ®ere highest, but not different from that of wedmalves (Table

1, Fig. 1). Weaned calf;ihcreased by 25% from dry to wet season, whereal$ female

Pr increased by 50%. Although wet season weanedPealfas 35% higher than that of
large adult males, it was not different from thatsmall adult males (Table 1, Fig. 1).
Adult female P was 30% higher than that of adult males (large smdll) in the dry
season (Table 1, Fig. 1). Large and small maldPe not different from one another in
the dry season or wet season (Table 1, Fig. 1)inDuhe wet season, weaned calves
consistently had higheriNlower CV in wet season), whereas adult femaledéte more

consistently (i.e. lower CV) higher in the wet ssa¢Table 1, Fig. 1).

Elephant class affected glucocorticoid metabokteeés hormone) level, but season did
not, and there was no interaction between classseadon (Table 1). Both large and
small adult males had 30% higher stress hormoraddatan adult females and weaned
calves (Fig. 1) but were not different from eacheot(Table 1, Fig. 1). Adult female

stress hormone levels were 15% higher than thoseahed calves (Table 1, Fig. 1).

Overall dry season stress hormone levels were fifgreht from wet season levels
(Table 1). However, there was an 8% decline in wdaralf stress hormone level from
dry to wet season (Table 1, Fig. 1). Stress hoerevels were affected by: Nbut not P
(Table 1). Factoring out Nand R, class and season also had an effect on overall

population stress hormone levels (Table 1).
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There was a significant increaseNpwith increasing P across all samples, as well as
within both the dry season and wet season (Tabl€HBre was a general trend of decline
in N and R (diet quality) with increasing body size (Fig. @yeaned calves had a similar
diet quality independent of sex, but divergenceauoed approximately at adult body size
(11 cm MDBD), whereupon adult males had a lowet dislity than adult females (Fig.
2).

DISCUSSION

Elephant diet quality fluctuated with seasonal ataon in resources. We found a general
scaling of elephant diet quality with body sized atear sexual dimorphism. Within body
size classes, sex of the elephant and thereforeegireductive state of the individual
affected quality of diet ingested, as male and fendiet quality differed between
individuals of similar body size. A mean calvingarval of 3 years in PNP suggests that
nutritional demands are maximized by almost comtirsupregnancy or lactation during a
female’s adult life (Mackey et al. 2006). Peak dicin can increase female elephant
energy demands by 30% (Meissner 1982, Meissnerl.ett30). Due to these
reproductive demands, adult females exploited &dnigjuality diet than similar-sized
males. Pregnant and lactating goa@syfa hircus) in the Chihuahuan desert, Mexico,
responded to increased nutritional requirements alojusting their diet selection
according to their metabolic needs (Mellado et2805). Lactating grazers have been
shown to increase intake rate through an increaggazing time (Clutton-Brock et al.
1982, Pulido et al. 2001). The inclusion of smalldower calves within the elephant
breeding herd dictates the rate of movement ohtlrd, which limits the adult females’
ability to cover enough ground to increase ingestiba sufficient quantity of forage to
meet nutritional requirements. With this limitatiam the quantity of forage ingested,

compensation in forage quality is a reasonableegjiaresponse.

One of the primary strategic responses exhibitecdylt females and calves (breeding
herds) to allometric influences on nutritional regments is to increase forage quality
ingested (Stokke 1999; Stokke and du Toit 2000;n8ba et al. 2008 b). Foraging

strategies influence ranging behaviour, with bregdierds moving quickly through an

76



area, selecting for higher quality forage and mgwim, whereas adult males increase
intake of lower quality forage, spending more tiore one foraging bout, and can be
more destructive in their foraging behaviour (eigrooting large woody species; Stokke
1999; Stokke and du Toit 2000; Shannon et al. 2066 Adult males therefore have a

heterogeneous impact on the landscape, as somg @aabe severely impacted and
others are not, whereas breeding herds spendnessntone area and their need to cover
more ground to increase forage quality intake mehas vegetation impact is spread

more evenly over the landscape (Slotow and vanZyid; Shannon et al. 2086).

During the wet season, African elephants predontinée®ed on grass, which is generally
higher in digestibility and dietary quality thanolrse at this time of year (van Soest
1996, Cerling et al. 2006), but switch to browseiry the dry season when grass
becomes fibrous and less nutritious (Cerling e2@D6). Wet season diet is therefore
expected to be of higher quality than dry seaseh ds supported by our data. Elephant
N¢ from the southern Kruger National Park also showettamatic increase from dry to
wet season (Codron et al. 2006). Seasonal trenfdsage quality (Nand R) were found
on East African grasslands (Boutton et al. 1988y@éas in semi-arid savannas of South
Africa for zebra Equus burchelli), wildebeest Connochaetes taurinus), impala
(Aepyceros melampus), kudu (Tragelaphus strepciseros), and buffalo $yncerus caffer;
Bodenstein et al. 1999, Grant et al. 2000, varVdaal et al. 2003).

Overall, N and Rvalues we found for elephants were lower than eotrations recorded
for other large herbivores (e.g. Wrench et al. 19ddenstein et al. 1999, Grant et al.
2000, van der Waal et al. 2003). A minimum level&f— 14 g/kg Nhas been associated
with a deficiency in dietary nitrogen in zebra, fald, impala, kudu and cattleBds
indicus, Wrench et al. 1997, Grant et al. 2000, van deaMéaal. 2003), whereas long-
term R <2.0 g/kg may be associated with deficiencies seeaough to cause a drop in
body condition and low reproductive rates in wildest, zebra, impala and cattle (Moir
1966, Wrench et al. 1997, Dorgeloh et al. 1998 nGe4 al. 2000). With Nand R well
below these thresholds, elephants of PNP showdédhd drop in body condition during

the dry season, but excellent body condition inwle® season, normal juvenile growth
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patterns, and no calf mortality from starvation (Wey, University of KwaZulu-Natal,

personal observation). Therefore, the thresholdsudsed above should allow for the
influence of body size on forage quality toleraaoel nutritional requirements for large-
bodied herbivores. Diet supplementation policiesusth extend thresholds of concern for

larger, free-ranging herbivore species.

With an increase in nutrient availability duringetlwet season, adoption of a more
selective foraging strategy to suit nutritionaluggments becomes an option for smaller-
bodied individuals who can invest time in the aetsearch for higher quality forage.
During the wet season, weaned calves consisteatyhigher N whereas adult females
consistently had highersPPhosphorus requirements during pregnancy anctiewat
could be driving adult female elephants’ foragiregidions, whereas N requirements for
growth may be driving weaned calf foraging decisiodhosphorus is a limiting mineral
in PNP (Moolman 2007), therefore pregnant or langafemales may need to target
sources of phosphorus to ensure requirements arevhen availability is high, as it is
possible that phosphorus stored during times oégxenay be remobilized (Scholes and
Walker 1993). Migration of wildebeest in East A&it savannas has been linked to
phosphorus requirements during lactation (Voetef9),9whereas greater densities of
grazing ungulates occurred in a region of the Spenwhere greater nitrogen ingestion
was possible (Seagle and McNaughton 1992). Elepfeading preferences in the
miombo woodlands of Kasungu National Park, Malamere positively correlated with
leaf sodium, magnesium, crude protein, and sugacergration (Jachmann and Bell
1985) but negatively associated with lignin andhhigvels of total phenols (Jachmann
1989). Elephant damage to trees in western Zimbakagfound to correlate positively
with leaf calcium, magnesium, potassium, and pmotbut not sodium, phosphorus, or
fiber (Holdo 2003). These studies did not differatat intraspecific elephant impact,
which may vary in accordance with nutritional reguments dictated by life-history
stage. Nutrient limitation is clearly a broad drive the ecosystem (McNaughton 1992,
Scholes and Walker 1993, Singer and Schoenecke3) 200t our results indicate that
within the overall nutrient landscape, individuakn select forage to increase intake of
limiting nutrients (e.g. Augustine et al. 2003, §lea2003).
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Elephant breeding herd fecal stress hormone lewele higher in the dry than wet
season in the southern Kruger National Park (Miljeeal. 2008). There is seasonality in
forage quality and availability in PNP, but watemiot restricted dramatically in the dry
season, as it is in Kruger. Seasonal stress iretidat Kruger, but not PNP, suggests the
importance of water as a vitally restrictive ressurfor elephant populations. The
manipulation of active waterholes has been advdcaie a method of elephant
management in closed, fenced systems (Owen-Smithl.eR006) and dry season
waterhole activity has been linked to density-dejes elephant population limitation in

open systems (Chamaille-Jammes et al. 2008).

Change in season had a greater impact on wearnfeth@aladult stress hormone levels,
implying that nutritional stress is an importanttta influencing weaned calf well-being.
In general, adult female stress hormone levels wegker than that of weaned calves.
With greater social responsibility, this higheress level is expected for adult females, as
an animal’s reaction to stressors is influenceditbyposition in the social group and
social status can influence glucocorticoid conaiins (Moss and Poole 1983,
Goymann and Wingfield 2004, Wittemyer et al. 2005Jult males engage in scramble
competition for mates and establish a dominanceatdby using aggression, where the
oldest, largest males enter into a state of musthsaarch out receptive females (Poole
1989). We speculate that these social pressuresnasagst some of the many possible
explanations for the higher stress hormone lewaldeat in adult males than in females
or calves. Population stress hormone levels vaviddN; in the diet. Therefore, although
nutritional stress strongly affected the stressriuore levels of weaned calves, there are
many other factors, such as sociality, that comgdotinese effects and cause an
adjustment in stress levels. Fecal stress hormevel Ineasures may provide a useful
indication of diet quality deficiency in the smallebodied individuals most sensitive to
nutritional stress.

Based on our results, severe forage restrictiog. @uring drought) is more likely to

affect younger elephants. Although adult femaley o®ase lactation or abort a fetus in
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times of severe nutritional stress (Lee and Mo€61®oss 2001), calves cannot reduce
nutritional requirements. It is therefore unsunpgsthat juvenile elephant mortality is
high during prolonged drought periods, whereastadoktality remains low (Dudley et
al. 2001, Moss 2001, Foley et al. 2008). One ofrtlexhanisms involved in juvenile
mortality patterns seen in predator-free, largebivere population dynamics may
therefore be the strong allometric relationshipswben requirements and responses

driving patterns of forage quality ingestion (Gaitl et al. 1998, 2000).

MANAGEMENT IMPLICATIONS

Individual use of the environment can vary depegan body size, age, and sex (life-
history stage), as well as the resultant nutriewt energy requirements driving foraging
decisions. These effects need to be consideredojpulgtion management planning,
particularly for threatened species, where apptieciaof the intricacies of intraspecific
variation can improve decision-making if assumgiane made at the cohort level rather

than a broad species level.

Diet quality and stress hormone assessment thrdeghl analysis provides a non-
invasive management tool that could be very usefihe evaluation of the nutritional
condition of elephant populations in resource-lgditsystems, such as in high density
areas. Density-dependent feedbacks are the redultesmurce limitation due to
competition and manifest in elephant populationgféects on vital rates (e.g. increased
female age at first breeding, lengthened interingluntervals) and increased juvenile
mortality (Laws et al. 1975). However, the exaegst at which these effects become
evident in elephant populations living in differesiimates and habitats remains poorly
understood. Further, there will be a lag in dendégpendent effects manifesting in
population vital rates, particularly in specieshwlibng gestation times such as elephants.
Monitoring of diet quality and stress hormone lsvean assist in the evaluation of the
potential limit at which elephant populations beeorestricted, by providing an early,

and sensitive, indicator for managers.
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Table 1. Statistical values for analyses of variance (ANOYB9st-hoc tests and t-tests

on fecal nitrogen (N, fecal phosphorus {P and fecal glucocorticoid metabolite

concentrations (stress) from African elephant wdaraves (WC), adult females (Ad F),

small adult males (Ad M S), and large adult make$ 1 L) in Pilanesberg National Park

from Sep 2003 — Mar 2006. Statistical values fdenaction relationships given for

regression of N P on stress and correlation of &hd R.

Fecal nitrogen (N

Fecal phosphorus {P

Glucocorticoid metabolites (stress)

ANOVA
Season
Class

Season x class
Post-hoc
Class (Tukey)
WC -AdF
WC-AdMS
WC-AdML
AdF-AdMS
AdF-AdML
AdDMS-AdML
Season
Population
WC (dry vs wet)
Dry
WC -AdF
WC-AdMS
WC-AdML
AdF-AdMS
AdF-AdML
ADMS-AdML
Wet
WC -AdF
WC-AdMS
WC-AdML
AdF-AdMS
AdF-AdML
AdDMS-AdML
Regression
N¢ — B — stress
N¢ — stress
Pr — stress
Class — stress
Season — stress

Fl, 220— 61.972
F 3,220= 31.462

F 3,220= 0.382

P =0.349
P <0.001*
P <0.001*
P <0.001*
P <0.001*
P =0.319

F 1,220— 61.972

t @,77= 1.781
t (2),59 = 6.288
t (2),55— 5.042
t (2,52~ 5.610
t (2),48= 4.427
t (2),30= -1.138

t 2),91= 2.122
t (2),42= 4.247
t (2),52= 6.238
t (2,61~ 3.001
t (2),71= 4.393
t (2),22= - 0.173

I’2 (), 157= 0.240
B =-0.375

£ =-0.154
Fzy154: 10.180
F 1,154= 6.368

Pearson Correlation ¢Mgainst P

All samples
Dry
Wet

I (2),228= 0.669
@), 111= 0.626
r (), 117= 0.497

P < 0.001*
P < 0.001*

P=0.766

P <0.001*

P = 0.040*
P < 0.001*
P <0.001*
P <0.001*
P <0.001*
P =0.264

P=0.037*
P <0.001*
P <0.001*
P = 0.004*
P < 0.001*
P =0.864

F2’157: 24,762
t150: -4.058
t]_eo: -1.668

P < 0.001*
P=0.013*

P < 0.001*
P <0.001*
P < 0.001*

F 1,220= 54.018
F 3,220~ 15.394

F3' 220— 1.978

P =0.997
P <0.001*
P <0.001*
P <0.001*
P <0.001*
P =0.486

F 1,220~ 54.018

t(z)y 7= 2.402
t (2),59= 6.536
t (2),55— 4.532
t (2),52= 4.455
t (2),48= 2.672
t(z)y 30— - 1.589

t(z), 91— - 0.641
t(z), 2= 1.592
t(z)y 52 = 3.459
t(z), 61— 2.065
t(z)y 71= 4.286
t(z)y 22 = 0.941

P <0.001*
P <0.001*
P =0.097

P < 0.001*
P < 0.001*

P=0.118

P <0.001*

P=0.019*
P < 0.001*
P <0.001*
P <0.001*
P =0.010*
P=0.123

P=0.523
P=0.119
P =0.001*
P =0.043*
P < 0.001*
P =0.357

F1253=0.593 P =0.442
F3 255= P < 0.001*
63.547

F3'253: 0.264 P=0.851

< 0.001*
< 0.001*
< 0.001*
< 0.001*
< 0.001*
=0.730

TVTUVTTUVTTVTTUDO

F1253=0.593 P =0.442
t@ 117=1.709 P =0.045*

* Denotes significant difference at= 0.05
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Figure 1. Effect of African elephant class (body size, age) sand season on fecal (A)
nitrogen (N), (B) phosphorus ¢Pand (C) glucocorticoid (stress hormone) levels £
95% CL) collected in Pilanesberg National Park fr&®p 2003 — Mar 2006. WC =
weaned calf, Ad F = adult female, Ad M (S) = adntile (small), Ad M (L) = adult male
(large). Sample size is indicated above the eraos,bwith the same samples used for N
and R analysis, but extra samples added to stress h@&maoalysis. Coefficients of
variation (%) are given below nitrogen and phospbarror bars indicating the extent of

variability in the Nand R data for dry and wet seasons.
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Figure 2. Effect of African elephant body size (indicated fmagan dung bolus diam) and sex on diet quality easured by fecal
nitrogen (N) and fecal phosphorus¢(JPconcentrations sampled during dry and wet seasoRilanesberg National Park from Sep
2003 — Mar 2006. We categorized samples accordirgex for all adult body sizes (> 11 cm mean duolyidiam) and where
possible for weaned calf body sizes (8 — 11 cm naesng bolus diam). A trendline shows the geneiaticnship between body size

and diet quality for males and females (weanedesabf known sex included).
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ABSTRACT

Differences in intraspecific foraging strategiesyddeen documented between the sexes
of strongly dimorphic large herbivore species. Hegre body size implications on diet
quality requirements can be extended to within-gseage-specific comparisons. Here
we investigated the hierarchical separation of gmg behaviour at the scale of plant
type, plant species, plant part and vertically igto the canopy, of African elephant adult
females (lower quality diet required) and weaneldasa(higher quality diet) within the
elephant family unit, which is socially constrainex traverse the landscape together.
Grass and browse were used with similar seasoagliéncy by females and calves. Both
females and calves tracked the phenology of wogegiss, including these species in
the diet when new growth was available. Foragectiele differed at the plant part level,
with calves selecting for less fibrous and moreitous plant parts (e.g. stripped leaves),
while adult females selected branches, bark andk radth greater frequency. Adult
females foraged at higher levels in the canopy wieeding < 3 m away from weaned
calves. Elephant family unit foraging strategies driven by body size, age-specific
nutritional requirements and complex social inteoas. This has broader application to
other large herbivore species with great variancatraspecific body size. Management
and conservation of these species must replaceitiored broad species-level
assessments with intraspecific assessments of gcally segregated classes to

incorporate differential ecosystem utilization.

Key words: allometry, competitive displacement, ecologicagiregation, intraspecific,

plant partl oxodonta africana, South Africa.
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INTRODUCTION

In order to maximise nutritional intake, mammalia@rbivores have evolved foraging
strategies to exploit the resources available mthaccording to the versatility and
diversity of their morphophysiology and body sizaar{ Soest 1996; Clauss and others
2003). Selective or generalist foraging strategieasle broadly with body size across
species (Bodmer 1990; Gordon and lllius 1994; Robband others 1995). Large
herbivores have lower energy requirements per body mass, but increased gut
capacity for ingesta retention, facilitating a hegltolerance for lower quality (high fibre
content) forage (Parra 1978; Demment and van S5, lllius and Gordon 1991).
Therefore, large herbivores tend to ingest a awetel in quality than smaller herbivores,
trading-off quality against quantity, as the betsedif ingesting abundant forage resources
outweigh the costs of searching for forage of highdritional return which are usually
rare in the environment (Demment and van Soest ;198%en-Smith 1988). Small
herbivores are generally more selective feedersgsimsing quality in response to
digestive capacity constraints brought about by lisimady size and higher relative
energy demands (Demment and van Soest 1985). Hovahsolute energy requirements
increase with increasing body mass and consequintlg herbivores must employ a
strategy to increase time spent foraging, incréaseffienciency of nutrient extraction or
consume more nutrients per unit foraging time tkaraller herbivores (Owen-Smith

1988).

Nutritional requirements vary not only accordingltody size but also the life-history

stage of the animal, as predicted by high juvegiewth rates and adult reproductive
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demands (Meissner 1982). Therefore smaller-bodiednger herbivores may adopt a
different feeding strategy to larger-bodied, olderbivores in different stages of
reproductive output (Clauss and others 2003). fifieence of body size and nutritional
requirement could apply to both between specieerédiices (Gordon and lllius 1994;
Robbins and others 1995), as well as to intrasigedifferences between juveniles and
adults (Munn and others 2006) and different sexesature individuals within the same

species (Shannon and others 2006a).

African elephantsL(oxodonta africana) are considered “ecosystem engineers”, due to
their extreme ability to physically alter the emniment in which they live on a large
scale (Jones and others 1994). Their removal aifgignt increase in a system may have
consequences for other components (Mills and oth®83). However, intraspecific
differences in behaviour arise due to social (8tgkke and du Toit 2002; Shannon and
others 2006a,b) and physiological reasons (e.kk8t@999; Stokke and du Toit 2000)
and therefore can influence the impact of differagé-sex classes on the system. The
elephant is strongly sexually dimorphic (Poole 199%e and Moss 1995; Shannon and
others 2006b) and the scaling of elephant dietityuhblds true for extremes in body
size, but intermediate-sized adult females congigténgest a higher quality diet than
males of similar body size due to increased natvétl demand (Woolley and others,
unpublished manuscript). This intraspecific vagatiin diet quality implies an age-
specific difference in foraging strategy, with thessibility of a more selective approach
by smaller-bodied elephants. Being a large, geisgrahixed feeder, elephants have the

ability to adjust the quality of forage ingested\uayying the plant type (browse or grass)
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ingested (Cerling and others 2006), as well astpacies or plant part (Owen-Smith
1988; Stokke and du Toit 2000; Shannon and oth@@6&). Adult males consistently
have a less diverse diet in terms of woody plaetis than members of elephant family
units, they consume more fibrous plant parts, glavith larger stem diameters and spend
more time foraging on a single woody species (Stakkd du Toit 2000), consistent with
a diet of lower quality. However, little attentitbias been given to investigation of dietary
differences between the members of elephant faumlis, dictated by contrasting body

sizes.

To evaluate the influence of body size on foragitigtegy, we used the African elephant
as a test subject and focussed on extending badycsentrasts from adult sex classes to
intraspecific differences within the elephant familnit. Intraspecific contrast controls
for morphology other than body size. Because familits move and feed together, we
control for the spatial and temporal separationnaiividuals at larger spatial scales.
Therefore, we were able to directly compare thadorg strategy of the largest and
smallest-bodied forage-dependent members of thdyfamit over a foraging hierarchy
of plant type (grass vs. browse), plant speciespdauat part, as well as vertically through
the canopy by comparing feeding heights. We quadtithe differences in seasonal
foraging through direct observation of the feedmugits of individual adult females and
weaned calves to: (1) compare differences in foagirategies, (2) evaluate the scale at
which differences occur, (3) compare the use @stref different heights by individuals

of different sizes.
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METHODS

The study was conducted in Pilanesberg Nationdt fRNP, 25°24’S, 27°08'E, 570K)n

in the North West Province of South Africa. PNPlasated within the mouth of an
extinct volcano and the resulting landscape is edg@oonzaaier and Collinson 2000).
Together with the park’s location within the tramsi zone of the dry Kalahari
Thornveld and the wetter Bushveld regions (Acocl88), unusual habitats and
combinations of fauna and flora result. Water igilable throughout PNP from one
major river system and many ephemeral tributanessireams, as well as several dams.
Rainfall averages 630 mm p.a. (~ 90% falls durimg wet season November — April).
Average rainfall in the 2003/4 and 2005/6 wet seaseere above average (824 mm and
654 mm respectively), while in 2004/5 it was belaverage (555 mm). There are many
broad habitat types ranging from broadleaf thickietsopen grasslands, with rocky
hillsides mainly consisting of broad-leaf specieg. €ombretum apiculatum, Croton
gratissimus, Faurea saligna, Lannea discolour, Pavetta zeyheri and the bottomlands
mainly accommodating fine-leafed species écacia karroo, A. mellifera, A. tortillis,
Dichrostachys cinerea, with the herbaceous layer dominated by tuftectipe@ial grasses

(Brockett 1993).

Between 1981 and 1998, elephants were reintrodiacBdP during “Operation Genesis”
where wildlife was returned to the area after céssaf commercial farming practices
(Slotow and van Dyk 2004). Towards the end of 2008, elephant population was
estimated at 150 individually identified elephaf®$ independent adult bulls and 115

members of 18 relatively stable matriarchal famihits). However, after fire mortality
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incurred in September 2005, the population was aediurom 165 to 136 elephants

(Woolley and others 2008).

We located elephant family units opportunisticaltya daily basis during the late dry and
early wet season (August — March) from Septemb@820 March 2006. All family units
had been individually identified according to sapproximate age, unique ear notches
and tusk configuration prior to sampling. For tmeagest body size contrasts, we used the
adult females and just-weaned calves in a family as focal animals. Elephant calves
are usually weaned after the birth of the nextirsipLee and Moss 1986), thus we
differentiated weaned from unweaned calves by ngpkure that the focal calf had a

younger sibling and was not still suckling.

We recorded the time spent by each individual ocoatinuous feeding bout to the
nearest second. The first trunk-load taken by aphent initiated a woody species
feeding bout until termination of the feeding bevith transfer to the next plant or the
display of a different behaviour (e.g. interactiith herd members, movement away
from forage plant). When feeding occurred on a wospgecies, we recorded the target
species name, tree height, feeding height and plamttaken. Herbaceous layer feeding
bouts were comprised of continuous time spent fegdn grasses, forbs or sedges. It was
not possible to identify each herbaceous specitsifen; therefore a single feeding bout

was terminated by transfer to a woody species gagement in a different behaviour.
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We evaluated seasonal and monthly use of plant {fypdbaceous vs. woody) by adult
females and weaned calves by comparison of theopiop of total feeding time spent
on these plant types. We used a Kolmogorov-Smir2eample test to compare the

differences in frequencies of use across eleplgatiass.

We compared the frequency of woody plant speciesbysadult females versus weaned
calves on a seasonal basis using the percentagggabffeeding time spent on the ten
highest-use species. The wet season was definétegzeriod from late November to
early April and the dry season from late June tbyddovember when the first rains fell.
We used a G-test to examine the frequency of usesselephant age classes. To
examine whether the phenology of a woody speciliseimced its inclusion in the diet of
elephant family units at different times of yeae iinked monthly woody species use to
the monthly phenology of the species by comparhng proportion of time spent on
species with new growth (i.e. new leaves) or flasydruit and pods. We recorded the
phenological state of the most common woody forggeeies in the sites most frequently
used by elephant family units during a single mofth average, approximately ten sites
were assessed each month and at least three freashospecies were measured. During
these phenology assessments, we estimated the rijpop@f each tree that was
comprised of woody (i.e. main stem, branches, twiggsus non-woody (i.e. leaves,
flowers, fruits) plant parts, and then estimate@ ftbroportion of the non-woody
component made up by buds, young leaves, matakede senescent leaves, flowers,

fruit and pods.
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We compared the proportion of adult female feedinge spent on different plant parts
(pooled across all woody species) to that of wearadekes on a monthly basis. We tested
the comparative monthly use of stripped leaves higkest quality part, using a Mann-
Whitney U-test. We compared the seasonal use oft plarts from the ten highest-use

woody species across elephant age class.

We estimated the height of each tree fed upon bedeeding height used by the focal
elephant. We compared the mean tree and feedimgitseobtained for each high-use
woody species utilized by adult females and weanaldes in each season. We
investigated possible vertical displacement of athrhales to higher foraging levels in

the canopy by estimating the distance betweenal &stult female and the closest calf, as
well as the shoulder height of this calf. With d&o®) interval of approximately 3 years

in the PNP population (Mackey and others 2006),nivepshould occur at ~ 3 years of

age after the birth of the next sibling (Lee andskld986). Therefore weaned calves
were estimated to have a shoulder height > 1.2ne @ed Moss 1995; Schrader and
others 2006). We assessed the effect of distamme(Bm) to weaned calves on adult

female feeding height through linear regressionyaisa

All statistical analyses were run using SPSS 16ftware (SPSS Inc., Chicago, lllinois,

USA) with a = 0.05. This study was approved by the Animal &HCommittee of the

University of KwaZulu-Natal.

101



RESULTS

Adult females and weaned calves used herbaceouswawndy plants with similar
frequency during the dry and wet seasdn € 0.5,P = 0.964), as well as in each month
(Z15=0.42,P =0.674) (Figure 1). However, the switch to inawgreater proportion of
herbaceous material in the diet at the onset ofMiteseason in November saw weaned
calves spending more time on the herbaceous lagerddult females and maintaining a

high frequency of use into the wet season (Figiwe 1

Woody species were used at a similar frequencydjt éemales and weaned calves on a
seasonal basis (Dry seas@y = 8.029,P = 0.531; Wet seasos ¢ = 3.417,P = 0.945)
(Figure 2). The monthly woody species use of bathltafemales and weaned calves
tracked plant phenology, as species were includdde diet when new leaves or flowers,
fruits and pods (FFP) first became available (Feg8lx. In the late dry season, evergreen
species such a. lancea were included in greater proportions in the dieboth adult
females and calves when availability of all elses\av, even though no new leaves were
available from these species (Figure 3). Speciedyming flowers during the late dry
season featured with greater frequency in theafiatlult females and calves at this time
(Figure 3). During the late dry season, weanedesatwaximised their use Af karroo in
September, then increased their usédotaffra in October (Figure 3). Adult females
spent most of their time oA. karroo during the late dry season, but spent more time on

A. tortilis during September than weaned calves did (Figure 3)

102



Adult females spent a greater proportion of therding time on cellulose-rich plant

parts, such as branches and bark, than weaned aht/éFigure 1). Leaves and branches
were taken together most frequently by adult fesyaded weaned calves, however
weaned calves took only leaves at a significantBater frequency than adult females

(Uy7 = 11.5,P = 0.031) (Figure 1).

In the late dry season (August — November), wearadeks incorporated bark and roots
in their diet, with frequency of use decreasingda¥s the onset of the wet season (Figure
1). In the early wet season (November — March)tsrand bark were not used by weaned
calves, but bark featured in the diet again witbgpession of the wet season (Figure 1).
Adult females incorporated bark into their dietoiighout the late dry and early wet
season, with peak usage in the late dry seasoar@~ij. Roots were used less frequently
by adult females after the first rains in Novemaed usage dropped off from December
to February and featured again in March (Figure FBP were used, but with less
frequency than other plant parts, during the latesgason by weaned calves and adult

females (Figure 1).

From the ten highest-use woody species in the nidywset season, weaned calves utilized
these species differently to adult females by t@gldrgreater proportion of higher quality
plant parts (i.e. stripped leaves, FFP), while aferales included more fibrous plant

parts in their diet from those species (i.e. braschark) (Figure 2).
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A. karroo, R. lancea, A. caffra, A. tortilis andD. cinerea were the woody species used
most frequently by adult females and weaned catuemsg both the dry and wet season
(Figure 2). Although adult females and weaned alwdized the same plant parts from
these highest-use species in the dry season (wattp&on of inclusion of stripped leaves
of A. tortilis andD. cinerea by weaned calves), the difference in their feeditigtegies
was evident in the proportion of time spent on ¢hetant parts, with adult females
spending more time on branches and weaned cahargdislg more time on stripped
leaves (Figure 2). However, during the wet seasiift female and weaned calf selection
for plant parts was different. Weaned calves taker branches and selected for leaves
when adult females did not, while adult female$izgid bark and roots when calves did

not, and also included more branches in their (fiigiure 2).

Most A. caffra andA. karroo used by adult females and weaned calves were sread

(< 2 m) (Figure 4). In the dry season, adult femapent 13 and 20 % (and weaned
calves 16 and 30 %) of their feeding time selectargcoppice growth fromd\. caffra and

A. karroo respectively at feeding heights < 1 m (FigureAgult females generally fed
higher in the canopy and selected taller trees t@aned calves did (dry season: mean
(= SE) tree height of 2.2 £ 0.04 m, mean (x SE}lieg height of 1.2 + 0.03 m, n = 1207,
wet season: mean (+ SE) tree height of 2.0 £ 0.0ean (+ SE) feeding height 1.0 +
0.04 m, n = 542). Weaned calves selected treeseahnit SE) height of 1.9 £ 0.05 m
(dry, n =855) and 1.5 £ 0.06 m (wet, n = 397), &ulat a mean (x SE) height of 0.8 £
0.02 m (dry) and 0.5 = 0.03 m (wet). There was ificant regression relationship

between distance to weaned calf and adult femaldirig height £ ;1 57 = 20.9,P <
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0.001;4 = 0.637,t 57 = 4.574,P < 0.001). When adult females were < 3 m away from a
calf, they tended to feed above the shoulder heglite calf (Figure 5). Adult females
fed on smaller trees (< 2.5 m in height) when wsel proximity (< 0.5 m) to unweaned
calves or when further away (> 3 m) from weanede=zl(Figure 5). Taller trees were

selected when foraging less than 3 m away from eeaalves (Figure 5).

DiscussioN

African elephants adjust their selection of playpess, species and plant parts with
seasonal variation in forage quality and availapi(Owen-Smith 1988; Cerling and

others 2006; O’Connor and others 2007). With ceesty in resource availability to the

individuals within elephant family units, there sildb be many similarities in feeding

choices, however the influences of body size oadmy strategies (Demment and van
Soest 1985; Gordon and lllius 1994; van Soest 1€d&uss and others 2003) predict
intraspecific differences. Differences in the farap strategies of adult females and
weaned calves were not evident in their use oftpigmes or plant species. However,

decision-making at the plant part level was diffeere

Much plant-available nitrogen is released in asfitof new growth at the beginning of

the wet season (Scholes 2003). With easier acoesgteater biomass intake from grass
plants than browse due to herbage density, prateake can be maximised at start of the
rainy season through the ingestion of grass (Fi€dl). Weaned calves included a
higher proportion of herbaceous material into tkét than adult females did at the onset

of the wet season. When unrestricted by availgbilitthe wet season, weaned calves
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selected more consistently for nitrogen, while adamales selected for phosphorus
(Woolley and others, in press). Macrominerals sashphosphorus were available at
higher concentrations in summer than winter witlplant communities in Nylsvlei

Nature Reserve, South Africa (Dorgeloh 1999). Alijlo high levels of protein

(nitrogen) are available from both grass and broimsthe wet season, adult females
included a greater proportion of browse in theatdrequiring greater harvesting effort)
than that of weaned calves. This suggests thatdaonay have contained higher levels
of phosphorus during the wet season than the heolbadayer, thereby attracting greater
utilization of browse by adult females than weareaves during the wet season.
Elephant impact in the Kalahari Sand woodlandsiofbAbwe was associated with leaf
mineral and to a lesser extent crude protein cdragons (Holdo 2003). Nutrient hot-

spots may therefore drive forage selection at blo¢hbroad landscape level (Grant and
Scholes 2006) as well as the more specific levahefplant part selected for. Nutrient
requirements at different life-stages (e.g. protdor growth, phosphorus for

pregnancy/lactation) are therefore important infleess on foraging decisions (Pond and

others 1995; Dorgeloh 1999).

Although adult females and calves used the samawptant species, they used these
species differently. Adult females incorporated enfibrous plant parts into their diet,

while weaned calves took more nutritious cell stdytlant parts. Body size influences
on tolerance to a lower quality diet and the higsadute quantity of forage required by
large-bodied individuals, determines the less sekedoraging strategies employed by

larger-bodied herbivores (Demment and van Soesh;108ven-Smith 1988; lllius and

106



Gordon 1991). Therefore, while smaller-bodied weaceves can afford to invest more
time and energy into selecting higher quality plgarts, adult females trade-off
selectivity against the need to maximise the albsolyuantity of forage ingested
(O’Connor and others 2007). Nutritious plant p&etg. flowers, fruit) are less available,
making the ingestion of vast quantities of thesmpparts impossible for adequate adult
nutrition. Elephant foraging pressure was not lthke plant species’ shoot vigour in
Chobe National Park, Botswana, but it was suggdsiatdelephant respond rather to the
combined quality of branches, bark and leaves wioeaging (Makhabu and others
2006). However, this has greater application toltadather than juvenile foraging
decisions. In our study weaned calves utilized d&igiuality plant parts and exploited
new growth at greater frequencies than adult fespaleggesting that weaned calves can
afford to make quality decisions on a finer pla@atrtpscale than larger-bodied adult

females, where whole plant quality is likely torbhere important.

In some cases fire damage or the pollarding of wosgecies can result in a tree
coppicing i.e. new growth (i.e. leaves and stemmnfthe base. This was exploited by
adult females and weaned calves, with foraging wowy at ground level at the base of
the trees. Generally, adult females and weaneesdhut more so calves) foraged at low
levels on smaller trees of the highest-use spestiel as the Acacias. It is possible that
selective suppression of these species may berougim PNP as a result of the repeated
targeting of small individuals, preventing recrugimb into larger size classes and
“escape” from elephant impact (Caughley 1976), @amd elsewhere in Africa (e.qg.

Dublin and others 1990; Tchamba 1995; Campbell athérs 1996; Holdo 2003). In
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PNP, concern has been raised over the low derfsigjl orees and dominance of shrubby
plants (Moolman 2007) and further investigationoirimpacts on larger size-class

recruitment is required.

Adult female foraging strategy was additionallylieinced by displacement to higher
feeding levels in the canopy when in the close pndy to calves. Adult females have
previously been found to forage at lower levelghea canopy when feeding alone than
when feeding close to subadults and juveniles {&and du Toit 2000). We speculate
that this behaviour may be a direct result of specific competition, or more likely an
evolutionary response on the part of adult femadesnsure calf survival. If calves take
higher quality plant parts from lower levels in ttenopy, it may be more profitable for
adult females to feed on intact canopy at higheelte Therefore calf presence could
displace adult females and promote browsing sitatibn from below. This is the basic
premise behind the competitive displacement offigiraulls which feed higher in the
canopy than cows and their offspring (Woolnough daodToit 2001) and is consistent
with studies on grazing guilds, where selectiveigig by smaller-bodied grazers causes
the depletion of overall forage quality availabte larger grazers (Murray and lllius
2000). Therefore, adults may derive a nutritiondaamtage from ensuring they feed
above the reach of calves when feeding togethdr,tths may also be an altruistic
behaviour by adult females ensuring adequate caifftion. Further research is required
to establish whether displacement of adult femates/ be a direct response to a
reduction in forage quality at lower heights. Cofitpe displacement is unlikely to

consistently influence all adult female foragingeets, due to plant recovery post-
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herbivory, but may be more influential when calees feeding simultaneously in close

proximity to a female.

Proximity to calves that were weaned caused grefisplacement of adult females to
elevated feeding heights and taller trees. Unweaakes rely on milk to supplement the
diet and increase diet quality, whereas weanedesalmust exploit the available
vegetation to a greater extent than unweaned calvesder to maximise diet quality.
Weaned calves are therefore likely to be more seéethan unweaned calves. This
degree of selectivity could influence adult femdkcisions to feed more consistently
above the height of weaned than unweaned calvean¥decalves are consequently most
susceptible to a decline in forage quality durimges of nutritional stress (e.g. during
drought). Juvenile mortality is a key factor in th@pulation regulation of predator-free,
large herbivore systems (Gaillard and others 1988)0) and the allometric and
nutritional drivers of selectivity are therefore pgortant mechanisms of elephant

population limitation.

Intraspecific divergence in foraging strategy betwethe strongly dimorphic adult
elephant sexes is sufficient to cause spatial gagon of the sexes (Stokke 1999; Stokke
and du Toit 2000, 2002; Shannon and others 2006 laybour study also proves a clear
age-specific influence on foraging strategithough family units utilized the landscape
on the broadest scales in a similar manner, diffe¥e arose on a reduced decision-
making scale, with family unit foraging decisioreparated at the plant part level, as well

as vertically through the canopy. The foraging sieci-making process is therefore
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driven by age-specific nutritional requirementsdyaize and intraspecific competition.
This type of intraspecific divergence in the belavimay also apply to other large
herbivore species where body size varies consitefabm the largest adults to the
smallest weaned individuals. Differences couldefae arise in the way species cohorts
utilize and impact an ecosystem. Instead of a bspties-specific view, assessments
must include an appreciation of the potential faraspecific variation in responses and
the possibility of ecologically separated classébiw the same species which may have
decidedly different impacts on the system. It ieréffore vital that an understanding of
intraspecific segregation is applied to the managemand conservation of large

herbivore species.
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Figure 1 Plant type and woody plant part use. The percerdagsal feeding time spent
on the herbaceous layer and woody plant partssengior: (a) weaned calves and (b)
adult females. In sequence from top, HERB = hervaseFFP = flowers, fruit, pods;
ROOT = roots; L = leaves only; B = branches onlg; £ leaves and branches combined,;
BARK = bark.
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Figure 3 Monthly woody species use. The percentage of fetding time spent on 10
high-use species is given for: (a) weaned calves(lhadult females. The production of

new leaves or flowers, fruit and pods by each gseisi indicated each month.
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Figure 5 Effect of weaned calf presence on adult femaleifegldeight.The mean (+ SE)
tree height and feeding height selected by adoiafe elephants when in proximity to a
calf (mean (£ SE) calf shoulder height given). Mealt shoulder height is separated into
that of unweaned (< 1.2 m, shadowed data points\aaned calves (> 1.2 m,

unshadowed data points).
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Chapter 6

General Discussion and Conclusions

Ironically, both extinction and overpopulation aissues influencing the successful
conservation management of the African elephamixddonta africana) across the
African continent (Carrutherat al., 2008; Pimm, 2008). It is vital that we have arsb
understanding of the causes and effects of popul@ersistence, stability and variability
if we are to effectively manage this species (OWemth et al, 2006; van Aardet al.,
2006; Biggst al., 2008).

Because the elephant is a long-lived species (mawirage of approximately 60 — 65
years in the wild (Lawst al., 1975), there are very few studies documentieghent
populations over long time periods (Whitehouse &ll4N&artin, 2000; Moss, 2001;
Wittemyer, 2001). Therefore indirect or short-testndies become very valuable in the
assessment of the processes involved in Africaphalet population dynamics. In
general, we know that large-bodied, long-lived sgepossess a unique combination of
life-history characteristics such as long generatimes, low fecundity and high adult
survival (Moss, 2001; Wittemyest al., 2007) which prolong demographic response to
perturbation (Coulsoret al., 2004; Forsyth & Caley, 2006; Ratikaineh al., 2008;
Slotowet al., 2008). Populations with slow turnover tend teseglose to the limit set by
resources and competition and density dependerocgreatest close to this limit (Fowler
& Smith, 1973; Fowler, 1981; Sibley al., 2005).

When disturbed, population inertia and strong dgriependent responses ensure that
long-lived populations return to equilibrium moraickly than short-lived species with
fast turnovers, i.e. there is greater populatiabitty in long-lived species (Saethetral .,
2002; Sibleyet al., 2005). The interactions between demography amdraament
determine the effects of stochastic environmentaénts and density dependence
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(Coulsonet al., 2001). For example, sustained harvesting candate nonlinearity and
fluctuations in abundance in natural populationsndérson et al., 2008) and
overcompensatory responses to environmental sticityascan drive fluctuations in

population size (Bull & Bonsall, 2008).

The applicability of these processes to elepharujaion dynamics suggests that
elephant populations live on a demographic “kndge¥ (Pimm, 2008; van Aards al .,
2008), where comparatively small changes in pararsemay have quite a large
influence on population trends, potentially resigtin overpopulation or decline (Slotow
et al., 2005; Carrutherst al., 2008). This is particularly pertinent in humawodified,
small, fenced reserves where problems associatitdowerpopulation can become very
acute, very quickly (Slotowet al., 2005). But at the same time small, fragmented
populations can be especially susceptible to enwiental catastrophes (e.g. Coulsbn
al., 2001). Chapter 3 (Woollegt al., 2008b) illustrates this point in the response¢hef
increasing elephant population of Pilanesberg Mati®ark to a catastrophic fire, where
a total population mortality of 18 % occurred instlsingle event. At the same time,
Chapter 2 (Woolleyet al., 2008a) demonstrates that a severe event perag@meor
more frequent, less severe events (but still reggithe mortality of ~ 85 % of infants

and weaned calves twice a generation) can regellepdant populations.

Predation on elephants, e.g. by humans, has bepoged as a historical factor limiting
elephant numbers (Kay, 2002; Suroetlal., 2005;Cumming, 2007)Predation by lions

is not extremely common in all elephant systems,dmes occur in low magnitude in
some areas and most commonly involves juvenilehalets (Ruggiero, 1991; Wittemyer
et al., 2005). For example, in the Samburu and Buffgortgs National Reserves 23.8 %
of calf mortalities recorded over 1998-2003 wettgilatted to lion and these mortalities
accounted for only 4 % of total population mortglivith an average annual mortality of
only 2.6 % p.a. (Wittemyeet al., 2005). Lion predation on elephant calves is kmaav

increase during drought periods and in Hwange Nati®ark, Zimbabwe, lions target
weaned calves in particular between the ages aftadim and eight years, while hyaena

have also developed strategies to take very youeghant calves during dry years
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(Salnicki et al., 2001; Loveridgeet al., 2006).Human predation and mortality due to
injuries inflicted by humans mainly affects adultsith poaching for ivory having
reduced numbers of large adult elephants in th€’$98nd 1980’s, especially in East
Africa (Ottichillo et al., 1987; Moss, 2001; Wittemyet al., 2005; Gobuslet al., 2008).
However, most elephant populations today are fawbsil-protected from poaching
(Carrutherst al., 2008).

A combination of different types of stochastic eowimental events, such as drought and
fire (possibly fairly severe and frequent) can p&y important role in the population
regulation of elephant populations. This may hasdigular applicability to the many
small, closed systems in South Africa where ergpfopulation growth is exhibited
(Mackeyet al., in press). These populations have not reachsolree limitations and
density dependent effects do not dominate populaggulation as yet (e.g. van Jaarsveld
et al., 1999; Gough & Kerley, 2006). The managemenhe$é populations must balance
the possibility of population crashes with the eomnmental consequences from a
population undergoing exponential growth, for ex@mphe biodiversity impacts
associated with increased elephant densities (Btis., 1993; Guldemond & van Aarde,
2007; Kerleyet al., 2007; Landmaset al., 2008).

The scale at which elephant population regulatiocucs remains unclear, but scale is no
doubt an important factor to consider. Open systemith free-ranging elephant
populations include dispersal as a factor in pdmrda response to changing
environmental conditions (Chamaillé-Jamneesl., 2008). Fences force the system into
a state where emigration and immigration opporiesiare removed (Sloto& al., 2005;
van Aardeet al., 2006). This effectively decreases the tempardlspatial scale at which
elephants can operate, by forcing them to revstdame foraging patches more often,
and changes the primary demographic and enviroraheptocesses regulating
populations (Slotovet al., 2005; Owen-Smitlet al., 2006; van Aardet al., 2006; Slotow

et al., 2008; van Aardest al., 2008; Mackeyet al., in press). When we restrict an
elephant’s range we increase the localised impadise elephant on the system (Skarpe
et al., 2004; van Aardet al., 2006; Guldemond & van Aarde, 2007; O’'Conmebal.,
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2007; Harriset al., 2008). In large, open systems elephants can abjtat use on a
spatial and temporal basis, spreading impacts sdfwes landscape (O’Connet al.,
2007; Harriset al., 2008; Valeixet al., 2008). This is not to say that impacts are only
evident in high-density situations. Even a sindépkant can have visible impacts on an

ecosystem, and landscape with and without elephahtdiffer (O’Connoret al., 2007).

The management of elephant populations will theeefdepend on the scale of the
system, as well as site-specific local habitatsnate and human-mediated impact, i.e.
fences, water supplementation (Owen-Srathal., 2006; Biggset al., 2008). Active
adaptive management, where managers test and lpaislydtem to learn more and adapt
management strategies accordingly, has been a@ebfmt both small, closed and large,
open systems with overabundant elephants (Owenh&trat., 2006; Biggst al., 2008).
Metapopulation management, where local movementd w@agional dispersal are
facilitated by the linkage of conservation areasattow movement, has particular
application to large, open systems where elephampulptions can be locally
overabundant and increasing spatial dynamics catenpally stabilize numbers
regionally while reducing local impacts (van Aagdackson, 2007; Chamaillé-Jammes
etal., 2008).

In both closed and open contexts, the regulatiosleghant populations living in variable
environments governed by climate-driven environrakestochasticity seems closely tied
to resource availability (Fowler, 1981; Frigz al., 2002). Both mortality and fecundity
effects are involved in limitation either as a direesult of an environmental disturbance
or density dependence (Dudley al., 2001; Moss, 2001; Wittemyest al., 2007,
Chamaillé-Jammest al., 2008; Foleyet al., 2008; Junkeret al., 2008). Resource
availability can drive both density-dependent femads (e.g. Chamaillé-Jammessal.,
2008), and limitation during stochastic environnargvents (e.g. Dudlegt al., 2001;
Foleyet al., 2008), by affecting fecundity and mortality.

Fecundity is significantly influenced by female age first calving and the interval

between successive calves, which can substantmfigct population growth rates (van
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Aarde et al., 1999; Mackeet al., 2006; Woolleyet al., 2008a). Due to the effects of
resource limitation at high densities these vaeabtan increase, thereby decreasing
fecundity (van Aardet al., 2008). Resource limitation during climatic e\eat in severe
environments (e.g. Kalahari desert, Namibia) caso affect fecundity (e.g. Leggatt,
2003; Wittemyeret al., 2007). In fact, Wittemyeet al. (2007) suggest that elephant
population dynamics is driven by interactions bemwefemale fecundity and
environmental variability, rather than fluctuatiansmortality. The severe physiological
impact of an environmental disturbance such as thatsed by elephant injury and
mortality in a fire (Woolleyet al., 2008c) also has the potential to affect female
fecundity. For example, two adult female elephdmas$ were pregnant with their first calf
(assessed by enlarged mammary glands in the abséacsuckling calf) before the fire
in Pilanesberg National Park in which they wereiieg (Woolleyet al., 2008b), were
not seen with calves within 2 years (approximatgaen period of the elephant (Laws
et al., 1975; Lee & Moss, 1986)) post-fire and lactati@d ceased within a few months
of the fire (L. Woolley, pers. obs.). Significantlywer reproductive output was recorded
in young adult females in Mikumi National Park, TZania, where high levels of
poaching were experienced in the past (Gobeishl., 2008). This low reproductive
output was attributed to low average group relagednassociated low bond strength,
disrupted social structure and high physiologite¢ss levels due to historical poaching
impacts (Gobuslat al., 2008). Most of the fecund females in this popolawere over
30 years of age (Gobush al., 2008), which is much older than that seen in Add
Elephant National Park, South Africa, or Amboseditidnal Park, Kenya, where females
in the 20 — 29 year old age class are the mosnteof the population (Whitehouse &
Hall-Martin, 2000; Moss, 2001).

Mortality in elephant populations is age-dependant] although population growth is
most sensitive to adult mortality (especially youfgcund females (van Aards al.,
1999; Woolleyet al., 2008a)), high temporal variation in juvenile \sual typically
occurs (Moss, 2001; Dudlest al., 2001; Wittemyeret al., 2005; Foleyet al., 2008).
Juvenile mortality is the primary result of botmdity dependence (Chamaillé-Jamrees

al., 2008) and stochastic environmental events ssckdraught (Dudleyet al., 2001;
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Moss, 2001; Leggatt, 2003; Folelyal., 2008) or fire (Woollewt al., 2008b). The classic
mortality pattern seen in large herbivore systemmldwide (especially temperate
species) mainly involves juveniles, while adult swal is buffered and possibly
canalized against such variation (Saether, 1991|a@het al., 1998, 2000; Gaillard &
Yoccoz, 2003). Our findings seem contiguous witlesth generalizations, as fire
functioned in a similar manner to other stochastioyironmental events (e.g. drought),
with high juvenile and low adult mortality the rétsfWoolley et al., 2008b). The
youngest are typically the most susceptible toueso restriction, with high infant and
weaned calf mortality common in these situationsidBy et al., 2001; Moss, 2001;
Leggatt, 2003; Wittemyest al., 2005; Foleyet al., 2008; Woolleyet al., 2008b). Infants
rely on milk as the basis of their diet (Lee & Mp4986), but just-weaned calves must
utilize environmental resources to survive, andtbas be severely impacted by resource
restriction e.g. high levels of weaned calf motyatiue to dehydration occurred in the
Kalahari Sands in Hwange National Park when thaimks could not reach the water in

dry river bed craters dug by the adult elephantm{®eare & Haynes, 1984).

Water is a critical resource for elephants, andaserwater is one of the primary drivers
of elephant spatial use (Redfesnal., 2005; Chamaillé-Jammes al., 2007). Climatic
variability affects surface water availability whicdetermines seasonal use of the
environment by elephants (Redfestnal., 2005; Chamaillé-Jammesal., 2007; Smitet

al., 2007). The foraging range determined by wateailalility caused localised
population aggregation, ultimately influencing 8teength of density dependence and the
local regulation of elephants in Hwange NationalkR&hamaillé-Jammegt al., 2008).
Surface water manipulation has powerful potentiadlephant management (Owen-Smith
et al., 2006; Chamaillé-Jammesal., 2007; Smitt al., 2007).

Nutritional restriction also plays a critical raleboth density-dependent and independent
elephant population regulation (Whitehouse & Habdfiilh, 2000; Dudleyet al., 2001;
Moss, 2001; Wittemyeet al., 2005; Chamaillé-Jammesal., 2008; Foleyet al., 2008).
Forage limitation is likely to take a longer tineelie physiologically damaging to a large

herbivore than water limitation would, because riesderves can be mobilised to meet
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shortfalls in energy requirements, whereas sevehgdtation may act more speedily to
result in death (Willmeet al., 2000). Further investigation into the primarysgpiological
functioning involved in the energy and hydratioquiEements of elephants is required.
There may be a critical level where food or watse (scaled according to body size)
could result in mortality. Small body size will ertsify the effects of dehydration and
starvation, as larger animals may have largerds¢nves (e.g. Shraderal., 2006a) and
be less susceptible to water loss and heat digsipdtie to smaller body surface area to
volume ratios (Williams, 1990; Phillips & Heath,@D).

Similarly, susceptibility to nutritional restrictiois age-dependent, as Chapter 4 (Woolley
et al., 2008c) and Chapter 5 (Woolley al., 2008d) indicate. In general, larger-bodied
herbivores can tolerate a lower quality diet, maidlie to larger gut capacity and the
resultant increased forage retention and greatgestive efficiency (Demment & van
Soest, 1985). Seasonal environmental stochastestylts in a dry season drop in forage
quality and quantity in African savannas (SchoR803). Large-bodied herbivores cope
by ingesting a lower quality diet, thus being coaisied by quantity rather than quality
(Owen-Smith & Novellie, 1982).

Large adult male elephants focus on increased ghpmut of vast amounts of forage
ingested in proportion with environmental availapi(Stokke & du Toit, 2000), thereby
ingesting a lower quality diet than smaller-bodatllt females or juveniles (Stokke &
du Toit, 2000; Woollet al., 2008c). African elephants are strongly sexudiigorphic,
with divergence in male and female growth pattevosurring at adulthood when male
growth accelerates resulting in ultimately greaterle body sizes (Lee & Moss, 1995;
Morrisonet al., 2005, Shradeat al., 2006b). Younger males similar in body size talad
females also ingest a lower quality diet than tmdles in both wet and dry seasons
(Woolley et al., 2008c). The sex of the elephant, and thus thedeictive state, affects
the quality of diet ingested (Stokke & du Toit, B)Woolleyet al., 2008c). Although
smaller adult males would have higher metaboliziregnents (per unit body mass) than
large adult males, they ingest a similar qualigt diWoolleyet al., 2008c). Young males

128



thus must increase the relative (but not absolitegge quantity ingested, rather than

adjusting the quality of forage ingested to inces@sergy intake (Woollest al., 2008c).

In contrast, adult females employ a foraging sgwt® increase diet quality (Woolley

al., 2008c,d). These females are socially constrainedove across the landscape with
their calves and thus are restricted to move atdteethe smallest calves in the herd are
capable of (Moss & Poole, 1983). This limits thetdhce a female can cover to ingest
adequate quantities of forage, therefore foragditgua increased to obtain adequate
nutrition (Woolleyet al., 2008c,d). Weaned calves ingested a higher gudiét than the
larger-bodied elephants within the population (Wepét al., 2008c). This was achieved
by selecting higher quality plant parts which camtaore cell soluble components and
less fibre (Woolleyet al., 2008d).

The gastrocentric model (Barboza and Bowyer 20001 explains sexual segregation
in ruminants on the basis of allometry, minimalaige quality, digestive retention and
differing reproductive requirements of the sexdssTodel suggests that smaller-bodied
females are better adapted to increased intakegbéhquality forage to meet energy and
protein requirements for reproduction, while thgeditive morphology and physiology of
males is better suited to consumption of abundem, quality forage because gut
capacity promotes digestion and is poorly equigpdaandle forage of too high a quality
(Barboza and Bowyer 2000). In support of this tlgedrfound a general scaling of
elephant diet quality with body size, as well as ¢tear sexual dimorphism exhibited by
the higher quality diet of adult females (Woollgyal., 2008c). Within body size classes,
the sex of the elephant and therefore the reprodustate of the individual affected the
quality of diet ingested, as male and female dietlity differed significantly between
individuals of similar body size (Woollegt al., 2008c). However, we require further
investigation of alternative mechanisms of age a&medual segregation e.g. social
constraints, reproductive strategy (Perez-Bark®i@ordon, 1999).

Individual strategic response to environmental lsésticity therefore varies according to

body size and life-history stage, which determinasitional requirements (in terms of
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nutrients and energy) driving foraging selectiorateigies (Woolleyet al., 2008c,d).
Intraspecific (and possibly interspecific) intefaos may affect foraging decisions, with
the displacement of adult females to higher lewelthe canopy when feeding close to
calves (Stokke & du Toit, 2000; Woolley al., 2008d). Relationships between these
social foragers must not be underestimated antdumvestigation of the possibility that
feeding height selection is influenced by sociailityequired, together with the influence
of intra- and interspecific competition on eleph&otaging strategy. This may have
particular impact on calves in high-density sitoa when competition for forage at

lower heights in the canopy would be most intense.

During severe, prolonged periods of nutritionaltmeBon due to a reduction in the
availability of forage quantity and quality (e.gurthg drought) weaned calves are likely
to be severely compromised, due to their more Be¢eforaging strategy (Woollest al.,
2008c,d). Their requirements for a higher qualitgt dind frequent hydration, suggests
that resource restriction would have the greatapaict on this elephant cohort (Woolley
et al.,, 2008c,d). These physiological requirements coekplain the increased
susceptibility of this age class to stochastic emmental variability and the resultant
highest incidence of mortality in the juvenile agass during drought periods. Our
studies (Woolleyet al., 2008c,d) provide the first mechanistic explamadi linking the
physiological constraints faced by juvenile eleghawith stochastic environmental
resource restriction and ultimately the factorseetihg recruitment and influencing

elephant population dynamics.

In isolation, juvenile mortality would be requireat high levels (e.g. 17.1 % p.a.,
Woolley et al., 2008a) and frequencies (e.g. 84 % every eightsyéWNoolleyet al.,

2008a) to regulate African elephant populationschSincidence of juvenile mortality
does not currently occur naturally (Dudley al., 2001; Moss, 2001; Whyte, 2001;
Leggatt, 2003; Slotovet al., 2005; Wittemyeret al., 2005; Gough & Kerley, 2006;
Mackeyet al., 2006; Foleyet al., 2008; Woolleyet al. 2008a). The atrtificial increase of
juvenile mortality through culling (i.e. human pedidn) could produce the required

mortality scenario, but this practice would be hygtontroversial due to, amongst other
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things, the social impacts on elephant populati(Bietow et al., 2008). However,

juvenile mortality alone does not act in isolattondrive elephant population regulation,
for reproductive delays which reduce female fectyndilso play a significant role
(Leggatt, 2003; Wittemyest al., 2007; Chamaillé-Jammesal., 2008).

In combination, juvenile mortality and female fedity are the basic processes
functioning during both stochastic environmentakrg and in situations where the
strength of density dependent impacts is maximi@aaley et al., 2001; Moss, 2001;
Leggatt, 2003; Wittemyeet al., 2007; Chamaillé-Jammes al., 2008; Junkeget al.,
2008; van Aardest al., 2008). These processes are initiated in diftevesys in open
versus closed systems (van Aastlal., 2008). With dispersal options removed in closed
systems, elephant populations can increase irusizedensity-dependent feedbacks may
result in a decrease in population growth ratesv(€io& Smith, 1973; Owen-Smitkt
al., 2006; Biggst al., 2008; van Aardet al., 2008; Mackeet al., in press). But this is
likely to occur at the very limit of resource capg@nd the associated concentration of
elephant impacts may be detrimental to the bioditjerof the system (e.g. Gough &
Kerley, 2006). The absence of natural density-déeen feedbacks at moderate
population densities, i.e. lower than the limitsuléng in habitat transformation and
elephant mortality due to resource limitation, magcessitate the initiation of
management interventions to prevent such impactghenbiodiversity or landscape
structure of the system (Owen-Smétal., 2006; Biggst al., 2008; Slotowet al., 2008).

In closed systems, juvenile mortality resultingnfrgtochastic environmental events may
be the primary natural process functioning to reduyopulation size. However,
population recovery from this type of mortality eveés fairly fast (in the context of the
long generation time of elephants) e.g. four yéarsecovery to pre-fire population level
after fire mortality in Pilanesberg National PaNdolley et al., 2008b). Stochastic
events such as drought and fire occur too rareflycause too low a level of mortality to
result in the prevention of population growth iedk systems (Dudley al., 2001; Moss,
2001; Wittemyeret al., 2005; Woolleyet al., 2008b). When they are severe, they are

“large, infrequent disturbances” (Gillson, 2006§dy definition rare in occurrence. The
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impact of these events on longer-term female fedumdquires further investigation. If
reproductive delays occur in a substantial propaortf fecund females in the population,
the frequency rather than the magnitude of moytalitring these events would drive
population dynamics, if the resultant combined affen population growth rate is
substantial enough. However, with climate changeughts are expected to become
more frequent in most arid and semi-arid ecosyst@masterlinget al., 2000).If drought
frequency and/or severity increases, this may plagtal role in the natural population
regulation of large herbivores. Global climate dpamould therefore have a significant
impact on ecosystems across the African contingith increasingly severe, frequent
droughts contributing to a new dimension of chajks facing large herbivore

management.

In small, closed systems, the introduction of repaiive delays through female
contraception may be a valuable (and reversibl&épo@vailable in the management of
elephant populations if the rate of population @ase is of concern (Delsimkal., 2006;
Owen-Smithet al., 2006; Mackeyet al., in press). In open systems, density dependence
may play a significant role in elephant populatiegulation (e.g. Junkest al., 2008;
Chamaillé-Jammest al., 2008). The local abundance of elephant populatdictated by
seasonal conditions can cause the mortality ofnjiee and incur female reproductive
delays (Chamaillé-Jammegt al., 2008). With female fecundity closely linked to
vegetative productivity, high density situations ulb result in female reproductive
delays due to intraspecific competition for resegr¢Wittemyeret al., 2007). Although
low levels of juvenile mortality also occur in higlensity populations, impacts on female
fecundity may be of greater significance to popatatregulation than first thought
(Chamaillé-Jammest al., 2008). Reproductive delays function over a lorigeescale
than the immediate effects of a single mortalityergv(Leggatt, 2003; Mackest al.,
2006; Woolley et al., 2008a), although drought mortalities can occueroa few
consecutive years depending on conditions (Dudiey., 2001; Moss, 2001). Therefore,
reduction in female fecundity can have a longemterfluence on population dynamics,

extending limiting effects over at least one cajMnterval.
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The typical juvenile-mortality-driven pattern of ppdation regulation in large ungulate
systems is therefore not truly representative ef plhocesses driving African elephant
population dynamics. The combination of juvenilertality and female fecundity, rather
than one or the other in isolation, functions tgulate African elephant populations
naturally, together with dispersal in open systefere is much uncertainty surrounding
the exact stage at which these processes functialifferent elephant systems (Owen-
Smith et al., 2006; Kerleyet al., 2008; Slotowet al., 2008; van Aardest al., 2008).
Further investigation will provide insight into tihheechanisms driving these processes, to
allow sound scientific support of elephant managendecisions to be made throughout
Africa.

With similar demographic drivers in operation it lahg-lived, megaherbivore species
(Owen-Smith, 1988), it is critical that the rolejofenile mortality and female fecundity
is well understood. Whether locally overabundang.(elephant (Blan&t al., 2008),
giraffe (Fennessy & Brown, 2008)), vulnerable (eadpite rhino (Hoffmann & Stuart,
2008a), hippopotamus (Lewison & Oliver, 2008)) oitically endangered (e.g. black
rhino (Hoffmann & Stuart, 2008b)), the functionionf these population processes will
determine regulation, and consequently the longrtsurvival of these species. The
manipulation of female fecundity through managematgrvention may assist in the
regulation of overabundant species, for exampleutin direct contraception of females
(Grobler et al., 2008) or by increasing density-dependent effeetg. water point
manipulation (Owen-Smitkt al., 2006; Chamaillé-Jammesal., 2007). Management of
mortality impacts can also function as a valuabt# in population regulation (Slotoet
al., 2008). However, predation on adult cohorts haspotential to cause major shifts in
demographics (Owen-Smit al., 2005), with the result that poaching is a coastlle
threat to megaherbivore populations (Hoffman & 8tuda008a,b). The demographic
disruption can be long-lasting due to the long gatien times of these species, and
social influences can be significant and persigramany generations (e.g. Gobwsial .,
2008). An increase in these types of mortality évemas the potential to shift a
population from overabundance to decline withinekatively short timeframe (Owen-
Smith, 1988; Owen-Smitlet al., 2005; Gobustet al., 2008; van Aardet al., 2008),
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which can have far-reaching consequences for sgst@here these megaherbivores
function as keystone species (Kerktyal., 2008). Therefore, it must be appreciated that
the demographic processes driving megaherbivoralatpn regulation are complex and
sensitive. Successful conservation managementregllire careful consideration of the
interactions between environmental stochasticityl active manipulation and the

resultant effects on population persistence.
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