Adopting a heterogeneity paradigm for understandingand
managing elephants for biodiversity: a case studwyi

riparian woodlands in Kruger National Park

Angela Gaylard

A thesis submitted to the Faculty of Science,
University of the Witwatersrand, Johannesburg

in fulfillment of the requirements for the degrdeDmctor of Philosophy

October 2015



| declare that this thesis is my own, unaided widris being submitted for the Degree of
Doctor of Philosophy at the University of the Witeesrand, Johannesburg. It has not been
submitted before for any degree or examinatiomgtadher university.

28" day of October 2015 at Brenton on Sea



Abstract

Decades of study devoted to solving the “elepharitlpm” have generally concurred that
increasing elephant populations inevitably reduodileersity. However, recent evidence
suggests that such reductions can be accompaniedreases in other components of
biodiversity, and that ultimately elephant effe@te scale-dependent. Although this new
perspective now underpins elephant managemenggieatin savannas such as the Kruger
National Park (KNP), South Africa, few empiricalidies in support of this strategy have
incorporated the contribution of spatial contextalbowed for the emergence of relevant
scales, in their interpretations of heterogenditgreover, use of traditional modes of scientific
enquiry and statistical approaches for investigahiaterogeneity in complex systems have
been challenged. Recent advances in spatial gtatigigether with an alternative mode of
science that draws upon multiple lines of conveggmidence rather than testing narrowly-
focused hypotheses, have the potential to addness thallenges. However, their practical
application for understanding elephants as agdriisamge remains lacking. Riparian zones
along the ephemeral rivers in northern KNP provideddeal landscape to explore the spatial
and temporal parameters of elephant effects irorespto surface water, as a critical resource,
and hence to develop a framework for a heterogeapproach for understanding and

managing elephants as agents of change in savannas.

Spatially explicit analyses of surface water hegereity, elephant responses to this
resource heterogeneity, and the subsequent patteetephant impact across the riparian
landscape, provided the basis for this framewohe fesultant scaled, contextual perspective
was then advanced by incorporating a local regragsichnique to explore the underlying
causal factors of this heterogeneity. The predictiapacity of the local regression technique
also made it possible to explore how the removalrtificial water provision may alter patterns
of elephant impact. The final component of the psgal framework involved the use of
adaptive inference as an alternative mode of seignadisentangle the role of elephants from

other drivers of riparian woody diversity.

Spatially explicit, multi-scaled analyses of theface water resource provided novel
insights into patterns of surface water heteroggmeithis savanna. Traditional distance-to-
water approaches underestimated changes in swritee heterogeneity under varying rainfall
conditions, as well as the extent to which ar@#ievater supplies dampened this heterogeneity.
Moreover, the spatially explicit approach revedlss previously unrecognised contribution of

artificial water supplies to waterpoint spatial igarations. However, the scales of this surface
il



water heterogeneity were still well within the mraxim daily foraging ranges of elephants,
suggesting that this contextual perspective mayawé functional significance in this

landscape.

Nevertheless, elephants responded not only tocuviater proximity, but also to the
patch context provided by neighbouring waterpoipteferring riparian patches in the vicinity
of clustered waterpoints at relatively fine (150Pspatial scales. Furthermore, the scale and
patchiness of elephant impacts matched the pattémrelsphant spatial response to surface
water heterogeneity, facilitating understandinghef necessary conditions and underlying
mechanisms for generating refuges from elephanirthgnces beyond simple distance-to-
water patterns. In so doing, these findings prayitte first empirical evidence that surface
water heterogeneity can generate or maintain $atchtemporal heterogeneity of elephant
impacts, even in a landscape where sources of @weteelatively abundant. By failing to
expose the contribution of artificial water sourt@svaterpoint spatial configurations, as well
as elephant preferences for particular waterpanfigurations, previous studies have
therefore underestimated the remaining scope anpovisioning for manipulating elephant

disturbance regimes in these landscapes.

Counterintuitively, however, reverting to a natypsattern of surface water
heterogeneity was predicted to produce an unintthdenogenising effect on the levels of
elephant disturbance across the landscape, thitbegiemoval of preferred clusters of
waterpoints. This emphasized the importance dicdi water sources in generating patterns
of waterpoint spatial configuration. By drawing upihe suite of tests of different kinds from
the preceding chapters, a heterogeneity interpoetaf the Intermediate Disturbance
Hypothesis (IDH) indicated that the study areaartimern KNP was at the low end of an
elephant-mediated trajectory of biodiversity charigesre was little evidence to suggest that
the patterns and scales of riparian woody speitibaass and structural diversity had been
driven by elephant disturbances, although ripanandy species diversity exhibited early
signs of elephant-mediated declines. However, tbesknes were confined to patches of high

elephant disturbance and therefore did not redpeeiss diversity at the landscape level.

Though confined to elephant disturbances in aqasi riparian landscape in northern
KNP, the understanding developed here has widelidatfpns for studying how organisms
respond to, and hence generate, heterogeneitymplea systems. Specifically, the study (i)
exposed the importance of spatially explicit anedyfor understanding patterns and scales of

spatial and temporal heterogeneity; (ii) demonsttdtow the presence of spatial



autocorrelation and non-stationarity common to clempeterogeneous systems can be
maximized through the use of spatial statistidhemthan having to be eliminated to satisfy
the requirements of traditional parametric appreachnd (iii) demonstrated how adaptive
inference can provide an alternative, pluralistiestific method to overcomes the pitfalls of
the traditional narrowly-focused reductionist methfmr understanding causation in complex

systems.
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Chapter One - Understanding elephants as
agents of change in savannas - why do we

need a heterogeneity approach?

1.1 Introduction

African elephant&.oxodonta africana are agents of change in savannas (Laws, 1970ix. The
impacts can change the structural complexity ofdi@ads or even drive plant species locally
extinct (Buechner and Dawkins, 1961, Barnes, 188Bnes et al., 1994, O’Connor et al.,
2007, Kerley et al., 2008, Landman et al., 20083vi®us evaluations of elephant impacts
underpinned by equilibrium concepts under a Balafid¢ature paradigm (Botkin, 1990, Wu
and Loucks, 1995) promoted the idea that divetegg could be prevented by maintaining
moderate levels of elephant impact (Pienaar, 1968,Wyk and Fairall, 1969). However, in
the Kruger National Park (KNP) attempts to do goulgh elephant population control did not
slow the loss of tall trees (Trollope et al., 1988khardt et al., 2001), suggesting the
involvement of factors other than elephant in taelidie. Spreading elephants evenly across
KNP through widespread water provision (Pienaa85)®naintained moderate levels of
impact but led to unintended consequences for atgortant components of diversity
(Walker et al., 1987, Harrington et al., 1999). Isacological “surprises” and multi-factor
cause-and-effect relationships are features of émugystems rather than of systems at
equilibrium (Holling, 1973, Kay and Schneider, 1986vin, 1998, Ascher, 2001).

A key feature of such complex systems is ecolodiet¢rogeneity (Pickett and
Cadenasso, 1995, Pickett et al., 1997), which ptesoiodiversity by enabling species co-
existence over a spatially and temporally diffeig@et patch mosaic (Bormann and Likens,
1979, Pickett et al., 1997). Maintenance of hetenegty has therefore become the fundamental
concept underlying KNP’s revised elephant managémlan that now focuses on managing
the patchiness of elephant impacts rather thanamaging elephant population size (Whyte et
al., Whyte, 2004). Nevertheless, empirical studieslephant-vegetation interactions

underpinned by heterogeneity remain scarce (Sclaolédviennell, 2008) and largely based on
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reductionist methods of enquiry and narrowly focubgpothesis testing (Holling and Allen,
2002), which may not be suitable for investigatognplex systems (Kay and Schneider, 1995,
Ravetz, 1999, Nowotny et al., 2001, Holling andeAll 2002). In view of these shortcomings, |
will investigate the role of elephants in shapiaganna biodiversity by exploring how
elephants both respond to and generate pattehret@iogeneity (Pickett et al., 2000). My aim
is to investigate the underlying processes that tealephant-induced biodiversity change by
developing a heterogeneity approach (Rogers, 20@8kexplicitly accounts for common
features of complex systems not considered by tawhist approaches (Cadenasso et al., 2006,
Zellmer et al., 2006, Rogers et al., 2013). By expg these patterns and the underlying
processes of vegetation change, | seek not onigpicove our predictive understanding of
elephant-vegetation interactions, but also to assese broadly the importance and value of
taking such a heterogeneity approach for understgrahd managing the interactions and

feedbacks between organisms and their environniegtemplex systems.

In this chapter, | outline the implications of theological paradigm shift from Balance
of Nature to Heterogeneity, for managing biodivgrai complex systems. Within this context,
| review what we know about elephants as agenisoaliversity change, and how the
underlying philosophies governing elephant managemealicies have shifted along with the
changing paradigm. Finally, | propose a framewarkliinking elephant science and

management under a heterogeneity paradigm, andetile broad objectives for my study.

1.2 A paradigm shift from Balance of Nature to

Heterogeneity

The notion of a “balance of nature” underpinnedegical theory and practice for centuries
(Wu and Loucks, 1995, Wiens, 2000). It implied thature was ordered and harmonious, that
ecological systems were normally in a close, detgstic balance with environmental controls
(Fiedler et al., 1997), that ecological systemsen#osed and homogenous (Wiens, 2000), and
that they returned to a previous equilibrium aftisturbances (Wu and Loucks, 1995).
Consequently, conservation efforts underpinnechisyBalance of Nature paradigm were
aimed at preserving this “equilibrium” (Wiens, 200@nd any disturbances that disrupted the
system were considered undesirable. In KNP, fomgte, three primary management
interventions were designed to prevent change frenstatus quo. First, a water provisioning

programme supplied the park with numerous dams&ad300 boreholes, with the aim of
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providing game with a consistent supply of drinkimgter through seasonal and interannual
droughts (Pienaar, 1970, Pienaar, 1985). Secomebsaribed burning regime aimed to create
fixed endpoints of desired vegetation structure @rmdposition (Biggs and Potgieter, 1999) .
Third, herbivore numbers, notably those of elephiantre kept at a constant population
ceiling (Pienaar, 1969). This upper limit on elepth@opulation size was believed to represent
an ecological carrying capacity (Peel et al., 1988}he population level at which animals
would be in equilibrium with their food source. Magement under a classical equilibrium or
Balance of Nature paradigm therefore emphasizedtietenance of spatial and temporal
homogeneity (Pickett and Rogers, 1997) and habagspecies focus, both in terms of
“problem” species that could disrupt the status, @sowell as by emphasizing species
preservation (Rogers, 1997a).

From a theoretical point of view, the assumptiohsamnogeneity and equilibrium
provided the required simplicity for developing iyimg generalisations (Pickett and
Cadenasso, 1995, Wiens, 2000). However, the ladterof the twentieth century marked an
increasing awareness of the complexity of ecosysigtay and Schneider, 1995), emphasizing
that equilibrium conditions are highly dependentlo: scale of observation and are rare in
nature over large scales or long time periods (W/i2000). Instead, it was demonstrated that,
depending on the combination of environmental fiacémd the system'’s particular history
(termed “contingency”), different pathways exisattlsan lead to several possible alternative
endpoints within a single system (Fiedler et &97). As a result of these ecological
contingencies and multiple causal factors, ecol@atterns are therefore seldom the outcome
of predictable processes of linear cause-and-efiedact, we now know that ecosystem
pattern oteterogeneity results from the interaction of ecological disambes (Pickett and
White, 1985, Pickett, 1985, Pickett et al., 198®)ysical processes, the geophysical template
(Venter et al., 2003), and the activities of orgams (Jones et al., 1994, Pickett et al., 2000,
Wiens, 2000, Pickett et al., 2003). The interplatween these ecological patterns and
processes produces a mosaic of landscape pataloss acvariety of scales and levels of
ecological organization (Bormann and Likens, 19&man and Godron, 1981, Forman, 1995,
Pickett and Rogers, 1997). Patch theory can be tasedaluate complexity in ecological
systems, and understanding complexity in spatiatsire is a powerful approach to exploring
structure-function relationships (Cadenasso e2DgG)

Patches are recognisable areas within a landshapedntrast with adjacent areas and
have definable boundaries (Kotliar and Wiens, 1@@articular scales or levels of

organisation. Scale refers to the spatial or tealptimensions of an object or dataset, and is
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characterised by grain (the finest level of resofutvithin a given dataset) and extent (the size
of the study area or duration of time under consitilen) (Milne, 1989, Kotliar and Wiens,
1990). The concept of scale should not be confustidthat of levels of organisation, which
represent a range of functionally distinct ecolabimits from genes to landscapes, each of
which may occur over a range of spatial dimensiBasches at one scale may be composed of
smaller patches that influence how the originatipdtinctions, or they can be parts of larger
scale assemblages of patches (Forman and Godr@h, Kétliar and Wiens, 1990).
Consequently, landscape patches can be arrangedested hierarchy of scale or level of
organisation. Such ecological hierarchies are éithlty the behaviours of their components, as
well as by the constraints imposed by higher leirethe hierarchy (O'Neill et al., 1988) The
structure of landscape mosaics is defined not bylgatch composition, but also by patch
configuration or context (Forman and Godron, 198#man, 1995) across this hierarchy.
Context refers to the patch’s location, adjacemicg €lements in contact with tpatch) and
neighbourhood. Together these characteristicsmaterthe value of a particular patch as an
environmental resource for organisms. Although ustdading patch characteristics is
therefore crucial for understanding how organisnageruse of different parts of the landscape,
patch location is the only element of patch contkat has been explored in savanna systems
(Levick, 2008).

Succession and other ecosystem dynamics take \pltta these patches as organisms
interact, influence one another and the physicalkenment, and new organisms take their
place over time (Wiens et al., 1976, Pickett, 198&swell and Cohem, 1991). Hence an
important consideration about patches is that theyge over time, termed “patch dynamics”
(Pickett and White, 1985, Pickett, 1985, Pickett Rwvgers, 1997, Wright et al., 2004).
Landscapes can contain a variety of patch typégdferent stages of development at any one
time. The origin of these patches differs accordmthe patch’s disturbance regime,
disturbance in the surrounding matrix and the rwistribution of environmental resources
over time (Forman and Godron, 1981, Forman, 198%gse differences in patch origin
determine the species dynamics, and the stabildiytarnover of patches over time (Forman,
1995). Hence patch dynamics is important not oelyaoise of the changes occurring in
individual patches, but also because the entirearnad patches may be shifting (Bormann and
Likens, 1979). Whether this shifting mosaic is isteady state is scale dependent, since local
changes to vegetation can be incorporated at lagdes if averaged over sufficiently long

time or large areas (Turner et al., 1993). Althotlghspatial and temporal heterogeneity of



patches are inextricably linked (Turner, 1989, Buret al., 1993), issues of spatial
heterogeneity have received more empirical attartbalate.

The hierarchical patch dynamics paradigm (Wu andcke, 1995) brings together the
spatial and temporal considerations of heteroggneioviding a framework for tackling the
problem of scale across patch mosaics (Levin, 1992¢ main principles underpinning the
hierarchical patch dynamics paradigm provide guiddor the investigation of heterogeneous
systems: (i) the definition of patchesstale dependent; (ii) constituent patches produce
emergent properties at higher levels in the hiénafthe sum is greater than the whole), and
hence better understanding is gained by considedjagent levelsin addition to the focal
level in the patch hierarchy; (iii) ecologicatocesses and environmentatontrols shift with
scale along a patch hierarchy; (iv) spatio-tempaa e influences which processes are
perceived as non-equilibrium, transient or unstatiy@amics; (v) non-equilbrium processes at
one level may translate toetastability at a higher level, and variation is likely to dease
with increasing spatial scale as it beconmesrporated through the levels (Wu and Loucks,
1995).

Rather than being an unnecessary complicationdsystem studies , heterogeneity has
thus been recognized as a key part of the struanadunctioning of nature, and is inseparable
from the issue of the generation and maintenant@odiversity (Levin, 1992, Pickett and
Cadenasso, 1995). As a result, the classic equitibparadigm has failed not only because
equilibrium conditions are rare in nature, but hesesof its inability to account for the effects
of spatial and temporal scale and heterogeneigooiogical processes (Wu and Loucks,
1995). The underlying paradigm of contemporary @gplhas shifted from one of equilibrium
or “Balance of Nature”, towards an emphasis orfriaguent occurrence of non-equilibrium
states and the importance of stochastic eventsasudisturbances (Botkin, 1990, Wu and
Loucks, 1995, Fiedler et al., 1997, Wiens, 199@ridusly described as the hierarchical patch
dynamics paradigm (Wu and Loucks), the non-equiliarparadigm (Fiedler et al 1997) or the
heterogeneity paradigm (Rogers 2003), it doeseqlace equilibrium theory, but accepts
equilibrial and non-equilibrial conditions as bestale-dependent (Fiedler et al., 1997). In the
following section, | expand upon the applicabilifiyheterogeneity as the focus for biodiversity

management following this new paradigm.



1.3 Heterogeneity as the focus for managing biodiversitin

complex systems

Heterogeneity refers not only to the variabilityarg the components of systems, but also to
the variability in the processes that create pagtamong these components (Pickett and
Cadenasso, 1995). Together these heterogeneoampaihd processes are considered to be
the ultimate source of ecosystem biodiversity (Pickt al., 1997). Consequently, the
maintenance of biodiversity depends on the preservaf these complex ecological patterns
and processes (Pearson et al., 1996), and unddirgjghe scale- and context-dependent
consequences of this heterogeneity becomes ciiiticarotecting biodiversity (Pickett and
Rogers, 1997). A new thrust to emphasize heterotyenghe management of ecological
systems has therefore emerged (Christensen 086, Rogers, 1997a, Rogers, 2003), which
demands the incorporation of scale and contextsaarwsaic landscapes. This heterogeneity
perspective is reconciled with a more comprehengee of biodiversity than that offered by
the previous species focus (Rogers, 2003), by parating compositional, structural and
functional components that are manifest at multiglels of organization (Noss, 1990).
Organisms are agents of change that, at any plartitone, recognize and respond to
this heterogeneity across a range of scales (&irads 1994, Wallace et al., 1995, Pearson et
al., 1996, Turner et al., 1997, Pickett et al.,@oyce et al., 2003, Naiman et al., 2003,
Owen-Smith, 2004, Grainger et al., 2006, Wrigtalet2006, Chamaillé-Jammes et al., 2007,
Feller and Chamberlain, 2007, Ott, 2007, Chamdgiéxmes et al., 2008, De Beer and Van
Aarde, 2008, Cromsigt et al., 2009, Holdo et @002, Fahrig et al., 2011). Individual species
require different types of resource patches, advidual patches support different species
(Pickett and Rogers, 1997). By focusing their attéi® in those parts of the landscape that
provide their daily resource requirements, theudisnces generated by organisms are
confined to these environmental resource patcheabig manner, organisms not only respond
to, but also generate heterogeneity (Pickett e2@0D0, Pickett et al., 2003) by creating
differential impacts in different parts of the laedpe, among organisms with different energy
requirements, and over time. Organisms can thuasaetosystem engineers (Jones et al.,
1994, Hastings et al., 2006, Wright and Jones, R@0&I hence the impacts of organisms on
the landscape may be viewed as disturbances (Qph@@é9, Pickett, 1985, Pickett and White,
1985). Disturbance theory therefore provides aul$efmework for understanding and
predicting organism-mediated biodiversity changern(@ll, 1979, Pickett et al., 1989, Caswell
and Cohem, 1991, Turner et al., 1993, Palmer, 2008 disturbances created by organisms
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can have either positive or negative effects odilersity (Jones et al., 1997, Wright et al.,
2006, Pringle, 2008), depending on the spatialtamgporal parameters of the particular
disturbance regime (Turner et al., 1993). Henceyder to manage biodiversity in variable
environments in the presence of ecosystem engineersecessary to understand the scales at
which organisms respond to and create heterogemddyeover, management interventions
must be undertaken in relation to the scales atlwheterogeneity is required for the
regeneration or persistence of biodiversity (Jated., 1994). In the section that follows, |
review the literature to assess the extent to wtiiehmperatives of a heterogeneity paradigm,
outlined above, have been accounted for in oueatiinderstanding of elephants as agents of

biodiversity change.

1.4 Elephants as agents of biodiversity change

Elephants have been described as ecosystem ergiesause of their ability to transform
landscape composition and structure (Buechner awekds, 1961, Laws, 1970, Anderson and
Walker, 1974, Barnes, 1985, Barnes et al., 199@p@or, 1994, Holdo, 2007, O’Connor et
al., 2007, Holdo et al., 2009, Lagendijk et al.120Asner et al., 2009, Levick et al., 2009,
Asner and Levick, 2012, Levick and Asner, 2013} altimately to alter ecosystem function
(Huntly, 1995, Gaylard et al., 2003, Skarpe et20Q4, Kerley et al., 2008, du Toit et al.,
2014a, Rutina and Moe, 2014). It is therefore wedbgnized that elephants are a significant
source of ecological disturbance (Pickett, 1988¢riag landscapes primarily through the
impacts of their feeding on vegetation, but alsotlgh trampling and digging.

However, such elephant “impacts” are not necegsaeirimental at the level of
individual plants (and hence the use of the wongigact” should not be interpreted as such in
the remainder of this thesis), and the mechanisetepihant feeding at this level is well
known. Elephants are mixed feeders preferring gsadaring the wet (growing) season when
food quality and abundance is highest due to thegtence of new leaves and shoots, but
becoming more dependent on browse during the admn{dnt) season when grasses senesce
and quality declines (Owen-Smith, 1988, O’Connaalet2007, Owen-Smith and Chafota,
2012, Skarpe et al., 2014c). Browsing elephantsdeamage trees by pushing them over (also
known as pollarding) or removing biomass by stmgpoff leaves, breaking branches or the
main tree trunk, bark stripping or tusk marking @hnor et al., 2007). Particular species and
size classes of tree are more susceptible to thgegoiences of elephant feeding, or to
particular types of elephant impact. For examgkpleants feed on the soft, pithy stems of
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trees such as baobabs, figsc(is spp) and chestnuSterculia spp) species when pressed for
food (Owen-Smith, 1988). The most severe form gdant, uprooting of trees, can instantly

kill the plant. Shallow-rooted tree species suchAagia andCommiphora species are
particularly vulnerable to being pushed over, wkile main stems of deeper-rooted trees such
asDiospyros mespiliformis tend to snap when elephants attempt to push tlvem Only trees
that are able to coppice can survive the main theskg snapped (O’Connor et al., 2007),
unless the tree has been uprooted in the process.

In contrast to tree mortality being caused by glsinlramatic impact event (e.g.
uprooting), less severe impacts accumulated onex tian also lead to significant biomass
removal or eventual tree mortality. For exampleutyh single branch breaking events only
remove a small proportion of the tree’s biomasgseated branch breaking events preclude
opportunities for compensatory regrowth, eventulatigcking the tree back into a smaller size
class without the resources required for regermratir resulting in the death of the tree if it
can no longer acquire sufficient resources forisah(O’Connor et al., 2007). Consequently,
apart from altering the structural diversity of gl@ommunities, elephant feeding can skew the
demography of plant populations towards the nomedyctive size classes. Thus biomass
removal by elephants can eventually reduce theeseptation of particular plant species in
vegetation assemblages, through reduced regeneratid ultimately lead to local extirpation
of these species (O’Connor et al., 2007).

Seemingly moderate elephant disturbances suchriastogping can also make trees
more vulnerable to other drivers of tree mortalgych as fires, by exposing the less fire
resistant heartwood (Owen-Smith, 198&)acia species and baobal&dansonia digitata) are
prone to extensive bark stripping because thek Isagasily removed in long strips. By having
a significant effect on the tree’s survival or ieguctive capacity only after repeated
disturbance events over a period of time, cumudativpacts may produce lag effects in the
relationship between elephant impacts and thettibérsity consequences. However, these lag
effects have not been explicitly incorporated iexasting models of elephant-vegetation
interactions, and hence an understanding of tleeafoduch cumulative elephant impacts in
shaping woody diversity remains lacking. Moreoweicomplex systems the magnitude and
nature of such cumulative effects is likely to lo@tingent upon the location’s prior impact
history, but ecological contingencies have yetdorttegrated into conceptual models of
elephant-biodiversity relationships (Scholes anchiv, 2008).

Selective feeding by elephants over time resulemiaccumulation of impacts on trees

of preferred dietary species and size classes.speges have different tolerances to elephant
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impact, and hence some species are able to swelddpbant damage better than others
(O’Connor et al., 2007). Species that are ableatcmthe rate of biomass removal by
elephants with compensatory regrowth ultimatelyisarthese accumulated elephant impacts
(O’'Connor et al., 2007). However, tree species @natnot able to recover before elephants
return to feed on them again will accumulate impauxttil they eventually kill the plant. This
has led to local (e.g. within a habitat or protdcieea) extirpation of tree species or changes in
the size class distributions of trees in some gf@aschner and Dawkins, 1961, Van Wyk and
Fairall, 1969, Laws, 1970, Mueller-Dombois, 1972darson and Walker, 1974, Swanepoel
and Swanepoel, 1986, Shahar, 1993, Cowling ancei{e20D02, Hofmeyr and Eckardt, 2006,
O’Connor et al., 2007, Kerley et al., 2008, Landreaal., 2008). Species that have been
eliminated or reduced in population size by elephansavanna and thicket systems include
plants of the gener&loe andViscum (Midgley and Joubert, 1991, Landman et al., 2008),
Acacia (Anderson and Walker, 1974, Pellew, 1983, Owen-8mi®88, Teren and Owen-
Smith, 2010) Adansonia (Laws, 1970, Jachmann and Bell, 1985, Weyerhaecli885,
Swanepoel and Swanepoel, 1986, Swanepoel, 1998e8at al., 1994, Kelly, 2001, Edkins et
al., 2008) Brachystegia (Guy, 1989), Sclerocarya (Coetzee et al., 1979, Jacobs and Biggs,
2001),Commiphora andSterculia (Napier-Bax and Sheldrick, 1963, Barnes, 1983|yKel
2001). Elephants can also increase or reduce tihetstal complexity of plant populations and
communities, although in this context their conttibn towards the loss of tall trees of species
such as suchBclerocarya birrea andAcacia nigrescens have been the focus of most studies
(Owen-Smith, 1988, Trollope et al., 1998, Eckhatddl., 2001, Teren and Owen-Smith,
2010). However, despite KNP having exceeded itsgdeed elephant carrying capacity (Van
Wyk and Fairall, 1969), no plant species have gebine extinct through elephant impacts in
the park, although extensive changes in woody &tredave been reported (Eckhardt et al.,
2001). The findings summarised here have tendéatctes on the biodiversity changes
themselves, rather than on the underlying mechaafsgtephant impact at levels broader than
individual plants, thereby limiting our understamgliof the link between the patterns of
elephant impact and the process of elephant hagbivo

The consequences of elephant feeding can alsodetddorms of biodiversity other
than vegetation. For example, although elephantsrgdy do not compete directly with other
large herbivores, elephant-mediated vegetationgdsmmay affect other herbivore species
(Owen-Smith, 1988, Halley et al., 2014). By openipgthickets, elephants reduce cover for
species such as bushbuck but increase browse laimgiléor other species, particularly smaller
ungulate herbivores (Owen-Smith, 1988, Moe e&l14). The Chobe bushbu&kagelaphus
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scriptus ornatus is a local subspecies that has become scarce thler@hobe riverfront in
Botswana as a result of habitat modification byeaxiely high dry season densities of 4
elephants per kirfAddy, 1993, Skarpe et al., 2004, Moe et al., 2008¢ et al., 2014). Species
richness of woodland birds and ants has declinesiambo woodland where the diversity of
canopy trees has been reduced by elephant impgautsniing et al., 1997). Research has
tended to focus olosses of biodiversity brought about by elephant-medidtabitat

alterations. However, in instances where species haen lost, there may also be
compensatorgains through the occurrence of species that are adaptetense disturbances,
or to the altered habitat type. For example, tihegtive abundance of fauna associated with

shrublands or more open areas tend to increaseewleghants have opened up woodlands.

Although the literature outlined above has empleabthe susceptibility of certain
species to elephant disturbances, there has litemdicognition that the consequences of these
disturbances (even on the same species) are tikeigry over space and time and in different
landscape contexts. The heterogeneity paradigmatsdtiat the maintenance of a dynamic
patch mosaic through the generation of such vditiabbuld ultimately result in metastability
of the system (Bormann and Likens, 1979), rathan #hloss of biodiversity. Understanding
the various sources of variability in elephantutisance regimes is therefore crucial for
interpreting elephant effects on biodiversity.

For example, the removal of vegetation is lessreefor plants during the dry season
when they are dormant compared to the summer wiegnare growing (Owen-Smith, 1996).
In addition, trees with greater access to nutriemdy be more resistant to elephant impacts if
they are able to compensate better for damage geshpatrees in areas or growing on soils
with less nutrients. It is well-known that becaesephants are water dependent, their daily
foraging ranges are constrained to 20-30 km fronem@Vestern, 1975, Owen-Smith, 1988,
Owen-Smith, 1996). Consequently, trees in thosts mdithe landscape near to surface water
accumulate more impacts than those remote fromr{tes et al., 2002, Gaylard et al., 2003,
Redfern et al., 2003), particularly during the deason when surface water has dried up
elsewhere. Apart from water and food, shade isalsignificant resource for elephants, aiding
in thermoregulation particularly during the hot @dgason (Owen-Smith, 1988, Kinahan et al.,
2007). At this dry time of year elephants spenderione in those parts of the landscape that
provide water (Western, 1975, Owen-Smith, 1996 f&acet al., 2003, Smit et al., 2007c, De
Beer and Van Aarde, 2008, Loarie et al., 2009)sratle (Kinahan et al., 2007), for example
riparian zones. While it is therefore clear that thstribution of critical resources shapes the

location and timing of elephant disturbance reginies scales at which elephants respond to
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these resources and hence shape ecosystem bidglivensain poorly understood (Owen-
Smith et al., 2006, Scholes and Mennell, 2008).

Elephant gender provides a further source of vdityan patterns of elephant
herbivory. Since elephants are sexually size difmorghe metabolic requirements of the
smaller (by up to 50%; (Owen-Smith, 1988)) eleplwms are higher than those of bulls
relative to their body size. These energetic dername exacerbated by the fact that elephant
cows are highly social, living in mixed herds tbanhtain breeding adults as well as lactating
females and juveniles, whose increased energeficreaments need to be considered by the
whole herd (Poole, 1994). Hence, while elephardsampelled by their large body sizes to
ingest large amounts of food daily (ca. 200 kg weight per adult elephant per day; (Owen-
Smith, 1988)), mixed herds tend to feed on highelity forage, such as shrubs and grasses
(Stokke and Toit, 2000, Greyling, 2004). In contrése larger adult bulls are able to tolerate a
lower quality diet, ingesting a higher proportidnnmody material (Stokke and Toit, 2000).
Moreover, the combination of the higher energetimdnds on mixed herds and the fact that
younger elephant calves within these herds restaity travel distances, precludes mixed
herds from covering the large foraging distancembke by lone bulls (Owen-Smith, 1988).
Although these differential energetic requiremdraetge been acknowledged, there has been no
attempt to date to incorporate this source of Warnanto our understanding of the underlying
mechanism of elephant impacts, or indeed theirexqumsnces.

In addition, an important implication of the comyity of savanna systems is that
elephant herbivory is not the only factor drivinggetation dynamics. Rainfall, substrate
variation, topography, fire, herbivory, nutrientedlacompetition have all been linked to the
heterogeneity of savanna vegetation (Eckhardt e2@0D1, van Wilgen et al., 2003, Venter et
al., 2003, Govender et al., 2006, Levick, 2008jhaligh savanna vegetation dynamics are
therefore the outcome of the interaction of thestadrs, understanding these interactive effects
has largely been confined to the interaction & &nd elephant herbivory (Dublin, 1986,
Dublin et al., 1990, Trollope et al., 1998). Theées to which vegetation patterns may have
been erroneously attributed to elephant disturbarsckkely to remain unknown until the
relative contributions of these factors are explidifferentiated. Furthermore, the few studies
that have attempted to disentangle the variouggiof vegetation patterns (Levick and
Rogers, 2011) have demonstrated that the magratod@ature of the various determinants of
woody vegetation dynamics vary both over spacetiame] and are often scale-variant. Hence,

the extent to which elephant impacts are likelgffect trees (even of the same species)

11



relative to other ecological processes is likelpéocontext-dependent, and contingent upon the
legacy of past ecological processes (Levick, 2008).

Critically reviewing the elephant literature abdw@m a perspective that demands
explicit recognition of (i) heterogeneity over spamnd time, (ii) scale-variance and context-
dependence, and (iii) multiple causal factors amtingencies, has revealed that our current
understanding of the role of elephants in shapavgusna vegetation accounts for few of the
crucial elements required for the investigatiomamplex systems. This realisation calls into
qguestion the applicability of previous elephantgts beyond their particular study areas,
challenging our existing understanding and manageuofeslephants. In the remainder of this
chapter, | make the link between the understandimgmanagement of elephants explicit by
contextualising the biodiversity concerns faceghytected area managers, and outlining the
conceptual principles that underpinned decisionintalinder the previous Balance of Nature
paradigm. | then outline how a review of the engairbasis for elephant management in KNP
revealed the implications of ecosystem complexitthe park’s decision-makers, resulting in a
paradigm shift to heterogeneity. | end the chapyeoutlining a framework for providing
empirical support for this approach, with the aihadvancing our understanding of elephants

as agents of change in complex savanna systems.

1.5 Understanding and managing the “elephant problem”

The potentially destructive and widespread consecpeof elephant feeding on savanna
vegetation present park managers with a consernvdtiemma commonly referred to as the
“elephant problem” (Caughley, 1976, Barnes, 1988n@ing et al., 1997). This dilemma
arises from a widespread perception that growiegleint populations are incompatible with
successful biodiversity conservation (Van Wyk aag&l, 1969, Cumming et al., 1997).
Although fluctuating elephant populations presumatacurred throughout history, the notion
of an “elephant problem” was coined during the 197CGaughley, 1976) after conservation
efforts had resulted in a marked recovery of elappapulations from their previously low
numbers brought about by extensive hunting fonjybabitat loss through human
encroachment, and diseases such as anthrax anddempest in the early 1900’s (Scholes and
Mennell, 2008). By protecting elephants, signsltdrations in other important components of
diversity began to emerge, notably loss of woodyetation composition and changes in
woody structural diversity (Van Wyk and Fairall, 6B Eckhardt et al., 2001). Protected area
managers therefore required a model for decisiokirga
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1.5.1 The Intermediate Disturbance Hypothesis and carryig capacity as the

past focus for managing elephant-mediated biodiveity change

In the era that spawned the “elephant problem”Jntermediate Disturbance Hypothesis

(IDH; (Connell, 1979)) was a popular model involtegredict the effects of elephants or other
ecosystem disturbances on biodiversity (Van Wyk Baidall, 1969). The IDH predicts that
maximum diversity is achievable at moderate levélisturbance — this moderate level of
disturbance was assumed to be linearly relatetefihant population size and so equated with
an ecological carrying capacity, where elephantlmensiwere expected to be in equilibrium
with vegetation dynamics (Pienaar, 1969). UndeillEh¢, low diversity was predicted to occur
at low levels of elephant disturbance due to aqgmredance of competitively dominant species
(Connell, 1979). At the high end of the IDH curiay diversity was again predicted, but in
this instance due to loss of impact intolerant sggeat high levels of disturbance (Gillson and
Lindsay, 2003). Hence elephant management withi® Klds aimed at maintaining moderate
levels of impact throughout the park, by keepirepbhant densities below an ecological
carrying capacity of 7000 elephants (or 0.65 elaphper krf) through culling and (limited)
translocations (Pienaar, 1969). Importantly, tigsiife for an elephant carrying capacity had no
scientific basis, but was simply the prevailing raenof elephants in KNP after a key
publication recommended elephants be held at tueient numbers to prevent further
destruction of vegetation in the park (Van Wyk &adrall, 1969).

In addition to keeping elephants below a populatieiing in KNP, managers also tried
to stabilise the highly variable supply of surfacster (Pienaar, 1970, Gaylard et al., 2003) by
providing over 300 permanently open boreholes utmgaly across the landscape (Pienaar,
1985). Although the primary goal of this water psien programme was to prevent the loss of
game species during droughts (Pienaar, 1985),9tals® envisaged that abundant and evenly
spaced waterholes would spread water-dependentberb such as elephants more evenly,
inducing moderate levels of impact and hence optigidiversity across the landscape (Van
Wyk and Fairall, 1969), following a scale-neutithioqught spatially implicit) interpretation of
the IDH (Connell, 1979). However, neither keepifgpbant populations stable at low
densities, nor spreading their impacts acrossah@sicape, prevented a loss of tall trees
(Trollope et al., 1998, Eckhardt et al., 2001)extuctions in sensitive plant species, most
notably marulés. birrea andA. digitata (Kelly, 2001, Edkins et al., 2008) in KNP.

The KNP case study demonstrates that basing elepfaragement on an elephant
population ceiling provided no guarantee of biodsitg protection, and that the search for

carrying capacity was unhelpful in the context imfdoversity management (Owen-Smith et al.,
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2006, Scholes and Mennell, 2008). How, then, ansewationists to make decisions about

protecting biodiversity in the presence of elephant

1.5.2 KNP'’s review of the ecological basis for elephant anagement — the

shift to an underlying heterogeneity paradigm
A moratorium on elephant culling in South Africalif94 prompted a major review of the
scientific and social basis for elephant managenmekiNP (Scholes and Mennell, 2008).
From a social perspective, the point at which edgplimpacts become undesirable to
stakeholders is, by definition, based on their @aystems. The underlying Balance of Nature
paradigm that still pervades western society ppediss stakeholders to expect ecosystems to
remain at some optimum or climax state, and thatd@viations away from it should be
prevented (Botkin, 1990, Wu and Loucks, 1995). pteslominance of tall savanna woodlands
encountered by Europeans when they first settled.dhwveld in the early 1900’s (Mabunda et
al., 2003) was perceived as such an optimal saateconsequently became the benchmark for
assessing levels of undesirable change by elephamigever, the preponderance of the
woodland component of savannas at that time iskrewn to have been the consequence of a
dramatic reduction in herbivory caused by a majeradf of ungulates during a Rinderpest
epidemic at the end of the"18entury (Bengis et al., 2003), as well as thronngissively
reduced elephant populations as a consequence tfaity trade (Gillson and Lindsay, 2003).
Now that herbivore populations, including elephahts/e recovered, is the preservation of the
woodland component of savannas an appropriate rear&ag goal? If not, what is the “right”
benchmark to aim for?

A review of the ecological basis of elephant managet in the latter 1990’s exposed
KNP scientists and managers to the emergence gbleaity theory and non-equilibrium
dynamics in ecology, and their relevance to hetmegus savannas (Whyte et al., 1999,
Whyte, 2004). An important implication of this rew was the recognition that complex
ecosystems have multiple possible stable statestha historical benchmarks for the
maintenance of particular tree species or sizesetamay thus be inappropriate management
goals for KNP. Moreover, the emphasis on flux anatality led to the realization that
management interventions aimed at keeping systeahkesn fact eroded ecosystem resilience
and was therefore counter to maintaining biodiver@iolling, 1973, Gunderson and Holling,
2001, Folke et al., 2004). Consequently, disturbaegimes such as those produced by fire

and elephant impacts were recognized as beingatremdsystem processes that promote
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biodiversity through the creation of dynamic patebsaics (Pickett and Rogers, 1997) and the

maintenance of ecosystem resilience (Folke e2@04).

This paradigm shift in management philosophy ferKiINP resulted in a significantly
revised elephant management plan (Whyte et al9)li@9which the primary focus shifted
from limiting elephant population size, to managagariable distribution of elephant impacts
over space and time (Whyte, 2004). Implicit in taggproach is acceptance of the loss of
impact intolerant species or size classes fromacepgatches of the landscape, or under certain
conditions even local extinction from the parkhétspecies is protected elsewhere (i.e. the
notion of complementarity; (Justus and Sarkar, 20@h early favourite for accomplishing
such variability was the removal of artificial soas of water (Pienaar et al., 1997), to increase
distances between the remaining water sourcesaust @lephants to focus their activities
around these waterpoints (Owen-Smith, 1996). Howealasktop studies using Geographic
Information Systems indicated that most areas iPKduld still be closer than 10 km from
water even if all artificial sources were removand that the entire landscape would therefore
remain accessible to elephants (Redfern, 2002,drReét al., 2005, Smit et al., 2007a, Smit
and Grant, 2009)

1.5.3 Lack of empirical support for an elephant managemenphilosophy
underpinned by heterogeneity — a mismatch betweermignce and

management

The underlying premise of KNP’s revised elephanhaggment philosophy is that patchy
elephant impacts will prevent widespread bioditgrsisses because the intervening areas,
referred to as “refuge” areas, will allow for pstsence of impact intolerant species (Owen-
Smith et al., 2006). This reasoning is reflecteclgpatially explicit interpretation of the IDH,

in which a range of elephant impact severitiesiffeent patches of the landscape mosaic
represent different points along the IDH curve. €kistence of a range of disturbance levels
promotes the co-existence of different suites etgs at a landscape level, rather than a single
“optimal” suite of species maintained under modetavels of impact spread evenly across the
entire park. This perspective suggests that thedayitigating elephant-mediated biodiversity
loss over large areas is to allow for spatial argeral refuges from elephant herbivory, by
inducing variable space use by elephants (Owenfsahial., 2006, O’Connor et al., 2007,
Kerley et al., 2008). However, no empirical stucdasst that explore the relationship between
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elephant disturbances and the generation or maintenof heterogeneity explicitly, either in
KNP or elsewhere (Scholes and Mennell, 2008). At baleveloping trend of collecting
elephant movement data remotely over large schteagh GPS/satellite technology has
resulted in demonstrable patterns of heterogemeyephant space use (Grainger et al., 2006,
Loarie et al., 2009, Young et al., 2009). As a ltesloere is still poor understanding of which
factors would likely produce sufficiently patchyparcts to create refuges from elephant
disturbance, and under what conditions.

Manipulation of water distribution through altenedter provisioning has been
proposed as a means of generating or restoringretehogeneity (Owen-Smith, 1996,
Gaylard et al., 2003, Owen-Smith et al., 2006, ClaiérJammes et al., 2007, O’Connor et al.,
2007). However, since the abundance of naturakceswf water in KNP leaves few areas
remote from water relative to elephant foragingges(Redfern et al., 2003), uncertainty
remains as to the extent to which elephants expihegswater dependence in this landscape,
and hence whether further borehole closure wouhdigee adequate scales of heterogeneity to
provide refuges from severe elephant impacts (Redfeal., 2005, Smit et al., 2007a, Smit et
al., 2007c, Grant et al., 2008). Hence, despitdabiethat South African National Parks, a
leading conservation agency, now bases its ele@mhbiodiversity management on a
heterogeneity paradigm, there is still no frameworkadvancing understanding of elephants
as agents of change in complex systems (Scholesandell, 2008). Understanding how
elephants alter biodiversity is central to makingred elephant management decisions (Owen-
Smith et al., 2006, Kerley et al., 2008), but ia #bsence of empirical support for a
heterogeneity approach to managing elephants, tharenismatch between the current
philosophy underpinning elephant management anddieace that is meant to serve it. The
following section proposes a framework for suchetelfogeneity approach, and in this manner

contextualises the broad objectives for my study.

1.6 A heterogeneity approach for linking elephant sciece

and management - study aim, location and objectives

Having outlined the important components of hetermity and complex systems in the
preceding sections of this chapter, as well as te&vance for elephant disturbance regimes, |
propose that a heterogeneity approach for linklegheant science and management requires
more than the current tacit acknowledgement oettistence of heterogeneity and complexity

(Cadenasso et al., 2006, Rogers et al., 2013)vens@ landscapes. It also requires explicit
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guantification of the scales and spatial pattefredephant responses to key resources, and the
associated effects on vegetation. Despite the waatepted paradigm shift to heterogeneity
(Rogers, 2003), the review of previous elephardistiearlier in this chapter has illustrated
that these studies have failed to account for sg¢wéithe key features of heterogeneity. In the
first instance, quantifications of the patchinekslephants’ key resources (such as surface
water) have been limited to spatially implicit mees, despite the fact that spatial
configuration, or patch context, is a key contrdyub heterogeneity (Kotliar and Wiens, 1990).
Can we fully understand patterns of resource hgereity without an appreciation of spatial
context? Secondly, attempts to incorporate scateimvestigations of elephant landscape use
have all imposed priori or anthropogenic scales of analysis, rather thawiag the relevant
scales to emerge. Can we be sure that these impoaks$ comprehensively describe those
aspects of elephant resource use that are relev#mgir roles as agents of change in savannas?

Thirdly, traditional parametric statistical techaés are unable to deal with certain
common features of heterogeneous systems suclaial sjutocorrelation , or regional
variation (or non-stationarity), and hence thedéepas must be eliminated before such tests
can be used (Samuels, 1993, Anand et al., 201@nkral., 2012). Finally, the multiple
possible cause-and-effect relationships, ecolodgesaibacks and emergent properties common
in complex systems are difficult, if not impossibie disentangle using narrowly focused
hypothesis-testing. Instead, adaptive inferencdlift¢pand Allen, 2002) has been suggested as
a means of minimising both Type | and Type Il esr(Mlills et al., 2006) when investiging
complex systems, using multiple lines of evidemceinnow out hypotheses that have gained
little support. How confident can we be of the wistiending generated by previous
reductionist investigations (Mills et al., 2006,deos et al., 2013) of the drivers of elephant-

mediated biodiversity change?

Given this context, the main aim of this studyaslevelop a framework for a
heterogeneity approach that (i) can incorporatelpabntext as a contributor to patterns of
resource heterogeneity; (ii) allow the relevantefs of resource heterogeneity, as well as
elephant responses to this heterogeneity, to enfiengre rather than being imposed on, the
analyses priori; (iii) are able to make use of the presence dfigipautocorrelation in datasets
to elucidate important underlying patterns and esses associated with elephant use of the
landscape, rather than trying to eliminate it tiisfathe assumptions of traditional statistical
approaches; (iv) can account for regional varigtamon-stationarity, when investigating the

drivers of elephant space use and the associattthdtion of their impacts; and (v) ultimately
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make use of multiple lines of reasoning, rathentharrowly focused hypotheses, to infer
elephant-mediated trajectories of biodiversity gearBy developing this framework through
the course of the thesis, | hope not only to adeane understanding of elephants as agents of
change in heterogeneous savannas, but also to daaterthe broader significance of such an

approach for studies of heterogeneity in other derpystems.

Because of its large size (2 million ha) and welédgmented management history, KNP
represents one of the few remaining areas wheteakpaterogeneity and ecological response
can still operate relatively freely over large sgmand long time frames (Pickett et al., 2003).
The park occurs in a semi-arid environment chareset@ by high levels of surface water
heterogeneity (Gaylard et al., 2003), known to shelpphant distributions and feeding
activities elsewhere in Africa (Western, 1975, Ov@mnith, 1988, Owen-Smith, 1996). At the
time of the study, KNP had relatively high elephaensities of around 1 Kfn(Van Wyk and
Fairall, 1969), which were a cause for concern émagers mandated with protecting the
park’s biodiversity (Whyte et al., 1999). For thesasons, and the recent shift from a Balance
of Nature approach, KNP provided a unique oppotyuior applying the proposed
heterogeneity framework. In the sections that fe)]lbexplain my rationale for selecting
riparian zones in the northern region of KNP asstuygly area, and outline the broad objectives

for, and structure of, the study.

1.6.1 Riparian zones of ephemeral rivers in northern KNPas an

opportunity to explore a heterogeneity approach
Surface water availability in semi-arid savannashsas KNP varies along with winter droughts
and summer rains, as well as over 9-year cyclegebtind dry periods (Gertenbach, 1980). In
addition, rainfall varies along a North-South ralhfjradient in the park, and as a result of
variable underlying geology and evapotranspiraf®aylard et al 2003). This results in the
presence of primarily perennial rivers with var@ibw regimes at the high end of the rainfall
gradient in the south of the park (O’Keefe and Re@®03). In contrast, in the northern low
rainfall areas rivers are mainly ephemeral, flowamdy if sufficient rains have fallen during
the wet season (Gaylard et al., 2003).

As a result, the northern part of KNP has the gsgateasonal contrasts in surface water
availability in the park. Having flowed after goaains during the wet season, the larger

ephemeral rivers in KNP, such as those found imthvéh of the park, are left with only pools
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of standing water along their lengths as the rideysup over the course of the dry season
(Gaylard et al., 2003). These essentially pointemaiof water within the river channels
contrast with perennial rivers further south thedna continuous flow of water throughout
their lengths and over time. Water in the adjacetetfluve areas is limited to a few natural
springs and pans (Gaylard et al., 2003). In additmrthern KNP was the site of experimental
boreholes closure in the 3 years prior to theatidin of this study, restoring surface water
distribution to more natural patterns (Harringtorale, 1999). The greater contrasts in surface
water availability in this part of the park makesthern KNP an ideal site for exploring
patterns of surface water heterogeneity.

Finally, riparian zones provide critical resourfaselephants and other herbivores
during the dry season when sources of food, walgishade have become scarce elsewhere in
the landscape (Western, 1975, Owen-Smith, 1988 ncsweith, 1996). Accordingly, elephants
focus their activities in riparian zones during thrg season. Riparian zones therefore provide
an opportunity to investigate elephant responsesu@ing feeding) to sources of resource
heterogeneity such as surface water availabilitth ephemeral rivers representing the drier
end of the park’s surface water availability contim. Moreover, since fire is infrequent in
riparian zones, a primary confounding factor inealyn savanna vegetation dynamics (and the

resulting vegetation patterns) is eliminated byuog on this part of the landscape.

1.6.2 Study objectives and thesis structure

To develop the heterogeneity approach, | have édvitie thesis into six chapters. The chapters
sequentially address each of the components dfdheework outlined above (section 1.6),
each new chapter cumulatively building on the meéthagy of previous chapters by
incorporating additional components. Consequettiire is a degree of unavoidable repetition
of the methodologies deemed to be crucial for dgirp the heterogeneity approach.
Nevertheless, the thesis has been structured atintention of submitting each data chapter
as an independent manuscript, with each chapteessidg a different aspect of how |
hypothesize elephants will respond to, and in soglgenerate, heterogeneity in the landscape.
Specifically, | focus my attention on illuminatitige scales and patterns of heterogeneity of the
surface water resource, investigating the scalesath elephants respond to these patterns of
surface water heterogeneity, and assessing thédoatheterogeneity of these patterns by
determining whether they generate patchiness phala disturbance regimes as a result.

Finally, using a spatially explicit interpretatiohthe Intermediate Disturbance Hypothesis (as
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described in section 1.5.3), | use multiple linéswdence gathered in the preceding chapters
to place the study area along a trajectory of elapimediated biodiversity change, and assess
which components of riparian biodiversity may padevan earlier warning signal of impending

biodiversity losses.

Chapter 1: Elephants as agents of change in savaiwhay do we need a Heterogeneity

approach? (i.e. this chapter)

In this introductory chapter | have provided therl background to the study, reviewing the
literature on elephant-vegetation interactionsyals as on changes in elephant management
philosophies following an ecological paradigm shidtemphasize the need for a fresh
perspective of elephants as agents of change ansas. | have outlined the shortcomings of
previous elephant studies, including those thaelmwrported to be underpinned by
heterogeneity, and proposed a framework for a bgégreity approach that explicitly accounts

for key features of complex systems.

Chapter 2: Understanding surface water heterogeagithe template for elephant

disturbances: a spatially explicit approach

Our current understanding of how elephants respopatchiness in surface water distribution
is based on spatially implicit measures of surfaager distribution (distance to water) that
cannot account for the patch context, or spatiafigaration, of waterpoints. In Chapter 2, |
investigate what insights may be gained by exargisurface water heterogeneity in a
spatially explicit manner that allows for the quacation of patterns of waterpoint spatial
configuration emerging at particular scales. Byoamting for this patch context, the technique
employed to elucidate these patterns representgsheomponent of the proposed
heterogeneity approach. The results have implicatior understanding the template for
elephant disturbances provided by prevailing pasteif surface water heterogeneity, as well as
for how artificial water provisioning may alter shiemplate.

Chapter 3: The role of surface water heterogeneigfephant patch choice and feeding in a

landscape with abundant water sources

Surface water provides a template for patchy eleptiaturbances only if it is sufficiently

heterogeneous to generate differential movemenfaading responses by elephants over
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space and time. In this chapter | explore whetired, at what scales, elephant patch choice and
feeding are associated with the spatio-temporaépet of the surface water resource
elucidated in Chapter 2. The heterogeneity appraadeveloped further by incorporating a
Geographicallly Weighted Regression (GWR) methad thakes use of spatial autocorrelation
in elephant spatial responses to expose undertiringrs and modulators of elephant patch
choice and feeding (including energetic requireméaised on elephants’ sexual size
dimorphism and social systems as proxies), and test these drivers and responses may vary
over time. The results have implications for untierding the conditions underwhich surface
water provides a template for patchy elephant disioces, as well as how this template may

be altered through water provisioning in order @nipulate elephants’ use of the landscape.

Chapter 4: Can refuges from elephant impact exiktndscapes with abundant surface water?

Understanding elephant patch choices is importacalise patches that are infrequently visited
by elephants may potentially serve as refuges &tmphant impact, allowing impact intolerant
species to persist in these parts of the lands@dffemugh surface water heterogeneity has
been proposed to generate such refuges (Owen-Ska@B, Chamaillé-Jammes et al., 2007,
Kerley et al., 2008), there is general consensaisrédiuges will only be generated where
distances to surface water render parts of thestaape inaccessible to elephants (Redfern,
2002, Redfern et al., 2005, Smit et al., 2007at &mal., 2007c, Smit and Grant, 2009). Given
the understanding of patterns of elephant resptanserface water heterogeneity gained by
incorporating patch context in the previous chaytes chapter asks whether it is possible for
refuges to exist in landscapes where distancesgeetwater sources are small relative to

elephants’ maximum daily foraging ranges.

| address this question by assessing where elephpatts accumulate in the
landscape relative to the patterns of surface weaarogeneity that generated elephant patch
choice and feeding, and test the hypothesis thatdrgasing disturbance return intervals,
temporal surface water heterogeneity can providehea of lower elephant impact in which
plants can recover between successive bouts diaeplisturbance. The heterogeneity
approach is further built upon in this chapter gy &dditional use of the predictive component
of the GWR, to assess how differently impacts magumulate in the absence of artificial
water sources. The results therefore have imptinatfor understanding the role of surface

water heterogeneity in the generation of spatidltemporal refuges from elephant
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disturbances, as well as for decision-making reggrthe use of water provision to manipulate

the spatial and temporal parameters of elephantrdances.

Chapter 5: Elephant-mediated modifications to hiediity along a trajectory of change in a

heterogeneous landscape

Underlying predictions that surface water hetereggrcan prevent elephant-induced
biodiversity loss, is the hypothesis that spatnal semporal refuges from elephant impact
allow impact intolerant species to persist in laxabes where local reductions in biodiversity
occur elsewhere. This represents a heterogenégrpnetation of the Intermediate Disturbance
Hypothesis in which, rather than striving for soimermediate level of disturbance across the
entire landscape to optimise biodiversity, the gealld be to ensure patches of varying
elephant disturbance in different parts of the &mage. Although this heterogeneity
interpretation of the IDH underpins contemporagpblant management philosophies in
southern African savannas, there is as yet no éapevidence to support it. Underpinned by
the understanding of the role of surface waterrbgeneity in elephant patch choice and
feeding, and hence in the accumulation of elepimapécts across the landscape, gained in the
preceding chapters, | develop the heterogeneityoagp further here by evaluating the
multiple lines of evidence from the preceding ckeantTogether these lines of evidence
pinpoint the study area’s placement along a trajgatf elephant-mediated biodiversity
change. In this way | incorporate the final, adaptnference component of the heterogeneity
approach. The results have implications for the enafdscience required to disentangle the
relative roles of the multiple drivers of complestems, as well as for predicting elephant-

mediated biodiversity changes under increasinghaeppopulations.

Chapter 6: How has the heterogeneity approach addaour understanding of elephants as

agents of change in complex systems?

In this final, concluding chapter, | evaluate hdw tnsights gained by using a heterogeneity
approach in Chapters 2 — 5 have advanced our uaddisg of elephants as agents of change
in heterogeneous landscapes. Specifically, | sumsméne implications of using approaches
that account for key attributes of complex hetenageis systems, such as patch context and

scale, spatial autocorrelation, non-stationarity amultiple drivers of ecosystem pattern. | then
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summarise the advances my study has made towaps@hunderstanding of how elephants
respond to surface water heterogeneity beyond sintiptance-to-water measures. Given this
nuanced understanding of the role of surface wegtarogeneity in generating spatial and
temporal refuges from elephant impact, | outline filture scope for strategic water
provisioning policies to minimise biodiversity lossthe face of increasing elephant
populations, and provide recommendations for moinigotrajectories of elephant-induced
biodiversity change. Finally, | identify knowledgaps emanating from this work, and consider
its implications for a broader understanding of largianisms respond to, and thereby
generate, ecological heterogeneity in complex systéore broadly, | consider what lessons

can be learnt for the approach to investigatingmemsystems.
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Chapter Two - Understanding surface water
heterogeneity as the template for elephant

disturbances: a spatially explicit approach

2.1. Introduction

The spatial arrangement of resources affects tait;m, movement patterns, foraging
dynamics and persistence of organisms (Turner.,e1@93). Organisms, in turn, create natural
disturbances (Pickett and White, 1985), which anerag the most important generators of
pattern in the landscape (Turner et al., 1993hhikway, organisms both respond to, and
create, heterogeneity (Pickett et al., 2000, Kextogl., 2007). As a result, resource
heterogeneity can be functionally stablising byal@ing consumption to certain patches, or by
spreading consumption away from patches of predeesources before these become
critically depleted (Owen-Smith, 2004). These dymanplay an important role in determining
whether shifting patch mosaics are created by kaglised ecosystem disturbances and
maintained in a long-term steady state (BormannlLakehs, 1979), or whether ecosystems

shift to an alternative state through extensiva-axgisation instead.

Elephants, for example, are water-dependent (OweithS1988), focusing their dry
season activities in the vicinity of surface watesemi-arid savannas (Western, 1975, Western
and Lindsay, 1984). As the dry season progresagsace water sources become depleted,
constraining elephants to areas that are accedsinhepermanent sources of drinking water,
regardless of the abundance of food elsewheraglfind O'Connor, 2000). In this way
vegetation in the areas remote from permanent wsatetieved of severe herbivory during the
dry season. Similarly, the presence of temporatgmsources during the rainy season
alleviates pressure on vegetation near permandst vy reducing the period of elephant
concentration in these areas (Owen-Smith, 199@)celeghe distribution of surface water
provides a template for elephant disturbances bgrakening where vegetation impacts occur,
as well as the seasonal duration of these imp@ete-Smith, 1996). Within this context,
surface water heterogeneity can generate spatiahgroral refuges from elephant
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disturbances (lllius and O'Connor, 2000, Owen-Sreital., 2006, Kerley et al., 2008). Gaining
an understanding of surface water heterogenethei®fore a crucial first step towards
advancing our understanding of elephants as destigdagents in heterogeneous systems such

as semi-arid savannas.

Current understanding of savanna surface waterdggreity is based on studies that
have focused on the distances that herbivores trav&l to reach water, and how this varies
over time, commonly referred to surface water amlity (Owen-Smith, 1996, Redfern, 2002,
Gaylard et al., 2003, Redfern et al., 2005, Chdédammes et al., 2007a, ChamailEnmes
et al., 2007b, Smit et al., 2007c, Chamaillé-Jameted., 2008, Smit and Grant, 2009, Smit
and Ferreira, 2010, Smit, 2011). Herbivores in sana savannas are faced with highly
variable surface water availability associated wiasonal rainfall fluctuations. Most water
sources are confined to riparian zones, with osdjated springs or ephemeral pans in the
intervening interfluves (Gaylard et al., 2003). étenal rivers in higher rainfall areas (>500
mm per annum) represent permanent, linear soufagater that animals can visit at any point
along the river course to obtain drinking watercémtrast, the rivers in lower rainfall areas
(<500 mm per annum) only flow during the wet sead@atobson, 1997) . At some points
along these ephemeral river courses, notably twitheunderlying bedrock, water is retained
in the same location year after year, providingleble source of surface water for elephants
and other herbivores (Gaylard et al., 2003). Tleations of persistent natural waterpoints
along these ephemeral river courses can changreadtirge flood event, as sediment is
scoured away and transported downstream, exposm@tk that prevents water from seeping
beneath the surface into the water table (Jacold887). In addition to seasonal fluctuations in
rainfall, southern African savannas also experighgear wet and dry cycles, with additional
interannual variability superimposed by El Nino etge(Gertenbach, 1980), generating surface

water heterogeneity across multiple temporal scales

Artificial water sources have been used to augmaniral sources in savanna systems,
in an attempt to dampen this variability and prevadmore reliable source of water for game
(Pienaar, 1985, Pienaar et al., 1997). Such watetigioning generally involves establishing a
large number of boreholes that supply cement treugihd that are kept open year-round, year
after year. Large (up to 5 ha) earthen impoundm@aisis) are provided in smaller numbers
but, in contrast to the perennial boreholes, thesd to dry up during drought conditions
(Gaylard et al., 2003). Hence evenly-spaced watarigioning can dampen the spatial and

temporal heterogeneity of surface water in savaystems (Chamaildammes et al., 2007b)
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by reducing or evening the range of distances batweurces of surface water, and by
maintaining the location and abundance of watercasueven during drought conditions
(Pienaar, 1985). Therefore, provision of artifiaiadter sources potentially reduces the amount
of landscape that is inaccessible to elephantst(20i.1) and reduces the intervals between
bouts of elephant disturbance in the vicinity afface water, by increasing the persistence of

surface water through the dry season.

To date quantifying surface water heterogeneitthagemplate for elephant
disturbances has been based on the relative propedf a landscape that are accessible to
elephants within their maximum daily foraging ras¢20-30 km; (Owen-Smith, 1988)). For
example, landscapes with few areas inaccessildipihants even during drier conditions have
been deemed to have spatially homogenous surfaee, weecluding the possibility of
providing refuges from elephant disturbances (O®anth, 1996, Smit et al., 2007a). In
contrast, landscapes have been deemed to havedesteous surface water if substantial
portions of the landscape are further than 25-3Grkm water, at least towards the end of the
dry season (Owen-Smith, 1996). Based on this distam-water (DtW) understanding, surface
water in KNP was thought to provide an homogeneuosptate for elephant disturbances
(Redfern et al., 2005, Smit et al., 2007a), siheeréelatively abundant sources of natural water
in this landscape leave few areas further than Brekm water (Gaylard et al., 2003, Redfern et
al., 2003). Moreover, even if all artificial wateipts were to be removed, this would not
significantly increase the proportion of the larajse >15 km from water, except during
extreme drought years (Redfern et al., 2005, Shait £2007a, Smit and Grant, 2009). As a
result, most studies agree that surface water mimesonstrain elephant foraging in landscapes
such as KNP, where the abundance and distribufiarater sources leaves few parts of the
landscape beyond the daily maximum foraging ranfetephants (Redfern et al., 2005, Smit
and Grant, 2009). Consequently, further closurartificial waterpoints to generate refuges
from elephant impacts has largely been dismissedch landscapes (Grant et al., 2008).

Although DtW studies have been used to quantiffeserwater heterogeneity, they
provide only a spatially implicit measure. Spatiathplicit measures quantify the simplest
expressions of heterogeneity, measuring the aggregaiation among points in a given area
(Wiens, 2000). In contrast, a key principle of tieterogeneity paradigm is that patch context,
or the spatial configuration of patches, is an ingot determinant of spatial heterogeneity that
can only be quantified using spatially explicit eggches (Forman and Godron, 1981, Kotliar
and Wiens, 1990, Wiens, 1995). Accordingly, moxerg empirical and modelling studies of
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ecological dynamics have emphasized the need &iadly explicit approaches (Griinbaum,
2002). Importantly, understanding spatial hetereggns dependent on the scale of
observation (Turner, 1989, Fortin et al., 2012) @mdjuantification should therefore be
computed at multiple scales, rather than at seaalpssed by the researcher (Li and Wu, 2004,
Fortin et al., 2006). Since spatially implicit aysgs do not explicitly account for scale, the
understanding that we have gained from broad-$2#Mé patterns of surface water

heterogeneity to date may not apply at finer scales

Identifying these potential gaps in our understagdaises key questions that may have
important implications for understanding the rolesarface water heterogeneity in modulating
elephant use of the landscape. For example, wosisially explicit quantification of surface
water heterogeneity provide new insights into #maglate of surface water available to
elephants, and if so, at what scales are theserpsitnanifest? Waterpoints that are clustered
together may experience less severe impacts tloge that are further apart, but the impacts
may extend across the intervening areas leavirgpatal refuges from elephant disturbance
between them. In contrast, local impacts in thénitie of more isolated waterpoints may be
more severe due to aggregation of elephants (Ciérdaimmes et al., 2008), but the
intervening areas may remain relatively free frdepkant disturbance. Secondly, might a
spatially explicit analysis of the changes in scefavater distribution under varying rainfall
conditions provide a more nuanced understandinigroporal surface water heterogeneity than
that provided by DtW analyses? If the spatial agunfation of waterpoints changes along with
varying rainfall over time, patches less frequentiited by elephants (i.e. with large
disturbance return intervals) may receive tempafaige from severe impacts. Finally, might
an understanding of the spatial configuration ofer@oints advance our understanding of how
artificial water provisioning could be manipulatiedenhance spatial or temporal surface water

heterogeneity?

In this chapter, | address these questions by contpthe templates of surface water
heterogeneity exposed by patterns of DtW versusnpaint spatial configuration for the same
area. In so doing, | develop the first componerthefframework for a heterogeneity approach,
evaluating the spatially explicit approach by tegtihe following predictions emanating from

the current DtW perspective:

) the spatial variability of surface water in a lac&se where elephants are not
constrained by maximum daily distances to wateviges an homogenous

surface water template for elephants;
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i) as such, surface water only varies over time i ldndscape when the distances
between waterpoints becomes greater during drigogse and therefore

i) artificial water provision only has a dampeningeetfon spatio-temporal
surface water heterogeneity in these landscapes die&nces between water

sources increases during such extreme drought tommsli

Ephemeral rivers provide an ideal opportunity &sting these predictions, since they
represent point sources of water with particulatigp arrangements, rather than linear sources
of water such as perennial rivers. Moreover, tlwation and abundance of these point water
sources, as well as the distances between themopasgatic over time. Rather, they shift in
response to the amount and timing of rainfall eseintroducing a source of temporal
variability not present in perennial river systef@acobson, 1997). Riparian zones also
represent important areas of criticial resourcelfephants during bottleneck periods towards
the end of the dry season and during drier yeagackl these riparian zones are the most likely

areas in which to find elephants responding tosé¥yson surface water distribution.

2.2 Study area

| selected a study area of 390 000 ha betweenhimg\8edzi and Mphongolo Rivers in the far
northern region of KNP, at the dry end of the psurkdrth-south rainfall gradient (<500 mm
rainfall per annum; Figure 2.1). Surface water aeailable along four ephemeral rivers
traversing the study area (the Shingwedzi, PhugwBueubu and Mphongolo rivers), as well
as in a small number of ephemeral springs (8%taf teater) and pans (6% of total water) in
the upland areas away from these rivers (Gaylaadl €2003); Figure 2.1). Distances between
these ephemeral rivers ranged between three akoh,1léompared with 10 — 40 km between
the perennial rivers in the wetter southern arédiseopark. In addition to these natural sources
of water, the water provisioning programme initiaie KNP during the 1960’s (Pienaar, 1985)

provided man-made sources of water in the formooéholes and dams.

Permanently pumped boreholes (35% of the totalvgateply) had been placed
wherever natural water was expected to have oatumrthe past in both the riparian and
upland sections of the landscape, while earth dad? of total water) occurred only along
the ephemeral rivers of the riparian zone. As alte88% of the area’s dry season surface
water was concentrated within the riparian zondckvhonstituted only 2% of the study area.

The density of waterpoints in the riparian zone assuch as two orders of magnitude higher
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(134 waterpoints/10 000 ha) than that in the adjbceerfluves (1.2/10 000 ha). Hence surface
water in this landscape resembled a natural sitwati as much as the riparian zones
maintained most of the surface water and thus septed critical dry season resources for
herbivores. However, within the riparian zone dmdyf of the water sources were natural
(48%) while the other half was artificially supmi€52%).

Three years of highly variable rainfall (measunexhf July — June) occurred over the
course of the study period (1997 — 1999). The Shauzi weather station recorded 455 mm of
rain during the first year (July 1996 — June 19@pproximating the long-term mean annual
rainfall for the area (Gertenbach, 1980). The sdgaar (1998) was very dry, receiving just
over half the long-term mean annual rainfall (250 imetween July 1997 — June 1998). During
the final year (1999), the study area received rtiwaia twice the long-term mean annual
rainfall (950 mm July 1998 — June 1999). Hencefdrtiefer to these years as average (July
1996 — June 1997), dry (July 1997 — June 1998aidJuly 1998 — June 1999) years.
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Figure 2.1  Map of perennial surface water in the stdy area in the drier northern
region of Kruger National Park (black dots represen waterpoints that persisted through
even the driest year of the study period, grey dotare waterpoints that retained only
small volumes of water during the driest year, andvhite dots are waterpoints that only
persisted through the dry seasons of the average dmwet years; X’s represent artificial

water supplies)
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2.3 Methods

My approach centered around a comparison of spaitmaplicit versus spatially explicit
methodologies to expose patterns of surface waterdgeneity in the northern ephemeral
rivers in KNP. This required the compilation offto-temporal database of all the surface
water in the study area before traditional DtW gsas, followed by analyses of waterpoint
spatial configurations, could be undertaken. Theepas revealed using these techniques were
also compared over time in relation to varying fairover the course of the dry season, as
well as among years during the study period. Laatlyof these analyses were repeated using a
scenario that included only natural sources ofexrfwvater, in order to compare how artificial
water provision had influenced patterns of DtW usr&aterpoint spatial configuration in the
study area. The analyses were restricted to disosesurface water heterogeneity as this
represents the water resource bottleneck periodh Wwhebivores are expected to be most

constrained by surface water availability (Wesind Lindsay, 1984).

2.3.1 Compilation of a surface water database

| mapped the locations of all sources of surfaceemn@atural waterholes, springs and pans,
and artificially provided boreholes and dams) altregfour major rivers (the Shingwedzi,
Phugwane, Bububu and Mphongolo rivers) traverdaegstudy area, during an aerial survey at
the onset of the first dry season of the studygoefMay 1997). Although the analyses were
restricted to the riparian zone, | included uplarader sources because of the spatial context
they provided to riparian water sources. The laretiof perennial water sources in the
intervening upland areas were obtained from 1:3DtBpographical maps from the Land
Surveyor General, and from a water database cetlexs part of the annual aerial survey of
large mammals conducted by the Scientific Serviziession in KNP. The persistence of all
the surface water across the study area was thekett on a monthly basis through the three
dry seasons of the study period, by means of greisit$ and through accounts in ranger
diaries. These records were then used to cregtatem<emporal database of how long each
waterpoint persisted through the dry seasons exparg varying rainfall between 1997-1999,
using ArcMap 10.1 (ESRI, 2001).
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2.3.2 Spatial analyses of surface water heterogeneity

Distance to water

| quantified distance-to-water (DtW) as the relatproportions of the landscape at different
distances from surface water, in order to compatiems of surface water heterogeneity in the
study area with those of previous DtW studies. ddhils, | needed to differentiate the
landscape into different distance categories fratewin an objective manner. | determined
these distance categories by calculating the fregyudistribution of distances from all
waterpoints in the study area using 1-km incremintise Buffer function of ArcMap v10
(ESRI, 2001). I then used this distribution to deii@e the upper and lower limits for the
distance classes. Firstly, since a negligible pribgo of the landscape was further than 16 km
from perennial water, | assigned all areas furthan 16 km into one distance class. At the
opposite end of the DtW range, a number of areas aleser than 1 km from water. |

therefore halved the first 1-km increment and assigareas into distance classes of either <0.5
km or 0.5 — 1 km from water. Distance classes betwhe smallest (<0.5 km) and largest (>16
km) were assigned by sequentially doubling eactadc® class until the value reached the
largest distance (16 km), to minimise the numbatisfance classes for ease of interpretation.
The resulting distance categories were therefor®,€05 — 1 km, 1 — 2 km, 4 — 8 km, 8 — 16
km, and >16 km.

Waterpoint spatial configuration

Quantifying the spatial configuration of waterpaimmvolved two key steps (Figure 2.2).
Firstly, since the detection of spatial configuratis scale-dependent (Turner, 1989), | tested
for the scale(s) at which waterpoints were sigaffity more clustered or dispersed than a
random spatial distribution (Legendre and FortB89, Legendre, 1993) using ArcMap 10.1’s
Multi-Distance Spatial Cluster Analysis tool (ESRQ01). This tool summarizes how the
spatial clustering or dispersion of waterpointsrges as the neighbourhood size (or scale of
analysis) changes (Scott and Janikas, 2010). Tibisex for the emergence of all of the scales
at which waterpoint spatial configuration was siigantly different from random, as required
by the proposed heterogeneity approach, rathergblaating a scale for the analyaipriori
(Chapter 1, section 1.6).
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Figure 2.2 Diagrammatic representation of the firststep in the heterogeneity approach - quantifyinghite scale(s) and patterns of spatial
heterogeneity of features using spatially explicianalysis tools in ArcMap 10.1 (ESRI, 2000).
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Secondly, | used the scale with the most pronoupeéchiness in waterpoint
configuration, identified in the previous stepgumantify the spatial configuration of each
waterpoint in the study area, since this is théesabwhich underlying spatial processes are
most pronounced (Fortin et al., 2012). For thisade use of a local test for spatial
autocorrelation known as the Cluster and Outliealgsis tool (Scott and Janikas, 2010) in
ArcMap 10.1 (ESRI, 2001).

During the first step, identifying scale(s) of gatess in waterpoint distributions
involved a pair-wise comparison of each waterpwiitth each neighbouring waterpoint in the
landscape (Fahrig and Paloheimo, 1988). The Mulitddce Spatial Cluster Analysis
computes the average number of neighbouring feaf{urehis case waterpoints) associated
with each feature (K), neighbouring features befrggse that are closer than the particular
distance being evaluated. As the evaluation distamreases, each feature will typically have
more neighbours. The procedure makes use of a canmaresformation of the Ripley's K-
function (Haase, 1995, Fortin et al., 2006), refdrio as L(d), that takes the form:

\/A Zévzl Z?’:l,jii k(l'])
TN(N — 1)

L(d) =

whereA is areaN is the number of points, d is the distance ling) is the weight, which (if
there is no edge correction) is 1 when the distdeteeen andj < d, and 0 when the distance
between andj >d.

If the average number of neighbours for a particelaluation distance is larger than
the average concentration of features throughaustiindy area, the distribution is considered
clustered at that distance (or scale of analysis@i\the observed K-value is larger than the
expected K-value for a particular distance, thérithigtion is more clustered than a Complete
Random Distribution (CRD) at that scale. When thsesved K-value is smaller than the
expected K, the distribution is more dispersed th&RD at that scale (Scott and Janikas,
2010). Observed K-values larger than the upperidente interval value (i.e. a clustered
spatial configuration), or smaller than the lowenfidence interval value (i.e. a dispersed

spatial configuration), signify statistically sifieant clustering or dispersion at that scale (
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Figure 2.3). Where multiple scales of patchineghéeclumped, dispersed, or both)
exist, peaks in significant K-values representescak which the spatial processes creating
these configurations are most pronounced (Scottlanikas, 2010). The existence of non-
random point patterns can then be used to infexgsses that might have led to the observed

spatial structure (Legendre and Fortin, 1989, Ldgenl993).

Statistically Statistically

significant significant
clustering dispersion
at smaller atlarger

distances distances

= Observed - Spatial Pattern
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~ = = = -« Lower Confidence Envelop
----- Higher Confidence Envelop

Figure 2.3  Graphical representation of the interpreéation of the Multi-Distance Spatial
Cluster Analysis (ESRI, 2001) output (from ESRI suport documentation at
www.esri.comm), showing how observed K-values larger than the Gdidence Intervals are
significantly more clustered than a Complete Randonbistribution, whereas K-values
below the Confidence Intervals are significantly moe dispersed at those scales

The second part of the analysis involved quantgytine spatial configuration of each
waterpoint, based on the emergent scale(s) ofaringtor dispersion identified above (Figure
2.2). To do so, | selected a form of point patemalysis (Legendre, 1993, Takahashi, 2006)
that identifies statistically significant hotspateldspots and spatial outliers by calculating the
Anselin’s Local Moran's | statistic of spatial acborelation among features (Anselin et al.,
2006, Cromsigt et al., 2009, Fortin et al., 201Ziyen a set of weighted features, the Cluster
and Outlier Analysis tool in ArcMap 10.1 (ESRI, A)@alculates a z-score, based on a
randomization null hypothesis computation, whileghdes indicate whether the apparent
similarity (a spatial clustering of either highlow values) or dissimilarity (a spatial outlier) is
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more pronounced than one would expect from a CRbBigh positive z-score for a feature
indicates that the surrounding features have simdhues (either high values or low values). A
low negative z-score (for example, < -1.96) indesad statistically significant (p < 0.05) spatial
outlier. A positive value for indicates that a feature has neighbouring featuréssimilarly

high or low attribute values, and that this feaisrtherefore part of a cluster. In contrast, a
negative value forindicates that a feature has neighbouring featuisdissimilar values,

and this feature is therefore an outlier, such iagslated (or dispersed) waterpoint (Scott and
Janikas, 2010).

This tool cannot be utilized on point incident dsiteh as the location of waterpoints,
but instead requires a value for each feature. &@prently, the waterpoint incident data had to
be aggregated in an ecologically meaningful way ¢aptured the patch context surrounding
each waterpoint (Scott and Janikas, 2010). | useduffer tool (ESRI, 2001) to construct
neighbourhoods for each waterpoint based on thermam scale of surface water patchiness
identified by the Multi-Distance Spatial Analysssnce this is the scale at which underlying
process are expected to be most pronounced (LegandrFortin, 1989, Scott and Janikas,
2010). I then used the Spatial Join tool (ESRI,12@6 count the number of waterpoints falling
within each waterpoint’s neighbourhood. The resulfeeld containing the number of
waterpoints in each neighbourhood served as thefald required for the cluster analysis
(Scott and Janikas, 2010), and the spatial cordigur was therefore quantified at the peak

scale of surface water patchiness.

Since ArcMap’s (ESRI, 2001) spatial statistics gméte space and spatial relationships
directly into their mathematics, many of the toolshe spatial statistics toolbox require the
user to select a conceptualization of the particgiatial relationship in question prior to
analysis (Scott and Janikas, 2010, Fortin et @ll22. Selection of the spatial relationship
conceptualisation depends on what is being measaneidshould reflect inherent relationships
among the features being analyzed. Common condegatiians include inverse distance,
travel time, fixed distance, nearest neighboursamiiguity (ESRI, 2001). | made use of the
inverse distance method, which is one of impedamrcdistance decay, where all features
influence all other features, but the further awagnething is, the smaller the influence
(Legendre, 1993). | made use of this method sinealgorithms for inverse distance are based
on the assumption that waterpoints further awayem® likely to contribute to a focal
waterpoint’s neighbourhood than waterpoints cldserThe derivation of the Local Moran’s |

statistic of spatial autocorrelation is providediox 2.1.
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The Local Moran’s I statistic of spatial association is given as:

X n _
Itf = E w;, '(ﬂﬁ.i — X) (1)
CLEE T

where @; is an attribute for feature ¢, X is the mean of the correspending attribute, w;  is the spatial

weight between feature i and j, and:

3wy
SE __i= WJFi _ X2 (2)
n—1

with n equating to the total number of features.

The zy,-score for the statistics are computed as:

L — E[I}] 3)
TN
where:
E[I;] = —Ihi7 (4)
n—1
V[I;] = E[I}] - E[[;]? (5)

Box 2.1 Derivation of the Local Moran’s | statistt of spatial autocorrelation (Anselin
and Cho, 2002)

2.3.3 Analyses of temporal surface water heterogeneity

In order to test the DtW prediction that surfaceéesan KNP is so homogenous that it is only
temporally distinct from other periods during dre@nditions, | performed identical DtW,
Multi-distance Cluster Analyses, and Cluster andi€@uAnalyses as those described in section
2.3.2, but over time at two different temporal ssaFirstly, | tested whether temporal
variations in DtW, in the scales of waterpoint sgatonfiguration, or indeed in the
cluster/dispersion configurations themselves, ctwldlifferentiated among the average, dry
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and wet years of the study period. Secondly, | canexgb whether either the spatially implicit or
explicit analyses could reveal changes in the patef surface water heterogeneity over the
course of the dry season, rather than only atisetoof the late dry season as exhibited by
previously demonstrated DtW patterns over the Fo&IMNP (Smit and Grant, 2009). In order
to do this, | categorized the dry season into thoeghly equal categories on a purely
exploratory basis, reasoning that the first montb the dry season (May) was unlikely to
exhibit significantly different patterns from thegpeding wet season that had just come to an
end, and dividing the remaining months into twoad@imonth periods. This resulted in three
dry season components over which to explore chandes8/V and surface water configuration
associated with the progression of the dry seasarearly (May), mid (June — July) and late

(August — September) dry season.

2.3.4 Assessing the effect of artificial water provisioron surface water
heterogeneity

To test the DtW prediction that artificial wateogrsion only has a dampening effect on
spatio-temporal surface water heterogeneity dugktgeme drought conditions, | repeated the
spatial analyses described in sections 2.3.2 &8 far a scenario with only natural sources of
surface water present in the study area. | firegrd@ned the peak scale of patchiness of natural
surface water distribution, and then quantifiedgh#ern of natural waterpoint spatial
configuration at this peak scale. | then compahedpatterns of natural waterpoint

configuration to the full water dataset that in@ddartificial sources of water, to assess how

water provision had altered the spatial configoratf natural waterpoints.

2.4 Results

2.4.1 Spatial patterns of surface water heterogeneity ia landscape with

abundant water sources

DtW patterns in this drier part of KNP concurredhprevious studies of water
availability in KNP (Redfern et al., 2003, Redfa&tnal., 2005, Smit et al., 2007a, Smit et al.,
2007b, Smit et al., 2007c, Grant et al., 2008, Sh@iL1) that suggested an homogenous spatial

distribution of waterpoints relative to the maximdiily foraging ranges of elephants. Less
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than 40% of the study area was beyond 4 km froriasamvater and up to 20% was as close as
2 km, even during the driest period of the studiate 1998 (Figure 2.4). Very few parts of the
landscape (<5%) were 8-16 km from water, with nawlel6 km (Figure 2.4). Nevertheless,
the spatial configuration of surface water in thelg area was significantly patchy over a

range of scales (500 — 18 000 m;

Figure 2.5). Despite 60-90% of waterpoints beingloanly configured (depending on the scale
and period under investigation), the broader saai@atchiness reflected the concentration of
surface water in the riparian component of the $aagde, while finer scales of patchiness
indicated heterogeneous spatial configurationsidase water within the riparian zone itself
(Figure 2.6).

2.4.2 Temporal patterns of surface water heterogeneity ar the course of

the dry season and among years with varying rainfél
Distances to water changed little in any of theadise categories as water dried up over the
course of the dry season, with negligible increases in the areas furthest from water (8-16
km; Figure 2.4). Instead, temporal heterogeneittw patterns was higher among years with
varying rainfall than over the course of the drgsmn. These changes in patterns of DtW were
primarily through considerable reductions (up t&®0n the areas closest to water (<500 m),
but only small increases (from 2 - 5%) in the am@ast remote from water (8-16 km), as
natural water sources dried up during the drieat y€igure 2.4). However, despite a two-fold
difference in annual rainfall (450 mm vs 950 mng,differences in dry season DtW patterns
could be detected between the average and wet getirs study period (Figure 2.4). Again,
these results concur with prior studies conducteat the entire KNP. DtW simply reverted to
pre-dry year patterns after good rain was receisedgesting a simple linear relationship
between rainfall and DtW patterns. However, it dtde remembered that the wet year was
preceded by a very dry year (950 mm vs 250 mm)gesigng that the depleted water table
would first have had to be replenished before itiddave been possible for water to persist

on the surface and hence reduce DtW.

Waterpoint spatial configurations also varied avee. Patchiness in waterpoint spatial
configuration was highest (at a scale of 10 km)rduthe driest part of the study period (mid-

to late dry season of the driest year;
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Figure 2.5). Even this highest level of patchinessaterpoint spatial configuration,
however, was well within the maximum daily foragiranges of elephants, making it difficult
to assess the functional heterogeneity of theserpat Nevertheless, in contrast to the small
amount of temporal variation in DtW patterns, tpatgl configuration of individual
waterpoints varied markedly over time at this psedde, both over the course of each dry
season, as well as among the average, dry andeaet gf the study period (Figure 2.6). This
reflected the difference between the spatially ioijpand explicit analysis techniques. Whereas
the DtW (spatially implicit) technique treated smleclustered waterpoints or a single
waterpoint in one distance category equally, thaialty explicit technique was able to detect
changes in these spatial arrangements. Unexpectenibever, the detected temporal changes
in surface water heterogeneity were not due toarease in the number of isolated/dispersed
waterpoints associated with increased DtW duringr dronditions, nor through a
concommitant increase in clustered waterpointsnguiietter conditions. Instead, the spatially
explicit analyses revealed a more complex pattétaroporal surface water heterogeneity that

was non-linearly associated with varying rainfall.

Specifically, the analyses illuminated the primeole played by the persistence of key
waterpoints in determining changes in surface watefigurations. For example, drier
conditions led to an increaseriandomly spaced waterpoints, as natural waterpoints that had
previously played a key role in the formation oftergoint clusters, dried up (Figure 2.6). The
dispersed/isolated waterpoints also decreasednrbauas the drying up of key natural
waterpoints left the remaining water with a randdistribution (Figure 2.6).
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Figure 2.4  Patterns of distance to (i) all sourcesnd (ii) natural source of surface
water in the northern region of Kruger National Park, over the course of three dry
seasons of varying rainfall (average, dry and wein relation to mean annual rainfall).
Distances in the graphs’ legends are the upper litsi of each distance class
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Figure 2.5  Scales of surface water heterogeneitgq measured by "Multi-Distance

Spatial Cluster Analysis (ESRI, 2001)), over thredry seasons (1997-1999) in the far
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patterns that differ significantly from a random distribution have been plotted. Larger
differences between observed and expected K-valugignify a greater magnitude of
patchiness at that scale
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Furthermore, at this peak scale of patchiness fi0tke drier conditions changed the
spatial configuration of a small number of otheewiandomly distributed waterpoints, into
clustered waterpoints (notably the Joao-Spiriwatexpoint complex near the confluence of
the Bububu and Shingwedzi rivers; Figure 2.6). altgh, some clustered and randomly
distributed waterpoints did become isolated orelispd during drier conditions, these were
mostly along the western border of the park, wileegoresence of the boundary fence
precluded any water outside of the park from fuorally contributing to their spatial
configuration (Figure 2.6).

Changes in waterpoint spatial configuration dutimg dry year were not simply
reversed at the onset of rains in the subsequengeae (Figure 2.6), indicating a more
complex relationship with rainfall than suggestgdd\W patterns. For example, even though
the number of clustered waterpoints increased aaig the Shingwedzi River during the wet
year, none of the previously clustered waterpatgswhere in the study area reverted back

from their shift to a random distribution duringettry year (Figure 2.6).

2.4.3 Influence of artificial water provision on patterns of distance to water

and waterpoint spatial configuration
Removal of artificial water sources from the ana/balved the proportion of the landscape in
the smallest distance classes (<0.5 km and 0.6m)lwhile increasing the larger distance
classes (8 — 16 km and >16 km) by up to five tiffr@égure 2.4). However, in accordance with
the previous DtW studies, even after all artificiadter sources were removed from the
analysis, only a small portion of the landscape 15%) was >16 km from surface water
(Figure 2.4). Hence the low levels of spatial agmdporal surface water heterogeneity revealed
by the DtW patterns above (section 2.3.1 and 2&a)d not be solely attributed to the
widespread provision of artificial water sourcesha study area. This supports the contention
of the previous studies that further borehole dlespueven in this driest part of the park, would
do little to increase parts of the landscape insgibée to elephants. Furthermore, water
provision did not change the fact that DtW patternly differed (with increased proportions of
the landscape further away from water) during thestl year, with few differences in DtW

between average and wet years (Figure 2.4).

In contrast, the spatially explicit analyses reedadeveral notable differences in surface

water heterogeneity associated with water provisidhe study area. Firstly, under a natural
43



surface water scenario, water configuration wasisogntly patchy over a larger range of
scales (500 — 29000 m) than in the presence dicatiwater sources (500 — 18000 m; Figure
2.5). Moreover, the peak scale of surface watarhia¢ss increased from 10-km to 12-km for
natural surface water, while the magnitude of sphatatchiness was up to three times higher
(Figure 2.5). In addition, the three peaks in rataurface water heterogeneity (Figure 2.5)
were reduced to a single peak in the presencegrhanted water supplies (Figure 2.5).
Finally, while clusters of natural waterpoints oolgcurred along the Shingwedzi River (Figure
2.7), the addition of artificial water sources ¢egbclusters of waterpoints along the Bububu

and lower reaches of the Mphongolo rivers as vietjure 2.8).

Water provision also had a dampening effect on tealpvariations in the scales and
spatial arrangements of waterpoints. In the fimstance, artificial water sources reduced the
difference in magnitude of patchiness between ddywaetter years by up to four times (Figure
2.5). The dampening effect of water provision wias apparent by means of fewer changes in
the spatial configurations of waterpoints assodiatéh varying rainfall conditions (Figure
2.7). Notably, certain natural waterpoints thatevenly clustered during the driest year (for
example, the Joao-Spirowiri waterpoint complex gltre Shingwedzi River; Figure 2.7)
remained consistently clustered over time as dtrewater provision (Figure 2.8).
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Figure 2.6

Patterns of waterpoint spatial configuréion over the course of three dry seasons, quantd at the peak scale of patchiness (10

km) by the Anselin’s Local Moran’s | index of localspatial autocorrelation (HH = clustered waterpointin a clustered waterpoint context; HL
= clustered waterpoint in a randomly distributed or dispersed waterpoint context; LH = dispersed watggoint in a randomly distributed or
clustered waterpoint context; LL = dispersed waterpint in a randomly distributed or dispersed waterpant context)
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2.5. Discussion

This study compared the traditional spatially implmeans of analysing surface water
heterogeneity, with a spatially explicit methodttimcorporated a scaled and contextual
perspective of waterpoint spatial configuratione patially explicit approach exposed spatial
and temporal variability of the surface water templavailable to elephants in this semi-arid
savanna, that were not apparent using previous &sllyses. Even though DtW measures
suggested homogenous surface water distributiensghtial configuration of waterpoints was
patchy across a wide range of scales (500 — 18)0eflecting variation in the proportion of
clustered, dispersed and randomly configured watetp. Recognising waterpoints’ patch
context in this way revealed changes in spatiafigaration not only during the driest periods
(as with DtW) but also between average and wetsy8drese changes in spatial configuration
were not linearly related to rainfall as with Dt\dtferns, but rather depended on the
persistence or drying up of key waterpoints thaitgbuted to waterpoint configuration
patterns. As a result, this work also illustrateat tsimple, spatially implicit DtW measures
have underestimated the extent to which artifisialer supplies have dampened surface water
heterogeneity in this landscape. These findingshasige the importance of a scaled,
contextual perspective for quantifying resourcestageneity, to form the basis of a

heterogeneity approach.

2.5.1 Understanding the surface water template for elepha disturbances
Comparing spatially implicit and explicit measucésurface water heterogeneity along the
ephemeral rivers in northern KNP revealed severgldifferences in the resultant surface
water patterns. By treating all waterpoints withisingle buffer distance from a focal point as
one (Moilanen and Nieminen, 2002), the spatiallplinit DtW approach provides an
aggregate measure for each distance band in tisenaf surface water heterogeneity.
Previous studies of DtW have rested on the assomfhat such an aggregate measure is an

adequate descriptor of surface water heterogeneity.

In contrast, the findings documented here proviggsrting evidence for one of the
key principles of the Hierarchical Patch Dynamiesa@igm (Kotliar and Wiens, 1990) — that
understanding spatial heterogeneity requires tpéaxrecognition of both scale and context.
Specifically, this principle was illustrated by tfaet that DtW analyses underestimated

temporal changes in patterns of surface water bgeeeity that were exposed by the
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contextual perspective of waterpoint spatial camfagion. By differentiating among

waterpoints with clustered, dispersed and randaatiaarrangements, the spatially explicit
approach illuminated changes in surface water bgégreity over time that may well represent
a dynamically shifting mosaic (Bormann and Likel&79, Pickett and White, 1985, Pickett et
al., 1989, Wiens, 1996) of surface water distritnutithat potentially reduces elephant return
times to otherwise well-visited parts of the larajse. Such a mechanism has been proposed as
a means to provide landscapes with metastabilibyr(Bnn and Likens, 1979, Wu and Loucks,
1995) from disturbances over the longer term. t€pes of accumulated elephant impact
remain distinct from one another, and elephantmantervals to these patches are long enough
relative to vegetation regeneration, manipulatimdese water heterogeneity could provide
such metastability. However, whether the particatales of waterpoint configurations in this
landscape are adequately differentiated at sdaééswill generate elephant spatial responses

remains unknown.

By quantifying surface water heterogeneity in aigfig explicit fashion, the
heterogeneity approach also made it possible & the underlying dynamics of waterpoint
spatial configurations associated with varying fi@irconditions. The results demonstrated that
the particular spatial arrangement of waterpoirds wsontingent upon the persistence or drying
up of key waterpoints in the landscape, rather traan overall retention or loss of a
proportion of the total water source. Moreoversthehanges in waterpoint spatial
arrangements were not simply reversed when rairdaéirted back to wetter conditions.
Hence, rather than being linearly related to theetu seasons’ rainfall as is the case with DtW
(Cronje et al., 2005), these contingencies gengateergent patterns of surface water
heterogeneity. Such emergent patterns are a feaftgmmplex systems (Levin, 1998), and
stress the importance of using analytical methbdsdre able to expose ecological

contingencies (Kay and Schneider, 1995, Milne, 1998

2.5.2 Implications for the use of water provision to enhace surface water

heterogeneity
A key challenge of preserving biodiversity in angmaged landscape is to incorporate natural
levels of spatial and temporal heterogeneity inemagement schemes (Pearson et al., 1996).
While complete closure of artificial water souragesNP held initial promise with respect to
confining elephant effects on biodiversity (Oweni®ml996), water availability studies

concluded that water provisioning policies had aategligible dampening effect on surface
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water heterogeneity at scales relevant to the géparof elephant disturbances, at least where
few portions of the landscape remain inaccessibdphants (Redfern et al., 2005, Smit et al.,
2007a, Smit et al., 2007c, Smit and Grant, 2009t 8nal Ferreira, 2010).

In contrast, this study has revealed that even evhexximum distances to water can’t
be changed substantially through closure of arifivater sources, the scales and spatial
configurations of individual waterpoints, as wedlthe persistence of particularly configured
water resource patches (groups of waterpoints)beastrategically manipulated through water
provisioning. Specifically, my findings indicatedtt) rather than simple closure of all artificial
water supplies, surface water heterogeneity coeldrihanced by changing the spatial
configurations of waterpoints through strategicplaent or closure of key waterpoints in the
landscape. Spatial analysis tools that can optimimxjuired spatial configuration of features
are already in existence for such strategic surfieater scenario planning (Legendre and
Fortin, 1989, Fortin et al., 2006, Scott and JasiZ®10, Fortin et al., 2012). Such optimization
studies also hold promise to improve our understgndf the strategic use of various water

provisioning scenarios, and their outcomes foraswgfwater heterogeneity at various scales.

The current dogma that precludes further scopevéder provision was developed on
the basis that elephant foraging behaviour is onhstrained where distances between water
sources are small relative to their maximum dahafiing ranges. However, should the spatial
configuration of waterpoints provide a functionaiplate for elephant disturbances, by
generating a range of disturbance return inteaggeviously well-visited patches, there may
well be further scope for water provision to marmépe elephant impacts in semi-arid savannas
with relatively abundant water sources. If thisy@®to be the case, the move away from using
water provision to manipulate elephant impacts wl&rmge portions of the landscape remain
accessible to elephants, will be a good exampteeofisks of obtaining a Type Il error where
emergent scales, context and contingency are notporated into studies of complex systems
(Mills et al., 2006). Understanding the scaleslepkant response to surface water
configuration is required in order to determine thiee the use of water provision was
prematurely dismissed in landscapes where foragingt constrained by large distances

between water and forage resources.
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2.5.3 Implications for understanding resource heterogeney in other

systems
An inherent feature of complex systems is the kég of scale, context and contigency in
producing emergent ecological patterns (Kay andh&ider, 1995). Hence, although the
particular scales and spatial configurations ofasigr water are likely to be different at the
higher end of KNPs rainfall gradient, and in otegstems, the spatially explicit approach
presented here is one that can be used to quéimtifiyeterogeneity of surface water, or other
resources, in other systems. Maximum distancesstource patches are likely to underestimate
resource heterogeneity where the spatial configaraiof these patches vary. Moreover, the
locations and spatial configurations of resourdelges may well vary over time, even when
the scales of resource patchiness do not. Constyuspatially explicit approaches are
favourable over spatially implicit methods, whea tfoal is to understand the spatial and
temporal parameters of resource heterogeneity @veit and Nieminen, 2002).

Nevertheless, the functional implications of angource heterogeneity revealed will be
dependent on the nature and scales of organisrarresp to these resource patterns (Wiens,
2000), and the tradeoffs that these organisms neoateach foraging and other resources
(Dunning et al., 1992). Understanding these undeglipehavioural mechanisms would
improve our ability to develop new, innovative mgeaent practises for modifying patterns of
herbivory (Bailey et al., 1996), and hence the assed effects on biodiversity. In the KNP
landscape it remains important to assess whetbkengights about surface water heterogeneity
gained here represent functional heterogeneitglfwhants through their spatial responses to
the varied distribution of surface water, and #®uitant distribution of elephant impacts.

These issues will be investigated in the followiwg chapters.
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Chapter Three - The role of surface water
heterogeneity in elephant patch choice and
feeding in a landscape with abundant water

sources

3.1 Introduction

Understanding how heterogeneity affects ecologigsiems requires an understanding not only
of environmental patterns, but also of how orgasisespond to different forms of
heterogeneity (Wiens et al., 1976, Milne, 1989 ndaim et al., 1992, Wu and Hobbs, 2002).
These organismal responses are underpinned bygpagial mechanisms — movement, patch
choice and perceptual scale (Wiens, 2000). Organimpve over the landscape to make
choices among patches in response to variable nasauailability (O'Neill et al., 1988, Owen-
Smith and Ogutu, 2012), which they perceive aedéht scales (Senft et al., 1987, Bailey et
al., 1996). As a result, resource heterogeneiiyidamental to variability in the movement of

organisms and their patch selection amongst s(@tege et al., 2003).

Spatial memory allows herbivores to improve forggafficiency by selecting among
previously visited patches of varying quality (EBgilet al., 1996). These patch choices by
herbivores determine how the disturbances createldir activities are distributed across the
landscape, as well as how these disturbances vantime (Kareiva, 1983, Wiens, 2000). The
factors and perceptual scales that determine thegtsd choices are therefore at the heart of
whether organismal responses to resource availapitbduce disturbances that are widespread
or localised, potentially allowing for spatial atemporal refuges where impact tolerant species
may persist (Pearson et al., 1996). Hence, evenewhsturbances are locally severe, the
generation of dynamic patch mosaics (Bormann akers, 1979, Pickett and White, 1985)
through heterogeneous disturbance regimes canderovetastability at broader scales (Wu
and Loucks, 1995). However, the environmental patars that are most important for
determining organisms’ spatial and temporal respems resource heterogeneity at different
scales are not well known (Turner et al., 1997)ckelating these mechanisms, and the factors
that drive them, therefore remains a key challdngecology and protected area management.
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Elephants are agents of change (Laws, 1970) thatarsidered to be ecosystem
engineers (Jones et al., 1994), since the consegsi@f their feeding behaviour can span entire
landscapes (Van Wyk and Fairall, 1969, Caughley61€oetzee et al., 1979, Barnes et al.,
1994). It is this capacity for widespread ecosysthiange that creates concern that elephants
could ultimately cause undesirable or even catpstcaegime shifts. However, if elephant
feeding is constrained to certain patches in thddeape, or to certain times, the heterogeneity
paradigm predicts that the existence of such éhpatesaic of elephant impacts would provide
metastability at the landscape level, thereby preéng a regime shift (Scheffer et al., 2001,
Folke et al., 2004). This concept provides thedhabKNP’s new elephant management
philosophy, which focuses on managing a rangeegftelnt disturbance levels in different parts
of the landscape, rather than keeping the elepgi@milation at a perceived carrying capacity
(Whyte et al., 1999, Whyte, 2004).

Consequently, understanding the conditions that allay for spatial and temporal
refuges from elephant disturbance is importanbfodiversity management in savannas
(O’Connor et al., 2007), and requires knowledgthefdrivers of elephant patch choice,
patterns of feeding within these patches, and h@se change in response to fluctuations in
critical resources. Surface water is a criticabtese for elephants, since they require drinking
water every 2-3 days. Elephants must therefore rtrakle-offs between the energetic costs of
finding forage and drinking water. Hence, in larafses where distances between water sources
exceed the maximum daily foraging ranges of elefgh@a. 20 — 30 km; Owen-Smith (1996)),
it is well known that elephant movements and farggire confined to patches in the vicinity of
surface water, particularly during the dry seastiegtern, 1975, Western and Lindsay, 1984).
This leaves substantial portions of the landscapete from water with low levels of elephant
disturbance. Since elephants are sexually dimoy i expression of water dependence may
be even more marked for elephant cows, who arest&étler than their male counterparts and
hence have relatively higher energetic costs aaatwith movement (Owen-Smith, 1988). In
addition, the relatively greater energetic requigats of the smaller individuals present in
elephant breeding herds, together with the presehpeegnant or lactating females (Stokke
and Toit, 2000), place larger energetic constrdomtpatch selection on these breeding herds,
compared with their generally solitary male coupéets (Owen-Smith, 1988, Stokke and Toit,
2000, Greyling, 2004). As a result, roaming distanaf up to 6 km from surface water can
have significant impacts on the survival of recgmteaned elephant calves (Young and Van
Aarde, 2010).
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However, where distances between water sourcesamall that the entire landscape
is effectively accessible to elephants, weakeraeses to surface water distribution have been
reported (Redfern et al., 2003, Smit et al., 200¥hgse findings have led to a general
consensus that surface water is not heterogen@ousgle in these landscapes at scales relevant
to elephant patch choice and feeding (Redfern, 2Bedfern et al., 2005, Smit et al., 2007a,
Grant et al., 2008). Consequently, these studies blallenged whether it is possible for
spatial refuges from elephant disturbance to ¢lese (Smit and Grant, 2009). As a result,
manipulation of artificial water provision as a meaf inducing patchy elephant impacts in
these landscapes is currently considered unfegSbh et al., 2007a, Grant et al., 2008).

In the previous chapter | demonstrated that thpgrderance of spatially implicit
distance-to-water (DtW) studies has limited ourensthnding of the heterogeneity of the
surface water resource, by ignoring the role ofiapeontext and scale in generating patterns
of surface water heterogeneity (Chapter 2). Spdifi, even within landscapes where DtW
appears to be homogenous at scales relevant toagliemaximum daily foraging ranges, there
is marked variation in the spatial configuratiorpoint water sources over a range of scales
(Chapter 2, section 2.3.1). Moreover, the spabalfigurations of these waterpoints varies to a
much larger extent over time than fluctuations tiMYChapter 2, section 2.3.2). However,
gaining an understanding of the scales and pattéraigrface water heterogeneity to which
elephants respond is required in order to evalagther variable waterpoint spatial

configurations represent functional heterogeneaitglephants.

For example, does surface water heterogeneityglaje in elephant patch choice and
feeding, beyond simple considerations of DtW? Spadthy, do elephants respond differently
to the varied spatial context of patches providgddighbouring waterpoints, and if so, at what
scale(s) are these responses manifest? Furtherdmtiee energetic considerations associated
with elephant sexual dimorphism modulate the wayshich surface water heterogeneity
constrains elephant use of the landscape? Theopieehapter demonstrated that the particular
placement of artificial water sources altered tha&tisl configurations of waterpoints. However,
in order to assess whether there is still scopstfategic water provisioning in landscapes with
relatively small distances between water sour¢es jinportant to understand whether natural

water modulates elephant responses to surface hetenogeneity.

In this chapter, | address these questions by igasg:
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)] the scale(s) of elephant patch choice and feedinige drier region of northern
KNP;

i) the roles of DtW and waterpoint spatial configuratin determining elephant patch
choices, and how this translates into spatial pagtef elephant feeding;

i) how these patterns differ for elephant bulls andl$ieand over time with varying
rainfall conditions; and

V) how natural or artificial sources of surface waterdulate these patterns of patch

choice and feeding

By improving our understanding of elephant respsrteghis more comprehensive
guantification of surface water heterogeneity thabrporates scale and patch context, | aim to
address an important knowledge gap identified énpgiteceding chapter — understanding what
patterns and scales of surface water heterogemitiuce functional heterogeneity for
elephant space use responses. Moreover, | build thgoheterogeneity approach developed in
the preceding chapter by adding a spatially expiegression technique for exploring the
drivers and modulators (Pickett et al., 2000, Rickeal., 2003) of these responses.

The riparian zones of ephemeral rivers in northéx® provide an ideal opportunity to
explore this issue, for a number of reasons. Kirsthce few parts of this landscape exceed 15
km from water (Gaylard et al., 2003), distancesvieen water sources do not impose a
constraint on elephant maximum daily foraging rang@®edfern et al., 2003). Secondly,
riparian zones provide critical sources of foragd surface water during resource bottleneck
periods, and elephants therefore focus their aietsvhere during the dry season (Western,
1975, Western and Lindsay, 1984, Owen-Smith, 1988ce elephants must leave the adjacent
upland areas to visit the riparian zone, non-rangoimts of movement across the riparian-
upland boundary (entry/exit points) represent patabices (as defined by (Wiens et al.,
1993)). Moreover, elephants make use of multipkicaf resources in the riparian zone, e.g.
water for drinking and bathing (Wackernagel, 19R8gers, 1997b, Smit and Ferreira, 2010),
evergreen forage (Owen-Smith, 1988, Greyling, 208d9 shade for temperature regulation
(Kinahan et al., 2007). Since surface water algigeeeral rivers represents point sources of
water along the otherwise dry river courses (Galytdral., 2003), it is possible to infer whether
the presence of water at these points is associtedvhere elephants choose to make use of

the riparian zone.
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3.2. Methods

The heterogeneity framework developed in the previchapter (Figure 2.2) formed the basis
of my approach for this chapter. As such the fiegfuirement was to assess whether elephant
movements across the riparian-upland boundary veexdomly distributed or patchy, and if so,
at what scale(s) this patchiness was exhibited.niéiodology for this first step therefore
mirrored the way in which | quantified surface wdteterogeneity in the first chapter. |
inferred riparian patch choice through tests fgngicantly patchy clusters of elephant
movement across the riparian-upland boundary. Aclagmour understanding of patterns of
elephant spatial response also requires knowlefitie ainderlying processes or causes of
these patterns. In this case, | was interestedatuating what role the more comprehensive,
spatially explicit perspective of surface waterenegeneity might play in determining patterns
of elephant space use. As demonstrated in Chapspafial autocorrelation is a feature of
complex, heterogeneous systems that can be usgehtify underlying spatial processes.
Therefore, apart from identifying the pertinentlesdor analyses, spatial autocorrelation can
also be used to explore the drivers of these dpmtterns (Legendre, 1993, Fortin et al., 2006,
Fortin et al., 2012).

3.2.1.Quantifying elephant patch choice and feeding

Quantifying elephant patch choice and feeding casedrtwo key steps (Figure 3.9). The first
step involved field observations of where elephantered and left the riparian zone during
visits to this part of the landscape, as well aseobations of how much feeding took place as
they moved through various patches in the ripaz@me. The second step involved spatial
analyses to determine whether these elephant matsraeross the riparian-upland boundary
were randomly distributed or patchy, and how clpseé amounts of feeding matched these

movement patterns.

Field observations of elephant movement across the riparian-upland boundary

| recorded the locations of elephant visits toriparian zone along two dirt roads of

approximately 40 km each running parallel to then®hedzi and Phugwane rivers in northern

KNP (Figure 3.10). A short section of the MphongBlwer also occurred along the Phugwane

transect (Figure 3.10), but due to its proximitghte Phugwane River and for ease of

interpretation it will be considered together wiitie portion of the transect along the Phugwane
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River. The dirt roads served as transects situata@ or less on the boundary between the
riparian zone and the adjacent upland areas. paean zone was distinguished from the
adjacent interfluves as the area from the macrawtidioor, including the adjacent vegetated
macrochannel banks, and up to the point wherehhgacteristic riparian woody species such
asDiospyros mespiliformis, Philonoptera violacea andCroton megal obotrys were replaced by
near monospecific stands @bl ophospermum mopane, characteristic of the adjacent upland

area in KNP’s northern region (Venter et al., 2003)

The existence of the dirt roads alongside the eerrses made it possible for an expert
game tracker to detect elephant tracks, hereadterred to as spoor, where elephants had
moved through the riparian-upland boundary. Togethth the expert tracker, | searched for
fresh elephant spoor by driving along these spamsects at least three times a week over the
course of three dry seasons (May — October) betd88i — 1999 (n = 142). Spoor transects
were driven at any time of day, but only spoor k&dirs old (as determined by the expert game
tracker) were noted to avoid resampling previousdalephant movements. By examining the
sizes and number of spoor located, the expert geaoker was able to identify whether the
elephant(s) was solitary (only bulls), part of d group (multiple sets of spoor all large in
size), or part of a mixed breeding herd (a ranggpobr sizes, including the much smaller
spoor of juveniles). | assumed that patch choigedifterent (groups of) elephants recorded on
the same day were determined primarily by resodisteibution, and that the presence of other
elephants played a lesser role. | recorded thditotaf each set of spoor using a Global
Positioning System, along with the gender, groap and direction of movement (where

possible).

Amounts of elephant feeding while in the riparian zone
In order to quantify elephant feeding once they tradsed the riparian-upland boundary, |
randomly selected a subset of the spoor encounédoed the transects. At each of these
locations, the expert game tracker located thedfapoor indicating where elephants had
moved through the riparian zone. We followed thesés through the riparian zone from the
point at which they had been located along thestet until they reached the macrochannel
floor, noting whether the trail moved towards oragvirom the macrochannel, or whether it
simply wound through the riparian zone parallefh® macrochannel. We searched for any
signs of elephant feeding along these trails, oholg freshly broken branches, uprooted grass
tussocks or other plants, pieces of stripped kzar#t,fresh leaves lying on the ground. The
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Figure 3.10 Location of the transects undertaken tinvestigate elephant patch choice

and feeding along three ephemeral rivers in norther KNP (solid lines are rivers, stipled
lines are roads, dots are all waterpoints, solid @y lines are the transects)
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expert game tracker was able to differentiate betwfeeding by elephants and other
herbivores, and could identify the occurrence epbant feeding through characteristic

disturbances to soil even if the entire plant haerremoved and consumed.

At each point along the trail at which elephantifag was identified, a circular “plot”
of 5-m radius (approximating the reach of an adldphant’s trunk; (Owen-Smith, 1988)) was
searched for additional signs of feeding. In tha/yl attempted to reduce the chances of
missing elephant feeding that had occurred immelyidteyond the trail itself, where elephants
reached outward to take in forage with their trursigce it was not possible to account for the
biomass of vegetation already removed by elepleatg) the trails through consumption, |
simply recorded the number of feeding incidentsgleach of the feeding trails to serve as an

index of the amount of elephant feeding.

Deter mining the patchiness of elephant movements across the riparian-upland boundary

| inferred that elephants had made patch choicesrins of where to cross the riparian-upland
boundary if | could detect non-random clusterslepleant spoor along the transects (Wiens,
2000). I therefore tested whether the points ofyéexit during elephant visits to the riparian
zone were randomly distributed or patchy. Firstipce patchiness is scale-dependent (Turner,
1989, Li and Reynolds, 1995, Pickett and Cadend€45), and | wished the scales of patch
choice to emerge, rather than to impose a partisglae(s) of analysis, | tested the scale(s) at
which spoor locations were significantly more otuetl or dispersed than a random spatial
distribution using the Ripley’s K statistic in Aray 10.1’s Multi-Distance Spatial Cluster
Analysis tool (ESRI, 2001). This is the same tb@alttl had used successfully to identify scales
of surface water heterogeneity in the precedingtraThe tool summarizes how the spatial
clustering or dispersion of features changes asdighbourhood size (or scale of analysis)
changes (Scott and Janikas, 2010). In this matimetpol identifies peaks in the scales of
feature patchiness, indicating the presence ofnlyidg spatial processes (Legendre, 1993,
Scott and Janikas, 2010), as described in Chage®c®ion 2.3.3). Since Ripley’s K is sensitive
to the area of the study region, edge correctiotofa should be applied or alternative
boundary options tested during the analysis (Hak2@5). Similarly, large-scale heterogeneity
of point patterns can bias Ripley’s K at small ssalArcGIS uses Monte Carlo simulations to
construct confidence intervals around the null mo€RD, which is particularly useful for
study areas with irregular boundaries (Wiegand/Amdbloney, 2004), such as the riparian
zones in northern KNP.
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Having determined whether, and at what scale(sprspere clustered, | then
quantified the magnitude of clustering of eachodespoor located along the transects, at the
peak scale of patchiness that had been determyngeeMulti-Distance Spatial Cluster
Analysis tool. To do this, | once again made ustheflocal test for spatial autocorrelation
known as Anselin’s Local Moran’s | statistic (Anseét al., 2006) using ArcMap 10.1’'s
Cluster and Outlier Analysis tool (ESRI, 2001)vé&h a set of weighted features, this tool
identifies statistically significant hot spots, dapots, and spatial outliers, also described in
Chapter 2 (section 2.2.3). However, this tool car@outilized for point incident data such as
the location of spoor incidences, since it requireglue for each point feature. Consequently,
the spoor incident data had to be aggregated iaraer that captured neighbouring spoor
observations in an ecologically meaningful way ¢(6aad Janikas, 2010). Accordingly, | used
ArcMap 10.1’s Buffer tool (ESRI, 2001) to construetighbourhoods for each spoor location
based on the maximum scale of spoor patchinessfiddrby the Multi-Distance Spatial
Cluster Analysis. | then used the Spatial Join toaount the number of spoor incidences
falling within each neighbourhood, in the same nearthat | had aggregated waterpoint
features in Chapter 2 (section 2.2.3). The resuftaldl containing the number of spoor
incidences in the neighbourhood of each focal spaorple served as the value field required
for the cluster analysis. Having identified sigo#it clusters of spoor using the Cluster and
Outlier Analysis tool in this manner, it was thesspible to map the locations of these non-
random clusters of elephant movement across theaipupland boundary, and hence explore

their patch choices when visiting the riparian zone

Determining patchiness in the amounts of elephant feeding in the riparian zone

Since the elephant feeding data represented a f@leach location (number of feeding
incidents), it was not necessary to aggregate dkee luefore testing for clusters of feeding
events. Instead, the Incremental Spatial Autocatia tool in Arcmap 10.1 (ESRI, 2001)

could be used to test for significant clusterindnigh and low values for elephant feeding at
different locations. This tool measures the intgnsi spatial clustering by investigating spatial
autocorrelation of features over a series of degar{Scott and Janikas, 2010). As with the
Ripley’s K statistic, the resultant z-scores (rati@n K-scores as in the case of Ripley’s K)
reflect the intensity of spatial clustering at edddtance, and statistically significant peaks in
the z-scores indicate distances, or spatial scaleshich spatial processes promoting clustering

are most pronounced (Scott and Janikas, 2010).
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Once the peak scale of clustering had been idedtithe local Anselin’s test for spatial
autocorrelation was used to obtain a z-score, apading the magnitude of clustering for
each observation of feeding. These z-scores wee tosmap amounts of feeding across the
riparian landscape, and the locations and clustemsovement and feeding could then be

compared, to assess whether elephants fed equadisewer they moved in the riparian zone.

3.2.2. Assessing the role of surface water heterogeneitg a determinant of

riparian patch choice and feeding by elephants
Having quantified elephant patch choice duringtsisy the riparian zone, | then investigated
the role of surface water heterogeneity in deteimgithese patch choices, and assessed how
well clusters of elephant feeding matched the looatof these patch choices. | evaluated the
role of surface water heterogeneity as a determioiaglephant patch choice by means of the
strength of the relationship between spoor clusteand both water proximity and waterpoint
spatial configuration. In this manner, a negatalatronship with DtW would indicate that
greater clustering, or patch choice, was associatitdpatches closer to riparian surface water,
whereas a positive relationship with clusters ofes@oints would signify patch choices based
on the spatial configuration of waterpoints. Thealiton of each set of spoor encountered along
the transects was used to calculate the Euclidiséande of that patch to the nearest surface
water using the Near tool in ArcMap 10.1 (ESRI, 200’ he patch context provided by nearby
waterpoints (including those outside of the riparzane) was calculated by creating a
neighbourhood for each set of spoor equal to theman scale of spoor clustering identified
in section 3.2.1 with the Buffer tool, and thenngsihe Spatial Join tool to count the number of
waterpoints within this neighbourhood (ESRI, 2001).

Having quantified patch choice in this manner,rbgt step was to explore the role of
surface water heterogeneity in generating thederpatof elephant patch choice (Figure 3.9).
As outlined in the Introuductory chapter (sectio)Lspatial data exhibit at least two
properties that make it difficult to meet the asptions and requirements of traditional
statistical methods such as OLS regression. Figdggraphic features are more often than
notspatially autocorrelated (Legendre and Fortin, 1989endre, 1993), creating an
overcount bias in traditional (nonspatial) regressnethods (Scott and Janikas, 2010).
However, since spatial autocorrelation can inditlaepresence of important spatial processes
at work, we may not wish to discount this spatiabaorrelation. If it is possible to identify the

full set of explanatory variables that effectivebpture the inherent spatial structure in the
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dependent variable (for example by using dummyialpedriables such as geology), this type
of overcounting bias can be avoided in OLS modglslimninating spatial autocorrelation
(Scott and Janikas, 2010).

Secondly, ecological processes in complex, hetemes systems behave differently
in different parts of the study area, even whemglar environmental factors prevail (Levick
and Rogers, 2011). This characteristic of spat#d @ referred to as regional variation or
nonstationarity (Samuels, 1993, Anand et al., 20tBeeler, 2014). Global models, like OLS
regression, create equations that best describevérall data relationships in a study area.
When these relationships are consistent acrosstulkg area, OLS regression equations model
these relationships well. However, when theseiaglahips behave differently in different parts
of the study area, the regression equations repraseaverage of the mix of relationships
present (Samuels, 1993). Moreover, where this mielationships represents two extremes,
the global average will not model either extremd.\ildis feature of complex systems was
already demonstrated mathematically in the mil &ntry (Simpson, 1951), yet is seldom
accounted for in ecological studies. Levick (2088nonstrated the presence of such
nonstationarity between the patterns and underlgimgesses of woody structure in my study
area, underscoring the necessity for using spstagistical methods that are able to deal with
such regional variation (Legendre and Fortin, 1988nd et al., 2010).

In order to investigate the spatial processes Uyidgrelephant patch choice while
accounting for nonstationarity, | therefore made okGeographically Weighted Regression
(GWR) using Arcmap V10.1 (ESRI, 2001). GWR is atspatial regression method developed
to robustly account for non-stationarity (Brunsdkral., 1998, Fotheringham et al., 2003) and,
when properly specified, is also able to managéa@utocorrelation (Scott and Janikas,
2010). Itis a local form of linear regression usednodel spatially varying relationships by
fitting a separate regression equation to everyfean the dataset (Brunsdon et al., 1998,
Fotheringham et al., 2003). It does so by inconpagahe dependent and explanatory variables
of features falling within a particular bandwidtheach target feature (Scott and Janikas,
2010).

In order to ensure a properly specified GWR matthel ,analysis must begin by finding
a properly specified OLS model that representptbeess under investigation (Scott and
Janikas, 2010). Thereafter, the same explanataorghtas are used to run GWR, excluding any
“dummy” spatial variables that may have been usegliminate spatial autocorrelation in the
OLS model (Figure 3.9). Since GWR already allowglanatory variable coefficients to vary
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over space, spatial regime explanatory variablesianecessary and, if included, may create
problems with local multicollinearity (Scott anchilas, 2010). ArcMap 10.1 has an
Exploratory Regression tool to assist in findingraperly specified OLS model in a spatially
explicit contextlt is a data mining tool that will try all possibtembinations of explanatory
variables to see which models pass all of the macg©OLS diagnostics. By evaluating all
possible combinations of the candidate explanatariables, the chances of finding the best
model are greatly increased. Moreover, by testihgfdhese combinations before eliminating
variables unnecessary for a best fit model, theobsof producing a Type | error are reduced
(Mills et al., 2006). While&exploratory Regressiois similar to Stepwise Regression, it looks
for models that meet all of the requirements arsdiaptions of the OLS method, rather than

only looking for models with high Adjusted®Ralues. A properly specified OLS model has:

* Explanatory variables where all of the coefficieats statistically significant

» Coefficients reflecting the expected, or at legsiséifiable, relationship between
each explanatory variable and the dependent variabl

* Explanatory variables that are not collinear (nareeredundant; small Variance
Inflation Factor values < 7.5)

* Normally distributed residuals indicating that thedel is free from bias
(specifically, the Jarque-Bera p-value is not statally significant)

« Randomly distributed over- and under-predictiortidating model residuals are
normally distributed (the spatial autocorrelatioagtue is not statistically
significant)

» Standardised residuals are not spatially autocige!

The Exploratory Regression tool tests for spatibeorrelation using a spatial weights
matrix to analyze spatial structure in the OLS moédsiduals (ESRI, 2001). | made use of an
Inverse Distance weighting method to create théapaeights matrix, as described in the
previous chapter (Chapter 2, section 2.2.3). Tpadial weights measure is one of impedance,
or distance decay, where all features influencetakr features, but the further away
something is, the smaller the influence. Accordmtie algorithms for inverse distance
assume that spoor locations further away are ilesly ko contribute to a focal spoor sample’s

neighbourhood, than spoor closer by.

An important output of th&xploratory Regression issummary of Variable
Significance (ESRI, 2001). This provides informatabout variable relationships, as well as

the consistency of these relationships over 99gptations of all possible models (Figure
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3.9). Each candidate explanatory variable is lisiedg with the proportion of times that it was
statistically significant during the various mogelrmutations. This summary output provides
an indication of how stable variable relationshaps, by revealing what percentage of the time
the relationship was negative or positive. Stroregljgtors are consistently significant and the
relationship will be stable (primarily negativegimarily positive). Candidate surface water
heterogeneity variables included in the Explora®egression to address each of the key
guestions included: distance to any source of wdtstance to natural source of water, and
waterpoint spatial configuration (#waterpoints with500 m). | used the summary of variable
significance to investigate the relative contribag of different variables (and first order
interactions of all the variables with the surfager variables, to test for modulating effects;
see section 3.2.4, this chapter) towards elepratohhoice. During the Exploratory
Regression process, | discarded any variableswhia unnecessary for a properly specified,
best fit OLS model.

The output of the best fit OLS model provides a soea of nonstationarity using the
Koenker (BP) statistic. A statistically significaibenker (BP) value indicates nonstationarity
in the global OLS model, and hence that the GWRikhlbe used to improve predictions and
to better understand regional variation inherenheexplanatory variables (Scott and Janikas,
2010). Of the GWR models that meet all the requinets of a properly specified model, the
best-fit model is selected on the basis of thedsghadjustecfvalue, and the lowest Akaike
Information Criterion (AICc) value (Johnson, 199Bjested both the fixed (a specified number
of neighbours) and adaptive methods (where feahstabution is dense, the spatial context is
smaller; where feature distribution is sparse sibetial context is larger) to define the search

radius from or spatial context of each spatialdesat

Finding a properly specified GWR model through skeps described above ensure that
earlier criticisms of the technique (Jetz et @0Q%) are addressed. Specifically, these criticisms
include (i) that standard GWR models do not adexjya@iddress spatial autocorrelation, and
that (i) allowing parameters to vary locally predés meaningful comparisons dfalues
between global and local models, which should radbeecompared using the Akaike
Information Criterion that allows for model compiigx and (iii) that there is often

multicollinearity among GWR co-efficients (Paezaét 2011).
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3.2.3 Assessing clusters of elephant feeding relative patch choices when

visiting the riparian zone

| tested whether elephants fed wherever they mtwedigh the riparian zone using an
identical exploratory regression procedure as tieeexplained above. However, in this
instance the amount of feeding (number of feedirents) represented the response variable. In
addition, | assessed how closely elephant patcltetamd feeding coincided by comparing the
location and magnitude of clustering (z-scoresglephant movement across the riparian-
upland boundary, against clusters of elephant feedilosely matching clusters of patch
choice and feeding would support the prediction éhephants fed wherever they chose to
move through the riparian zone. In contrast, unmagccluster patterns would indicate that
elephants fed selectively in other parts of thanign zone. | compared the Cluster and Outlier
Analyses (ESRI, 2001) of elephant patch choicefaading undertaken in section 3.2.1, to
evaluate how well the spatial locations of patcbiods coincided with patches of higher
feeding. This made it possible for me to assessdiosely patterns of elephant patch choice
matched spatial patterns of feeding during visitehe riparian zone, and hence whether

elephants fed equally wherever they moved throbglriparian zone.

3.2.4.Exploring how elephant patch choice and feeding malge modulated
by temporal changes in resource availability, elepmnt social structure/sexual

size dimorphism, or the type of water source

Since rainfall is a primary driver of forage andt@raesources in semi-arid savannas (Huntley
and Walker, 1982, Pickett et al., 2003, Venten .e2803), resource availability for water
dependent herbivores such as elephants becomededver the course of the dry season, as
well as during years with relatively lower rainféBaylard et al., 2003). | therefore tested
whether elephant patch choice or feeding were nadeldlby temporal changes in resource
availability by including the progression of theydeason, and the three years of my study
period that had varying annual rainfall (as a préotyresource availability), as variables
(indepedently and as interactions with the surfaater variables) in the regression analyses
described above. Since | had demonstrated in #haqus chapter that surface water
heterogeneity did not decline in a predictabledimfashion over the course of the dry season
and among years with varying rainfall (Chapterezition 2.4.3), | used categorical dummy

variables instead of continuous variables (Lyn€&93) to signify temporal changes in the
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water and forage resources. | used identical catgytor the temporal changes in surface
water heterogeneity as those used in Chapter B/ (ead and late dry season; average, dry and
wet rainfall years; Chapter 2 section 2.2.3). Sanhy, | included elephant gender as a dummy
variable in the regression analyses (elephant,léphant herds) to infer whether the
energetic differences imposed by elephant sexunabigihism and social structure modulated

elephant patch choice or feeding.

Finally, | assessed the importance of natural ssuof surface water relative to
artificial sources for determining elephant pathbices and feeding, by including surface
water variables (DtW, waterpoint spatial configwaj for both natural water and augmented
water scenarios in the exploratory regressionsritestabove. In this way | tested whether a
particular type of water source modulated pattefredephant patch choice and feeding,
providing a means to infer the influence of aridllavater provision on elephant space use

within the riparian landscape.

3.3. Results

3.3.1Patterns of elephant patch choice inferred from visgs to ephemeral

riparian zones
When elephants visited the riparian zones alongpemeral rivers of the study area, the
points at which they crossed the riparian-uplangnioary were not randomly distributed.
Instead these points were significantly clustertestales between 500 — 4500 m, as indicated
by the significant difference between observedexpbcted K-values (Figure 3.11). A peak in
spoor clustering at 1500 m indicated that the apptbcesses underpinning elephant patch

choice reached a maximum at this scale.

This scale of patchy space use was almost an ofaeagnitude finer than the
maximum scale of surface water heterogeneity oleskefior this landscape (10 000 m) in the
previous chapter (Chapter 2, section 2.4.1). Hélmsepattern of elephant space use was clearly
not associated with the maximum scale of surfademregeterogeneity in the study area.
However, in the previous chapter | had found s@rfaater to be heterogeneous over a range of
scales (500 — 18 000 m), including at the 1500-atesat which | found clusters of elephant
movements through the riparian zones to be paifidgrefore, before | explored how surface

water heterogeneity may have contributed to théagaocesses underpinning this patchy
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space use by elephants, | reanalysed waterpoitibkspanfigurations at this finer scale (1500

m).
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Figure 3.11 Scales of patchiness in the clusterimg elephant entry/exit points during
visits to the ripatian zone, as measured by the Rigy's K statistic. The point of largest
difference between observed and expected K indicat@ peak in spoor clustering at
neighbourhoods of 1500 m

The spatial configurations of >80% of the watenp®iat this scale were not
significantly different from a CRD, regardless bétprogression of the dry season or years
with varying rainfall (Figure 3.12). Clustered wadeints at this scale only occurred along the
Mphongolo River at one location on the western lolauy of the park, outside of the area
where | had investigated elephant visits to tharrgn zone. Apart from this, only two other
groups of clustered waterpoints occurred in theysairea at this scale, both of them along the
Shingwedzi River (Figure 3.12). Here, one groupvaterpoints near the confluence with the
Bububu River towards the east of the study areadgferth referred to as the Joao-Spirowiri
waterpoint complex) consistently remained clustexieithis scale over time, regardless of the
seasonal or annual variations in rainfall (Figu®23. The other group of clustered waterpoints,
approximately 8 km westwards (henceforth refercedst the Redrocks waterpoint complex),
were only clustered when nearby waterpoints drgduwring the driest year of the study period

(Figure 3.12). By mapping a comparative naturalewaburce scenario at the 1500-m scale, it
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became evident that, apart from increasing theadvabundance of waterpoints, artificial
water provision caused the Redrocks waterpoint ¢exrip be clustered, rather than randomly
distributed, during the driest period of the stgBiure 3.13). Water provision had also
changed the spatial configuration of the nearbyevpaint between the Redrocks and
Joao/Spirowiri waterpoint complexes into a dispénsaterpoint, embedded in a matrix of

clustered waterpoints (Figure 3.13).

Comparing these finer-scale patterns of surfacemraterogeneity to a map of spoor
clusters at the 1500-m scale revealed that sigmficlusters of spoor along the Shingwedzi
River coincided with these two groups of clustenederpoints — one at the southern end of the
Joao-Spirowiri waterpoint complex, and the otheéhatRedrocks waterpoint complesigire
3.14). Although no clustered waterpoints occurred et $icale along the Phugwane River,
significant clusters of spoor were neverthelesatifled at one location in the vicinity of the
Sandpiper waterpoint at the confluence with the dhgolo River Eigure 3.13. These results
suggested that there may be differences among thesgvers with regards to the role of
surface water heterogeneity relative to other ressy in determining elephant responses. The
results of the regression analyses (in the follgvgaction) provided insights into what these

different drivers might be.
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clustered waterpoint in a randomly distributed or dispersed waterpoint context; LH = dispersed waterpimt in a randomly distributed or
clustered waterpoint context; LL = dispersed waterpint in a randomly distributed or dispersed waterpant context; stipled line is transect
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Figure 3.13 Spatial configuration of natural waterpints at 1500-m scal@HH = clustered waterpoint in a clustered waterpoit context; HL = clustered
waterpoint in a randomly distributed or dispersed waterpoint context; LH = dispersed waterpoint in a mndomly distributed or clustered waterpoint context LL =
dispersed waterpoint in a randomly distributed or dspersed waterpoint context; stipled line is transet area)
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Figure 3.14 Clusters of elephant movement (top: HE clusters of spoor in a randomly distributed or
dispersed spoor context; LH = dispersed spoor in @ndomly distributed or clustered context; LL =
dispersed spoor in a randomly distributed or dispesed context) and feeding (bottom: total number of
feeding events per trail) during visits to the ripaian zone. Blue dots signify the presence of surfaavater.
Underlying geology is represented by the differenshades of grey, but is not described in detail bease it
was only included as a dummy variable in the procesof finding a properly specified OLS model
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3.3.2. Drivers and modulators of elephant patch choice ding visits to the

riparian zones of ephemeral rivers
Contrary to the findings of previous studies (Redl#t al., 2003, Redfern et al., 2005),
exploratory regression revealed that clusterseglent movement through these riparian
zones were consistently well explained (significart83% of model permutations) by
proximity to surface water, regardless of fluctaasi in dry season resource availability (Table
3.1). By differentiating among natural and artiicivater sources, the consistency of water
proximity as a significant explanatory variablerggsed from 83% (all sources of water) to
nearly 99% (natural sources only) of model pernmomagt(Table 3.1). This finding supports the
prediction that elephant patch choice is modulaiethe presence of natural sources of riparian
surface water. Although elephant patch choice wase@ated with proximity to natural surface
water throughout the dry season, DtW became an moea consistent predictor during drier
conditions at the end of the dry season (significa@5% of models), and during the driest
year of the study period (significant in 44% of retsdca. 20% during wetter conditions (Table
3.1). Elephant preferences for patches with nasudhce water therefore become more
marked in this landscape during resource bottlé& pedods, even though distances between
these water sources were small relative to theximiam daily foraging ranges. In addition,
differentiating patch choice by gender revealed tihe proximity of natural surface water was
a more consistent predictor of the movement oftelapherds (significant in 78% of models)
than for bulls (significant in 52% of models), soping the prediction that elephant herds were

more selective about the type of water source.

However, the spatial patch context provided by meoyring waterpoints (number of
waterpoints within 1500 m) provided an even bgganificant in 100% of model
permutations) explanation of patch choice than D#flecting the concentrations of spoor
found near the clustered waterpoints in the studg &igure 3.1%. Elephants of both genders
preferred patches in the riparian zone that hadget number of waterpoints within 1500 m
(i.e. clustered waterpoints; Table 3.1) regardédgwevailing rainfall conditions.
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Table 3.1 Summary of variable significance in n 32747 model permutations of the
predictors of elephant patch choice (1500-m scald)nderlying geology was included as a
spatial dummy variable during the process of tryingto eliminate spatial autocorrelation

in order to find a properly specified OLS model

Variable %significant %negative %positive
Patch context 100 0 100
Distance to natural waterpoint 98.56 100 0
Underlying geology Granite 96.18 97.98 2.02
Underlying geology Basalt 85.92 0 100
Distance to any waterpoint 83.23 97.34 2.66
Distance to natural water (bulls) 79.51 97.82 2.18
Distance to water x late dry season 75.49 96.7 3.3
Distance to natural water (herds) 54.47 83.73 16.27
Distance to any waterpoint (bulls) 5156 84.11 15.89
Distance to any waterpoint (herds) 47.13 86.22 13.78
Distance to water x dry year 44,19 87.61 12.39
Distance to artificial waterpoint 39.42 38,53 61.47
Herd 37.59 21.69 78.31
Bull 37.59 78.31 21.69
Distance to artificial water (bulls) 34.05 28.32 71.68
Distance to water x average year 28.66 93.96 6.04
Underlying geology sand/lava 24.74 4.35 95.65
Distance to water x mid dry season 21.83 47.19 52.81
Distance to artificial water (herds) 16.92 58.67 41.33
Distance to water x wet year 14.69 64.74 35.26
Distance to water x early dry season 10.45 72.95 27.05

3.3.3.Best fit models of elephant patch choice during sits to ephemeral

rivers
The explanatory power of models exploring the dswa elephant patch choice were improved
by adding spatial variables that accounted fomuthgerlying geology of preferred patches, with
lower levels of clustering occurring in the westgranitic landscape, and greater clustering in
the eastern basaltic areas (Table 3.1). Howeven by incorporating these spatial variables, a
significant amount of spatial autocorrelation remeal, indicating that additional spatial factors
were still required to adequately explain elephmtth choices in this riparian landscape. Since
| was unable to identify any further significantsipl variables, | strongly suspected the
presence of regional variation (spatial non-statiiy) in the factors determining patch choice.
To test whether this was the case, | selectedekefth OLS model with the lowest AICc value,

from the n = 32747 model permutations run duriregegkploratory regression.
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The best fit OLS model included the variables paimhtext, proximity to natural
surface water, proximity to artificial water forephant herds, basalt as the underlying geology,
and sand/lava as the underlying geology (Table 3@&)ether these variables explained nearly
55% of the variation in patch choice (AICc = 187.4Z 0.000005; Table 3.2). The Jarque-
Bera statistic confirmed that the model residuatsBed the OLS requirement of a normal
distribution (p = 0.156; d.f. = 2). However, the dfier (BP) statistic revealed a significant
amount of spatial non-stationarity (p = 0.006; d.5; Table 3.2). | therefore used the same
variables to run a Geographically Weighted Regoes@&WR), which is able to calculate local

adjusted 7 values for each feature (sample) in the model.

By running the local GWR model, spatial autocotielawas eliminated from the
model at the 95% level (Global Moran’s | z-scoré50WR standardized residuals = 1.870; p =
0.062), confirming that non-stationarity had indéegn a significant source of the remaining
spatial autocorrelation in the best fit global Obh8del. Moreover, by accounting for this non-
stationarity, the explanatory power of the modedjysted f) increased from 55% to nearly
83%, and reduced the AlICc to by more than hal7&®8; Table 3.2).
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Table 3.2 Comparison of global (Ordinary Least Sqares OLS) and local (Geographically Weighted Regreson GWR) best fit model summary
statistics describing clusters of elephant movemetiirough the riparian zones of three ephemeral rives in northern KNP. The Jarque-Bera statistic
denotes deviation away from a normal distributionthe Koenker (BP) statistic tests for non-stationaty, and the Joint F (for stationary models) or Wald
statistic (for non-stationary models) provides a masure of the overall statistical significance of th model

Jarque- Koenker

OLS Joint F- GWR

Response . OLS Bera (BP) factors t- robust : GWR
variable azd justed AICc  p-value p-value /wald  p- included statistic p-value agd justed AlCc
valuey
(df) (df)
magnitude of 0.549 187.42 0.156 0.006 <0.00000% context -0.0005 0.0002 0.828 74.68
spoor provided by
clustersing neighbouring
(#neighbouring waterpoints
spoor within dist .
1500 m istance to
) nearest natural 1.86 0.003
waterpoint

distance to 298 0.004
nearest

artificial
waterpoint
(herds)

basalt -1.60 0.011
sand/lava 1.80 <0.00005
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Mapping the local’rvalues calculated by the GWR revealed that patciext and
proximity to natural surface water explained u@286 of the variation in elephant patch
choice in the central regions of the spoor trarssalting both the Shingwedzi and Phugwane
rivers (Figure 3.15). In contrast, the model perfed relatively poorly (explaining only 14 —
29%) on the western end of the Phugwane transdcalang the small section of this transect
that occurred along the Mphongolo River (Figures.indicating that surface water
heterogeneity played a lesser role in elephantypatoice in these regions of the study area.

Thematic maps of the local co-efficients for patoimtext and natural water proximity
illuminated where these variables explained eleppatth choice best (Figure 3.15), revealing
that although patch choice was generally very wegtilained nearer to natural surface water,
this relationship was reversed in two localisecar@ong the Shingwedzi and Phugwane
Rivers (Figure 3.15). Similarly, in two localiserkas along the transects patch context
explained elephant patch choice poorly, the ratatigp even becoming reversed in these areas
(Figure 3.15).
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(i)

Co-eff: water
proximity (natural)

@ -0.0007 - -0.0002

Q -0.0001 - 0,0002
O 0,0003 - 0.0007

0.0008 - 0.0011

. 0,0012 - 0.0016

(ii)

Co-eff: patch
context

@ -002-015
) 016-022
()033-049
@ 050-066

(iii) . 067 - 083

PR |

Figure 3.15 Regional variation in the factors expliming elephant patch choice during visits to the
riparian zone, as determined by Geographically Weigted RegressionFigures represent (i) local adjusted

r?, and local co-efficient values for (i) distancea natural surface water, and (iii) patch context povided by
neighbouring waterpoints (blue dots represent the gsence of surface water)
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3.3.4.Patterns and drivers of elephant feeding during vigs to the riparian

Zzone

Reflecting the fact that elephants selected pdaiquatches when moving through the
riparian zone, the amount of feeding while theféeded significantly from a CRD, with

peaks in the patchiness of elephant feeding at 20@@d 7500 m (Figure 3.16). The first
peak at 2000 m closely matched the scale of elégdzoh choice identified above (1500 m;
section 3.3.1), suggesting that elephants fed Bowakerever they chose to move through the

riparian zone.
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Figure 3.16 Scales of patchiness in the amountsel&phant feeding while in the
riparian zones of three ephemeral rivers in the der northern region of KNP, as
measured by incremental tests of spatial autocorration (ESRI, 2001)

However, clusters of higher feeding overlappedndy three of the five clusters of
spoor (Redrocks and Joao clustered waterpointsgdle Shingwedzi River, and Sandpiper
waterpoint at the confluence of the Phugwane antdvigolo riversfigure 3.14i and ii),
refuting this suggestion. Indeed, a large propaortibriparian visits was associated with little
or no feeding at allRjgure 3.1%. Interestingly, the only other patches of higepélant feeding
were at two randomly configured natural waterpqgihtg that persisted through even the
driest conditions (Zari waterpoint along the Phuga/&iver, and the Tshange spring along
the Shingwedzi RiveFigure 3.1%, suggesting that factors or other resourcesnuatrporated

into my models might be at play here. Accordingyas not able to identify any variables
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that were consistently significant predictors & #tmounts of elephant feeding while in the
riparian zone (Table 3.3), and the best fit mo@el hoor explanatory power (adjustéctr
0.09; p = 0.012) despite the absence of spatiakcautelation (z-score = 0.01; p = 0.99), and
non-stationarity (p = 0.86; d.f. = 1).

Table 3.3 Summary of variable significance in 3650nodel permutations of the
predictors of amounts of feeding (@1500-m scale)

Variable %significant %negative %positive
Distance to water x mid dry season 34.95 0 100
Distance to water x early dry season 5.32 67.19 32.81
Distance to water x late dry season 493 87.21 12.79
Distance to water x dry year 4.68 47.2 52.8
Distance to any water source 255 29.84 70.16
Distance to water x herd 1.43 17.19 82.81
Distance to water x average year 0.88 82.47 17.53
Distance to natural waterpoint 0.86 54.56 45.44
Distance to artificial waterpoint 0.43 25.96 74.04
Distance to water x bulls 0.07 65.28 34.72
Distance to water x wet year 0 14.15 85.85

Taken together, these findings indicate that wélidghant patch choice in this
landscape is primarily determined by surface wagterogeneity, choices for feeding,
although non-random, are nested within only a duliistnese patches. The determinants of
this patchy feeding during visits to the ripariame were not within the group of variables

that | tested, and therefore remain to be idetifie

3.4 Discussion

Having demonstrated in the preceding chapter teastrface water template available to
elephants in the study area had a variety of dledtegandom and dispersed spatial
configurations over a range of scales (from 500b8600m), this chapter explored whether
any of these surface water patterns focused elégldrg season activities in particular
patches within the riparian zone, and hence whehiese scales of surface water
heterogeneity had functional significance for elmgidisturbance regimes. The

methodological approach used here built upon thé&aly explicit perspective developed in
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the previous chapter, by adding a local regressiodelling technique to explore the relative
contributions of both DtW and waterpoint spatiahfiguration to patterns of elephant space
use Error! Reference source not found). The approach differed from earlier investigasion
of elephants’ expressions of water dependenceainttmade use of spatial statistics to allow
the scales of elephant movement and feeding togemeather than to be subjectively
imposed on the analyses. In addition, a local fofimear regression (GWR) that could
account for the spatial autocorrelation and nomstatity common in complex,
heterogeneous systems, was used to evaluate howotveinly DtW, but also waterpoint
spatial configuration, explained elephant dry seas® of the riparian zone under conditions
of varying resource availability. This scaled apdtgally explicit approach revealed that
elephants of both genders consistently chose ibthissriparian zone near patches with
clustered natural waterpoints during the dry seasween though distances between
waterpoints were small (ca. 4 km) relative to treximum daily foraging ranges of
elephants. However, clusters of higher feedingaded with only a subset of the preferred
clustered waterpoints, indicating that elephandsndit feed equally wherever they spent time
in the riparian zone. Even though elephants prefenatural waterpoints, the distribution of
neighbouring artificial water sources contributedte patch context that determined whether
these natural waterpoints were clustered, disperseghdomly configured. This suggests
that the strategic placement or closure of aréfizraterpoints to generate randomly
configured or dispersed waterpoints, could drayleat activity away from patches with
previously clustered waterpoints. This is in cositraith the understanding generated by
DtW measures of surface water heterogeneity, winéste concluded that even complete

closure of artificial water sources would do litttealter elephant distributions.

3.4.1.Surface water controls on elephant space use inandscape with

abundant water supplies

By demonstrating that elephants responded to btitth &hd waterpoint spatial configuration
in this landscape, these findings challenge prevassumptions that surface water in KNP is
not sufficiently heterogeneous at scales relevaptdphant space use (Redfern et al., 2005,
Smit et al., 2007a, Grant et al., 2008, Smit anan©r2009). Elephants must travel large
distances away from water in landscapes where éar@gpurces near water have already
been depleted (Owen-Smith, 1988). However, travghiuch large distances is associated

with the costs of travelling, as well as lost feepopportunities. Large herbivores are able to
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modify their foraging behaviour in response to $patial scale of resource patchiness (Senft
et al., 1987, Hewitson et al., 2005). Thereforegrglforage resources have not yet been
depleted close to water, choosing patches thaaoohbth water and forage resources is a
better strategy for meeting metabolic requirements.

Moreover, a host of organisms ranging from ins@étdmer et al., 2000, Silver et al.,
2000, Steffan-Dewenter et al., 2002, Lancastel. €2@03, Thies et al., 2003, Gripenberg and
Roslin, 2007), to fish (Le Pichon et al., 2006)dbi(Cortes-Avizanda et al., 2011) and large
mammals (Wallace et al., 1995, Boyce et al., 2QDBrien et al., 2006) have been shown to
prefer resource patches with particular spatiafigamations, taking advantage of spatial
patterning to optimize their utilisation of the oesce (Wallace et al., 1995). Such
neighbourhood effects of clustered resources capseticular focal patch to attract
individuals because the resources in adjacent patate usually more accessible than
resources in more distant patches (Dunning e1@92). Accordingly clustered waterpoints

reduce the distances that elephants have to tt@velch alternative water sources.

The peak scale of elephant response (1500 m) dichatch the maximum scale of
surface water heterogeneity (12 000 m), suppottiegziew that the scaling of elephant-
habitat relationships arises from elephants’ sdal@gendent responses to habitat, rather than
through the spatial structure of the environmesdlit (De Knegt et al., 2011). This
emphasizes the importance of understanding nottbelgcales of resource heterogeneity,
but also the scales of organism response to thesdgeneity (Wiens et al., 1976, O'Neill et
al., 1988, Turner, 1989, Johnson et al., 1992, ¥/etral., 1993, Wallace et al., 1995, Pearson
et al., 1996, Turner et al., 1997, Boyce et al03)0The particular scales and patterns of
surface water heterogeneity uncovered here arly likde context specific, and the energetic
trade-offs that elephants must make to acquireuarcritical resources will therefore differ
in other landscapes. Nevertheless, the heterogemgiroach developed here can be used to

guantify elephant spatial responses to surfacerwatdsewhere.

3.4.2 Implications for artificial water provisioning poli cies
The preference by elephant breeding herds, inquéati, for natural sources of surface water
reflects elephant distributions near rivers in Kil#nonstrated by Smit and Ferreira (2010).

This may at first suggest that closure of borehwlesld not affect elephant movements
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(Smit et al., 2007a, Smit et al., 2007c, Smit aadéira, 2010). However, this study showed
that the spatial configuration of neighbouring watents played an even greater role in
determining elephant patch choices and feedingdica®tW. The distribution of artificial
waterpoints contributed towards the generatiomes$¢ spatial configurations (Chapter 2,
section 2.4.3). Hence this work suggests that watarisioning may still have a role to play
in manipulating elephant impacts, and that this imawachieved by altering waterpoint spatial
configurations through strategic closure, or eveening, of artificial waterpoints in key
locations. For example, although water provisiahmbt change the fact that the Joao-
Spirowiri waterpoint complex was consistently céred, it did change the spatial
configuration of the nearby Redrocks natural waianpinto a clustered complex of
waterpoints in the driest year of the study perigategic closure of only the borehole
adjacent to Redrocks natural waterpoint (known alsy@ne) would therefore return
Redrocks to a random spatial configuration, sugggshat Redrocks would no longer be a

preferred riparian patch for elephants.

3.4.3 Understanding of functional heterogeneity of surfae water for

elephants

The approach developed in this chapter improvedbiiléy to assess the template that
surface water provides for elephant disturbancgesdvancing understanding of the role of
surface water for generating patchy elephant mowtsrend feeding beyond simple distance
to water measures. For example, despite the censigsiwith which surface water
heterogeneity variables explained patterns of eleppatch choice, the overall explanatory
power of the linear best-fit model was relativebop. Instead, comparing clusters of
movement and feeding by mapping patterns of spatitlcorrelation highlighted a small
number of focal patches or hotspots of elephamtigctather than the gradual attentuations
away from water detectable using traditional line&thods of analysis (Boyce et al., 2003).
This finding challenges the validity of traditiohalised piosphere models of gradual
attenuation of elephant impacts away from sourtesidace water (Thrash and Derry, 1999,
Derry, 2004), and may explain why other studiesshavly demonstrated weak expressions
of water dependence by elephants in these lands¢Reelfern, 2002, Smit et al., 2007a,
Grant et al., 2008, Smit and Grant, 2009, Smit120WVhether elephant responses to surface
water heterogeneity will continue to follow the teahs demonstrated in this study when
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elephant densities increase remains unknown. $imeceéme of the study, the elephant
population has grown to around 15000 animals. Tisetfgerefore an opportunity to re-

evaluate how elephants respond to surface waterdgeneity at higher elephant densities.

Similarly, lack of overlap between some clusterglephant movement and feeding
suggested that visits to some of the riparian waiats may have been primarily for drinking
or bathing, with little or no associated feedirfghls is indeed the case, it calls into question
the widespread use of satellite/GPS collars andlammnsus data to infer the distribution of
elephant impacts - a critical assumption of thishodology is that elephant distributions
provide a good proxy for elephant feeding and gsoeiated impacts. However, a
shortcoming of this study was that the amountdeyheant feeding in different patches could
only be quantified in terms of the number of fegd@avents observed. Vegetation biomass
consumed would have provided a better indicatdrosi much elephants fed in the riparian
zone, and may have painted a different picturelure their feeding was focused. Variations
in the local adjusted value and co-efficients of the GWR model indicateat the particular
combination of drivers of elephant patch choicaedim different parts of the landscape. The
existence of such non-stationarity in this landsdags been demonstrated before (Levick,
2008), and should serve as a caution in termsdfrfg trends that are statistically significant
but spurious (Simpson, 1951), using non-spatialesgon models.

Since the resources contained in patches genéialy their own temporal dynamics
(Pickett and White, 1985, Pickett et al., 1987kEitet al., 1989, Kolasa and Rollo, 1991,
Pickett and Rogers, 1997), the quality of a patehrafforaging individual is a time-dependent
variable (Wiens et al., 1985). Consequently, teraploeterogeneity of surface water in
favoured patches will occassionally result in restlelephant utilisation (O’Connor et al.,
2007, Kerley et al., 2008). However, empirical eénde of patchy accumulation of elephant
impacts over the longer term is still lacking (Selscand Mennell, 2008). Similarly, other
sources of variability in elephant patch choice seatling demonstrated here and in other
studies (Stokke and Toit, 2000, Greyling, 2004,yGng, 2010, Codron et al., 2011, Owen-
Smith and Chafota, 2012), may modulate the longren accumulation of impacts in
particular parts of the landscape. Hence it remianm®rtant to investigate how these sources
of variability in elephant patch choice and feedmmgduce functional heterogeneity for the
patterns of elephant impact over the longer terhis Will be addressed in the next chapter
(Chapter 4).
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Chapter 4 - Can refuges from elephant
disturbance exist in landscapes with

abundant surface water?

4.1. Introduction

The underlying philosophy for protecting suscepgtibecies from elephant impacts under the
previous Balance of Nature paradigm (Wu and LoutR85), was to ensure moderate levels
of elephant impact across the entire landscap@dBie 1969, Van Wyk and Fairall, 1969). In
contrast, instead of aiming to protect species febephants, the heterogeneity paradigm
advocates the maintenance of a patchy disturb@gytee that allows for a range of elephant
impacts (see section 1.2, Chapter 1). Throughxfsesce of such a patch mosaic, the
management focus has shifted to maintaining a tyaniespecies in different parts of the
landscape, rather than on the persistence of atiesp throughout the landscape (Whyte et
al., 1998, Whyte, 2004). Accordingly, localisedqtegs of severe impact are tolerated (or
even “sacrificed”), with the understanding thatestpatches will serve as spatial refugia from
elephant disturbance (Owen-Smith et al., 2006). darad refuges occur where the intervals
between bouts of elephant disturbance are longgimtauallow for recovery of patches. The
susceptibility of plant species to elephant impaititinfluence how well these patches can

serve as refuge for these species (O’'Connor 2G07).

The role of spatial refuges in protecting impatbli@erant species has been
demonstrated by studies that have found cohottseababs\. digitata growing in areas too
steep for elephants to access (Kelly, 2001, Ed&irad., 2008). Where elephants have been
excluded entirely, either by means of exclosurdsoandary fences, other studies have
demonstrated increased survival and persistenicepa(ct intolerant species such as marula
S.birrea (Jacobs and Biggs, 2001), knobthémigrescens (Eckhardt et al., 2001) and
baobabs (Kelly, 2001, Edkins et al., 2008). In\ggging the role of surface water
heterogeneity in producing such refuges has beefineal to piosphere studies of attenuating
elephant effects with distance from water (Thrasil.e1991, Fruhauf, 1997, Thrash and
Derry, 1999, Brits et al., 2002). These studiesh@damonstrated that woody species are
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subject to greater structural changes in areagictosvater, and are more numerous in areas
remote from water (Van Wyk and Fairall, 1969). Hoesw they have only inferred the
effects of elephant disturbance through observéens of biodiversity, rather than by
investigating the impacts directly. Moreover, tbéerof surface water heterogeneity in
generating these patterns has been restrictedtinde to water (DtW) measures. Hence,
although the existence of spatial or temporal resuigom elephant disturbance forms the
basis of the heterogeneity approach for managegheaints (Whyte et al., 1998, Whyte et al.,
1999, Whyte, 2004, Owen-Smith et al., 2006, O'Coreial., 2007, Kerley et al., 2008), an
understanding of the underlying spatial and tempoechanisms that generate variable
impacts in different parts of the landscape, ang the potential for refuges, remains lacking
(Scholes and Mennell, 2008).

Disturbance theory provides a useful frameworkifigestigating these mechanisms,
since elephant impacts through feeding are ecabdisturbances (Pickett, 1985, Pickett and
White, 1985). The spatial and temporal dynamicslegbhant feeding consitutes a disturbance
regime, including the size and severity of distad®patches and their spatial distribution,
the disturbance frequency and return interval particular patch, and the predictability
associated with the disturbance’s return inter(aiskett, 1985, Pickett et al., 1989, Caswell
and Cohem, 1991, Turner et al., 1993, Turner, 2@MBjurbances can also generate
ecological feedbacks that constrain or enhance dikirbances (Dublin et al., 1990, Kerby
et al., 2007). The outcomes of these elephantrbisice regimes are evident in the

differential accumulation of their impacts over &inm different parts of the landscape.

In this chapter, | use disturbance theory to makeiptions about how elephant
impacts will accumulate in different parts of thgarian landscape, given the elephant
disturbance regimes identified in Chapter 3. Witthiis context, | evaluate the scale(s) of
surface water heterogeneity required to generedeg@e of elephant impacts across the
landscape, and hence how the closure of artificgger sources might change these impact
patterns. Previously (Chapter 3, section 3.3.8gronstrated that elephant patch choice and
feeding in the riparian zone were strongly assediatith clustered and/or natural
waterpoints during the dry season in this landschipeese patterns of patch choice and
feeding remain consistently associated with surfeaier heterogeneity, disturbance theory
predicts that patches with preferred patterns dasa water heterogeneity will accumulate
higher levels of impact because they experiencersevere and frequent disturbances (or

smaller disturbance return intervals; Figure 4.Within this context, | expected to find:
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i) severe levels of elephant impact accumulated icheatnear to waterpoints
with a clustered spatial configuration, since thesee been shown to be
preferred patches for elephant activity (Chaptese8tion 3.3.2), and therefore
have higher elephant disturbance frequencies asdil@e to recover between
consecutive bouts of elephant impact. Howevehese clustered waterpoints
are so close to one another that even the areasdrethem are frequently
visited by elephants, | expected that even thevateng areas would
accumulate high levels of impact over time.

i) In contrast, | expected that patches in the vigiaftless preferred waterpoints
(e.g. dispersed waterpoints or randomly configwraterpoints) would have
more time to recover between bouts of elephantrigeand would therefore
have lower levels of accumulated impact, and

iii) the areas between dispersed or random waterpomilsllave even lower
levels of severe accumulated impacts than the disdavaterpoints
themselves, since they are remote from any sodre@ter and therefore
represent the least preferred patches. Moreowepitspheres around the
dispersed waterpoints are far enough apart to rediacrete from one

another.

In addition, since | demonstrated in Chapter 3 shiatace water heterogeneity, as well as
elephant spatial responses to this heterogeneity,with rainfall over time in this landscape,

| expected that:

iv) patches with less consistent or predictable patefpreferred surface water
heterogeneity (such as ephemeral waterpoints, @arpants that are seldom
or never clustered) would accumulate fewer sevapacts over the longer

term because they have longer disturbance rettervads.

Finally, since the provision of artificial waterwgaes has not only reduced distances between
waterpoints in this landscape, but has also cartgthto the clustering of certain waterpoints

(Chapter 2, section 2.4.3), | expected that clostitbese waterpoints would:

)] increase disturbance return intervals around wabetpthat are no longer
clustered, thereby reducing levels of accumulatgaact around these
waterpoints; and

i) increase disturbance return intervals to previopskgennial waterpoints.
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The riparian zones of ephemeral rivers providedaal opportunity for testing these
predictions, for several reasons. Firstly, sineplants focus their activities in the riparian
zone during the dry season, their impacts accumuiahis part of the landscape towards the
end of each dry season, making it likely to find@e enough sample of impacts to draw
inferences about the underlying processes andriglaitonship to surface water
heterogeneity. Elephant impacts on woody vegetatiereasily identifiable from those of
other herbivores (Anderson and Walker, 1974), duééir distinctive mechanism of
shapping the main stem or branches, and strippanggek or bark. Therefore, it is possible to
distinguish elephant impacts from those of othéotabsuch as wind and fire, or biotic
agents such as impala. Elephant impacts on woogstaion are also discernible for several
years after the feeding event (Anderson and Walk&#4), making it possible to investigate
the long-term patterns of impact that have accutedlaver several years with varying
rainfall. Furthermore, since ephemeral rivers palepoint sources of water, rather than the
linear sources provided by perennial rivers, fiassible to relate the spatial patterns of
accumulated impact in riparian patches to a vanétyaterpoint spatial configurations, as
well as proximities, not possible along continugudwing sources of surface water.
Finally, since fire is uncommon in riparian zoniés confounding influence as a disturbance

agent for riparian woody vegetation can be discedint

Understanding how, and under what conditions, elepimpacts accumulate in
particular parts of the landscape over time with@mce our understanding of the role of
surface water heterogeneity in generating spatiditemporal refuges from elephant

disturbance.
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Figure 4.17 Diagrammatic representation of the hypthesized relationship between
surface water heterogeneity and the existence ofaal and temporal refuges from
elephant impact

4.2. Methods

The methodology for this chapter is built on théehegeneity approach developed in the
preceding two chapters. Specifically, it reliesusing the spatially explicit approach
developed in Chapter 2 (section 2.3.1) to tesp&ichiness in the levels of elephant impact
accumulated in different parts of the riparian secape (Figure 2.2), and then using the
spatial regression technique incorporated intag@oach in Chapter 3 (section 3.2.4), to
investigate the contribution of surface water rageneity towards generating the observed
patterns of impact (Figure 3.9). | advanced thetogfeneity approach further in this chapter
by making use of the predictive capabilities of lineal spatial regression model, in this case
to evaluate how levels of elephant impact mighékgected to change should all artificial

sources of water be removed (Figure 4.18).
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4.2.1Vegetation surveys to quantify accumulated elephanmpacts

| measured levels of accumulated elephant impagtandy riparian species directly, by
means of vegetation surveys in patches at varyistgrites from waterpoints with different
spatial configurations along three ephemeral riretbe study area. | selected a total of 143
sites for vegetation surveys along the Shingwedz ¢9), Phugwane (n = 68) and
Mphongolo (n = 6) rivers (Figure 4.19). Selectidrsites was based primarily on
incorporating patchiness across a range of suvf@ater proximities, spatial configurations
and persistences through the dry season, whileinemgasufficiently accessible from the
Shingwedzi base camp. Vegetation surveys wereechotit annually at the end of each of
three dry seasons (1997 — 1999), in order to caph# entire dry season’s impacts. During
the first season, all trees encountered within eddive 30 x 30-m quadrats were surveyed at
each site. Asymptotes of species-area (Rosenzi@@%$) and similarly plotted “impact-
area” curves (signifying when the cumulative prajoor of trees with impacts reached an
asymptote) indicated that this method was oversagyplees at each site. Consequently, in
subsequent years the same survey method was erdphaytealong variable-length transects,
rather than in quadrats. The length of each trangas determined by surveying trees until
species-area and impact-area curves reached aptasgnThis ensured that (i) sufficient
and representative samples of the species preseiiteses impacted had been surveyed at
each site, (ii) that it was possible to increagerttimber of survey sites, and hence
incorporate more variability in water distributian,the available time. Transect width was
also variable so as not to underestimate large {ideeller-Dombois, 1972) — each tree
whose stem fell within 2 m of the transect lineyasl as each tree >5 m in height whose

canopy fell within 2 m of the transect line, wasvayed.

For each tree encountered either in the quadrai®ng the transects, an expert field
ranger confirmed whether the impact had been camgetephants or other agents such as
fire, wind or other browsers. Each tree was thaigagd an impact severity class based on
the percentage of the tree impacted by elephamise(= 0%, light = <25%, moderate = 25 —
50%, severe = 50 — 75% and very severe = >75%uséhsderson and Walker, 1974,
Smallie and O'Connor, 2000, MacGregor and O'Corz@®4). Impacts that had accumulated
over previous years were distinguished from frespacts by means of the colour of the
exposed wood in the affected area, since previeasons’ impacts turn grey after being

exposed to rainfall (Anderson and Walker 1974, Béahar 1993). | was interested only in
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old impacts for this component of the study, sitiée represented several years’
accumulation of elephant impacts, and hence theom# of variable disturbance regimes
over time. As such, impacts accumulated over séseesons were expected to signify the
outcome of varying spatial and temporal determmanhelephant feeding over several years,
and with varying rainfall conditions. It was notgsible to determine exactly how many
previous years’ impact could be discerned. Theegfloenceforth | simply refer to this impact
as impact accumulated over the longer term (assgapto the fresh impacts accumulated

over the course of a single dry season).

Figure 4.19 Location of vegetation survey sites@hg three ephemeral rivers in
northern KNP (dark grey dots are survey sites, lighgrey dots are waterpoints, stipled
lines are roads)

4.2.2.Quantifying patchiness in the levels of elephanmpact
Analysis of the frequency distribution of accumathtmpacts revealed that impacts were

relatively low (Figure 4.20), given that elephawesre at their highest densities in the park’s
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history at the time of the study (Whyte et al., 8p%An average of nearly 40% of trees had
no accumulated impacts at all, and a further 38@odmdy light levels of accumulated impact
(Figure 4.20). Therefore | pooled the proportiorirees with moderate, severe and very
severe impacts at each site to obtain a singleefaluthe higher levels of accumulated

impact there over the longer term (henceforth reteto as severccumulated impacts).
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Figure 4.20 Frequency distributions of the levelsfaccumulated elephant impact
along three ephemeral rivers in northern KNP. Valus are mean proportions of trees
with severe accumulated impact over n = 146 sitesrror bars are standard deviations

In keeping with the proposed heterogeneity approatined above, and that taken in the
previous chapters, | quantified the patchinesscofimulated impacts over the study area by
beginning with the test for Incremental Spatial dadrrelation (ArcMap 10.1; (ESRI, 2001)).
This tool measured the intensity of spatial clustgof impacts (Scott and Janikas, 2010),
enabling me to identify the peak scale in the Iewaélimpact patchiness to use in the ensuing

regression analysis (section 4.2.3).
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4.2.3.Investigating the role of surface water heterogensi in determining

patchiness in the levels of elephant impact

Having demonstrated that elephants preferred pattia¢ were in the vicinity of clustered
waterpoints in the previous chapter (Chapter 3j@e8.3.2), | used the same linear (though
spatial) regression technique to test the roleaidbse water heterogeneity in generating

patterns of accumulated elephant impacts.

| therefore hypothesized that the predictions degitn Figure 4.17 would be approximated

as:

y = Bo+ Bix1+ Poxy + P3x3+ Liyearl + fsyear2 + fgyear3

Wherep is the constant term associated with each exganaariable in a linear
regressiony; is the distance to the nearest waterpoinis the site’s patch context (provided
by neighbouring waterpoints), amglis the persistence of the nearest waterpoint tirainy
periods. Waterpoint persistence was categorisealdaynmy variable signifying whether the
waterpoint was perennial (persisted through theséasons of all years during the study
period) or ephemeral (persisted through only theywar of the study period), using the
water database compiled for Chapter 2. The yeattseastudy were included to account for
the fact that consecutive sampling years wouldrigty accumulate additional impacts to
those observed in previous years. As in the prevahapter, | tested the possible modulating
effects of differences in elephant gender, varyaigfall conditions and natural versus
artificial water, by including these as interacgdarms with the surface water variables

described above.

| determined water proximity from each survey sités nearest waterpoint using the
water database compiled in Chapter 2 (sectionah@)the Near tool in ArcMap 10.1 (ESRI,
2001). Since the previous chapter’s results indatdihat elephants focused patch choice
around natural water, at least over the short ,téatso included proximity to the nearest
natural source of water as a possible explanatangie. The patch context for each site was
determined by creating a neighbourhood around siéetusing ArcMap 10.1’s Buffer tool.
The neighbourhood size was determined using thie giesde of impact patchiness found by
the Incremental Spatial Autocorrelation describledva (this chapter, section 4.2.2), since
this peak signifies the scale(s) at which thereuaderlying spatial processes at work (Scott
and Janikas, 2010). | then used the Spatial Joi(ESRI, 2001) to count the number of
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waterpoints falling within each site’s neighbourbo®his value represented the site’s patch
context, or spatial configuration of waterpointsghdouring the survey sites (including those

in the adjacent interfluves).

In keeping with the heterogeneity approach develdpas far in the thesis, | made
use of the local form of linear regression (Geobreglly Weighted Regression (GWR);
(Fotheringham et al., 2003)) to account for possitanstationarity in the relationship
between surface water heterogeneity and severks levaccumulated elephant impact. As
explained in detail in Chapter 3 (section 3.2 .Ris tnvolves first finding a properly specified
global Ordinary Least Squares (OLS) regression m@&@imtt and Janikas, 2010), using
ArcMap 10.1’s (ESRI, 2001) Exploratory Regressiool t This tool identifies the full set of
explanatory variables that effectively captureititeerent spatial structure in the dependent
variable, tryingall possible combinations of explanatory varialitesee which models pass
all of the necessary OLS requirememhtfiade use of an Inverse Distance weighting method
to create the required spatial weights matrix (Raet al., 2012), based on the assumption
that vegetation survey sites further away wereligsly to contribute to a focal site’s

neighbourhood than sites closer by.

Before finding a properly specified OLS model, édghe resultant Summary of
Variable Significance output to test the predictibat more severe impacts would
accumulate in patches with more persistent pat@rpseferred surface water heterogeneity,
as identified in the previous chapter (Chaptere8tien 3.3.3). | inferred persistent patterns of
surface water heterogeneity from the patterns Idierved during the driest year of the
study period (1998; see Study Area in section@hgpter 1), when the study area
experienced less than half (255 mm) of the longpterean annual rainfall (450 mm;
Gertenbach (1980)), assuming that water that gedsterough this driest year was likely to
persist through other dry years over the longentéiincluded patterns of surface water
heterogeneity in the average (1997) and wet (1988j)s to represent comparative patterns of
surface water heterogeneity in wetter conditioriee Summary of Significance tables were
then used to test whether the dry year’s surfadenteterogeneity patterns were most

strongly associated with levels of accumulated ichpas predicted.
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4.2.4.Predicting the effect of complete closure of artiiial water sources on

patterns of elephant impact

Having obtained the GWR model as described aboagsdssed the effect of complete
closure of artificial water sources in the studgaaon patterns of accumulated elephant
impact using the predictive component of the GW® o ArcMap 10.1 (ESRI, 2001). This
involved re-running the GWR model with the additmfrthe DtW and patch context
variables without any artificial water sourceshe tool’s predictive input (Scott and Janikas,
2010). The GWR output then provides a new variaggpeesenting the predicted response. In
this way | could compare the observed patternsepfhwant impact in the presence of artificial
water sources with the expected patterns after mplosure of all artificial water sources.

| also used the Incremental Spatial Autocorrelatami to test how the scale(s) of elephant

impacts might change after complete borehole céosur

4.3. Results

4.3.1.Patchiness in the levels of elephant impacts acrosee riparian

landscape

Despite the fact that sources of surface watenerstudy area were seldom >5 km apart,
levels of elephant impact were patchily distributather than homogenous across the
riparian landscape (Figure 4.21). This patchy aedation of impacts was to be expected,
given the patchy patterns of movement and feedmugwered in the previous chapter
(Chapter 3, section 3.3.1). Furthermore, patchinéstephant impacts peaked at 1500 m
(Figure 4.21), matching the scales of elephantipelioice and feeding during visits to these
riparian zones (Chapter 3, section 3.3.1).

A second peak in the patchiness of accumulatedatapeas observed at 7500 m
(Figure 4.21). In cases where more than one pepktthiness is identified, further analyses
are usually undertaken using the scale that mosebt fits the process being examined,
often the first peak (Scott and Janikas, 2010)&elephant patch choice and feeding most
closely matched the first peak in impact patchir{@s60 m), | focused the ensuing analyses
at this scale and did not explore the drivers ocliatulated impacts at any other scales.
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Figure 4.21 Incremental spatial autocorrelation ofpatches of severe accumulated
elephant impacts on riparian woody trees along thre ephemeral rivers in northern
KNP, indicating peaks in impact clustering at 1500m and 7500 m

4.3.2 Role of surface water heterogeneity in generatinggtchiness in the

levels of elephant impact
Overall, the variables describing impact accumatatilosely resembled those describing
elephant patch choice and feeding. For examplegjiftance to natural water sources was a
stronger determinant of impacts than when all sesiaf water were considered together
(Table 4.4), reflecting elephant preferences fovimg through the riparian zone in the
vicinity of natural surface water (Chapter 3, sects.3.3). Similarly, the consistently good
explanatory power of patch context (84% of modedfiected elephant preferences for
clustered waterpoints when crossing the riparidangpboundary (chapter 3, section 3.3.1).
Interestingly, even though elephant impacts accatadlin the vicinity of natural
waterpoints, both natural and artificial water s@s contributed to the patch context of these

waterpoints as perceived by elephants.
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Variables representing the most consistent pattgrearface water heterogeneity,
lasting even through the driest year of the stuglyogdl, provided the best explanatory power
for levels of impact accumulation in the ripariane (Table 4.4). This supported the
prediction that impacts were likely to accumulateeve intervals between bouts of elephant
disturbance were smaller, in patches with condilst@neferred patterns of surface water
heterogeneity. The lower levels of impact accunadan the vicinity of ephemeral

waterpoints further substantiated this argumenbi@4.4).

Accordingly, the best fit global OLS model desanipievels of accumulated impact
in this landscape included distance to water, patectiext and waterpoint persistence (Table
4.5), as predicted by the linear equation propasaection 4.2.3. However, although the
OLS model supported all of my predictions, and stasistically significant (p < 0.00005,

d.f. = 6, 136), it only explained 44% of the vari@p in levels of accumulated impact (Table
4.5).
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Table 4.4 Consistency of significant variables e¥gning levels of elephant impact, determined by etoratory regression.
“Average”, “dry” and “wet” refer to years during th e study period with annual rainfall at, below and &ove the long-term annual mean
rainfall for the study area, respectively

Variable %significant %negative %positive
distance to natural water (dry) 96.96 100 0
year 1 (average) 96.56 100 0
distance to natural water (average) 95.13 99.96 0.04
year 3 (wet) 86.64 0 100
nearest waterpoint ephemeral 84.9 100 0
waterpoint configuration (dry) 83.82 0 100
nearest waterpoint perennial 56.53 10.67 89.33
landscape water context (average) 49.62 1.68 98.32
waterpoint configuration (average) 45.55 0.04 99.96
year 2 (dry) 40.85 75.94 24.06
distance to any source of water (dry) 33.8 57.05 42.95
natural surface water context (dry) 31.6 23.25 76.75
waterpoint configuration (wet) 25.61 8.19 91.81
distance to any source of water (wet) 23.25 77.07 22.93
distance to natural water (wet) 23.05 49.42 50.58
distance to any source of water (average) 11.39 84.86 15.14
natural waterpoint configuration (wet) 1.4 41.75 58.25
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Table 4.5

“Average”,

rainfall for the study area, respectively

Comparison of global (OLS) and local (GMW) models of factors associated with the accumulatn of elephant impacts.
dry” and “wet” refer to years during th e study period with annual rainfall at, below and &ove the long-term annual mean

Response Jarque- — GWR GWR
variable OL.S OLS Bera p- Koenker Jom_t F factors ... | (robust) adjusted | AICc
adjusted (BP) p- | statistic . t-statistic 2
2 AlCc value included p-value r
r (df) value (df) | p-valuey
Proportion of trees year 1 (average) -0.254 0.000001
at each site with
moderate, severe year 2 (dry) -0.165 0.000891
or very severe )
Iev\(/elsyof v nearest waterpoint ephemeral0.193 0.000027
accumulated <0.00005 | distance to nearest natural | -0.00002 | 0.000209
Impact 0.441 | -103.1§ 0.367 0.266 g waterpoint (dry) 0.528 | -116.31
6,136
distance to any waterpoint
(dry) 0.00003 | 0.0051
0.049 0.0005

waterpoint configuration
(dry)
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A thematic map of the levels of accumulated ima&ach of the vegetation survey
sites provided clues as to this relatively poorlaxatory power. Only 15 of the 143 sites had
high levels of accumulated impact (>50% of thedr@&h moderate, severe or very severe
accumulated impacts), while the remainder of thesdiad few or no trees (<40%) with high
levels of accumulated impact (Figure 4.22). Moreptlee heavier impacts occurred in
hotspots around waterpoints, rather than attergiatith distance from water (Figure 4.22).
However, patches of low impact between these htdsmmuld not be differentiated among
patches between clustered versus dispersed ormayndonfigured waterpoints as predicted.

Figure 4.22 Levels of accumulated elephant impact@ng three ephemeral rivers in
northern KNP (displayed as the proportion of treesat each site with moderate, severe,
or very severe levels of impact)

Accordingly, patterns of accumulated impact coiedidvell with patches of preferred
movement and feeding in the riparian zone thatdesh identified in Chapter 3 (section
3.3.1). For example, all of the patches with higegels of accumulated elephant impact
(specifically, Zari, Boomplaas and Sandpiper wintsvalong the Phugwane River, and the
Redrocks and Joao-Spirowiri waterpoint complexea@the Shingwedzi River), were also
patches preferred for movement through the ripazaares of these rivers (Chapter 3, section
3.3.2). In contrast, only two preferred patchesewet patches of greater impact. The local
GWR model only increased explanatory power to 5&& accounting for regional variation
(Table 4.5). However, it revealed significant ragibvariation in the relationship between
surface water heterogeneity variables and the aglation of elephant impacts across the
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riparian landscape (Table 4.5). Specifically, thedei explained impact accumulation much
better (up to 61%) along the western reaches obthiegwedzi River, and a lot poorer (as

little as 36%) in the eastern portions of the statBa (Figure 4.23).
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Figure 4.23 Local f values describing the strength of the relationshipetween levels
of elephant impact and surface water heterogeneitglong three rivers in northern KNP

Mapping the GWR co-efficients of the surface watmiables in the best-fit model
provided insights into possible sources of thisstationarity. For example, along the western
reaches of the Shingwedzi River, where ephemeranaints were more abundant, having
an ephemeral waterpoint nearby meant lower lefede@umulated impact. However, this
relationship did not hold very strongly elswherehe study area (Figure 4.24). Similarly,
although proximity to natural waterpoints emerge@a important explanatory variable, it
was strongest along the eastern reaches of thgwédzi River (Figure 4.24). In contrast,
along the Phugwane River, which had few ephemenahtural water sources, impacts
accumulated close to any source of surface watgui@4.24). Patches with larger numbers
of neighbouring waterpoints consistently generaigtier levels of accumulated impact,
although the strength of this relationship was nateda by which other surface water

variables were important for that patch (Figured.2
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Figure 4.24 Local co-efficient values for (i) the earest waterpoint being ephemeral, (ii) distance tthe nearest natural waterpoint, (iii)
distance to any waterpoint, and (iv) patch contexprovided by neighbouring waterpoints, as determinats of the accumulation of
elephant impacts in different parts of the riparianlandscape in northern Kruger National Park
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4.3.3 Predicted patterns of elephant impact under a natual surface water

scenario
Removal of artificial water sources was predictedlter both the location and levels of
accumulated elephant impacts dramatically. Althotinghproportion of patches with severe
levels of accumulated impact would experience gdgk change, fewer patches were
predicted to have no accumulated impacts at alicating an overall increase in moderate
levels of impact (Figure 4.25). Contrary to my estpéions, this suggests an homogenisation
of impacts upon reverting to natural patterns ofasie water heterogeneity, rather than
increasing heterogeneity as suggested by Owen-%mnith (2006).

Patches of high impact were predicted to shift afway the Redrocks-Spirowiri and
Zari waterpoints under a natural surface wateratgenand instead became focused
primarily along the western reaches of the ShingwRiver where most of the ephemeral
waterpoints occurred (Figure 4.25). Again this hesas contrary to my prediction that
impacts would accumulate around the more persistutral waterpoints. Instead, removal
of artificial water sources would leave this aragthvhe highest number of neighbouring

waterpoints, emphasizing the importance of patctiecd.

Using the impact levels predicted under a natuegbwscenario by the GWR,
Incremental Spatial Autocorrelation revealed thase dramatic changes to the locations and
levels of elephant impact were accompanied by &gdehmatic shifts in the scales of impact
patchiness (Figure 4.26). Reflecting the apparentdgenisation of elephant impacts
reported above, the scales of patchiness weregbeeldio increase three- to six-fold.
Furthermore, the first peak in patchiness wouldgase from 1500 m to 9000 m (Figure
4.26).
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Figure 4.25 Predicted elephant disturbance regimeacross the riparian zones in the
study area after the removal of all artificial sources of surface water. Levels of impact
indicate the proportion of trees at a site with moeérate, severe or very severe impact
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Figure 4.26 Predicted scales of patchiness in theviels of elephant impacts in the
study area following the closure of all artificialsources of water, as calculated by
Incremental Spatial Autocorrelation (ArcMap 10.1). The first peak in patchiness was
predicted to increase from 1500 m to 9000 m
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4.4. Discussion

In this chapter, | explored the role of surfaceexdieterogeneity in generating patchy levels
of elephant impact across a savanna landscapebuthdant water supplies. The work
differed from previous studies (Pellew, 1983, Wankegel, 1993, Kerley and Landman,
2006, Holdo, 2007, Stokke et al., 2014{Parker, 18389813, Asner et al., 2009, Landman et
al., 2012, Cumming, 1982, Cumming et al., 1997 ,ddner and Dawkins, 1961, Van Wyk
and Fairall, 1969, Laws, 1970, Anderson and Walk@&74, Rutina et al., 2005, Hofmeyr and
Eckardt, 2006, Guldemond and Van Aarde, 2008, Kesteal., 2008, Landman et al., 2008,
Barnes et al., 2008, Moe et al., 2009, Teren andrE8mith, 2010, Lagendijk et al., 2011,
Fullman and Child, 2012, Rutina and Moe, 2014, B&at al., 2014a)}by quantifying the
actual levels of elephant impact to infer undedyspatial processes, rather than relying on
purported elephant effects on woody compositionsinecture that are difficult to tease apart
from other drivers of vegetation dynamics. Using slaled, contextual approach developed
in earlier chapters, the role of surface waterroggeneity in generating these impact patterns
could be explored beyond previous distance to watasures, using a local regression
technique that could account for the spatial autetation and nonstationarity common in
complex, heterogeneous systems. This heterogemgitypach exposed the peak scale of
elephant impact (1500 m) in this landscape foffitlsetime, revealing a match with the scale
of the underlying disturbance regime created bgtedat preferences to feed in patches with
clustered and/or natural waterpoints (Chapterr®orporating the predictive component of
the local regression technique demonstrated thabval of all artificial water sources would
not necessarily increase the patchiness of elepmgaicts unless these closures were
associated with an increase in the remaining dledteatural waterpoints. However, by
removing perennially open artificial water sourdbe, intervals between return visits to these
patches would become greater, resulting in redieasds of elephant impact. In contrast to
the contentions of earlier studies, the understandeveloped in this chapter indicates that
patchy elephant impacts are indeed possible atandscapes with abundant surface water,
as long as these water sources have variable Ispatiggurations and persistence.
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4.4.1 Understanding how elephants generate patchy pattemof impact

across a heterogeneous landscape
Despite the constraints on measuring amounts phala feeding, rather than biomass, in the
preceding chapter, the scales of impact patchimessvered here (1500 m) matched those of
elephant patch choice and feeding demonstrateth&p@r 3 (section 3.3.1). This finding
supports the identification of these spatial respsrby elephants to the presence and spatial
configuration of natural water sources, as the tlytg mechanism of patchy impact

generation in this landscape.

As with elephant spatial responses to surface weirogeneity, the accumulation of
impacts across the landscape over the longer tera alosely approximated “hotspots” of
elephant disturbance patterns than a gradual attienuaway from water. This result
supports the contention made in the preceding ehagiat linear models based on the
piosphere concept of zones of impact nearer torff@teash and Derry, 1999, Derry, 2004,
Landman et al., 2012) are inappropriate for deswgiklephant disturbance regimes in this

landscape.

This study was restricted to riparian zones, selephants focus their dry season
activities in this part of the landscape. It therefremains important to determine how the
insights gained here apply to the adjacent uplaedsawhere other ecosystem drivers such as
fire also play a role in generating vegetationgratt (Levick, 2008). Floods are another type
of disturbance that can substantially alter vegatgtatterns in riparian zones (Jacobs et al.,
2007). Extreme flooding events are predicted tmbeease under the influence of global
climate change (Jacobson, 1997). Hence it willnbpgartant for future studies to consider the
interacting effects of elephants and hydrologicalats on riparian vegetation change,
particularly given the important contribution thiagé riparian zone makes to biodiversity
(Naiman et al., 1993).

Disturbances typically create spatial heterogeririgcological systems (Connell,
1979, Pickett, 1985, Pickett et al., 1989). Every wevere natural disturbances usually do
not homogenize the landscape (Turner, 2010). Aaeglyl disturbance theory (Pickett and
White, 1985, Caswell and Cohem, 1991) providededulgonceptual framework for
understanding how the spatial and temporal hetemtyeof surface water in this landscape
resulted in the accumulation of varying levels lefphant impact across the riparian zone. As

predicted, the severity of elephant disturbancesmghest in patches with preferred
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(clustered) waterpoint spatial configurations andé@tural waterpoints, presumably because
more elephants visited these patches, and thegodmdore frequently. As a result, the smaller
disturbance return intervals in these patchegheffe patches with less time to recover before
elephants returned to disturb them again. As erpledisturbance intervals were also
influenced by waterpoint persistence, with lowepauats at the less predictable, ephemeral
water sources, as well as at waterpoints that lesseconsistently clustered over time. These
smaller disturbance return intervals were reflettgtbwer levels of elephant impact

severity.

4.4.2.Implications for the use of water provision to geneate variable

elephant disturbances

The current understanding generated from DtW ssugliedicts that complete closure of
artificial water sources will increase levels ofpact patchiness through greater proportions
of the landscape remote from water (Owen-Smith5)1.9@ contrast, the scaled, contextual
perspective of surface water heterogeneity emplayéis thesis predicts that complete
closure would cause an overall elevation of impagsead more evenly across the
landscape. Rather, the key to generating hotspeiephant impact would be strategic
closures or placements of boreholes to createerkestvaterpoint configurations, leaving the
remaining areas with significantly lower impact&isiunderscores the importance of
incorporating the spatial configuration of watergsiinto future considerations of water

provisioning policies.

Even though elephants preferred natural waterditeibution of artificial
waterpoints contributed to the clustering pattarithese natural waterpoints, and hence
strategic placement of artificial water sourcegéoerate such clustering is expected to
enhance impact patchiness in this landscape. Argyd this new contextual understanding
suggests that water provisioning as a tool to raaintestore or even enhance impact
patchiness has been underestimated, and thererajurely dismissed, in protected areas
with abundant water supplies. However, the prefadry elephants for clustered waterpoints
may differ in landscapes where the distribution egldtive abundance of various critical
resources differs, because of the particular taftiethat elephants must make to achieve
metabolic balance. Therefore, it is important tonga understanding of the particular scales

and patterns of elephant response to surface waterogeneity in a landscape before
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developing a water provisioning strategy aimedeategating patchy elephant impacts.

Spatial tools now exist to optimize such water Bimning strategies.

4.4.3 Avenues for future research

A potentially important omission from this worktlgat it did not address how the distribution
of preferred woody species may potentially modutlhéegeneration of patchy elephant
impacts across the landscape. Although elephaatslde to tolerate a low quality diet
(Stokke and Toit, 2000), and therefore don’t neebd selective, it is well known that they
do cherry-pick certain plant species (see Chaptsedtion 1.4). Hence, it is possible that the
presence or relative abundance of preferred spew@glay a role in modulating the
patterns of accumulated impact in this landscapear et al., 2012). Finally, the extent to
which patches with low levels of impact act as trefeiges from elephant disturbance will
depend on the susceptibility of the woody spe@esddphant impacts (O’Connor et al., 2007)
in these patches. It is therefore important toudel considerations of susceptibility to
elephant impact into understanding of the generaifdrue refuges. Having exposed the
underlying mechanism of elephant space use reguitipatchy elephant impacts in this
landscape, patterns of woody plant diversity can nontextualised. | will examine this in
the next chapter (Chapter 5).
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Chapter 5 - Elephant-mediated
modifications to biodiversity along a
trajectory of change in a heterogeneous

landscape

5.1. Introduction

Although elephant populations have declined dracaHyi over most of Africa (Gillson and
Lindsay, 2003), they are still steadily increasimghe southern portion of the continent
(Scholes and Mennell, 2008). Consequently, themgdsspread concern for loss of
susceptible plant species and tall trees througteasing elephant impacts (Pienaar, 1969,
Van Wyk and Fairall, 1969, Anderson and Walker,4,90oetzee et al., 1979, Sise, 1986,
Swanepoel and Swanepoel, 1986, Guy, 1989, Spii8g§e, Midgley and Joubert, 1991,
Addy, 1993, Ben-Shahar, 1993, Cowling, 1994, Cungneinal., 1997, Trollope et al., 1998,
Johnson et al., 1999, Kelly, 2001, Cowling and BgrR002, MacGregor and O'Connor,
2004, Skarpe et al., 2004, Hofmeyr and Eckardt626@ldo, 2007, Kerley et al., 2008,
Shannon et al., 2008, Lagendijk et al., 2011, diu &taal., 2014b, Skarpe et al., 2014a,
Skarpe et al., 2014b). Past approaches to thipHalg problem” (Caughley, 1976) were
centered around keeping elephant population sieglesvia particular ceiling or carrying
capacity (Van Wyk and Fairall, 1969). At this levielas believed that elephant impacts
would be in equilibrium with vegetation regeneratiblowever, over the past two decades,
the failure of carrying capacity approaches togrbsusceptible species and tall trees
(Eckhardt et al., 2001), along with societal pressabout elephant culling, have compelled
scientists and managers to search for a new agptoawlving the “elephant problem”
(Owen-Smith et al., 2006, O’Connor et al., 200hd&es and Mennell, 2008).

In the Introductory Chapter, | outlined how theeimhediate Disturbance Hypothesis
(IDH; Connell (1979)) has provided a framework poedicting how biodiversity may be
reduced under increasing elephant densities (Chapsection 1.5). Under the past Balance
of Nature paradigm (Wu and Loucks, 1995), the IDedicted that maximum diversity
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diversity

would be found in landscapes where intermediatel$eaf elephant disturbance were high

enough to reduce competitively dominant plant (@sebciated) species, but not so high as to
eradicate impact intolerant species (Figure 5.27).

spp not constrained by
competitively dominant spp

only impact tolerant spp
Competitively dominant spp ()

impact intolerant spp

disturbance

Figure 5.27 Diversity predictions of the Intermedide Disturbance Hypothesis

With the paradigm shift to heterogeneity in the +h880’s (Wu and Loucks, 1995)
came a heterogeneity interpretation of the IDH. Sideration of space and scale (Reynolds
et al., 1993, Roberts and Gilliam, 1995) led tor#@gnition that local elephant-mediated
biodiversity losses did not necessarily extrapolgtéo broad-scale, regional losses of
biodiversity (Chamaillé-Jammes et al., 2007, Kedéewl., 2008). Instead, patches of varying
elephant impact could potentially generate metdgta@/Vu and Loucks, 1995),
compensating for local losses at the landscapé (Eveen-Smith et al., 2006). Consequently,
rather than aiming for a single optimal level deimediate disturbance across the entire
landscape, a heterogeneity interpretation of thé pbomotes the generation of a patch
mosaic (Bormann and Likens, 1979, Wiens, 1996,&idnd Rogers, 1997) of varying
disturbance in different parts of the landscapebthsoand Huenneke, 1992, Roberts and
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Gilliam, 1995, Whyte et al., 1999, Whyte, 2004) e®patially explicit interpretation of the
IDH predicts that, as long as these patches afidiahce remain distinct, reduced local
biodiversity in patches of high impact will be coemsated for at broader levels (Roberts and
Gilliam, 1995). In fact, locally severe impacts nesen promote local diversity by providing
conditions preferred by disturbance tolerant sgeitiat would otherwise not colonise a patch
(Connell, 1979, Roberts and Gilliam, 1995).

These principles underpin KNP’s current elephamagament policy, which aims to
ensure patchy elephant impacts, rather than tdaegelephant population size or carrying
capacity (Whyte et al., 1999, Whyte, 2004). Surfaeter heterogeneity has been proposed
as a means of maintaining such discrete patchekepiiant impact (Owen-Smith, 1996,
Gaylard et al., 2003, Chamaillé-Jammes et al., 200Connor et al., 2007, Landman et al.,
2012). However, until now understanding the coodsithat would generate sufficiently
heterogeneous surface water patterns to constephant impacts in this way, as well as the
role of water provisioning in reducing or enhancihig heterogeneity, have been restricted to
measures of distance to water (DtW; (Redfern, 20R&jfern et al. (2005), Chamaillé-
Jammes et al. (2007), Chamaillammes et al. (2007), Smit et al. (2007a), Snat.et
(2007c), Grant et al. (2008), Smit and Grant (2D09)

Over the course of the preceding chapters, | haveldped a heterogeneity approach
that has enabled me to advance this understandyand simple DtW, by quantifying the
scale(s) and patterns of surface water heterogeinegt spatially explicit manner that
describes waterpoint spatial configurations (ChapteHence, incorporating the patch
context of waterpoints in this way not only provideew insights into the surface water
template available to elephants in this landschptalso as to how elephants responded to
this template by selecting patches with clustepadial configurations (Chapter 3).
Understanding these spatial responses to surfaies ieterogeneity contextualised how
these elephant disturbance regimes resulted ingeraf impact levels across the landscape,
with higher levels of impact in patches with clusttwaterpoints, and lower levels where
disturbance return intervals were longer due tdablk of preferred surface water traits
(Chapter 4). However, whether this patchiness tesulrue refuges from elephant impact
depends on how susceptible the species in theskgsaare, given their regeneration capacity

relative to elephant disturbance return interv@<pnnor et al., 2007).
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The concept of biodiversity itself has shifted frarpast focus on species richness to
a more comprehensive definition that incorporatesainchically nested components of
compositional, structural and functional divergiyubert et al., 2003, Rogers, 2003). This
broader perspective of biodiversity across a raigeales and levels of organisation has
important implications for understanding elephagsgents of change. For example, losses
of a particular component of biodiversity don’t essarily translate into losses of the other
components (Roberts and Gilliam, 1995, Aubert e28I03, Zebisch et al., 2004). Moreover,
changes in one component of biodiversity may beeayssor to changes of the other
components of biodiversity, thereby providing arlyeaarning signal of impending change
(Roberts and Gilliam, 1995, Aubert et al., 2003)efk is still a lack of understanding about
which of these components are most susceptiblephant impacts.

In this chapter | investigate patterns of ripamayody diversity along the ephemeral
rivers in northern KNP, incorporating Noss’s (198)re comprehensive perspective of
biodiversity by examining several different measuwériparian woody diversity, and
inferring the role of elephants by using the hegerity interpretation of the IDH. Rather
than testing narrowly-focused hypotheses of elepimaiuced biodiversity change, which
would require controlling or accounting for all etifactors potentially driving riparian
woody diversity, | make use of multiple lines oidance gathered in the preceding chapters,
with which to interpret the observed patterns paran woody diversity. In so doing, | make
use of such an adaptive inference method of s@ieetiquiry (Holling and Allen, 2002) as
the final component of the heterogeneity approaateldped thus far in the thesis, to
pinpoint where the study area lies along a preditigectory of change mediated by
elephants. Specifically, | made use of the findialgeut elephant patch choice and feeding
from Chapter 3, along with the patterns of elepliampact demonstrated in Chapter 4, to
make the following predictions about elephant-midigatterns of riparian woody diversity
along such a trajectory of change in the study,aeeording to a heterogeneity interpretation
of the IDH (Figure 5.28):

)] given the patchy, but relatively low, levels of@ant impact demonstrated in
Chapter 4 (nearly 40% of trees measured had ne sigaccumulated elephant impact
at all), riparian woody diversity would be patchysaales matching the spatial
patterns of elephant patch choice and feedinghande at the scales of impact

patchiness across the landscape; and therefore
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i) patches of higher biodiversity would coincide wiitie patches representing
less preferred (randomly configured or disperseateypoints or longer elephant
disturbance return intervals (ephemeral or lessistently clustered waterpoints;
Chapter 4); consequently

i) even though this landscape has some patches oksglephant impact,
regional diversity would be higher than local dsigy, since the refuge patches away
from severe elephant impacts compensate for laodiversity losses; however

Iv) levels of elephant impact may not be severe encagd in the most heavily
impacted patches, to eliminate susceptible speciesinduce the growth of impact
tolerant species. If this is the case, | expectidivy patterns either to be (a)
homogenous (because elephant impacts are not savieegiluent enough relative to
the vegetation’s capacity for regrowth), or (b)gbgt with an inverse relationship to
impact levels, but restricted to changes in ripavi@ody structural diversity;
accordingly, | expect that

V) patterns of riparian woody diversity will be onlyeakly associated with levels

of accumulated elephant impact across the landscape

By providing the first empirical test of a heterogéy interpretation of the IDH, this study
aims to contribute towards evaluating the basisuofent elephant management philosophies
in African savannas. In addition, illuminating tetent of elephant-induced biodiversity
changes in this landscape will place KNP alonggettory of biodiversity change,

facilitating the prediction of how biodiversity expected to change in the face of a growing
elephant population there. Finally, by inferring@ant-induced changes to the patterns of
three different components of riparian woody diitgrghe results will have implications for
which indicators would be best for monitoring ttalg warning signals of elephant-induced

biodiversity loss in this landscape.
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Figure 5.28 Diagrammatic representation of the hypithesized trajectory of change
following increasing elephant densities and varyingatterns of surface water
heterogeneity in riparian zones in northern KNP. The hypothesized trajectory of change
stems from a heterogeneity interpretation of the ltermediate Disturbance Hypothesis
(Connell, 1979), using the patterns of elephant pel choice, feeding and impact
distribution uncovered in Chapters 3 and 4
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5.2. Methods

Having used the understanding developed in prewsbagters in the context of a
heterogeneity interpretation of the IDH, and udimg framework to predict a trajectory of
elephant-mediated change in this riparian lands(R&igere 5.28), the methodology for this
chapter comprised three key steps. The first steplved quantifying multiple measures of
riparian woody diversity, and assessing the scade(8 patchiness of these diversity patterns
across the riparian landscape, to evaluate whétkarontention that elephants have
homogenised woody diversity is supported. Secondigsessed how closely patterns of
patchiness in riparian woody diversity matchedgratt of elephant impact, in terms of both
the scale and the location of impact hotspots éedea woody diversity, to look for

evidence that elephants were the cause of thesammatThe final step involved searching for
evidence of regional compensation for local divgrisisses, through comparisons of regional
and local levels of diversity, as well as by invgsting whether any local losses of diversity
may have been replaced by commensurate gainsen foitms of riparian woody diversity.

In this way | could infer whether patchy impactsasevere enough to induce the generation
of impact tolerant versus impact intolerant speiedifferent parts of the landscape. Making
use of the same survey sites and study area @sdheus chapters enabled me to integrate
all the evidence from my findings about the pateshsurface water heterogeneity, elephant
space use and associated patterns of impact acatomylinto the heterogeneity
interpretation of the IDH. In this manner, | adaply inferred the contribution of elephants

to the observed patterns of riparian woody diveiisitthis landscape.

5.2.1. Quantifying patchiness in patterns of riparian woaly diversity

During the field surveys undertaken to measurehalepimpacts for the previous chapter
(Chapter 4, section 4.2.1), | identified each #reountered to species level, wherever
possible. In addition, | incorporated tree heightia index of woody structure by estimating
trees relative to a 2-m reference board, and plettiem into one of six height classes:
<50cm, 50 — 100 cm, 100 — 200 cm, 200 — 400 cm~4800 cm or >800 cm. | then
calculated the structural diversity, species ditiend species richness at each site. In this
way, | incorporated a measure of evenness for heidht class distribution and riparian

woody species (diversity), as well as the tradalgnevaluated number of species (richness).
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Structural and species diversity were calculatedguthe Shannon index of evenness
(Shannon, 1948):

R
H' = _Zpi Inp;
i=1

Wherep; is the proportion of individuals belonging to fitle type of height class or species.

Species richness was simply quantified as the madber of woody species encountered at

each survey site (Spellerberg and Fedor, 2003).

In keeping with the heterogeneity approach developé¢he preceding chapters, |
made use of Incremental Spatial AutocorrelatioAnicView 10.1 (ESRI, 2001) to test the
prediction that patterns of riparian woody diversiould be patchy in the study area. By
investigating the spatial autocorrelation of theeéhlocal diversity measures over a series of
distances, this approach provided an objective sieaitdentifying the scale(s) at which
these patterns were patchy (Scott and Janikas, 28&€ordingly, the three measures of
riparian woody diversity served as the responsibkes for each of the three independent
tests of Incremental Spatial Autocorrelation (fetadls of the method, refer to previous

chapters).

5.2.2Testing for regional compensation for locally redued riparian

woody diversity
Testing the next prediction involved assessing twrepatches of high elephant disturbance
that had lower local diversity were compensatedrfqgratches that had escaped severe
elephant impacts. To do this, | tested whethetdhels of any of the three measures of
riparian woody diversity that may have been redungshtches of high impact were retained
elsewhere in the riparian landscape. | did thiplogting local elephant disturbance
(measured as the proportion of trees at each giitemoderate, severe or very severe
accumulated impacts) against each measure ofaipamody diversity for each of the
survey sites. | then pooled the data from all thel\ssites to calculate regional values for
structural and species diversity, as well as fecss richness, and plotted these as separate

series along with the plots of local diversity v@gul inferred the possibility of local
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compensation for biodiversity losses in other pasdifiregional diversity values were higher

than local diversity values.

However, since increased diversity at regionalesabuld simply be an artefact of
species-area relationships (Rosenzweig, 1995)har alrivers of woody diversity (van
Wilgen et al., 2003, Holdo, 2007, Holdo et al., 200evick and Rogers, 2011, Colgan et al.,
2012, Levick et al., 2012, Baldeck et al., 201#)vas necessary for me to test how well any
observed differences in diversity patterns coindiaith patches of varying impacts, and
could therefore be attributed to elephants. | Hid by comparing thematic maps of each of
the diversity measures to levels of elephant impashg ArcMap 10.1 (ESRI, 2001).

5.2.3. Assessing the contribution of elephant impacts tpatterns of

riparian woody species composition
Since the thematic map of impact accumulation actios landscape more closely
approximated hotspots of damage than attenuatidamfge with distance away from a
patch and linear regressions explained this attemmupoorly (Chapter 4, Figure 4.22), |
performed a multivariate Canonical Correspondentalysis (CCA; Ter Braak (1986), Ter
Braak (1987)) to test the prediction that ripamesody species composition would be only
weakly associated with varying levels of elephampact in this landscape. CCA is a
constrained multivariate statistical techniqueitradally used to explore the relationship
between biological assemblages and their envirohien Braak, 1987, Borcard et al.,
1992, Levick, 2008). Accordingly, | inferred thaetseverity of elephant impacts was indeed
great enough to induce changes to local ripariandyspecies composition if the CCA
demonstrated strong, statistically significant agsns between levels of elephant impact

and particular suites of riparian woody species.

5.3 Results

A total of 49 species was identified from the 65@®s encountered in the study area.
However, only 10 species made up 88% of the treasd, withC. megal obotrys (18%),G.
heterophylla (15%),C. mopane (10%),P. violaceae (10%) andD. mespiliformis (10%) being
the most numerous (Figure 5.29), while 27 of thecss were represented by less than 10
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individuals each in the survey sites. Hence theesuresults indicated a plant community
dominated by a few riparian woody species, withesguncommon species making up the
balance in only a few sites. Furthermore, very fimgs in the seedling or sapling size classes
were encountered at the survey sites, with ne@dg 6f the trees measured being between 1

— 4 m (Figure 5.30).
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Figure 5.30 Frequency distribution of woody heightlasses (n = 6569 trees)

5.3.1 Patchiness in the patterns of riparian woody diversy

Contrary to my predictions, there were no signifigaeaks in structural diversity across the
survey sites at any scale (Figure 5.31). Instealy, riparian woody species diversity and
species richness were significantly patchy acrosstudy area (Figure 5.31). Species
diversity reached a first peak in patchiness abD1(z = 2.95; p = 0.003), closely matching
the scale of patchiness of elephant patch choidgpatches of severe accumulated impact
(1500 m) identified in previous chapters (Chaptesetion 3.3.1 and Chapter 4, section
4.3.1). A second significant peak in the patchiredssgpecies diversity occurred at 9500 m (z
=6.22; p < 0.00005; Figure 5.31). In contrastcpetess in riparian woody species richness
peaked at 3000 m (z = 7.739; p < 0.00005) and 5500 = 8.45; p < 0.00005; Figure 5.31),
respectively. These scales were unrelated to #nqursly identified scales of elephant patch
choice or patches of elephant impacts, suggedtiaigptatchiness in the patterns of riparian
woody species richness were unrelated to the eteplisturbance regime.
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Figure 5.31 Incremental spatial autocorrelation otthe patterns of woody species
diversity and richness, as well as structural divesity (measured as tree heights) along
three ephemeral rivers in northern KNP. Red circlessignify statistically significant
peaks in patchiness, indicating the presence of uadying spatial processes at these
scales

5.3.2 Evidence for regional compensation for locally redaed riparian

woody diversity

As predicted by the heterogeneity interpretatiothefIDH, regional levels of structural

diversity, species diversity and species richnem®wigher than their local counterparts

(Figure 5.32), suggesting that any local lossagpafian woody diversity (even though none

were statistically significant) were compensataddfppatches elsewhere that had maintained

their diversity. In the case of species richndss,dccurrence of uncommon species in some

patches resulted in a higher overall count of sseat the regional level (Figure 5.32).
However, this regional compensation for local reauns in riparian woody diversity cannot
be ascribed to the patchy accumulation of elepimapéacts alone, and could indeed simply

reflect the known relationship of a species-areae(Rosenzweig, 1995) or other drivers, as
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pointed out above (section 5.2.2). Nevertheless résult does confirm the prediction that

that riparian woody diversity in the study area hatlyet been homogenised by elephants.
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Figure 5.32 Three measures of riparian woody diverty along ephemeral rivers in
northern KNP, comparing local and regional values a a function of varying levels of
elephant disturbance

Thematic maps of riparian woody structural diversspecies diversity and species

richness across the study area exhibited patcttBsraying riparian woody diversity

(Figure 5.33). Although structural diversity wasifal to be homogenous across the study

area (section 5.3.1), it was in fact homogeneohigjly relative to the three patches of lower

(H’ = 0.31 — 0.45) structural diversity. A patchlagher structural diversity (at Sandpiper

windmill near the confluence of the Mphongolo armi§wvane rivers; (Figure 5.33), as well
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as two localised patches of lower structural dikgi@long the western and central reaches
of the Shingwedzi and Phugwane rivers, respectieture 5.33). However, the patches of
high elephant impact did not coincide with the patof low structural diversity (Figure
5.33). Similarly, patches of low elephant impaat dot coincide with the patch of
significantly higher structural diversity (Figure33). These results therefore suggest that
factors other than elephant impacts were respanfiblgenerating these patterns of riparian

woody structural diversity.

In contrast, two of the four patches of severe andated impacts coincided with
patches of low species diversity (Figure 5.33).SEhgatches of severe impact were
associated with the two clustered waterpoint corgdealong the Shingwedzi River (the
Redrocks and Joao-Spirowiri waterpoint complexiesaddition, one of the six patches of
low impact, along the western reaches of the ShaagwRiver, coincided with a high species
diversity patch (Figure 5.33). These results sugipes elephant impacts were responsible for
generating these patterns of species diversity.d¥ew it should be noted that other patches
of high/low diversity in the study area did notrcide with elephant impacts (Figure 5.33),

indicating the presence of other drivers of ripamaoody species diversity.

As predicted, patches of high/low riparian woodga@ps richness coincided least
well with patches of varying elephant impact, wotily one patch of low elephant impact
associated with higher species richness (Figur®) 5This result supports the prediction that
elephant impacts in the study area had not yetrbagalter this component of woody

diversity.
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Figure 5.33 Spatial patterns of riparian woody divesity (top) compared with
accumulated elephant impacts (bottom) along threeplhemeral rivers in northern KNP.
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higher diversity values

for each measure
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5.3.3 Contribution of elephant impacts to patterns of riparian woody
species composition
The CCA ordination diagram revealed that 10 ofwlo@dy species encountered were
associated with particular levels of accumulategleant impact (Figure 5.34). For example,
the Gardenia sp. was associated with sites with very low lew¢lslephant impact (<10% of
trees with moderate, severe or very severe impaglsle Z. mucronata, F. virosa, C.
mossambicense, G. heterophylla, Phyllanthus reticulatus andXimenia sp. were associated
with higher levels of elephant impact (>40% of s&ath moderate, severe or very severe
impacts; Figure 5.34). However, the particularesurf species revealed by the ordination
diagram did not coincide with known groups of imipaderant or intolerant species.
Furthermore, the poor explanatory power of levélslephant impact reported by the CCA
(<10% of total variation explained) provided suggdor the prediction that elephant
disturbances were not yet severe enough in thdstzape to induce changes to riparian

woody species composition.
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5.4 Discussion

In this chapter, | assessed to what extent thénpaiephant disturbances generated by their
responses to surface water heterogeneity had é@litgyarian woody diversity in the drier
northern region of KNP. | did so by testing a senépredictions emanating from a
heterogeneity interpretation of the IDH, to loctite study area along an hypothesized
trajectory of elephant-mediated change. The chap&sefore represents the final component
of the heterogeneity approach that | have propésedhderstanding and managing
elephants, and developed through the course ofttbsss. The framework for this approach
has, as its basis, spatially explicit analyseseteminine the nature and scales of resource
heterogeneity, as well as elephant responsessodabource heterogeneity, and the resultant
patterns of impact accumulation across the lanascHpe work in this chapter advanced the
heterogeneity approach further, by introducing &éigapnference as an alternative scientific
method of enquiry to the narrowly-focused hypothéssting associated with typical
reductionist approaches (Holling and Allen, 2002)gether the findings indicated that the
study area in northern KNP was at the low end c¢lephant-mediated trajectory of
biodiversity change, with elephant spatial and terapresponses to surface water
heterogeneity sufficiently patchy to generate ayeanf impact levels even though the
elephant population size was at its highest innaemb history at the time of the study.
Accordingly, there was little evidence to suggést the patterns and scales of riparian
woody species richness and structural diversitybdesh shaped by elephant disturbance. In
contrast, riparian woody species diversity exhibgarly signs of elephant-mediated losses,

although these were confined to patches of higraothp

5.4.1 Diversity changes brought about by elephant disturbnces

Although woody structural diversity was homogenaasoss the riparian landscape, which
was contrary to my predictions, species diversity species richness exhibited a patchy
distribution. In the absence of a reference paimtictural diversity, though homogenous
across the landscape, appeared relatively high.ederyhigh structural diversity is not
necessarily indicative of a healthily regeneraptent population, which typically exhibits a
negative-J growth curve (Midgley et al., 2010).9Wias not the case for the riparian plant
community in this landscape, which exhibited a &ge of the younger age classes.

However, given the scales of patchiness in elepingpaicts and hotspots demonstrated in the
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preceding chapter, it is unlikely that elephaneated this widespread absence of woody
vegetation recruitment. Instead, the study periag simply not have coincided with an

episodic recruitment event (Pettit and Froend, 2001

In contrast, the scales of patchiness in speciesgity closely matched the scale of
elephant patch choice, feeding and impacts. Momedlve few patches of particularly low
species diversity coincided with hotspots of acclatea impact, suggesting that elephants
were responsible for reducing woody species dityensithese patches. Nevertheless, this
lower species diversity was compensated for irptitehes between the impact hotspots.
Finally, woody species richness was patchy at tasgales than elephant disturbances in this
landscape, and woody species composition was osdkly associated with levels of
elephant impact. According to the heterogeneitgrprietation of the IDH, this signifies that
elephant impacts were not yet high enough to redpeeies richness or induce the
generation of new, impact tolerant species, evefhisturbance hotspots (Figure 5.28).
Together these findings indicate a non-linear i@tship between elephant density and
diversity, created by the spatial patchiness amgbtzal respite from elephant disturbances.
Accordingly, this illustrates that the previousrgarg capacity model used to manage
elephants (Pienaar, 1969, Van Wyk and Fairall, 1@Bappropriate for predicting
biodiversity changes with changing elephant poputesize.

These results have implications for understandmeguinderlying mechanism of
elephant-mediated biodiversity change. Specificalhd in contrast to my predictions, the
evidence presented here suggests that speciesitiiveather than structural diversity, is the
first component of riparian woody diversity to &iéected by elephant impacts. This suggests
that the mechanism of riparian woody species losdiated by elephants is through changes
to the relative abundance of woody species, rdttaar through loss of woody biomass
affecting the regeneration of riparian plant comities. Although, this hypothesis requires
further testing, this work suggests that monitosvapdy species diversity may provide an
earlier warning signal of elephant-mediated biodiitg loss than either structural diversity
or species richness and composition. Finally, theselts emphasize how restricting
diversity asssessments to a single scale or componéiversity is likely to provide a
skewed understanding of changes to patterns ofvasity (Magurran, 2004). In particular,
without quantifying the scales of elephant impaatd diversity patterns, along with the
patterns of other measures of woody diversity pdterns of homogenous structural

diversity demonstrated here may have been erroheatisbuted to elephants.
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5.4.2 Placing KNP along a trajectory of elephant-mediatediodiversity

change
The high proportion of patches with low levels o€amulated elephant impact, together with
the patchy patterns of riparian woody diversity #mellack of evidence for widespread
elephant involvement in generating patterns ofcstimal diversity or species richness, places
this driest region of KNP at the low end of thgec#ory of change predicted by a
heterogeneity IDH (Figure 5.28). This result icontrast to the prediction that elephant
densities beyond 1/Knwould inevitably lead to biodiversity losses (Viatyk and Fairall,
1969, Cumming et al., 1997). However, since thislgtvas restricted to the riparian zone, an
important avenue for future research would be sowidnether the mechanisms of change
identified here operate similarly in the adjacepimd areas where fire is a significant driver

of vegetation patterns (van Wilgen et al., 2003).

Since the elephant population in KNP has increéseder 15000 individuals since
the time of this study (South African National Parinpublished census results 2014),
examining how far riparian woody diversity in tligea has shifted along the hypothesized
trajectory of change since then will provide valgaibsights into the rates of woody
diversity change brought about by elephants atgidensities. In addition, it would be
enlightening to test whether structural diversitgl &pecies richness have since been altered
at the two patches of persistently clustered waiatp. Such a follow-up study would
provide an opportunity to test the trajectory oiehe predicted by the heterogeneity
interpretation of the IDH under increased elephimsities, specifically, whether hotspots of
accumulated impact have begun to coalesce, ancherhide scales of patchiness in diversity

patterns have changed since the time of this study.

5.4.3. Implications for biodiversity management and deci®n-making

Having identified where KNP is along the predictegjectory of change provided an
important insight for managing biodiversity in theesence of growing elephant populations.
As elephant populations increase, their impactbiodiversity are expected to coalesce
(Figure 5.28). It is therefore important to stnatifionitoring of these effects in such a way
that the detection of such coalescing is possitiiese results also demonstrate the
importance of monitoring multiple measures of dsgrchange simultaneously (Roberts and
Gilliam, 1995, Aubert et al., 2003) in order toddde to interpret the emergent patterns of
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biodiversity generated by elephant disturbancesiitddong spatial trends in the elephant
impacts relative to surface water heterogeneitypvdvide an earlier warning signal of
impending widespread biodiversity loss as the edeppopulation increases. Loss of refuges
from impact is therefore recommended as a ThresbfdRbtential Concern (Biggs et al.,

2003) for elephant herbivory in this landscape.

5.4.4 Implications of using the heterogeneity approach founderstanding

elephant-mediated changes to biodiversity
This work represents the first attempt to quarttiy scales of diversity patterns related to
elephant disturbance regimes in this savanna, laed/leere, and provides supporting
evidence for the prediction that elephants had/abhomogenised this riparian landscape
despite the fact that the population size was itjedst in recorded history at the time of the
study. However, these patterns and underlying nmesimes need to be tested in the adjacent
interfluves, as well as in other systems, wheredtihesrs of vegetation dynamics (and the

interactions and feedbacks between them) may difierick and Rogers, 2011).

The differences in diversity patterns exhibitedltg three riparian woody diversity
measures examined in this study emphasized hovicteg] investigations of biodiversity
patterns to single measures can skew the intetjmmetaf elephant-mediated changes
(Reynolds et al., 1993, Pollock, 1998, Aubert et2003). Interpreted on their own, the
differences in the scales of riparian woody spec@siess and structural diversity with that
of elephant impacts suggested that no elephartdteff@ad yet occurred in this landscape. In
addition, elephants effects on species diversitiepas would have been exaggerated without
the context of lack of changes to species richedsstructural diversity. Furthermore, the fact
that structural diversity was not the first compoinaf diversity to be affected by elephants
indicates that the hypothesized relationship betvgieersity components is not supported

and requires further investigation.

Since patterns of elephant disturbance and thétaesuliversity were not simply
linearly related to DtW, quantifying the scale galchiness of riparian woody diversity was
central to illuminating how surface water heteragjgnmodulated the role of elephants as
agents of change. This quantification of scale @atdhiness enabled comparisons of the

scales of the elephant disturbance regimes assedaiath surface water heterogeneity, and of
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the scales of patchiness in the patterns of ripamaody diversity. The fact that (i) impact
patchiness resembled hotspots rather than a grattealiation of impacts, (ii) spatial
autocorrelation was present because of signifipatthiness, and (iii) nonstationarity in
disturbance regimes produced emergent patternserfsity with different drivers in
different parts of the landscape, makes it likettelephant effects would not have been
identified (Type Il error) or may have exhibiteduspus trends (Type | error; (Mills et al.,
2006)) using traditional statistical approaches @alictionist methods of scientific enquiry.
For example, interpreted on its own, and withoetlthes of reasoning obtained from
patterns of elephant patch choice and feedindyeséverity and patchines of impacts, the
lack of patchiness in the patterns of structura¢diity would have provided support for the

hypothesis that elephants had homogenised strudiveasity across this riparian landscape.

Contextualising differential elephant effects iffelient patches of the riparian
landscape using an hypothesized trajectory of ahanger increasing elephant populations
provided a framework for integrating all the lirfsevidence obtained from the preceding
chapter. In this manner, the trajectory represamsnceptual model of how diversity would
be expected to change under an increasing elepbantation, rather than to simply quantify
elephant effects at one point in time. Furthermooaceptualising elephant-mediated
biodiversity effects as trajectories of changeiaideeeping with managing for heterogeneity
and flux of ecosystems (Wu and Loucks, 1995), islgfinanagement focus from a single

desired state to a dynamic range of conditions.
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Chapter 6 - How has the heterogeneity
approach advanced our understanding of
elephants as agents of change in complex

systems?

6.1 Introduction

In this thesis, | have argued that a new approahbith explicitly accounts for the
heterogeneity that is characteristic of complexesys (Kay and Schneider, 1995, Kolasa,
2005, Cadenasso et al., 2006), is required to advanr understanding and management of
elephants as agents of change in savannas. Sp#yijftbe study set out to illuminate the
conditions under which a spatially and temporallyiable surface water resource might
provide a sufficiently patchy template for elephdisturbances, to allow refuge for
susceptible plant species. The study thereforeezddd a central question in ecology - how
organisms respond to, and thereby generate, paibéhreterogeneity (Pickett et al., 2000,
Pickett et al., 2003). By exposing the complexgratt and underlying processes of
vegetation change associated with elephant distedsain this landscape, | sought not only
to improve our predictive understanding of elephagetation interactions, but also to assess
more broadly the value of taking such a heteroggagproach for understanding and
managing the interactions and feedbacks betweenmms and their environments in

complex systems.

6.2 What is the heterogeneity approach?

Since the departure from Balance of Nature paradiyionand Loucks, 1995), most scientists
implicitly recognise the importance of scale antehmgeneity in understanding ecological

patterns and processes (Rogers et al., 2013). Howns link tends to be an intellectual
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link, while there is still a lack of recognition tife implications of complexity for the mode

of science or analytical approach required (Rogegd., 2013).

In this thesis | have developed such an approaetifsgally for understanding
elephants as agents of biodiversity change in sevanosystems. The approach has, as its
basis, the quantification of scale of the particplatterns of heterogeneity under
investigation, using spatial autocorrelation to@sgunderlying spatial processes. In this
manner, the method allows peak scales of heterdgeneemerge (Figure 2.2), providing an
objective means of selecting the scale of anabfsise heterogeneity patterns themselves
(Legendre and Fortin, 1989, Fortin et al., 2006tiRet al., 2012). This is a key component
of the approach, since patterns of heterogeneitiyseale-dependent (Turner et al., 1989,
Kotliar and Wiens, 1990, Milne, 1991, Levin, 199®oreover, the analysis of heterogeneity
patterns is spatially explicit to incorporate patcimtext, a key contributor to heterogeneity
(Thies et al., 2003, Levick and Rogers, 2011).

In order to explore the drivers of these heteroggpatterns, | made use of statistical
tests that used the presence of spatial autoctborel® help to identify important spatial
explanatory variables (Legendre, 1993), rather tbdrave to eliminate it to satisfy the
requirements of traditional parametric statistioshsas OLS regression (Scott and Janikas,
2010). This is a key component of the heterogeragfyroach (Figure 3.9), since spatial
autocorrelation is a common feature of heterogensgstems (Legendre, 1993). In addition,
because of the non-linearities, feedbacks, conticigs, site-specific contexts and multiple
causal factors in complex systems (Kolasa, 2008e@asso et al., 2006, Zellmer et al., 2006,
Mazzocchi, 2008), there is often regional variagjonnonstationarity) in the relationships
between response and predictor variables, whichatdre accounted for using traditional
linear OLS regression techniques (Samuels, 1998¢ck.e2008). Local regression techniques
such as Geographicallly Weighted Regression caonaglish this (Brunsdon et al., 1998,
Fotheringham et al., 2003, Wheeler, 2014).

Finally, Holling and Allen (2002) suggest that #raergent patterns resulting from
the above-mentioned features of complex systemardileely to be uncovered by narrowly
focused hypotheses, and therefore require an addpterence approach that draws on
multiple lines of evidence. This method of enquirgde up the final component of my

heterogeneity approach.
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6.3 How did the heterogeneity approach provide new
insights and understanding about elephant responsés,

and generation of, heterogeneity?

By identifying scale(s) of surface water patchinasd using a spatially explicit technique to
incorporate the spatial configurations of waterpxithe heterogeneity approach developed
here made it possible to illuminate the templatswface water available to elephants
beyond simple DtW. Comparing these spatially imphaad explicit approaches revealed
how DtW measures that do not incorporate patchextninderestimate the spatial
heterogeneity of surface water by (i) failing te@aent for multiple neighbouring waterpoints
that occur within the same distance band, (ii) vestemating temporal fluctuations in

surface water distribution by failing to detect tirging up of key waterpoints that fall within
a distance band already occupied by at least dre wtaterpoint, and hence (iii)
underestimating the dampening effect that watevipian has had on the scales and patterns

of natural surface water heterogeneity.

Using an identical scaled and spatially explicprgach made it possible to
demonstrate that not only were elephant patch es@aad feeding associated with the
presence of natural sources of surface water iniplaeian zone, but also that elephants
preferred patches with clustered waterpoints. Byalestrating these elephant responses to
surface water heterogeneity even where DtW werdl setative to their maximum daily
foraging ranges, the heterogeneity approach rethietbng held notion that the scales of
surface water heterogeneity in KNP are too finshtape elephant space use (Smit et al.,
2007a, Grant et al., 2008, Smit and Grant, 2009).

Incorporating GWR into the approach as a localasgjon technique (Brunsdon et al.,
1998, Fotheringham et al., 2003, Levick, 2008, Saod Janikas, 2010, Wheeler, 2014)
revealed the presence of spatial autocorrelatigraiterns of elephant patch choice and
feeding, as well as nonstationarity in the relaglup between surface water heterogeneity
and elephant space use responses. As a resultfumy of its ability to account for spatial
autocorrelation and nonstationariy (Scott and JiR010), the local GWR significantly
improved the explanatory power of the best-fit mader the global OLS regression. In
addition, plotting the locafvalues revealed the presence of Simpson’ Paragioxpson,
1951, Samuels, 1993), indicating that the trad#iatobal OLS regression produced
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spurious relationships due to the presence of atasarity. The heterogeneity approach
therefore improved understanding of how elephaggpand to heterogeneity by revealing

that preferences for clustered waterpoints becametey with reduced resource availability
during dry periods, and that even though elephairgterred natural waterpoints, the
distribution of artificial waterpoints contributédwards the spatial configuration of these
natural waterpoints. This raised the possibilitgwategic placement or closure of artificial
water sources to generate variable elephant desteebregimes, which had been dismissed as
unfeasible using the previous DtW approach (Graat.e2008).

The scales of elephant impact distribution matachedunderlying disturbance regime
generated by elephant patch choice and feedindiyieamg this space use as the mechanism
generating patchy elephant impacts over spaceiared Mapping this patchiness revealed
that impacts occurred as hotpots in the ripariaddaape, rather than attenuating linearly
away from water (Figure 4.18). The use of trad#ipmon-spatial linear regressions would
dilute these patterns (Scott and Janikas, 201®Qingat difficult to uncover the causal

relationships between elephant impact distribuéind heterogeneity of surface water.

By virtue of the multiple, often overlapping causesomplex systems, the traditional
scientific method of testing competing hypothesgsieans of a single unambiguous test
may increase the risk of Type Il errors (the erouseconclusion that results are non-
significant; Holling and Allen (2002), Mills et &2006)). Hence the final component of my
heterogeneity approach involved an adaptive inferdhRiolling and Allen, 2002) method of
enquiry that assessed multiple lines of convergwidence (including patterns and processes
uncovered throughout the thesis) to draw conclissairout the contribution of elephant
disturbances to prevailing patterns of riparian éyodiversity. By making use of these
multiple lines of evidence obtained from all of ghreceding chapters in the thesis, the
adaptive inference method of scientific enquirymawed out unsupported hypotheses
(Holling and Allen, 2002). This made it possiblentegrate the understanding of patterns of
surface water heterogeneity, elephant space ugerness to this heterogeneity and the
resultant patterns of impact, and hence to infaer dmly patterns of riparian woody species
diversity were associated with elephant effecthis landscape, confined to patches of

severe impact.

136



6.4 Water provisioning strategies for maximizing
savanna heterogeneity under growing elephant

populations

Given the important contribution of artificial wateources towards the spatial configuration
of natural waterpoints, the predictive componerthefGWR (Figure 4.18) enabled me to
assess how water provision might be used to maatiptihe template for elephant
disturbances provided by surface water heterogendie most surprising insight derived
from this component of the study was that returnngn entirely natural surface water
scenario resulted in a degree of spatial homoggoizaf elephant impacts, rather than
enhancing impact patchiness. This was a directtrekthe particular changes to waterpoint
spatial configuration that occurred by removal wifigial waterpoints. This finding has
important implications for elephant managementgsduphies based on manipulating impacts
rather than setting an elephant population ce{fifgyte et al., 1999, Whyte, 2004). Firstly,
there is still scope for water provisioning to npanate the patchiness of elephant effects on
biodiversity. However, rather than complete closafrall artificial water sources, water
provisioning policies should be based on stratelgisures, or even new placements, of key
waterpoints to generate clusters of waterpointsshidt impacts away from sensitive areas,

or provide areas with temporal respite from impacts

6.5 How do the insights gained by using a heterogeneity
approach influence decision-making for protected

areas with growing elephant populations?

Although there were signs that woody species dityelnsd been reduced in hotspots of
accumulated impact, surface water heterogeneitygoradequate to allow for refuges that
could compensate for these losses, at least arévailing elephant densities. Decision-
making to prevent widespread losses of biodivetkityugh elephant impacts should
therefore involve monitoring outcomes at two diéierrtime frames (Gaylard and Ferreira,
2011) - Thresholds of Potential Concern involvihg loss of refuges from elephant
disturbances to act as early warning signals, dsasémultiple) components of riparian

woody diversity signifying the eventual outcomeetdphant impacts.
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The findings of this study suggest that quantifyiing spatial extent of impact
hotspots relative to patches with lower levelslephant disturbance would provide an early
warning signal of impending biodiversity loss thgbthomogenously high elephant impacts.
Consequently, a follow-up study to investigate Wmkeetrefuge areas have remained intact in
the study area since the elephant population ltasaeed, or whether zones of high impact
have begun to coalesce instead, would provide k#uasights into the functional
heterogeneity (Owen-Smith, 2004, Fahrig et al., 12@tovided by the prevailing patterns of
surface water in this landscape. Running variougm@ovision scenarios to optimize the
patchiness of elephant impacts using the variefyredictive spatial analysis tools now
available (Turner and Gardner, 1991, Haase, 198&t 8nd Janikas, 2010) will help to
pinpoint the placement or closure of key artifichadter sources. Accordingly, | propose that
Thresholds of Potential Concern (Biggs et al., 3@ktbund elephant-mediated biodiversity
loss should be based on the severity and spatiaheaf hotspots of impact. This approach is
aligned with a management focus on maintainingreadyc patch mosaic (Wiens, 1996,
Pickett and Rogers, 1997), that provides metadiabijainst catastrophic regime shifts
(Scheffer et al., 2001, Folke et al., 2004), rathan focusing on the loss of species (Wu and
Loucks, 1995).

6.6 How applicable are these insights to other agentg o

change, or other systems?

Understanding how organisms generate heterogemegjtyres an understanding of how these
organisms respond to resource heterogeneity (Riekat., 2000, Pickett et al., 2003, Jones et
al., 2010). The scales of their resource utilisattlepend on their movement decisions, patch
choice and perceptual scales (Milne, 1989, Johatah, 1992, Pearson et al., 1996).
Resource availability differs among landscapesaust time, and therefore the particular
scales and patterns of resource heterogeneityhemee elephant responses to this
heterogeneity, are likely to be site and contert#j (Levick and Rogers, 2011).

As such, the empirical findings from this studyaad® not necessarily apply to
elephants in other savannas, or even in other paK8IP. Instead, this work has
demonstrated that elephant effects on ecologid&nms are expected to emerge as a result of
the context-specific trade-offs that elephants rmeste between resources with different
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availabilities, subject to ecological contingengesh as previous years’ rainfall or
disturbance regimes, and hence generating difféeedbacks (O'Neill et al., 1988, Carson
and Pickett, 1990, lllius and O'Connor, 2000, Ov&enith, 2002, Owen-Smith, 2004).
Consequently, even the scales of elephant responaed generation of, heterogeneity are
likely to differ in other systems. However, thedstthas demonstrated a heterogeneity
approach that was successful in uncovering thempatiand processes generating elephant-
mediated patterns of heterogeneity that can be fasedher organisms and in other complex
systems. Specifically, this thesis has contribitetthe broader discipline of ecology by
developing a heterogeneity approach that (i) exptise importance of spatially explicit
analyses for understanding patterns of spatiakemgoral heterogeneity; (ii) demonstrated
how spatial autocorrelation can be used to infgrartant underlying spatial processes, rather
than being eliminated to satisfy the requiremehtsaalitional parametric statistics; (i)
revealed how local spatial regression models addouthe non-stationarity that is common
in pattern-process relationships in complex systeneseby avoiding the spurious
relationships produced by non-spatial, global regimn models in the presence of such
regional variation; (iv) illuminated how spatiakplicit modelling using the predictive
capabilities of local regression techniques carosgmonlinearities in the dynamics of
heterogeneous systems; and (v) demonstrated hgutiaslanference can provide an
alternative, pluralistic scientific method to ovenee the pitfalls of more narrowly-focused,
reductionsist methods for understanding causati@omplex systems.

Together these findings emphasize the need fowanmede of scientific enquiry
moving beyond the tacit acceptance of scale aretdgneity, towards a “lived complexity”
(Rogers et al., 2013) that permeates study appesaehalysis techniques and interpretations

of complex systems.
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