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Abstract

In conservation, adaptive management relies on the assessment of past actions to improve
conservation efficiencies in the future. Recently, conservation management approaches for
African elephants changed, however, little has been done to assess the effectiveness of the
changes. This is a major shortcoming as elephants (and their management) have a considerable
influence on other savanna species. Traditionally, the management of elephants focused on
artificially manipulating numbers through culling, water supplementation and fencing. Lately,
and specifically in the Kruger National Park, the focus has progressed to promoting ecological
processes that may naturally regulate elephant populations. Density-dependent habitat
selection — suggestive of competition for resources — is fundamental in stimulating the
regulatory processes that managers expect to promote. In this paper, we evaluated how

effective the changes in Kruger’s elephant management approach were in promoting density-
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dependent habitat selection. We used 15 years of helicopter-based surveys and resource
selection functions to test our primary prediction that an increase in population density
following the cessation of culling generalised dry season habitat selection by female elephants
in Kruger (i.e. decreased selection of high-quality habitat and increased selection of lower
quality habitat). We found that as densities increased, female occupancy of the Park rose and
dry season selection of highly wooded areas that provide crucial resources for elephant survival
and reproduction, weakened. Conversely, density had little effect on the selection of rivers.
Rather, high dry season rainfall allowed female elephants to select areas farther from
permanent water, potentially alleviating normal dry season foraging restrictions. Our novel
identification of density-dependent habitat selection for elephants suggests that the change in
conservation management in Kruger was effective in promoting a potential driver of population
regulation. We suggest that ecological principles continue to provide an effective framework

for scientific evaluation and elephant conservation management in Kruger and beyond.
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Introduction

We need to know which conservation management approaches were effective in the past if we
are to improve future endeavours (Pullin & Knight, 2001). Ideally, we should scientifically
evaluate how effective previous approaches were in reaching objectives and base future
decisions on the resulting evidence (Pullin et al., 2004). By doing so, we may progress the basis
for conservation management decision-making from personal opinions towards a scientific
foundation (Pullin et al., 2004). Historically, subjective opinions and agricultural insights
dominated conservation management approaches for African elephants Loxodonta africana
(van Aarde, Jackson & Ferreira, 2006; van Aarde & Jackson, 2007; Young & van Aarde, 2011).
More recently, approaches changed and managers started to place ecological theory at the
centre of management decisions (van Aarde & Jackson, 2007). Although elephants are a well-
studied species (Trimble & van Aarde, 2010), we lack comprehensive studies that examine the
effectiveness of the changes in their management. This scarcity of research represents a major
shortcoming in the conservation management of savanna ecosystems as elephants can have
substantial influence on other species and ecological processes (Skarpe et al., 2004; O’Connor,
Goodman & Clegg, 2007; Guldemond, Purdon & van Aarde, 2017).

Across Africa, the early management of elephants focused primarily on manipulating
numbers (Pienaar & van Niekerk, 1963; Hanks et al., 1981; Whyte, van Aarde & Pimm, 1998).
Managers supplemented water across landscapes in an attempt to increase numbers (Pienaar &
van Niekerk, 1963; Davidson, 1967; Croze & Lindsay, 2011) and buffer populations against
the possible negative effects of droughts (Pienaar, 1983). As anticipated, numbers began to rise
as elephants responded demographically to the increased availability of a limiting resource
(Chamaillé-Jammes et al., 2008; Shrader, Pimm & van Aarde, 2010). In some areas,
management then viewed relatively high densities as detrimental to the conservation of other

species (Owen-Smith, 1996). Culling, contraception and translocation became attractive
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options to artificially reduce and stabilise elephant populations at densities lower than those
dictated by locally available resources (van Aarde, Whyte & Pimm, 1999; Kerley & Shrader,
2007). More recently, some managers have begun to focus on ecological rather than
agricultural paradigms. In these cases, managers have increased the area available to elephants
by dropping fences, resources are being limited through artificial water source removals and
numbers are allowed to fluctuate naturally and are not controlled by culling. The focus of
elephant conservation management has, therefore, changed from manipulating elephant
numbers artificially to promoting ecological processes that may regulate numbers naturally
(Owen-Smith et al., 2006; van Aarde & Jackson, 2007).

The most prominent and contentious example of this changing focus occurred in the
Kruger National Park, South Africa. From 1967 to 1994, Kruger managers culled 14,629
elephants to stabilise the population at a whimsically estimated 7000 individuals in an attempt
to reduce the presumed negative effects of high densities on vegetation (van Aarde et al., 1999).
During this time, approximately 300 artificial waterholes were established across the Park and,
by 1976, Kruger was fully fenced and dispersal movement restricted. Thereafter, following
public protest informed by science-based advocacy, culling ceased and elephant densities more
than doubled from 1995 to 2012. This numerical response occurred despite managers removing
more than half of artificial waterholes and dropping some fences between 1993 and 2002.
Although science-based objectives ultimately supported the sometimes seemingly haphazard
changes in management (Owen-Smith et al., 2006), little has been done to directly evaluate
how effective the changes were in achieving the expected outcomes.

One ecological objective was to restore resource limitations and, in doing so,
potentially promote density-dependent processes that could regulate the elephant population.
A process that is fundamental in promoting such a scenario is density-dependent habitat

selection, suggestive of intraspecific competition for resources (Owen-Smith et al., 2006;



Bonenfant et al., 2009). Theory advocates that at low population densities, animals distribute
themselves across landscapes relative to high-quality habitats that provide optimal fitness
returns (Fretwell & Lucas, 1969). As population densities rise, intraspecific competition
strengthens and per capita availability of high-quality habitats decreases (Fretwell & Lucas,
1969). Consequently, some individuals in a population redistribute into lower quality habitats,
the proximity of individuals to one another changes (McLoughlin et al., 2010) and habitat
selection becomes more generalised (van Beest et al., 2014a; b). This may negatively influence
individual fitness (McLoughlin et al., 2006; McLoughlin, Coulson & Clutton-Brock, 2008) and
ultimately contribute to population regulation through changes in survival and fecundity (see
Morris, 1988; 2003).

Here, we evaluate how effective the changes in Kruger’s elephant management
approach were in promoting density-dependent habitat selection, a potential promoter of
population regulation in elephants. We used annual dry season aerial surveys from 1998 to
2012 and resource selection functions (RSFs) (Manly et al., 2002; McLoughlin et al., 2010) to
test the primary theoretical prediction that a two-fold increase in population density generalised
fine-grain habitat selection by elephants (i.e. decreased selection of high quality habitat and
increased selection of lower quality habitat) (Fretwell & Lucas, 1969; van Beest et al., 2014a;
b). As few studies have quantified fitness returns of specific habitats for elephants, we assumed
that habitat selection at low densities would be indicative of high-quality habitats for elephants
(Fretwell & Lucas, 1969). We included two key factors that influence elephant habitat selection
across southern Africa, namely woody vegetation cover and permanent water in the form of
rivers (see Roever, van Aarde & Leggett, 2012 and references therein). We assessed how
changes in population density, as well as rainfall, influenced temporal variation in fine-grain
habitat selection, recognising that density seldom operates in isolation (Mobzk et al., 2009;

McLoughlin et al., 2010). We expected that as densities increased, elephants would make use



of a greater area of Kruger (Young, Ferreira & van Aarde, 2009) and selection would generalise
(Fretwell & Lucas, 1969; van Beest et al., 2014a; b). We further expected to find a response to
temporal changes in rainfall, and specifically, that increased dry season rainfall would lead to
selection farther from rivers (Redfern et al., 2003; Chamaillé-Jammes et al., 2007; Smit &
Ferreira, 2010). Finally, we anticipated that a density-dependent effect would be less evident
in the southern compared to the northern and central districts of the Park due to the prevailing
steep rainfall gradient (Gertenbach, 1980). We reasoned that the relatively high mean woody
cover and low mean distance to rivers would potentially buffer selection against variation in

density in the south (Mobzak et al., 2009).

Material and methods

Study site

The Kruger National Park covers 19 485km? in the northeastern corner of South Africa. The
northern, central and southern districts of the Park lie along a gradient of increasing rainfall
from north (receiving an annual average of 450 mm) to south (750 mm) (Gertenbach, 1980),
and show differences in dominant vegetation types (Gertenbach, 1983; Kiker et al., 2014).
Mean distance to rivers is lowest and spatially least variable in the south (4939m % 3568m),
followed by the central (5633m * 4548m) and northern (7395m = 6152m) districts respectively
(also see Fig. 1). Mean woody cover is highest and varies the least across space in the southern
district (40.11% =+ 6.34%); while the northern (33.86% + 12.05%) and central (33.19% *

11.53%) districts are relatively similar (also see Fig. 1).
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Figure 1. 5km? grid-cells of the Kruger National Park indicating a) mean percentage woody cover (see Bucini et
al., 2010) and b) mean distance to rivers for each cell. We further show the districts of Kruger, with the northern

district north of the Olifants river, the southern district south of the Sabie river, and the central district in-between.

Elephant population surveys
We used annual elephant surveys (1998-2012) to estimate elephant locations and population

density in Kruger. These dry season aerial surveys, conducted using a helicopter, occurred



during the same 18-day period each year, from the end of August to the middle of September
(Whyte, 2001). Dry season surveys ensured optimal visibility. Kruger was divided into 18
survey blocks, with one block surveyed each day, starting in the north of the Park and
concluding in the south (Whyte, 2001). Surveys were performed from 07:00 to 15:00 (GMT +
2) and the estimated mean area covered per day was 1 055km? (Whyte, 2001). The helicopter
flew at a mean altitude of 150m above ground level and followed the extensive drainage
network of the Kruger landscape, resulting in a 99% coverage (Whyte, 2001). Four observers
recorded elephant locations on handheld GPS units, counted all individuals and determined
whether elephants were in a bull group or female dominated breeding herd. For simplicity, we
differentiate between bull groups and female dominated breeding herds as “males” and
“females” respectively. Helicopters have a considerable advantage over fixed-wing aircraft as
they can easily reroute to a group of animals to record their location and hover over them until
observers achieve a consensus on group size. Nevertheless, aerial surveys may still be
susceptible to habitat sightability biases that can result in inaccurate estimates of habitat
selection (Pollock & Kendall, 1987). To validate the accuracy of our aerial survey data, we
compared habitat-use estimated using this data to habitat-use estimated using telemetry data
(van Beest et al., 2014a). We found habitat-use estimates using aerial survey data to be
indicative of habitat-use during the dry season (Supporting Information Appendix S1). Because
of the above reasons and due to the near-total coverage of Kruger, we consider elephant
location and density estimates as precise and accurate (Whyte, 2001; Ferreira & van Aarde,

2009).

Spatial scale and habitat covariates
We divided Kruger into 5km? grid-cells (see Fig. 1). We chose this scale as it represents
estimates of the mean area used daily by elephants in the Park (data from the CERU telemetry

database). Considering that the temporal scale of the survey only allowed us to estimate a



habitat selection “snap shot” based on once-off location data, this spatial scale seemed the most
appropriate for a highly mobile herbivore (Young et al., 2009). Grid-cells of 5km? also allowed
us to capture heterogeneity in the landscape which would have likely been overlooked if we
used larger grid-cells (e.g. 100-400km?, representing variability in dry season home range
sizes) (Boyce, 2006; Young et al., 2009).

Elephants are water-dependent. Therefore, we used distance to large perennial, and
seasonal rivers as a covariate in estimating habitat selection (see Fig. 1) (Smit & Ferreira,
2010). We additionally used estimations of woody vegetation cover (Bucini et al., 2010). The
percentage woody cover layer incorporated elements of vegetation productivity and structure
(Bucini et al., 2010), making it a good index of both forage and shade availability (see Fig. 1).
We could not consider year-to-year depletion or accumulation of woody vegetation explicitly
within our analyses. However, we consider our use of a static woody cover layer as appropriate
within the scope of our study (Supporting Information Appendix S2).

Various studies have reported that distance to rivers and woody cover have strong
influences on elephant habitat selection across Africa (Harris et al., 2008; Loarie, van Aarde &
Pimm, 2009a; Lindsay, 2011; Roever et al., 2012; Roever, van Aarde & Chase, 2013).
Furthermore, with prospective links between habitat selection and density-dependent
population regulation in mind, we focused on covariates that appear to drive variation in a
number of components of elephant demography (i.e. calf survival, fecundity and dispersal)
(Wittemyer, Rasmussen & Douglas-Hamilton, 2007; Chamaillé-Jammes et al., 2008; Young
& van Aarde, 2010). We were unable to use distance to waterholes as a habitat covariate (see

below).

Estimating the influence of density and rainfall on habitat selection
Resource selection functions (RSFs) are powerful tools for studying ecological processes

related to habitat selection. They have been used to infer fitness-habitat relationships



(McLoughlin et al., 2006) and, more recently, to assess the effects of density on selection
patterns (van Beest et al., 2014a; b). Given the strong theoretical and empirical linkages
between habitat selection and fitness (see Introduction), as well as the suitability and
acceptance in the literature of using RSFs to account for potential density-dependent effects on
selection (McLoughlin et al., 2010; van Beest et al., 2014a; b), we decided to use an RSF
framework in this study.

We used RSFs to separately estimate female and male dry season habitat selection for
the entire study period (1998 — 2012). We calculated RSFs for the whole Park, and separately
for the northern, central and southern districts (see Study Site). Our analyses matched most
closely with a population-level use-availability sampling design (Thomas & Taylor, 2006). We
specified a grid-cell as used (1) when > 1 elephant was observed in that cell during the survey.
For each year, we randomly drew available cells (0) from all cells throughout Kruger or the
appropriate district. The ratio of used cells: available cells was 1:1.

Prior to analysis, we standardised all Kruger-wide and district-specific continuous
variables by centring and dividing by two standard deviations. This facilitated model
convergence and comparison. Within a mixed-effect logistic regression model (Gillies et al.,
2006; McLoughlin et al., 2010; van Beest et al., 2014a; b), we related used (1) and available
(0) cells (dependent variable) to percentage woody cover, distance to rivers, density and mean
dry season rainfall, as well the interactions between the habitat covariates and population
density and mean dry season rainfall (independent variables). We estimated mean dry season
rainfall (June to September inclusive) using monthly rainfall estimates from 30 rainfall stations
across Kruger (northern = 14; central = 8; southern = 8). We accounted for unbalanced data
across years and between districts by including district nested within year as a random intercept
for the Kruger-wide RSF. For the district-specific RSFs, we only included year as a random

intercept. We evaluated the predictive success of each model using k-fold cross-validation (k
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= 5) and the Spearman rank correlation coefficient (Boyce et al., 2002). All RSFs were
calculated using R (R Development Core Team, 2013). To ensure that potential changes in
habitat selection were related to temporal variation in density and/or dry season rainfall, and
not due to year-to-year changes in the distribution of habitat covariates in randomly chosen
available grid-cells, we compared yearly available distributions to the overall distribution of
each habitat covariate. The distributions of habitat covariates in randomly chosen available
grid-cells were similar throughout our study period (Supporting Information Appendix S3).
From 1998 to 2012, management in Kruger actively reduced the number of borehole-
fed waterholes by approximately 65% (see Fig. S4). The exact timing and locality of closures
were, however, unavailable, therefore distance to waterholes could not be included as a
covariate in all of our RSFs. We determined that female — but not male — habitat selection
estimates independent of waterholes were appropriate (Supporting Information Appendix S4)

and, therefore, excluded male elephant habitat selection estimates from our paper.

Results

Density and grid-cell occupancy

Elephant density in Kruger increased from 0.47 elephants/km?in 1998 to a high of 0.85 in 2012
(Fig. S5). Over the 15-year period, increases in density were greatest in the southern district,
followed by the northern and central (Fig. S5). Female occupancy of grid-cells increased with
density at the Kruger-wide scale as well as in each district (Fig. 2). Occupancy increased
linearly with density for the whole Park and the central and southern districts, whereas a
quadratic relationship indicated a slight leveling-off of occupancy at high densities in the north
(Fig. 2). At high densities, occupancy was highest in the southern district, followed by the

central and northern (Fig. 2).
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Figure 2. Occupancy as a function of density for the whole of Kruger, and the northern, central and southern
districts. We used linear regression to relate the percentage of 5km? grid-cells occupied by female elephants to
density. Additionally, we assessed whether a second order polynomial performed better than the linear fit using
the Akaike information criterion (AIC) (Burnham & Anderson, 2002), where AAIC. < -2. Dashed lines are 95%

confidence intervals. Density was standardised by centring and dividing by two standard deviations.

Habitat selection estimates

In general, female elephants across all districts selected for areas with a relatively high
percentage of woody cover and that were relatively close to rivers (Table S2). The interaction
between woody cover and density revealed, however, that increased density influenced woody
cover selection at the Kruger-wide and district-specific scales (Table S2). For the whole of
Kruger and the northern district, increasing density led to a significant decrease in selection for
high woody cover (Kruger: 8 woody cover x density = -0.27 £ 0.08, p < 0.001; northern district: 5 woody

cover x density = -0.31 £ 0.11, p = 0.003) (Fig. 3) (Table S2). In the central and southern districts,
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Figure 3. Resource selection function estimates (log odds ratio + 95% confidence intervals) for female elephant
selection of woody cover and distance to rivers, as a function of density, for the whole of the Kruger National
Park and its northern, central and southern districts (1998 — 2012). Woody cover, distance to rivers and density

are standardised by centring and dividing by two standard deviations.

increasing density had no effect on selection for woody cover (central district: / woody cover x density
=-0.18 £ 0.14, p = 0.22; southern district: /5 woody cover x density = -0.20 + 0.15, p = 0.18) (Fig. 3)
(Table S2). Conversely, the interaction between distance to rivers and density suggested that
an increase in density had very little effect on female selection for rivers in any district (Fig. 3)
(Table S2). Instead, for the whole of Kruger and the central and southern districts, increased
dry season rainfall significantly increased selection for areas relatively far away from rivers
(Kruger: f distance to rivers x dry rain = 0.14 + 0.08, p = 0.05; central district: S distance to rivers x dry rain =
0.43 £ 0.18, p = 0.02; southern district: /3 gistance to rivers x dry rain = 0.70 + 0.14, p < 0.001) (Fig. 4)

(Table S2). Selection for rivers was unaffected by changes in dry season rainfall in the northern
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district (Fig. 4) (Table S2), potentially due to the timing of surveys relative to rainfall events.
Last, variation in dry season rainfall did not appear to affect female elephant selection of woody
cover in any district (Fig. 4) (Table S2). Spearman rank correlation across five cross-validation
sets showed that all female RSFs had very good predictive performance (Kruger: rs = 0.993, p
< 0.001; northern district: rs = 0.968, p < 0.001; central district: rs = 0.982, p < 0.001; southern
district: rs =0.933, p < 0.001). For a discussion on the exclusion of the influence of wet season

rainfall on the dry season habitat selection of elephants in Kruger, see Supporting Information

(Appendix S7).
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Figure 4. Resource selection function estimates (log odds ratio + 95% confidence intervals) for female elephant
selection of woody cover and distance to rivers, as a function of mean dry season rainfall, for the whole of the
Kruger National Park and its northern, central and southern districts (1998 — 2012). Woody cover, distance to

rivers and mean dry season rainfall are standardised by centring and dividing by two standard deviations.
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Discussion

Our “snapshot” estimates of elephant habitat selection in the Kruger National Park confirmed
earlier findings; female elephants select areas relatively close to water and with high woody
cover (Harris et al., 2008; Loarie et al., 2009a; Roever et al., 2012; Roever et al., 2013).
However, in this study, we show that habitat selection, and specifically selection for woody
cover, was clearly density-dependent in parts of Kruger. This suggests that changes in
conservation management approaches for elephants in Kruger were effective in achieving at
least some of the ecological expectations of management.

As per our predictions, and following on from the work of Young et al. (2009), female
elephant occupancy increased with density in Kruger, although not uniformly across the three
districts. This provided an initial indication of density-dependent habitat selection (Matthysen,
2005), as some individuals had to redistribute into previously unoccupied areas as density
increased. A more compelling finding suggesting density-dependent habitat selection was that
an increase in Kruger-wide and district-specific densities also led to a generalisation in woody
cover selection and land use. At low densities, female elephants across all districts were able
to select for areas with a relatively high percentage of woody cover. As densities increased,
some female elephants redistributed into areas of lower woody cover, and woody cover
selection became more diffuse through the landscape. As with occupancy, this did not occur
equally across Kruger. The effect of density was weak and insignificant in the central and
southern districts. Elephants in these districts increased occupancy in response to increasing
density as seen in the north. However, they may have been able to redistribute into previously
unoccupied areas of high woody cover in these relatively woody districts. As such, density-
dependent woody cover selection was less evident in the central and southern districts,
compared to the northern district, of Kruger. This spatial difference may operate in the same

way that temporal variation in resource availability can influence the strength of intraspecific
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competition (suggested in Mobek et al., 2009). Moreover, we could not account for potential
district-specific differences in diet (e.g. greater grass intake in the northern district than central
and southern districts during the dry season) (Codron et al., 2011), species-specific feeding in
the heterogeneous central and southern districts (Loarie et al., 2009a) or possible changes in
woody cover (Buitenwerf et al., 2012; but see Supporting Information Appendix S2).
Nonetheless, the generalisation in woody cover selection suggests a novel identification of fine-
grain density-dependent habitat selection for elephants that is in line with ecological theory and
the objectives of Kruger management.

Woody vegetation constitutes an important resource for female elephants. Elephants
switch from a grass-dominated diet in the wet season to a browse-dominated diet in the dry
(Codron et al., 2011; Shannon, Mackey & Slotow, 2013). During this critical period, woody
vegetation may provide nutrients to sustain pregnancy and to recover from parturition events
(Wittemyer et al., 2007) and can influence the survival of weaned calves by determining the
distance of foraging trips (Young & van Aarde, 2010). Conceptually, a density-dependent
generalisation in woody cover selection could then have demographic consequences for
elephants. Subsequently, this could limit population growth, the intended outcome of the
changes in conservation management in Kruger. Future research should, therefore, seek to
establish empirically the linkages between density-dependent habitat selection, demographic
variation (see McLoughlin et al., 2006; McLoughlin et al., 2008), and ultimately, population
regulation. To establish such linkages, it would be preferable to examine how both male and
female elephants respond to changes in density, something that we could not achieve in this
study.

Unlike selection for woody cover, the selection of rivers was surprisingly unrelated to
changes in density (Smit & Ferreira, 2010). Instead, for Kruger and the central and southern

districts, the amount of rainfall received during the dry season explained the strength of
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selection for areas close to rivers. We found that an increase in mean dry season rainfall led to
female elephants increasingly selecting for areas farther from rivers. In Kruger, intermittent
dry season rainstorms can result in water sources forming independent of large rivers, possibly
in smaller rivers and drainage lines (Redfern et al., 2003; Smit & Ferreira, 2010). Although
these temporary water points may only be present for a short period, they can still influence
the dry season distribution of large, mobile herbivores such as elephants (Western, 1975; Trash
& Derry, 1999; Redfern et al., 2003; Smit & Ferreira, 2010). High dry season rainfall may
extend key-resource areas farther from permanent surface-water, temporarily lifting normal
dry season foraging restrictions (lllius & O’Connor, 2000; Chamaillé-Jammes et al., 2008) and
allowing female elephants to imitate their wet season selection patterns (Roever et al., 2012).
Although unrelated directly to changes in density, variation in dry season river selection may
modify the strength of density-dependence by varying local forage availability and aggregation
around key-resource areas (Chamaillé-Jammes et al., 2008). Future studies should, therefore,
consider the effects of density and rainfall — and interactions between them — on elephant
habitat selection at a scale finer than the population-level assessment used here (e.g.
McLoughlin et al., 2006).

Initial conservation management decisions to fence Kruger, supplement water in
relatively dry areas and stabilize the elephant population through culling affected elephant
movement patterns and decoupled demographic variation from ecological limitations (Walker
et al., 1987; van Aarde et al., 1999; Loarie, van Aarde & Pimm, 2009b; Shrader et al., 2010).
For example, the Kruger elephant population continued to grow despite a severe drought from
1981 to 1983, while the mortality rate of other large herbivore populations increased markedly
(Walker et al., 1987). Density-dependent processes were likely absent during that period as
managers capped the elephant population well below any realistic ecological carrying capacity

(Walker et al., 1987; Owen-Smith et al., 2006). Furthermore, supplemented water likely
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alleviated natural foraging restrictions, allowing these highly mobile herbivores to access
remote foraging areas (Loarie et al., 2009b) and avoid local crowding that may occur during
dry phases (Chamaillé-Jammes et al., 2008). The manipulative focus of past management
approaches then resulted in a number of ecological irregularities and carried additional
financial burdens and social controversies (van Aarde & Jackson, 2007).

Changes in conservation management approaches during the mid-1990s made
theoretical sense. In particular, ecological theory suggested that density-dependent processes
would ultimately regulate the population if elephant numbers were allowed to fluctuate
spatiotemporally without intensive management intervention (Owen-Smith et al., 2006). Our
identification of density-dependent habitat selection — suggestive of competition for resources
— suggests that the changes in conservation management approaches for elephants in Kruger
were effective in promoting a potential driver of population regulation. However, given that
the ecological carrying capacity of Kruger’s elephant population is possibly more than double
the highest density observed during our study period (see Robson et al., 2017), it is likely that
density-dependent habitat selection will have delayed demographic consequences that stabilise
the population in the future. Such delayed demographic effects are expected for populations of
large, long-lived herbivores like elephants (Bonenfant et al., 2009; Lee et al., 2013).

We acknowledge that this is an initial examination of the far-reaching effects of changes
in management as we could only directly assess how female selection for two habitat covariates
responded to changes in one component of management (i.e. the moratorium on culling).
Indeed, given the emphasis that Kruger managers have placed on the revised water
supplementation scheme and the work of, for example, Chamaillé-Jammes, Valeix & Fritz
(2007), Hilbers et al. (2015) and Purdon & van Aarde (2017), our study would have benefitted
from an assessment of the influence of reduced water supplementation on habitat selection.

Additionally, elephants and elephant management invariably affect other species and the
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dynamics of savanna ecosystems (Owen-Smith et al., 2006). An evaluation of the influence of
changes in elephant habitat selection on, for example, interspecific competition (Valeix,
Chamaillé-Jammes & Fritz, 2007; van Beest et al., 2014a), savanna vegetation (Guldemond &
van Aarde, 2008) and processes (Guldemond, Purdon & van Aarde, 2017), and changes in the
magnitude of habitat-specific utilisation pressures (Smit & Ferreira, 2010) would have
provided a more holistic view of the conservation management scenario in Kruger. We are,
however, confident that the absence of these and the water supplementation assessment does
not detract from our main finding that female elephants in Kruger responded as expected to
changes in management approaches (see Smit, Grant & Whyte, 2007). Therefore, our study
provides evidence that a no- or limited-intervention approach focusing on ecological processes
remains a viable conservation management option for elephants in Kruger and elsewhere.
Nonetheless, our results should be considered in conjunction with other ecological (e.g.
conserving rare plant species), social (e.g. avoiding human-wildlife conflict) and/or economic
(e.g. attracting tourism) objectives of an adaptive management strategy (see van Wilgen &
Biggs, 2011). For example, while increasing elephant densities could result in the restoration
of natural self-regulation for Kruger’s elephants, elevated densities could also, conceivably,
lead to an undesirable increase in human-wildlife conflict in communities surrounding the park.
Additionally, higher elephant densities could result in changes to vegetation structure contrary
to management goals and public perceptions of aesthetic appeal that developed during periods
of artificially low elephant densities. In such instances, managers should evaluate the
ecological, social and economic objectives of their management strategy to develop appropriate
remedial actions. Our work supports the need to use informative scientific evidence rather than

conjecture when doing so (Pullin et al., 2004; Owen-Smith et al., 2006).
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