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Summary

1. Understanding and accurately predicting the spatial patterns of habitat use by organisms is
important for ecological research, biodiversity conservation and ecosystem management. How-
ever, this understanding is complicated by the effects of spatial scale, because the scale of analysis
affects the quantification of species—environment relationships.

2. We therefore assessed the influence of environmental context (i.e. the characteristics of the land-
scape surrounding a site), varied over a large range of scales (i.e. ambit radii around focal sites), on
the analysis and prediction of habitat selection by African elephants in Kruger National Park,
South Africa.

3. We focused on the spatial scaling of the elephants’ response to their main resources, forage and
water, and found that the quantification of habitat selection strongly depended on the scales at
which environmental context was considered. Moreover, the inclusion of environmental context at
characteristic scales (i.e. those at which habitat selectivity was maximized) increased the predictive
capacity of habitat suitability models.

4. The elephants responded to their environment in a scale-dependent and perhaps hierarchical
manner, with forage characteristics driving habitat selection at coarse spatial scales, and surface
water at fine spatial scales.

5. Furthermore, the elephants exhibited sexual habitat segregation, mainly in relation to vegeta-
tion characteristics. Male elephants preferred areas with high tree cover and low herbaceous bio-
mass, whereas this pattern was reversed for female elephants.

6. We show that the spatial distribution of elephants can be better understood and predicted when
scale-dependent species—environment relationships are explicitly considered. This demonstrates
the importance of considering the influence of spatial scale on the analysis of spatial patterning in
ecological phenomena.

Key-words: distribution, environmental context, habitat suitability, Kruger National Park,
Loxodonta africana, model prediction, niche modelling, scale

Introduction

Ecology is fundamentally concerned with understanding the
*Correspondence author. E-mail: hdeknegt@hotmail.com relationships between organisms and their environment.
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Because issues of spatial scale influence the quantification of
these relationships, the influence of scale on habitat selection
is currently highly debated (Levin 1992; Wheatley & Johnson
2009). Scale is usually expressed in terms of resolution (i.e. the
detail of data; in rasters the grid cell size) and extent (i.e. the
areal coverage of the data or study area), and no question in
spatial ecology can be answered without referring explicitly
to these components at which data are measured or analysed
(Wiens 1989). Beyond these scale components, the impor-
tance of spatial context is increasingly being recognized
(Guisan et al. 2006; Wheatley & Johnson 2009), because hab-
itat selection may depend not only on site-specific character-
istics, but also on the characteristics of the landscape
surrounding a site, that is: environmental context (Holland,
Bert & Fahrig 2004; Guisan et al. 2006). This raises a third-
scale component: the range (i.e. the ambit radius) at which
environmental context is considered.

Since we often have no a priori knowledge about the scales
at which species respond to environmental heterogeneity, it is
important to identify characteristic scales of this response to
avoid a mismatch between the scale(s) used for analyses, and
the one(s) at which habitat selection occurs (Wheatley &
Johnson 2009; De Knegt et al. 2010). If different components
of scale (resolution, extent or range) are changed simulta-
neously, one cannot decouple the importance of each if pat-
terns change among scales (Wheatley & Johnson 2009).
However, analysing how species—environment relationships
depend on the range of environmental context, within the
constraints set by the resolution and extent of the data, may
provide the solution required to study the spatial scaling of
species—environment relationships, as it may provide clues as
to which scales are ecologically most relevant to the species of
interest (Van Langevelde 2000; Holland, Bert & Fahrig 2004,
De Knegt et al. 2010). Yet, the scales of analyses are often
chosen arbitrarily with no biological connection to the sys-
tem of study (Wheatley & Johnson 2009), and the number of
ambit radii used, if any, is often limited (but see Pinto & Keitt
2008; Schmidt ez al. 2008).

When better understanding the scale at which environmen-
tal context influences habitat selection, the predictive capac-
ity of species distribution models can be increased. In recent
years, such models have become an important tool to address
issues in research, biodiversity conservation and manage-
ment (Guisan et al. 2006). Such models are especially impor-
tant for decisions regarding threatened species (e.g. black
rhinoceros, Diceros bicornis) or those that play an important
biotic role in the ecosystem (e.g. African elephants,
Loxodonta africana). In this paper, we study the influence of
the spatial scaling of environmental context on habitat selec-
tion by African elephants in Kruger National Park, South
Africa. We focus specifically on the scaling of the elephants’
response to food and water resources, because these are
known to be key determinants of elephant distribution
(Chamaille-Jammes, Valeix & Fritz 2007a,b; Smit, Grant &
Devereux 2007a; Smit, Grant & Whyte 2007b; Van Aarde
et al. 2008). We aimed at testing whether the explicit consid-
eration of environmental context at appropriate scales

improves the understanding and predictability of habitat
selection by elephants. We differentiate between dry and wet
season habitat selection, since water is widely available
during the wet season, whereas seasonal water sources dry up
in the dry season (Van Aarde er al. 2008). Moreover, because
several authors have observed sexual differences in foraging
ecology of elephants (Stokke & Du Toit 2000; Smit, Grant &
Whyte 2007b; Shannon et al. 2010), we analyse habitat selec-
tion by male and female elephants separately. By doing so,
we aimed at increasing our understanding of the mechanisms
behind elephant distribution and demonstrate methods to
study the spatial scaling of habitat selection.

Materials and methods

STUDY AREAAND SPECIES

Kruger National Park (KNP) is South Africa’s largest nature
reserve, covering roughly 19 000 km* and harbouring close to
14 000 elephants. Besides linking habitat selection by the elephants
in KNP to the distribution of food and water resources, we also
included topographic and climatic variables in our analyses, as
these have been shown to influence space usage by elephants (Nel-
lemann, Stein & Rutina 2002; Wall, Douglas-Hamilton & Vollrath
2006). Below, we describe the environmental variables that we
used in our analyses, which were all inserted into a geographic
information system (GIS) and formatted to a regular grid with 1-
km resolution for the entire KNP (Fig. 1). This resolution corre-
sponded to the resolution of the coarsest input data and made
ample analyses computationally feasible. The names of the envi-
ronmental variables and corresponding abbreviations are listed in
Table 1.

Vegetation characteristics

In our analyses, we used two structural components of vegetation;
tree and herbaceous vegetation. The tree cover (TC; woody plants
taller than 1-3 m) was estimated from combined optical (Landsat
ETM +) and radar (JERS-1) imagery calibrated with field data, as
described by Bucini et al. (2010). It resulted in a 90-m resolution
woody cover map, which we averaged across the 1-km?> grid cells.
A 500-m resolution herbaceous biomass (HB) data layer was cre-
ated through interpolating field records from various sites across
the park (with n = 533 and the sites being proportionally repre-
sentative of the different landscapes in the park). The methods for
the field records are described in Trollope & Potgieter (1986), and
the interpolation using co-kriging is described by Smit, Grant &
Whyte (2007b). As vegetation heterogeneity (VH) has also been
identified as a determinant of elephant distribution (Murwira &
Skidmore 2005), we included the coefficient of variation of TC
across each 1-km? grid cell in our analyses thereby being a proxy
for the structural VH.

Surface-water availability

Six perennial rivers cross the park from west to east, while 14
ephemeral rivers only contain surface water during a large part of
the wet season (Smit, Grant & Whyte 2007b). In addition, KNP
contains around 300 water points (pans and artificial boreholes).
Using data on rivers and water points, dry and wet season
distance-to-water layers were created, calculated as the Euclidean
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Fig. 1. (a) The location of the study area and maps of the environmental variables: (b) elevation, (c) slope, (d) herbaceous biomass, (e) tree cover,
(f) vegetation heterogeneity, (g) mean annual temperature, (h) mean annual rainfall and (i) water occurrence. The variables are mapped at a reso-

lution of 1 km?.

Table 1. Correlation between the environmental variables used in our analyses. Values depict the Pearson correlation coefficients

Environmental variable Abbreviation Temp Prec dWP dR Slope Elev VH WO TC
Herbaceous biomass HB -0-39 0-56 -0-03 0-33 0-07 —-0-01 0-27 0-03 —-0-31
Tree cover TC —0-25 0-19 0-07 —0-11 0-32 0-18 -0-69 —0-04

Water occurrence WO 0-15 —-0-04 0-04 -0-07 0-03 -0-22 0-21

Vegetation heterogeneity VH 0-25 -0-15 -0-07 0-08 -0-15 -0-28

Elevation Elev —-0-58 0-19 —-0-17 0-08 0-23

Slope Slope —0-38 0-47 0-17 —0-15

Distance to river dR -0-23 0-16 -0-25

Distance to water point dwp 0-15 0-02

Precipitation Prec -0-85

Temperature Temp

distance of the centroid of each grid cell to the nearest water
source. The artificial water points and perennial rivers were
assumed to carry water year-round, whereas the ephemeral rivers
and pans were assumed to have water only during the wet season.
As other studies found elephants in the study area to be more
attracted to the river system than to artificial water points (Smit,
Grant & Whyte 2007b; Grant ef al. 2008), we differentiated
between distance to the nearest water-carrying river (dR), distance
to the nearest water point (dWP) or distance to the nearest source
of water regardless of which type (dW). Furthermore, we used aer-
ial census data of surface-water sightings in each 1 km? grid cell
over a |7-year period. These data resulted in a water occurrence

(WO) data layer, representing the number of surface-water sight-
ings per km? over the 17-year period.

Topography and weather conditions

A 90-m resolution Shuttle Radar Topography Mission (SRTM) ele-
vation model (Jarvis et al. 2008) was used to represent the surface ele-
vation across KNP, which ranges from 100 to 840 m a.s.l. The mean
elevation (Elev) and slope (Slope) in each 1-km? grid cell were used in
the analyses. Furthermore, we used the WorldClim data set (Hij-
mans, Cameron & Parra 2007) to represent the weather conditions in
the study area. Mean annual rainfall (Prec) varied from 400 to
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940 mm, and mean annual temperature (Temp) varied from 19-5 to
24-5 °C.

Correlations between environmental variables

To explore the correlation structure between the environmental vari-
ables used in our analyses, we calculated Spearman correlation coeffi-
cients between each pair of environmental variables (Table 1). The
correlations between the environmental variables were generally low,
except for the correlation between temperature and precipitation
(=0-85), temperature and elevation (—0-58), precipitation and HB
(0-56), and TC and VH (=0-69). The latter correlation means that
areas with high TC in the study area are relatively homogenous
regarding the structure of vegetation.

Elephant occurrence data

Data on elephant habitat use were obtained from 33 elephants (19
females and 14 males; Appendix S1, Supporting information)
deployed with global positioning system (GPS) collars (Hawk105
collars, Africa Wildlife Tracking cc., South Africa). To acquire a
robust estimate of habitat usage while minimizing battery drainage,
we recorded the elephants’ locations at hourly intervals. Over a
three-year period (2005-2008), this resulted in 218 065 recorded
locations. Although the collar data provided locations of individual
elephants, we analysed the data on a population level thereby
corresponding to a commonly used type II design as described by
Manly, McDonald & Thomas (1993). For the female elephants,
which live in family herds, only one individual was collared
per herd, minimizing the influence of non-independence between
individuals.

The precision of the GPS fixes was assessed using points
(n = 11 244) recorded when the collars were located at known sta-
tionary locations: the Skukuza and Tanda Tula research stations.
The deviations from these known locations followed a bivariate nor-
mal distribution (x-directional normality: P = 0-300, y-directional
normality: P = 0279, x—y correlation: Pearson’s r = 0-08), with
95% of the points situated within 27-8 m from the sites’ geometric
centroids. The maximum deviation from these centroids was
151-9 m, which is still small relative to the resolution of our analyses.
Although mountainous terrain and high canopy cover can lead to
biased GPS fix-rates (D’Eon et al. 2002; Frair et al. 2004), the terrain
in our study area is relatively level, and the vegetation is generally
open (low TC), such that we could not find an indication that these
factors influenced the fix-rates of the GPS collars (no correlation was
found between Slope, TC and the temporal interval between
recorded GPS fixes).

GENERAL APPROACH

We analysed habitat selection by comparing the environmental vari-
ables of used sites (i.e. those at the recorded GPS locations) to the ref-
erence conditions in the study area. This parallels the Grinnellian
concept of ecological niche, defined here as the subspace of species
occurrences within the hyperspace defined by the environmental vari-
ables (both abiotic and biotic) of the area considered to be available
to the species of interest (the ecological space; Hirzel et al. 2002; Hir-
zel & Le Lay 2008). Following Loarie, van Aarde & Pimm (2009), we
considered the area within a distance of one day of travel (10 km)
around all recorded locations to be available to the elephants. This
conservative extent avoids spurious analyses with artificially inflated
test statistics when data are drawn from too large an area (Anderson

& Raza 2010) and corresponds to the within-home range habitat
selection as defined by Johnson (1980). Furthermore, it avoids link-
ing the environmental characteristics of the geologically distinctive
northern part of KNP to the patterns of habitat selection by the col-
lared elephants, which were collared in the southern and central part
of KNP.

The mobility of the elephants, the conservative extent that we used,
and the long time frame over which GPS locations were recorded,
suggests that the entire area we considered available to the elephants
was indeed likely to be ‘available’ to them. Moreover, the long-term
(spatial) memory of elephants (e.g. McComb er al. 2001; Van Aarde
et al. 2008) suggests that the area we considered to be available was
also ‘known’ to the elephants. In the following, we refer to this area
as the available area.

We used the Mahalanobis distance statistic (D Rotenberry,
Preston & Knick 2006), the frequently used ecological-niche factor
analysis (ENFA; Hirzel et al. 2002), and the related Mahalanobis
distance factor analysis (MADIFA; Calenge et al. 2008) to study the
patterns of habitat selection by elephants. We first used a series of
univariate Mahalanobis D? analyses to quantify the response of the
elephants to food and water resources as function of the range of
environmental context. We then included all environmental variables
into the ENFA and tested whether the explicit consideration of envi-
ronmental context at appropriate scales regarding food and water
resources increased the quantified level of habitat selectivity. Lastly,
we predicted habitat suitability (HS) within the available area using a
MADIFA on all environmental variables and tested whether the
inclusion of environmental context at appropriate scales increased
the predictability of habitat selection.

Mahalanobis D?, ENFA and MADIFA assume that the distribu-
tions of the environmental variables are symmetric and unimodal
(Hirzel et al. 2002; Calenge & Basille 2008). Hence, we normalized
the distributions when needed, using Box-Cox and logarithmic trans-
formations. Furthermore, we normalized all environmental variables
(also those for which the scale of analysis was varied, see below) to
zero mean and unit variance, so that the distributions of the environ-
mental variables are comparable.

Throughout, we analysed the patterns of habitat selection sepa-
rately for male and female elephants and differentiated between pat-
terns in the dry season (Jun—Aug) and wet season (Dec-Feb). We
assumed an equal available area for both sexes and seasons, justified
by the fact that no large-scale migration takes place for elephants in
KNP (Venter, Scholes & Eckhardt 2003) so that availability does not
change over the seasons. As our methods can only be used to com-
pare different data sets provided that the same area is used as refer-
ence area (Hirzel e al. 2002), the assumption of equal available area
makes comparisons between the seasons and sexes possible. All the
analyses were carried out using the software R (R Development Core
Team 2007) and the package Adehabitat (V1.7.3; Calenge 2006). The
analyses are further discussed elsewhere.

SPATIAL SCALING OF ENVIRONMENTAL CONTEXT

Mahalanobis D? quantifies the standardized difference between loca-
tions in the ecological space and the centroid of the ecological niche,
taking into account the structure of the ecological niche. The more
similar in environmental conditions a location is to the centroid of
the ecological niche (the species’ mean), the smaller is D?, and the
more suitable the habitat at that location (Rotenberry, Preston &
Knick 2006; Calenge et al. 2008). Conversely, a larger D? indicates a
greater dissimilarity to the species’ mean. Hence, we used the mean
D? over the available area (&) as measure of the level of habitat
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selectivity regarding an environmental variable and analysed the
relationship between D? and the range of environmental context con-
sidered.

We varied the range of environmental context by averaging the
environmental predictor variables HB, TC and WO within circular
focal neighbourhoods, centred on each site, while varying the ambit
radius (Holland, Bert & Fahrig 2004; De Knegt ez al. 2010). We var-
ied the ambit radius from 0 km (thus essentially no environmental
context and hence only site-specific information) up to 40 km, with
1-km increments (viz. the resolution of the data). For each of the
environmental variables (n = 3) and each of the buffer sizes
(n = 41), we quantified D? in a series of univariate Manahalobis D?
analyses. We did this for 1000 bootstrap analyses (all with 1000 ran-
domly selected locations) to acquire a mean scaling pattern as well as
its confidence limit (which we assessed using the 2:5% and 97-5%
percentiles of the bootstrap estimates). Following Holland, Bert &
Fahrig (2004), we refer to the buffer size that yields the highest D? as
the characteristic scale of the elephants’ response to the environmen-
tal variable considered (denoted by a subscripts: HB,, TCy and WOj).

If such characteristic scales are found, the elephants might respond
to their environment at these specific scales, or it might represent the
spatial scales of environmental heterogeneity with which the ele-
phants are forced to cope (Wheatley & Johnson 2009). To distinguish
between the two, we quantified the environmental heterogeneity
regarding HB, TC and WO using variograms that plot the degree of
spatial variation as function of separation distance between paired
observations (Fig. 2a). The distance where the variogram levels off
(the ‘range’ of the variogram) is of interest here, because it gives infor-
mation regarding the dominant scale of spatial variation (Murwira &
Skidmore 2005; De Knegt ez al. 2008). Through comparing the domi-
nant scales of environmental heterogeneity to the characteristic scales
of the elephants’ response, we can draw conclusions about the
elephants following spatial patterns in the landscape, or the elephants
selecting environmental variables at biologically meaningful scales,
in which case the dominant scales of the landscape and the character-
istic scales of habitat selection differ.

ECOLOGICAL-NICHEFACTORANALYSIS

We included all environmental variables in subsequent ENFA, with
HB, TC and WO at their characteristic scales (which we will refer to
as ‘spatial’ analyses). All other environmental variables were
included as their mean values within each 1-km? grid cell. We com-
pared the results of ENFA including these variables, with those from
ENFA where the influence of environmental context was not consid-
ered regarding HB, TC and WO (which we refer to as the ‘non-spa-
tial” analyses, as no information regarding environmental context is
considered beyond the grid cell). ENFA quantifies the dissimilarity
between ecological niche and ecological space in terms of marginality
and specialization, where marginality is defined as the standardized
difference between the centroids of the ecological space and the eco-
logical niche, whereas specialization is defined as the narrowness of
the ecological niche relative to the ecological space (Hirzel et al.
2002; Basille e al. 2008). Marginality itself expresses some specializa-
tion: the higher the marginality, the higher is the specialization
(Hirzel et al. 2002; Basille et al. 2008). ENFA complements analyses
based on Mahalanobis D?, as it allows identification of the part of
the Mahalanobis D? corresponding to specialization and marginality
(Calenge et al. 2008).

ENFA extracts information regarding the ecological niche by com-
puting new, uncorrelated factors: one marginality axis and several
axes of specialization (Hirzel ez al. 2002). All environmental variables
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are scored for their contribution to each axis, with scores ranging
from —1 to +1. A positive marginality score for an environmental
variable indicates that the centroid of the ecological niche is in value
higher (for negative scores lower) than the average value in the study
area. Only the absolute value of the specialization scores is meaning-
ful: a high value indicates a narrow niche breadth in comparison with
the ecological space (Hirzel et al. 2002). The eigenvalue associated
with any axis expresses the amount of specialization it accounts for
(Hirzel et al.2002).

Besides scores per environmental variable, an overall value of
marginality (M) and specialization (S) can be calculated, providing
general clues about the degree of niche restriction (Hirzel ez al. 2002).
M indicates how far the ecological niche is from the average condi-
tions in the available area, with higher values indicating a higher
marginality, whereas S indicates the breadth of the niche, with high
values indicating narrow niches. Following Basille et al. (2008), we
used bi-plots projecting both the ecological niche and the environ-
mental variables on the subspace defined by the first two axes of the
ENFA to interpret the results. We used a Monte-Carlo randomiza-
tion procedure with 1000 permutations, randomizing the locations of
the elephants within the available area, to test the significance of M
and S. Because such randomization tests are sensitive to spatial
autocorrelation in the data, we also computed randomizations on a
rarefied data set using only one GPS location per elephant per day.

MODEL PREDICTION AND EVALUATION

To test whether the explicit consideration of environmental context
at appropriate scales improves the predictability of elephant distribu-
tion, we compared the predictability of the spatial and non-spatial
models, using the same variables as used in the ENFA. While the
ENFA is often used to create HS maps, it is not recommended to
combine the ENFA axes into a single measure of HS, because they
do not all have the same mathematical status: the marginality axis
extracts the difference between the mean available habitat and the
centroid of the ecological niche, whereas the specialization axes maxi-
mize the ratio in variances between the available area and ecological
niche (Calenge & Basille 2008). We therefore used the MADIFA to
compute HS maps, because Mahalanobis D* combines marginality
and specialization into one single measure of habitat selection while
its factorial decomposition allows the computation of reduced-rank
Mabhalanobis distances (Rotenberry, Preston & Knick 2006; Calenge
& Basille 2008). Because of their high contribution to explained vari-
ation (>85%), we only used the first 5 MADIFA axes, because not
all available n axes define ecologically relevant measures of HS but
reflect the a priori decision by the investigator to include » environ-
mental variables (Rotenberry, Preston & Knick 2006). This avoids
overfitting while retaining most information regarding habitat selec-
tion (Calenge et al. 2008).

We evaluated the HS models using a k-fold cross-validation proce-
dure (with £ = 10). We used k—1 parts to calibrate the model while
computing the evaluation on the left-out partition. This procedure
was repeated k times, each time leaving out another partition. The
evaluation was carried out using the method described by Boyce
et al. (2002): the ratio (O/E) of the observed number of evaluation
points within a HS class relative to the expected number of evaluation
points in case of random habitat use is plotted against the midpoint
HS value. As binning and classification issues become problematic,
Hirzel er al. (2006) developed a continuous version of this method,
with the O/E ratio computed within a moving window (with size w)
along the HS gradient. We used w = 0-2 for a gradient of HS values
ranging from 0 (highly unsuitable) to 1 (highly suitable).
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Fig. 2. (a) Variograms expressing the spatial structure of the environmental variables herbaceous biomass (HB), tree cover (TC) and water
occurrence (WO). The scales for the y-axes are omitted because of differences in measurement scales; however, they all start at zero. (b) The mean
Mabhalanobis distance (D?) over the available area for the environmental variables, measured at different buffer sizes. FD, female elephants in
the dry season; FW, female elephants in the wet season; M D, male elephants in the dry season; and MW, male elephants in the wet season. The
vertical dotted lines indicate the characteristic scales, i.e. the buffer size where D? is maximized, with the corresponding buffer sizes indicated.
The spatial analyses were conducted using these buffer sizes. The grey area depicts the 95% confidence interval of 1000 random bootstraps with

each 1000 locations.

This procedure produces k curves of O/E vs. HS, providing
three levels of information regarding the predictability of HS.
First, the variance among the curves gives information about
model robustness along the HS range. Second, if the O/E ratio
increases with increasing HS, the model has a good predictive
ability (Hirzel et al. 2006). We used the Spearman rank correla-
tion coefficient (p) of the mean O/E ratio with HS to quantify
the consistency of the HS model, with high values of p in case

of a monotonically increasing O/E curve, indicating a good
model (Hirzel er al. 2006). Although an ideal model would have
a linear O/E curve, meaning that HS is proportional to the
probability of use (Manly, McDonald & Thomas 1993), real
curves may exhibit nonlinear (e.g. exponential) or stepwise
shapes (Hirzel e al. 2006). Third, the maximum value of the
O/E curve reflects how much the model differs from chance
expectation (i.e. O/E = 1) thereby reflecting the model’s ability
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to differentiate the characteristics of the species’ niche from those
of the studied area (Hirzel et al. 2006).

Results

SPATIAL SCALING OF ENVIRONMENTAL CONTEXT

The strength of habitat selection as quantified by D? was
highly dependent on the range of environmental context con-
sidered regarding HB, TC and WO (Fig. 2). For all gradients,
D? was lower at a buffer size of 0 km (i.e. without environ-
mental context) than when including environmental context
at most scales considered. All gradients (except for TC for
female elephants) showed a distinct single maximum D? for a
buffer size >0and <40 km, i.e. the characteristic scales. The
gradients for TC regarding female elephants showed a clear
minimum D? at a buffer size of ca. 10 km during the dry
season and ca. 20 km during the wet season (Fig. 2). Male
and female elephants differed regarding their maximum D?
values and characteristic scales for the different gradients
(Fig. 2). The dominant scales of spatial variation regarding
the examined environmental variables (Fig. 2a) did not
match the characteristic scales of the elephants’ response to
these environmental variables (Fig. 2b), suggesting that the
scale at which the elephants responded to the environment
predictors examined here did not follow the scales at which
environmental heterogeneity was most dominant.

ECOLOGICAL-NICHEFACTORANALYSIS

The Monte-Carlo randomization tests showed that the
ENFA axes, for both spatial and non-spatial analyses, were
highly significant (all P < 0-001, for both the full data sets
and rarefied data sets). Thus, the habitat occupied by the ele-
phants differed unequivocally from the conditions in the
study area, or, in other words, the elephants exhibited pro-
nounced habitat selection. The spatial models that explicitly
considered environmental context had higher values of M
and S than the non-spatial models, for both male and female
elephants (Table 2).

The first 4 axes of the spatial ENFA explained ca. 80% of
all the information regarding the niche structure, that is

Table 2. Comparing the overall ecological-niche factor analysis
(ENFA) statistics for a non-spatial (i.e. environmental context is not
considered) and spatial (i.e. environmental context is explicitly
considered; see Fig. 2) models in terms of overall marginality (M)
and specialization (S). Higher values of both M and S indicate a
higher level of habitat selectivity as measured by ENFA

Non-spatial Spatial

M S M S
Females dry 2:25 876 2:67 10-95
Females wet 1-38 975 1-70 12-20
Males dry 1-45 813 227 936
Males wet 0-82 695 1-85 833
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100% of the marginality and ca. 60% of the specialization.
The marginality axes explained only little of the specializa-
tion (< 5%), meaning that the niche breadth of the elephants
was not particularly narrow for the variables for which their
optimum was the furthest from the average conditions. The
eigenvalues attributed to the first specialization axes (females:
8:8 and 12-8 for the dry and wet season, respectively; males:
17-2 and 11-1, respectively) indicated that the variance in the
environmental variables in KNP was much higher than the
variance in environmental conditions experienced by the ele-
phants; in other words, the elephants had a relatively narrow
ecological niche compared to the available area.

The magnitude of the marginality and specialization scores
for HB, TC and WO increased in most analyses when explic-
itly considering environmental context at appropriate spatial
scales: the length of the vectors in Fig. 3 mostly increased
when considering environmental context (cf. HB vs. HBg, TC
vs. TCs and WO vs. WOy; Fig. 3, Appendix S2, Supporting
information). For HB and TC, including environmental con-
text resulted in larger marginality scores, of the same sign, rel-
ative to non-spatial analyses. For WO, however, the
inclusion of environmental context resulted in smaller mar-
ginality scores for the female elephants, but larger scores for
the male elephants, yet of the opposite sign. For most analy-
sed scenarios, the inclusion of environmental context
increased the contribution of the corresponding environmen-
tal variables to the specialization axes.

The ENFA (Fig. 3, Appendix S2, Supporting informa-
tion) showed that the female elephants were primarily associ-
ated with areas with high WO, HB and VH, areas close to
water points or water in general ({AWP and dW) and areas
with low TC and gentle terrain (i.e. low slope). Furthermore,
the niche of the female elephants was most restricted in the
dimension associated with precipitation and HB. In contrast,
the male elephants avoided areas with high HB, but preferred
areas with high TC. Moreover, the male elephants avoided
areas associated with much surface water at a large scale
(WOs). The niche of the male elephants was mostly restricted
in those dimensions associated with elevation and slope. Both
male and female elephants were on average far from peren-
nial rivers in the dry season (dR), although they preferred to
be close to water points, or water regardless of the source
(dW and dWP, respectively). The effect of seasonality was
small compared to the effect of sexual segregation.

MODEL PREDICTABILITY

The spatial models predicted HS very well for all scenarios
(Fig. 4); all evaluation graphs increased monotonically (all
p>0-95), albeit in a nonlinear fashion. The HS models were
very robust, as the different cross-validation graphs exhibited
low variance: the 95% confidence intervals were within 3%
of the mean. Furthermore, the spatial models were able to
differentiate HS for female elephants even at low HS values
(<0-4), whereas the non-spatial models were rather non-dis-
criminatory at low HS values (Fig. 4). Moreover, the spatial
models yielded higher O/E values for all scenarios than the
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Fig. 3. Ecological-niche factor analysis (ENFA) bi-plots of female elephants in the dry season (FD), female elephants in the wet season (FW),
male elephants in the dry season (MD) and male elephants in the wet season (MW). The plots display factorial maps of the used and available
sites: the light grey area depicts the 95% minimum convex polygon (MCP) of the projection of the available sites in the subspace extracted by the
ENFA, whereas the dark grey area depicts the 95% MCP of the projection of sites used by the elephants. The horizontal axis displays the first
axis of the ENFA, i.e. the marginality axis, whereas the vertical axis represents the second axis of the ENFA, thus the first axis of specialization.
The inset bar-plots show the contribution of each axis to the overall specialization. The vectors depict the scores of the environmental variables
with the two axes. For abbreviations of the environmental variables see Table 1 (the subscript s denotes the variables for which environmental
context was considered at characteristic scales, see Fig. 2). The white dot represents the centroid of the sites used by the elephants, while the

origin of the plot is the centroid of the available sites.

non-spatial models and thus were better able to differentiate
between HS and randomness.

Discussion

Although the importance of spatial scale and spatial context
when studying species distributions is increasingly being rec-
ognized (Wheatley & Johnson 2009), little is still known
about the relative influence of localized and contextual envi-
ronmental factors on the distribution of animals. We have
therefore analysed the influence of environmental context,

measured over a large range of scales (i.e. ambit radii), on
habitat selection by African elephants.

THE SCALING OF ENVIRONMENTAL CONTEXT

Our analyses showed that explicitly considering environmen-
tal context increased the quantified level of habitat selection
by elephants relative to analyses where this was not consid-
ered. We measured habitat selectivity using the average
Mahalanobis distance D? (D?), overall marginality (M) and
specialization (S), as well as the scores of the environmental
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Fig. 4. Tenfold cross-validation graphs, showing the ratio between the observed number of evaluation points in each habitat suitability (HS)
class (a moving window of size 0-2 centred around each value on the x-axis) relative to the expected number of evaluation points based on ran-
dom chance (O/E), for female elephants in the dry season (FD), female elephants in the wet season (FW), male elephants in the dry season (MD)
and male elephants in the wet season (MW). The solid and dashed lines depict the mean O/E of the 10 folds for the spatial models and non-spa-
tial models, respectively. The grey area depicts the 95% confidence interval of the mean. The dotted line at O/E = 1 indicates habitat use based
on chance alone. The inset maps display the predicted HS using the spatial model (left map) and non-spatial model (middle map) and the differ-
ence between the two (right map). Note that the models do not predict HS across the entire Kruger National Park, as only the area within 10 km
from the recorded elephant locations was defined to be available to the elephants, and hence HS was predicted within this available area.

variables on the axes of the ENFA, where higher values
regarding these statistics indicate higher levels of habitat
selectivity.

Characteristic scales could be indicated for most analysed
gradients, as nearly all gradients showed a distinct hump-
shaped response with increasing buffer size. This corresponds
to other studies on the influence of environmental context,
which generally find that the correlation between species
abundance is highest when environmental context is consid-
ered at characteristic scales (e.g. Holland, Bert & Fahrig
2004; Drapela et al. 2008). Our analyses support the view
that the scaling of elephant-habitat relationships arises from
the elephants’ scale-dependent response to habitat, instead of
being determined by the spatial structure of the environment
itself. Namely, the dominant scales of spatial variation
regarding the examined environmental variables did not
match the characteristic scales of the elephants’ response to
these environmental variables.

We believe that these characteristic scales are not because
of the perceptual range of the elephants, which could define
an informational window to base decisions on (Olden et al.
2004), because it is impossible to visually assess the character-
istics of the environment over all the scales that we consid-
ered. However, elephants have long-term, extensive spatial

and temporal memory of acquired knowledge regarding their
environment (McComb et al. 2001; Van Aarde et al. 2008;
Van Langevelde & Prins 2008), and this could lead to
informed decisions with regard to habitat selection. The
influence of memory on decision-making by organisms is
implicated for a wide variety of species (e.g. Wolf et al. 2009).

THE PATTERNS OF HABITAT SELECTION

The male elephants avoided areas with high WO at large
scales, whereas the females did not show a distinct selection
or avoidance of areas associated with high WO at large
scales. Some caution is needed when explaining these find-
ings. Instead of avoiding WO at large spatial scales, it could
be that the elephants were in fact not limited by water at
larger scales. As Grant et al. (2008) argue, surface water is
expected to have a relatively small and localized effect in
KNP, because it is usually widely available here. Because
elephants drink on average every two days (Van Aarde ef al.
2008), they need not always be in areas with a high WO, as
long as they are effectively within walking distance from a
source of water. Our analyses suggest that this could be any
source of water, regardless of its origin (e.g. natural or
artificial water sources). Namely, while the elephants were
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predominantly located far from perennial rivers in the dry
season, they preferred areas close to artificial water points or
areas close to water regardless of the source. This may indi-
cate that the influence of artificial water points is overriding
the usual biological pattern that elephants are found predom-
inantly close to rivers (Smit, Grant & Whyte 2007b; Grant
et al. 2008). Thus, it is likely that the distance to the nearest
water source, rather than WO at a large scale, is determining
elephant movements in KNP.

Given the ample supply of water in KNP, the elephants
could thus select habitat based on other resources, e.g. for-
age, but nevertheless be constrained by the distance to the
nearest water source. The male elephants selected areas with
high TC while avoiding areas with high HB, and increasingly
did so at larger spatial scales. Conversely, the female ele-
phants avoided areas with high TC while preferring areas
with ample HB, also showing more distinctive patterns of
selection (or avoidance) when environmental context was
explicitly considered. These contrasting patterns between the
sexes suggest sexual habitat segregation and are in line with
other studies on sexual differences in foraging ecology of
African elephants (e.g. Stokke & Du Toit 2000; Smit, Grant
& Whyte 2007b; Shannon et al. 2010), providing further sup-
port for the notion that male and female elephants can effec-
tively been seen as two distinct ‘ecological’ species (but note
that there remains quite some individual variation; see
Appendix S3, Supporting information).

Besides their diverging response to vegetation, the male
and female elephants also responded differently to terrain
ruggedness. The female elephants preferred areas associated
with gentle terrain, which is in line with the conclusion of
Wall, Douglas-Hamilton & Vollrath (2006) that elephants
avoid costly mountaineering. However, the male elephants
were mainly found in areas with intermediate slope, avoiding
very flat or very steep areas. This may be because of the estab-
lishment of nutrient hotspots in a more undulating terrain
(Nellemann, Stein & Rutina 2002; Grant & Scholes 2006),
whereas the female elephants may be more limited in their
mobility, amplified by youngsters at foot and therefore prefer
more gentle terrain. However, because slope and TC are posi-
tively associated (Table 1), the elephants’ response to terrain
ruggedness may also relate to their response to TC.

THE SPATIAL SCALING OF HABITAT SELECTION

Our analyses showed what is often termed the ‘modifiable
areal unit problem’ or ‘change of support problem’: relation-
ships among variables at coarse scales are not necessarily of
the same strength, or even direction, as those at fine scales
(Openshaw & Taylor 1981). The change in marginality scores
when including the contextual influence of HB and TC
showed a different pattern than when including spatial con-
text regarding WO. While including environmental context
mostly increased the magnitude of the scores regarding HB
and TC, it led to a reduction in the scores for WO, or even to
scores of the opposite sign. As suggested earlier, it could be
that the elephants responded to their environment in a

scale-dependent and hierarchical manner, with different envi-
ronmental variables driving habitat selection at different spa-
tial scales (Senft ez al. 1987). We suggest that the elephants
first select areas in relation to vegetation characteristics at
large spatial scales (albeit constrained by the distance to
water), and subsequently exhibit preferential habitat use
regarding vegetation characteristics and surface-water avail-
ability at finer scales. However, because our analyses were set
up in a scale-dependent, yet not hierarchical, manner, we
leave this as an untested hypothesis.

The rapidly advancing field of movement ecology increas-
ingly recognizes that processes that act across multiple spatial
and temporal scales drive the movements of organisms and
thereby their distribution (e.g. Fryxell et al. 2008; Nathan
et al. 2008). The daily movements of elephants relate pre-
dominantly to foraging, the activity they do most during a
day, although these movements become extended by the dis-
tance traversed to water sources and back (Owen-Smith,
Fryxell & Merrill 2010). When foraging, animals often slow
their movements and move more tortuously when entering
profitable areas (De Knegt ez al. 2007). This behaviour con-
centrates their activity in profitable areas, but allows them to
move rapidly through less profitable areas (Walsh 1996; De
Knegt et al. 2007). The interaction between the elephants’
movement response (and especially time-lags therein) to for-
age density and the spatial structure of the environment may
produce the observed scale dependence in the elephant-habi-
tat relationships (Walsh 1996). Hence, we suggest that the
elephants concentrated their foraging within areas of high
forage availability that were sufficiently close to water and
sufficiency large so as to optimize the efficiency of movement
and foraging.

Note that our study deviates from many others in that our
study species is not severely affected by predation. Hence, the
spatial patterns of habitat selection by the elephants are not
severely influenced by a ‘landscape of fear’ (e.g. Brown &
Kotler 2007). For many species, however, the risk of preda-
tion affects individuals in many ways and influences their
patterns of habitat use via a site’s position with respect to ref-
uges and ambush sites, escape substrata, site lines and possi-
bly other landscape properties that influence the risk of
predation (Brown & Kotler 2007). As such, the risk of preda-
tion will influence the scaling patterns of habitat selection for
many other species, next to the influences that foraging and
drinking exert on habitat selection, probably by increasing
the importance of more fine-scale environmental informa-
tion, as the distance to landscape features associated with
predation risk becomes important. Several studies observed
shifts in the spatial patterns of habitat selection by prey spe-
cies after predator species had been reintroduced (e.g. Ripple
& Beschta 2007, 2008).

ECOLOGICAL IMPLICATIONS AND CONCLUSIONS

Besides being better able to describe the patterns of habitat
selection, our analyses showed that explicitly incorporating
environmental context at appropriate spatial scales could
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also lead to a major increase in the predictive ability of
habitat suitability (HS) models. The inclusion of environ-
mental context resulted in more significant and consistent HS
models than non-spatial models that ignored the influence of
environmental context. Namely, they yielded higher O/E
scores, thereby being better able to discriminate between HS
and randomness, and yielded more consistent monotonically
increasing cross-validation curves, meaning that they were
able to predict HS in more detail (Hirzel ez al. 2006). Further-
more, these models had a high stability, as they exhibited
little cross-validation variance.

Being able to accurately assess or predict the relationships
between organisms and their environment is paramount to
the effective management and conservation of natural sys-
tems (Guisan et al. 2006). However, the effects of spatial
scale on model performance and predictability are among
some of the most prominent challenges to habitat selection
analysis and species distribution modelling (Aratjo & Guisan
2006). Here, we have shown the importance of explicitly con-
sidering environmental context in habitat selection, and espe-
cially the spatial scale at which environmental context exerts
influence on the patterns of habitat use by organisms, and
demonstrated a method to assess the importance of environ-
mental context measured along a wide range of scales.

As advances in satellite imagery and remote sensing permit
scientists to access spatial data at increasingly higher resolu-
tions, the relative influence of environmental context in the
analyses of species distributions may become increasingly
important. However, ignoring the effects of spatial context
may then increasingly result in scale mismatches, which affect
the rigor of statistical analyses and thereby the ability to
understand ecological processes (De Knegt et al. 2010). We
thus conclude that ecologists should explicitly consider the
influence of environmental context, at appropriate spatial
scales, as this is paramount to understanding the processes
behind the distribution of organisms and therefore required
for successful ecosystem management.
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