Finding pathways to human-elephant coexistence: a

risky business

ANNA SONGHURST, GRAHAM McCurrocH and Tim CoULSON

Abstract Finding ways for people and wildlife to coexist re-
quires affording both parties access to critical resources and
space, but also a behavioural change by both to avoid con-
flict. We investigated pathway use in a population of free-
ranging African elephants Loxodonta africana in the
Okavango Panhandle, Botswana that share their range
with humans in a multi-use, heterogeneous landscape. We
used detailed ground surveys to identify and map elephant
movement pathways, and mixed-effect models to explore
factors influencing elephant numbers and movement be-
haviour on and around these pathways. We found deviation
in pathway use among the elephant population, suggesting
behavioural adaptations to avoid human-associated risk:
avoiding pathways near settlements, particularly near larger
settlements; avoiding pathways close to cultivated land;
and adopting a safety-in-numbers strategy when moving
through areas of human use. Our findings suggest there is
opportunity to capitalize on risk avoidance by elephant
populations, to minimize resource-use overlap and reduce
conflict between humans and elephants. We discuss a
strategy that involves ensuring appropriate protection of
elephant pathways in land-use planning, using develop-
ment-free buffer zones, combined with mitigation techni-
ques along the interface with agricultural lands to increase
risk levels and reinforce human-elephant interface bound-
aries. We recommend further examination of the use of
landscape-level mitigation techniques that encourage ele-
phants to use pathways away from human activity and
help define spatial boundaries for management of
human-elephant conflict in multi-use landscapes.
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Introduction

In many places outside protected areas ecosystem/habitat
connectivity across the landscape is characterized by dis-
tinct pathways connecting important resources (Blake &
Inkamba-Nkulu, 2004; Von Gerhardt et al., 2014). Studies
have shown that encroachment of development onto wild-
life paths is an important driver of human-wildlife conflict
(Guerbois et al., 2012; Songhurst & Coulson, 2014).
Although temporal and spatial patterns of crop raiding by
wildlife appear to be influenced by a variety of other factors
associated with the location of fields in relation to landscape
features such as water availability, protected areas and day-
time refuges for wildlife (Naughton-Treves, 1998; Linkie
et al,, 2007; Graham et al., 2010; Guerbois et al., 2012), ap-
propriate land-use planning is advocated as a requirement
to protect wildlife pathways and alleviate human-wildlife
conflict (Weaver et al, 1996; Osborn & Parker, 2003;
Douglas-Hamilton et al., 2005; Fernando et al, 2005;
Linnell et al., 2005; Von Gerhardt et al., 2014). Few studies,
however, have examined elephant Loxodonta africana be-
haviour at a population level to help justify pathway protec-
tion as an important strategy in conflict intervention. If
protecting pathways is to be effective in reducing human-
wildlife conflict we need a greater understanding of how a
population at large is using these critical movement path-
ways, and the extent to which the movement of wildlife
along the pathways is influenced by the presence and activ-
ity of people.

How elephants utilize various landscapes is determined
by a combination of environmental (e.g. Hanks, 1979;
Viljoen & Bothma, 1990; Redfern et al., 2003; Murwira &
Skidmore, 2005; Chamaillé-Jammes et al., 2007; Loarie
et al, 2009; Young et al, 2009) and social factors (e.g.
Moss & Poole, 1983; Stokke, 1999; Wittemyer et al., 2007).
Movements also vary temporally according to seasons
(Douglas-Hamilton et al., 2005; Young et al., 2009), time
of day, the speed of movement and the length of time
spent in any one location (Graham et al., 2009). In areas
where home ranges overlap with human habitation and
infrastructure, animals also have to adapt their behaviour
to avoid disturbance by people (Martin et al, 2010).
Disturbances to animals may arise as a result of physical im-
pediments to movement (i.e. fences, roads, cultivated land),
or human behaviour such as hunting, farming and wildlife
conflict mitigation activities. Animals have been found to
adapt to risks associated with humans; for example, ele-
phants tend to move under cover of darkness and travel
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more quickly in areas close to human habitation
(Douglas-Hamilton et al, 2005; Galanti et al., 2006;
Graham et al,, 2009). Studies have also reported elephants
avoiding unprotected areas with high human population
density and activity (Parker & Graham, 1989; Happold,
1995; Hoare, 1999; Graham et al., 2009), and moving in high-
risk areas such as cultivated fields predominantly at night
(Osborn, 1998; Sitati et al., 2003). Carnivores appear to re-
spond in a similar way to the presence of humans (Martin
et al,, 2010). Guerbois et al. (2012) argued that for improved
management of human-elephant conflict, elephants need to
associate human landscapes with perceived risk. Risk avoid-
ance is fundamental to the design of various mitigation
techniques to alter movement behaviour and deter ele-
phants from individual fields and settlements (Conover,
2002), but it is not clear how such behavioural adaptations
can be incorporated into the design of practical conserva-
tion management strategies at a landscape level.

Here we examine the fine-scale movement behaviour of a
population of free-ranging elephants that share their range
with humans in a multi-use heterogeneous landscape, and
the extent to which adaptations in the elephants’ movement
that define risk avoidance behaviour contribute to spatial
separation in land use.

Study area

The study was conducted during January 2008-July 2010 on
the eastern side of the Okavango Panhandle, where the
Okavango River reaches the Okavango Delta in Botswana
(Fig. 1). The eastern Panhandle covers 8,732 km* and its nor-
thern and southern boundaries are delineated by the
Namibian border and the northern buffalo fence, respect-
ively. There are protected areas to the north, south and
east of the area, which are utilized by tourism operations.

Mean annual rainfall is 360-500 mm, and the rainy sea-
son is generally mid October-March. The mean monthly
maximum temperature is 26.1-35.1°C, with July being the
coldest month and October the hottest. Deep Kalahari
sands are predominant throughout the study area but the
area can be divided broadly into dry woodland savannah
in the wildlife management areas NGu1 & 13 and the
Okavango wetland in NGi2 (Fig. 1). Elevation is 880-1,110
m (Songhurst, 2012).

The 2011 census recorded 16,306 people living in the east-
ern Panhandle (CSO, 2011), with 12 villages (population >
500), and additional settlements occurring between
villages. Subsistence agriculture is an important livelihood
strategy and, depending on rainfall, the planting of crops oc-
curs during November-January and harvesting occurs dur-
ing April-June. During the crop season many people move
to their agricultural lands to guard their fields. The elephant
population in the eastern Panhandle is estimated to be

c. 15,000 and is considered trapped by the fences to the
north, east and south, and the Okavango River to the west
(Songhurst, 2012). It has been observed that elephants use
distinctive pathways to move between the Okavango Delta
and foraging areas in dry woodland habitat in the study
area (Jackson et al., 2008). These pathways are bisected by
the main road that services all villages in the eastern
Panhandle, which are distributed in a ribbon type develop-
ment pattern along the edge of the wetland. Elephants dam-
age crops, break fences, damage property and chase, injure
and sometimes kill livestock and people. Meanwhile, people
are modifying the elephants’ habitat through cultivating
land and developing new settlements, and they also chase,
injure and occasionally kill elephants. Crop damage is the
most prevalent cause of human-elephant conflict in the
area, but the number of crop raiding incidents (frequency)
per month and the amount of damage incurred (intensity)
per month vary annually (Songhurst, 2012). During 2008-
2010 788 fields were raided and a total of 162 ha of crops,
predominantly millet, were damaged by elephants in the
eastern Panhandle (Songhurst & Coulson, 2014).

Methods

It is difficult to observe elephants directly in the Panhandle,
and therefore we used an indirect method based on examin-
ing footprints (Western et al., 1983; Lee & Moss, 1995) to es-
timate group size and composition, similar to the studies of
Chiyo & Cochrane (2005) and Von Gerhardt et al. (2014).
Male and female elephant groups were distinguished by
the presence or absence of footprints of elephants <8
years old (footprint length =< 30 cm), which has been used
successfully by Balasubramanian et al. (1995), Chiyo &
Cochrane (2005) and Von Gerhardt et al. (2014). Groups
whose footprints were all > 30 cm were categorized as
male-only groups (Lee & Moss, 1995, Whitehouse &
Hall-Martin, 2000; Moss, 2001).

Ground surveys of the main road (180 km) were con-
ducted on dry mornings (06.00-09.00), bi-monthly over
3 years (2008-2010) to assess recent elephant activity.
Transects were driven in different directions each time to
avoid bias. We recorded all elephant footprints crossing
the transect, counted the number of elephant groups at
each intersection between a pathway and the main road,
and estimated the number of individuals per group, and
their direction of travel. Group size was estimated by count-
ing the number of different footprints present. This was
achieved, in a similar way to Chiyo & Cochrane (2005), by
following elephant tracks at crossings back along pathways
to see how many elephants utilized those paths. Data were
collected with the assistance of an experienced local tracker,
who identified only fresh footprints and separated groups of
elephants per observation. Stander et al. (1997) showed that
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FiG. 1 Location of 12 villages in the study area in the Okavango Panhandle, with the main elephant Loxodonta africana pathways
shown. Paths are colour coded to show low (blue), medium (orange), and high (red) utilization gradients, based on the number of
herds crossing the road over 3 years. Pathways were numbered from east to west (i.e. the path furthest to the east is EP1). The area
shaded in black on the inset indicates the location of the Okavango Delta in Botswana.

local trackers, with their indigenous knowledge, were able to
identify individuals by spoor with 94% accuracy. All foot-
prints were cleared after counting to avoid double counting
in subsequent assessments. Locations of the start and end of
footprints on each intersection were recorded using a global
positioning system, and elevation and vegetation type were
recorded at the location of each footprint.

Although the substrata in the area comprise mostly fine
Kalahari sands and alluvial clays, which show clear foot-
prints, the identification of individual elephant tracks is dif-
ficult and therefore calculations of numbers of elephants per
group are considered to be estimates. Subsequent analyses
therefore used two response variables in generalized linear
mixed-effect models: the number of herds using pathways,
and the number of individuals using pathways.

Aerial orthophotographs (1:50,000) and Google Earth
(Google Inc., Mountain View, USA) were used to digitize
well-worn elephant paths between the dry mixed woodland
habitat and the Okavango River and Delta, as well as human
settlements, fences and cultivated land, using ArcMap v. 9.3
(ESRI, Redlands, USA). These maps were verified using a
combination of methods: ground surveys; comparisons
with existing maps based on data from collared elephants
(Jackson et al., 2008), management plans (ODMP, 2002),
and reports (Albertson, 1998); and consultations with local
community members. Only permanent pathways, with
floors devoid of vegetation and used regularly by elephants,
were selected (Blake & Inkamba-Nkulu, 2004). Regular use
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of pathways by elephants was confirmed through visual ob-
servation of dung, feeding damage and footprints (Von
Gerhardt et al., 2014).

Data on human population numbers in the study area
were collated from the Botswana Central Statistics Office
(CSO, 2011). Songhurst (2012) showed that fields <1 km
from an elephant pathway are 50% more likely to be raided.
A 1 km buffer was therefore calculated and drawn around
each pathway, and the area of cultivated land within the buf-
fer was calculated. The minimum distance between each
pathway and a settlement or village was measured using
the proximity buffer tool in ArcMap.

Statistical analysis

All analysis was carried out using R v. 2.11.1 (R Development
Core Team, 2010). The characteristics of path use by herds
of elephant (i.e. herd composition, direction of movement,
favoured paths) were explored using x> tests, with signifi-
cance determined at P < 0.05. Bi-monthly surveys of ele-
phant pathway road crossings may have resulted in
temporal pseudoreplication in the data, causing non-
independence in errors and a higher risk of spuriously sig-
nificant results (Hurlbert, 1990; Crawley, 2007). Generalized
linear mixed-effect models are a useful tool for the analysis
of such data (Pinheiro & Bates, 2000; Crawley, 2007).
Models were fitted to the response variables ‘elephants
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present on pathway or not’ (coded 1 or o) with binomial er-
rors, ‘if elephants present, estimated number of herds per
crossing’, and ‘if elephants present, estimated number of ele-
phants per crossing’ with Poisson errors. The models were fit-
ted with two crossed random effects: elephant pathway and
month. Continuous explanatory variables included the area
of cultivated land within a 1 km buffer of an elephant path,
the distance from a path edge to the nearest settlement, and
the elevation at the intersection between an elephant path and
the main road. Continuous response and explanatory vari-
ables were square root transformed to conform better to a
normal distribution where appropriate. Significance tests of
the fixed effects were limited to two-way interactions, to
avoid overfitted models, and model selection was based on
the Akaike information criterion (AIC), as suggested by
Whittingham et al. (2006). All possible combinations of
fixed effects and two-way interactions were explored, and
models were compared using Akaike weights. The model
with the highest Akaike weight (i.e. the weight of evidence
in its favour) was considered to be the best model within
the set (Burnham & Anderson, 2002). Interactions were plot-
ted to aid interpreting model predictions. A variance compo-
nents analysis of the final mixed-effects models was carried
out (Pinheiro & Bates, 2000; Crawley, 2007) to estimate the
variation explained by the crossed random effects: elephant
pathway and month.

Results

During 3 years we identified 106 elephant pathways crossing
the main road transect (Fig. 1). A total of 12,836 elephant
herd crossings were recorded during March 2008-June
2010, with a mean of 119 £ SD 255 herds crossing per path-
way. We recorded significantly more family groups than
male-only herds (x*=171.7, df =1, P < 0.001).

Both male herds and female-led family groups used cer-
tain pathways more frequently than others. One pathway
(EP40) was utilized significantly more frequently through-
out the year than all other pathways combined (y* = 8.8, df
=1, P <o.001; Figs 1 & 2). Analysis was conducted with
and without this pathway to assess its effect on results.

More crossings where elephants were travelling away
from the river were recorded (x> =84.7, df =1, P < 0.001).
To avoid double counting crossings by the same herd (i.e.
counting their going to and coming from the river as two
separate groups) only data from groups travelling away
from the river (n = 6,757) were used in subsequent analyses.

The generalized linear mixed-effect model of whether
elephants used a pathway or not, with the smallest AIC
value (AIC = 3,010) and highest model weight (w; = 0.34) re-
tained the main fixed effects elevation (maximum likelihood
estimate = —5.8 £ SE 2.1) and human population (maximum
likelihood estimate = — 4.7+ SE1.2), and the two-way

interaction between these two effects (maximum likelihood
estimate = 0.18 = SE 0.07; Tables 1 & 2). This model shows
there are likely to be elephants present when the human
population in the nearest settlement is small, but the prob-
ability of elephants occurring when human populations are
larger increases at higher elevation. The variance compo-
nents of the random effects show that 38.8% of explained
variation is between elephant paths and 61.2% is between
months at each pathway.

The model of the square root of the number of elephant
herds (if present) using a pathway, with the smallest AIC
value (AIC=6311) and highest model weight (w;=o0.21)
retained the main fixed effects human population in the
nearest settlement (maximum likelihood estimate = —o.01+
SE 0.005), area of agriculture within a 1 km buffer of the
path (maximum likelihood estimate = —0.03 £ SE 0.01), and
distance to nearest human settlement (maximum likelihood
estimate = —0.003 £ SE 0.003), and the two-way interaction
between the latter two effects (maximum likelihood estimate =
0.0008 £ SE 0.0003; Tables 1 & 2). This model shows more
herds are likely to cross on pathways near less populated settle-
ments. There are also likely to be fewer herds crossing where
there is a larger area of agriculture near a pathway and where
pathways are close to human settlements, but the likelihood of
more herds crossing when there are larger areas of agriculture
increases with increasing distance to human settlements.
Variance components show that 67.8% of variation is between
pathways and 32.2% is between months at each pathway.

The model of the estimated number of elephants (if pre-
sent) using a pathway, with the smallest AIC value
(AIC =1662.3) and highest model weight (w; = 0.33) retained
the main fixed effects human population in nearest settle-
ment (maximum likelihood estimate = —0.02 + SE 0.006),
elevation (maximum likelihood estimate =1.33 = SE 0.48),
area of agriculture within a 1 km buffer of the path (max-
imum likelihood estimate = 3.49 + SE 0.99), and distance to
nearest human settlement (maximum likelihood estimate =
—0.007 £ SE 0.003), and the two-way interaction between
elevation and area of agriculture (maximum likelihood
estimate = —0.11 £ SE 0.03) and distance to nearest settle-
ment and area of agriculture (maximum likelihood estimate
= 0.001%* SE 0.0004; Tables 1 & 2). This model shows that,
similar to number of herds, more elephants are more likely
to cross on pathways near less populated settlements. There
are also likely to be more elephants using a path if it is near
larger areas of agriculture and further from settlements.
Although it is likely that more elephants will use a path if
it is near large areas of agriculture, this likelihood decreases
with increasing elevation. Graphs of these interactions show
a small amount of curvature, however, indicating that such
relationships are unlikely to be biologically important.
Variance components show that 53% of variation is between
elephant pathways and 47% is between months at each
pathway.
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FiG. 2 Number of herds of family groups and male elephants
that utilized each elephant pathway in the Okavango Panhandle
(Fig. 1) during 2008-2010.

When all the models were fitted to a subset of data where
crossings on pathway EP40 were removed, the model esti-
mates for the fixed effects were not significantly affected.

Discussion

By mapping localized elephant pathways and monitoring
fine-scale movement behaviour of an elephant population, ra-
ther than individual elephants, by means of detailed ground
surveys we were able to record varying behavioural strategies
adopted by the elephant population that contributed to
risk avoidance, including avoiding pathways near human set-
tlements, particularly those close to larger settlements, avoid-
ing pathways close to large cultivated areas of land, and
adopting a safety-in-numbers strategy when moving through
large areas of cultivated land close to human settlements.
Elephants in the eastern Panhandle of the Okavango Delta ap-
pear, therefore, to adapt their behaviour in response to asso-
ciated levels of risk connected with humans, which influences
their preferred choice of movement pathways.

Elephants generally avoided highly populated settle-
ments and large areas of cultivated land, indicating a certain
amount of risk associated with these areas of high human
activity, which is consistent with the findings of other simi-
lar studies (Hoare & du Toit, 1999; Douglas-Hamilton et al.,
2005; Graham et al., 2009). The number of herds crossing in
highly cultivated areas increased with distance from settle-
ments, indicating elephants may be avoiding people. Areas
of agricultural land appear to present a lower risk of disturb-
ance than areas near settlements, thereby providing a safer
route of passage and hence attracting larger numbers of ele-
phant herds. The variance components analysis showed that

Pathways to human—elephant coexistence

TasLE 1 Fixed effects of the mixed effects model of whether ele-
phants Loxodonta africana used a pathway or not, the number of
elephant herds (if present) using a pathway, and the number of ele-
phants (if present) using a pathway, with mean estimate + SE, Z
and P.

Fixed effects Estimate + SE Z P

Elephants used pathway?

Intercept 147.58 +37.73 391 9.16e”*
Sqrt(Hpopset) 5.78+2.10 —2.75 0.006
Sqrt(Elevation) 4.70£1.20 —391 9.07e°
Sqrt(Hpopset):sqrt 0.18£0.07 2.73  0.006
(Elevation)

Number of elephant herds

Intercept 1.57+0.19 833 <2e'°
sqrt(Human population —0.0210.01 —2.57 0.01

in nearest settlement)

Number of elephants

Intercept —-3.96%1.51 —2.62 0.008
Sqrt(Agric) 3.49+9.89 3.54 0.0004
Sqrt(DSett) —6.69¢ > +34le”> —1.96 0.05
Sqrt(Hpopset) —1.64e2%£558¢> —2.95 0.003
sqrt(Elevation) 1.33+4.81e”! 2.76 0.006
Sqrt(Agric) : sqrt(DSett)  1.23e >+3.25¢”* 378 0.0002
Sqrt(Agric) : sqrt —1.13¢7'£3.15¢7> —3.59 0.0003

(Elevation)

the variation between the numbers of herds using various
paths was affected more by the path itself (67.8%) than by
the month (32.2%), indicating that the location of the path
had alarger influence than seasonal variation on the number
of herds utilizing a pathway. There were also differences in
path use between female and male elephants, with some
paths closer to areas of high human activity used only by
groups of male elephants, indicating a higher level of risk
taking by male-only groups (Sukumar, 1991). We investi-
gated a limited number of possible drivers of elephant move-
ment, and differences in observed path use between the sexes
warrant further investigation to determine the impact of
other social and environmental factors. We found that
path use by elephants was influenced by elevation, but a
greater understanding of how resource availability affects
the movement of elephants in the Panhandle is also needed.

We found a clear example of elephants aggregating in lar-
ger numbers near human activity, which could be a strategy
to minimize risk (safety in numbers; Hamilton, 1971).
Pathways near cultivated land attracted fewer groups but lar-
ger numbers of elephants per group. This could be a result of
group size being fluid, with families (or males) gathering into
larger groups when entering high-risk areas, or perhaps only
larger groups enter high-risk areas. Further investigation is
needed to account for such differences but both scenarios
suggest a behavioural adaptation to avoid risk.

Larger numbers of elephants per group using paths near cul-
tivated land could also be a result of elephants being attracted to
the high nutritional content in crops compared with natural
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TaBLE 2 Akaike information criteria (AIC) and Akaike model
weights (w;, estimated probabilities of model truth) relating the
probability of elephants using a path or not (coded 1 or 0), the like-
lihood of a larger number of herds (> o) present at a pathway
crossing, and the likelihood of a larger number of elephants (> o)
present at a pathway crossing to combinations of environmental
and human habitat modification variables, for the top five models
ranked according to AIC model weights.

Model* AIC w;
Elephants used pathway?

Main effects H+E 30149 0.04
A+H+E 3016.5 0.02
D+H+E 3016.8 0.01
A+D+H+E 3018.5 0.01
A+H 3019.7 0.00
2-way H:E 30104 0.34
interactions
H:E+A:E 3012.3 0.14
H:E+A:H 3012.4 0.13
H:E+A:D 30124 0.13
H:E+A:E+A:D 3014.2 0.05
Number of elephant herds
Main effects H 633.8 0.05
A+H 635.3  0.03
D+H 635.6  0.02
A+D+H 636.5 0.01
A+H+E 637 0.01
2-way A:D 631.1 0.21
interactions
A:D+A:E 632.1 0.13
A:D+A:H 632.1 0.13
A:D+H:E 6324 0.11
A:D+A:E+H:E 633.3  0.07
Number of elephants
Main effects A+H 1688.1 8.6e "7
H+D 1688.4 7.3
H 16889 5.6e "7
A+H+D 1689.1 5.1¢7"
H+D+E 1689.9 3.5¢ "
2-way A:D+A:E 1662.3 0.33
interactions
A:D+A:E+H:E 1662.9 0.25
A:D+A:E+A:H 1664.1 0.14
A:D+A:E+D:E 1664.3 0.12
A:D+A:E+D:E+H:E 1664.6 0.12

*A, sqrt(Area of agriculture within 1 km of path); E, sqrt(Elevation); D, sqrt
(Distance to nearest settlement); H, sqrt(Human population in nearest
settlement)

forage, as surmised in previous studies (Sukumar, 1989;
Osborn, 1998; Chiyo et al., 2005). If this were the case, however,
we would have expected more elephant groups to have crossed
in these areas, not necessarily more elephants per group. The
temporal patterns of path use by elephants indicate that signifi-
cantly more herds used paths closer to cropland after the crop
season during May-November (Fig. 3), which indicates that
many elephants may be avoiding cultivated areas during the
ploughing season, thus adapting their temporal movement
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Fic. 3 Total number of elephant herds that crossed the main
road in the Okavango Panhandle each month during 2008-2010.
The horizontal lines show the median number of elephant herds
crossing per month, the whiskers show 1.5 times the interquartile
range, and the crosses are outliers.

behaviour to avoid increased disturbance from human activity.
Apparent seasonal variation in pathway use close to cultivated
lands was consistent with our variance components analysis,
which showed a higher percentage of variation between
whether elephants used a path or not explained by month
(61.2%) rather than pathway (38.8%). Not all elephants will
be deterred from human disturbance, but there is no clear evi-
dence to suggest that the elephant population is generally at-
tracted to cultivated land in the eastern Panhandle. The
likelihood of a field being raided by an elephant increases sig-
nificantly when the field is within 1 km of a main pathway, sug-
gesting that crop raiding incidents are predominantly
opportunistic (Songhurst & Coulson, 2014). Affording elephant
pathways protection with a 1 km development-free buffer zone
could, therefore, play an important role in reducing crop raid-
ing by elephants.

Our results suggest that elephants have the ability to
learn and adapt to varying levels of disturbance from
humans, as other animals do in response to varying levels
of predation risk (Laundré et al., 2010). Our findings sup-
port the suggestion by Guerbois et al. (2012) to incorporate
the so-called ecology of fear in the design of mitigation strat-
egies for human-elephant conflict. According to Schoenfeld
(1969) any avoidance response may be conditioned or con-
trolled by an appropriate selection of values of three para-
meters, among others: operant level of the response,
stimulus frequency, and stimulus intensity in both positive
and negative reinforcement schedules. The various types of
avoidance behaviour we observed suggest a response to
negative stimulus from human encounters, and therefore
risk avoidance by elephants could be conditioned or con-
trolled by increasing or intensifying a negative stimulus
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associated with human inhabitation or development zones.
Appropriate deterrent techniques, such as the use of capsi-
cum oleoresin (Osborn, 2002; Sitati & Walpole, 2006;
Hedges & Gunaryadi, 2010) or bees (King et al., 2011),
could intensify the negative stimulus to deter elephants at
interfaces between pathways and arable fields. We argue
that in combination with appropriate land use zones, such
negative stimuli could be effective in alleviating spatial and
resource use overlap at a landscape level, reinforcing bound-
aries around human-inhabited areas and ensuring safe pas-
sage for elephants.

Correctly managed buffers or adaptive management zones
outside protected areas may be as important as wildlife re-
serves for the long-term viability of wide-ranging species
(Noss et al., 1996). Such strategies require creating zones with-
in a multi-use landscape to minimize negative interactions be-
tween people and wildlife (Fernando et al., 2005; Linnell et al.,
2005). Knowledge of their risk avoidance behaviour may be
used to encourage elephants to use certain pathways when
moving through human inhabited areas, and deter them
from fields and settlements. Landscape-level management in-
terventions could help define boundaries at the human-wild-
life interface, minimizing opportunistic crop raiding by
elephants, while protecting critical movement paths and habi-
tat connectivity. We recommend monitoring elephant move-
ments at a population level, as we have done, in further studies
of the effectiveness of protecting elephant pathways in redu-
cing human-elephant conflict. Long-term monitoring of path
use with and without negative stimuli at the interface between
development-free buffer zones and agricultural or settlement
zones is necessary to reveal the potential of combining path-
way buffers and mitigation techniques as a strategy to avoid
human-elephant conflict. Such investigations could inform
and motivate appropriate land use planning initiatives, but
it will be essential to galvanize the political will among local
and national land authorities to implement such measures.

Acknowledgements

We thank the Botswana Ministry of Environment, Wildlife
& Tourism for granting permission for this research, and the
Wildlife Conservation Society and Wilderness Wildlife
Trust for providing funding. We also thank the ground sur-
veying team. Tim Coulson acknowledges support from an
ERC Advanced Grant, LEED.

References

ALBERTSON, A. (1998) Northern Botswana Veterinary Fences: Critical
Ecological Impacts. Unpublished report.

BALASUBRAMANIAN, M., BHASKARAN, N., SWAMINATHAN, S. &
Desal, A. (1995) Crop raiding by Asian elephants (Elephas
maximus) in the Nilgiri Biosphere reserve, South India. In A Week
with Elephants (eds J. Daniel & H. Datye), pp. 350-369. Bombay
Natural History Society, Bombay, India.

Pathways to human—elephant coexistence

BLAKE, S. & INKAMBA-NKULU, C. (2004) Fruit, minerals, and
forest elephant trails: do all roads lead to Rome? Biotropica, 36,
392-401.

BurNHAM, K.P. & ANDERSON, D.R. (2002) Model Selection and
Multimodel Inference: A Practical Information-Theoretic Approach.
Springer, New York, USA.

CHAMAILLE-JAMMES, S., VALEIX, M. & FriTz, H. (2007) Managing
heterogeneity in elephant distribution: interactions between
elephant population density and surface-water availability. Journal
of Applied Ecology, 44, 625-633.

CHiyo, P.I. & CocHRANE, E.P. (2005) Population structure and
behaviour of crop-raiding elephants in Kibale National Park,
Uganda. African Journal of Ecology, 43, 233—241.

CHiyo, P.I., CocHRANE, E.P.,, NAUGHTON, L. & BasuTa, G.I. (2005)
Temporal patterns of crop raiding by elephants: a response to
changes in forage quality or crop availability? African Journal of
Ecology, 43, 48-55.

CONOVER, M.R. (2002) Resolving Human-wildlife Conflicts: The Science
of Wildlife Damage Management. CRC Press, Boca Raton, USA.

CRAWLEY, M. (2007) The R Book. Wiley, Chichester, UK.

CSO (CenTrAL STaTISTICS OFFICE) (2011) 2011 Botswana
Population and Housing Census. Central Statistics Office,
Government of Botswana, Gaborone, Botswana.

DoucrLas-HAMILTON, I, KRINK, T. & VOLLRATH, F. (2005)
Movements and corridors of African elephants in relation to
protected areas. Naturwissenschaften, 92, 158-163.

FERNANDO, P., WIKRAMANAYAKE, E., WEERAKOON, D., JAYASINGHE,
LK.A., GUNAWARDENE, M. & Janaka, H.K. (2005) Perceptions
and patterns of human-elephant conflict in old and new settlements
in Sri Lanka: insights for mitigation and management. Biodiversity
and Conservation, 14, 2465-2481.

GALANTI, V., PREATONI, D., MARTINOLI, A.,, WAUTERS, L.A. & TosI,
G. (2006) Space and habitat use of the African elephant in the
Tarangire-Manyara ecosystem, Tanzania: implications for
conservation. Mammalian Biology, 71, 99-114.

GRrRAHAM, M.D., DouGLas-HamiLToN, I., ADaAMS, W.M. & LEE, P.C.
(2009) The movement of African elephants in a human-dominated
land-use mosaic. Animal Conservation, 12, 445—455.

GRAHAM, M.D,, NOTTER, B., ADAMS, W.M,, LEE, P.C. & OCHIENG, T.
N. (2010) Patterns of crop-raiding by elephants, Loxodonta africana,
in Laikipia, Kenya, and the management of human-elephant
conflict. Systematics and Biodiversity, 8, 435-445.

GuersoIs, C.,, CHAPANDA, E. & FriTz, H. (2012) Combining multi-
scale socio-ecological approaches to understand the susceptibility of
subsistence farmers to elephant crop raiding on the edge of a
protected area. Journal of Applied Ecology, 49, 1149-1158.

HamMirton, W.D. (1971) Geometry for the selfish herd. Journal of
Theoretical Biology, 31, 295-311.

HANKs, J. (1979) A Struggle for Survival: The Elephant Problem.
Country Life Books, London, UK.

Harrorp, D.C.D. (1995) The interactions between humans and
mammals in Africa in relation to conservation: a review. Biodiversity
and Conservation, 4, 395-414.

HEDGES, S. & GUNARYADI, D. (2010) Reducing human-elephant
conflict: do chillies help deter elephants from entering crop fields?
Oryx, 44, 139-146.

Hoarg, RE. (1999) Determinants of human-elephant conflict in a
land-use mosaic. Journal of Applied Ecology, 36, 689—700.

Hoarg, RE. & pu Toirt, J.T. (1999) Coexistence between people and
elephants in African savannas. Conservation Biology, 13, 633-639.

HuRrLBERT, S.H. (1990) Spatial distribution of the montane unicorn.
Oikos, 58, 257-271.

Jackson, T.P., MOsSOJANE, S., FERREIRA, S.M. & VAN AARDE, RJ.
(2008) Solutions for elephant Loxodonta africana crop raiding in

Oryx, 2016, 50(4), 713-720 © 2015 Fauna & Flora International ~ doi:10.1017/50030605315000344

https://doi.org/10.1017/5S0030605315000344 Published online by Cambridge University Press

719


https://doi.org/10.1017/S0030605315000344

720

A. Songhurst et al.

northern Botswana: moving away from symptomatic approaches.
Oryx, 42, 83-91.

KinG, LE, DouGLAs-HAMILTON, I. & VOLLRATH, F. (2011) Beehive
fences as effective deterrents for crop-raiding elephants: field trails in
northern Kenya. African Journal of Ecology, 49, 431-439.

LAUNDRE, J.W., HERNANDEZ, L. & R1ppLE, W.]. (2010) The landscape
of fear: ecological implications of being afraid. The Open Ecology
Journal, 3, 1-7.

LeE, P.C. & Moss, CJJ. (1995) Statural growth in known-age African
elephants (Loxodonta africana). Journal of Zoology, 236, 29—-41.

LiNkIE, M., DiNATA, Y., NOFRIANTO, A. & LEADER-WILLIAMS, N.
(2007) Patterns and perceptions of wildlife crop raiding in and
around Kerinci Seblat National Park, Sumatra. Animal
Conservation, 10, 127-135.

LiNnNELL, ].D.C, NiLsEN, E.B,, LANDE, U.S,, HERFINDAL, I, ODDEN, ],
SkoGEN, K. et al. (2005) Zoning as a means of mitigating conflicts with
large carnivores: principles and reality. In People and Wildlife: Conflict
or Coexistence? (eds R. Woodrofte, S. Thirgood & A. Rabinowitz), pp.
162-175. Cambridge University Press, Cambridge, UK.

LoARIE, S.R., VAN AARDE, RJ. & PimM, S.L. (2009) Elephant seasonal
vegetation preferences across dry and wet savannas. Biological
Conservation, 142, 3099-3107.

MARTIN, J., BASILLE, M., MOORTER, B.V., KINDBERG, J., ALLAINE, D.
& SWENSON, J.E. (2010) Coping with human disturbance: spatial
and temporal tactics of the brown bear (Ursus arctos). Canadian
Journal of Zoology, 88, 875-883.

Moss, C.J. (2001) The demography of an African elephant (Loxodonta
africana) population in Amboseli, Kenya. Journal of Zoology, 255,
145-156.

Moss, C.J. & PooLk, J.H. (1983) Relationships and social structure in
African elephants. In Primate Social Relationships (ed. R.A. Hinde),
PP 315-325. Blackwell Scientific Publications, Oxford, UK.

MURWIRA, A. & SKIDMORE, A.K. (2005) The response of elephants to
the spatial heterogeneity of vegetation in a Southern African
agricultural landscape. Landscape Ecology, 20, 217-234.

NaUGHTON-TREVEs, L. (1998) Predicting patterns of crop damage by
wildlife around Kibale National Park, Uganda. Conservation
Biology, 12, 156-168.

Noss, RE, QuicLey, H.B.,, HORNOCKER, M.G., MERRILL, T. &
PAQuET, P.C. (1996) Conservation biology and carnivore conservation
in the Rocky Mountains. Conservation Biology, 10, 949-963.

ODMP (2002) Okavango Delta Management Plan. Government of
Botswana, Maun, Botswana.

OsBoRN, F.V. (1998) Ecology of crop raiding elephants. Pachyderm, 25, 39.

OsBorN, F.V. (2002) Capsicum oleoresin as an elephant repellent: field
trials in the communal lands of Zimbabwe. The Journal of Wildlife
Management, 66, 674-677.

OsBoRN, E.V. & PARKER, G.E. (2003) Linking two elephant refuges
with a corridor in the communal lands of Zimbabwe. African
Journal of Ecology, 41, 68-74.

PARkER,LS.C. & GRAHAM, A.D. (1989) Men, elephants and competition.
Symposium of the Zoological Society of London, 61, 241-252.

PINHEIRO, J.C. & BATES, D.M. (2000) Mixed-Effects Models in S and
S-PLUS. Springer Verlag, New York, USA.

R DEVELOPMENT CORE TEAM (2010) R: A Language and Environment
for Statistical Computing. R Foundation for Statistical Computing,
Vienna, Austria.

REDFERN, J.V., GRANT, R, BiGGs, H. & GETz, W.M. (2003)
Surface-water constraints on herbivore foraging in the Kruger
National Park, South Africa. Ecology, 84, 2092-2107.

ScHOENFELD, W.N. (1969) “Avoidance” in behaviour theory. Journal
of the Experimental Analysis of Behavior, 12, 669-674.

S1TATI, NW. & WALPOLE, M.]. (2006) Assessing farm-based
measures for mitigating human-elephant conflict in Transmara
District, Kenya. Oryzx, 40, 279-286.

SitaTi, NNW.,, WaLPOLE, M.]., SMITH, R.J. & LEADER-WILLIAMS, N.
(2003) Predicting spatial aspects of human-elephant conflict.
Journal of Applied Ecology, 40, 667-677.

SONGHURST, A. (2012) Competition between people and elephants in
the Okavango Delta Panhandle, Botswana. PhD thesis. Imperial
College, London, UK.

SONGHURST, A. & CouLsoN, T. (2014) Exploring the effects of spatial
autocorrelation when identifying key drivers of wildlife
crop-raiding. Ecology and Evolution, 4, 582-593.

STANDER, P,, GHAU, Ts1saBa, D., Oma & Ut (1997) Tracking and the
interpretation of spoor: a scientifically sound method in ecology.
Journal of Zoology, 242, 329-341.

STOKKE, S. (1999) Sex differences in feeding-patch choice in a
megaherbivore: elephants in Chobe National Park, Botswana.
Canadian Journal of Zoology, 77, 1723-1732.

SUKUMAR, R. (1989) Ecology of the Asian elephant in southern India. L.
Movement and habitat utilization patterns. Journal of Tropical Ecology,
5, 1-18.

SUKUMAR, R. (1991) The management of large mammals in relation to
male strategies and conflict with people. Biological Conservation, 55,
93-102.

VILJOEN, P.J. & BoTHMA, ].D. (1990) Daily movements of
desert-dwelling elephants in the northern Namib Desert. South
African Journal of Wildlife Research, 20, 69-72.

VoN GERHARDT, K., VAN NIEKERK, A., KiDD, M,, SAMwAYS, M. &
HANKS, J. (2014) The role of elephant Loxodonta africana pathways as
a spatial variable in crop-raiding location. Oryx, 48, 436—444.

WEAVER, J.L., PAQUET, P.C. & RUGGIERO, L.F. (1996) Resilience and
conservation of large carnivores in the Rocky Mountains.
Conservation Biology, 10, 964-976.

WESTERN, D., Moss, C.J. & GEORGIADIS, N. (1983) Age estimation
and population age structure of elephants: from footprint
dimensions. The Journal of Wildlife Management, 47, 1192-119;.

WHITEHOUSE, A.M. & HALL- MARTIN, A.J. (2000) Elephants in Addo
Elephant National Park, South Africa: reconstruction of the
population’s history. Oryx, 34, 46-55.

WHITTINGHAM, M.]., STEPHENS, P.A., BRADBURY, R.B. &
FRECKLETON, R.P. (2006) Why do we still use stepwise modelling in
ecology and behaviour? Journal of Animal Ecology, 75, 1182-1189.

WITTEMYER, G., GETZ, W.M,, VOLLRATH, F. &
DoucLas-HAMILTON, I. (2007) Social dominance, seasonal
movements, and spatial segregation in African elephants: a
contribution to conservation behavior. Behavioral Ecology and
Sociobiology, 61, 1919-1931.

YouNg, K.D., FERREIRA, S.M. & vAN AARDE, R.J. (2009) Elephant
spatial use in wet and dry savannas of southern Africa. Journal of
Zoology, 278, 189—205.

Biographical sketches

ANNA SONGHURST is a conservation biologist interested in the con-
servation and management of wildlife, in particular elephants.
GraHAM McCulLocH is an ecologist and biodiversity specialist
with particular interest in the sustainable management of biodiversity
inside and outside protected areas. Tim COULSON is a quantitative
ecologist, and his research interests are conservation, wildlife manage-
ment and population biology.

Oryx, 2016, 50(4), 713-720 © 2015 Fauna & Flora International  doi:10.1017/50030605315000344

https://doi.org/10.1017/5S0030605315000344 Published online by Cambridge University Press


https://doi.org/10.1017/S0030605315000344

	Finding pathways to human--elephant coexistence: a risky business
	Abstract
	Introduction
	Study area
	Methods
	Statistical analysis

	Results
	Discussion
	Acknowledgements
	References


