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Summary

1. Animals may anticipate and try to avoid, at some costs, physical encounters with other

competitors. This may ultimately impact their foraging distribution and intake rates. Such

cryptic interference competition is difficult to measure in the field, and extremely little is

known at the interspecific level.

2. We tested the hypothesis that smaller species avoid larger ones because of potential costs

of interference competition and hence expected them to segregate from larger competitors at

the scale of a resource patch. We assessed fine-scale spatial segregation patterns between three

African herbivore species (zebra Equus quagga, kudu Tragelaphus strepsiceros and giraffe Gir-

affa camelopardalis) and a megaherbivore, the African elephant Loxodonta africana, at the

scale of water resource patches in the semi-arid ecosystem of Hwange National Park,

Zimbabwe.

3. Nine waterholes were monitored every two weeks during the dry season of a drought year,

and observational scans of the spatial distribution of all herbivores were performed every

15 min. We developed a methodological approach to analyse such fine-scale spatial data.

4. Elephants increasingly used waterholes as the dry season progressed, as did the probability

of co-occurrence and agonistic interaction with elephants for the three study species. All three

species segregated from elephants at the beginning of the dry season, suggesting a spatial

avoidance of elephants and the existence of costs of being close to them. However, contrarily

to our expectations, herbivores did not segregate from elephants the rest of the dry season

but tended to increasingly aggregate with elephants as the dry season progressed.

5. We discuss these surprising results and the existence of a trade-off between avoidance of

interspecific interference competition and other potential factors such as access to quality

water, which may have relative associated costs that change with the time of the year.

Key-words: asymetric interaction, contest competition, distance analysis, Loxodonta africana,

megaherbivore, savanna, spatial-constrained null model, waterhole use

Introduction

Interspecific interference competition, that is when a species

reduces the ability of other species to make use of a shared

resource through its presence or agonistic interactions, is

ubiquitous in nature (Amarasekare 2002). It has been docu-

mented in a wide range of taxa (e.g. Ziv et al. (1993) for

rodents, Caro & Stoner (2003) for large mammalian carni-

vores, Elliott (2003) for insects, Razgour, Korine & Saltz

(2011) for bats, Colman et al. (2012) for large mammalian

herbivores) and can impact individual behaviour (e.g. spa-

tial distribution – Berger & Gese 2007; Broekhuis et al.

2013), individual fitness (e.g. Eccard & Yl€onen 2002), spe-

cies coexistence (e.g. Case & Gilpin 1974; Amarasekare

2002) and character displacement (e.g. Grether et al. 2009,

2013). In addition to the risk of injury or death during ago-

nistic interactions (e.g. Palomares & Caro 1999; Berger-Tal,

Mukherjee & Kotler 2009), interference competition can

carry costs that are extremely difficult to evaluate in the

field. This is the case when interference competition leads to

reduced intake rates (Abramsky, Rosenzweig & Subach

2001) due to apprehension (i.e. attention redirected from
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foraging to predator/competitor detection in a manner that

lowers both risk and feeding rate, Kotler, Brown & Dall

2002) or to a reduced access to resources resulting from

avoidance behaviour (a process known as cryptic interfer-

ence competition as such responses are often difficult to

observe in the field, Gyimesi, Stillman & Nolet 2010). The

need to account for the possibility that animals anticipate

and try to avoid, at some costs, physical encounters with

other competitors when studying intake rates and foraging

distributions has recently been highlighted (Bijleveld, Fol-

mer & Piersma 2012). This may indeed underlie the spatial

distribution of animals and their foraging tactics at the

community level, and while this has started to be studied at

the landscape scale (Vanak & Gompper 2010), and at the

inter-patches scale (Razgour, Korine & Saltz 2011), extre-

mely little is known at the finer scale of the resource patch.

Interspecific interactions are often asymmetrical, and

smaller species often lose aggressive contests for resources

with larger species that are often characterized by stronger

traits (e.g. strength, weapons (Peters 1983), see also Dur-

ant (2000) for large mammalian carnivores, Cioni &

Gherardi (2004) for decapods, Grangier & Lester (2011)

for ants and wasps). Therefore, smaller subordinate spe-

cies are expected to adjust their behaviour to decrease the

risk of interference competition with dominant species.

Avoidance of dominant competing species can occur at

both spatial (Durant 2000; Tannerfeldt, Elmhagen &

Angerbj€orn 2002) and temporal scales (Ziv et al. 1993;

Valeix, Chamaill�e-Jammes & Fritz 2007). However, over-

all spatial and temporal avoidance of interference com-

petitors may prevent animals from using very valuable

patches of resources. Thus, fine spatio-temporal scale

responses should play a crucial role in adjusting the

trade-off between avoidance of competitors and access to

high-quality resources. This fine-scale spatio-temporal

avoidance of interference competition has yet rarely been

explored in the field at the interspecific level.

Here, we assessed fine-scale spatial segregation patterns

between three African herbivore species and a megaherbi-

vore, the African elephant Loxodonta africana, which is

expected to dominate all interactions with other herbi-

vores (Owen-Smith 1988), at the scale of a water resource

patch. To our knowledge, this intra-patch scale has never

been investigated. In arid and semi-arid savannas, surface

water resources become scarcer as the dry season pro-

gresses and are vital resource patches for water-dependent

species survival. This leads to a high level of herbivore

aggregation around the remaining water sources at the

end of the dry season (Valeix 2011), which can lead to

interference behaviour. Behavioural interactions between

elephants and other species sometimes lead to other herbi-

vores being chased away from the waterhole area (Valeix,

Chamaill�e-Jammes & Fritz 2007), and other more extreme

interactions can even be the cause of injuries or fatalities,

but these are extremely rare (M. Valeix, pers. obs., see

also Slotow & van Dyck 2001). Hence, herbivores may

anticipate and try to avoid being close to elephants.

Understanding the impact of elephant presence and abun-

dance on other herbivore species at key resource patches,

such as waterholes, is crucial in a context where elephant

populations have reached high densities in several south-

ern African ecosystems causing concern about their influ-

ence on other forms of biodiversity and questioning

adequate management options (e.g. Van Aarde & Jackson

2007; Kerley et al. 2008). Manipulating surface water dis-

tribution has been suggested as an efficient tool to man-

age high elephant population densities (Chamaill�e-

Jammes, Valeix & Fritz 2007; Hilbers et al. 2015). In this

study, we assessed the extent to which cryptic interspecific

interference competition between elephants and other her-

bivores contributes to animal spatial distribution at water-

holes and consequently may influence access to water

when this resource becomes crucial. The study took place

in Hwange National Park, Zimbabwe, an ecosystem char-

acterized by scarce water sources in the dry season

(Chamaill�e-Jammes, Fritz & Murindagomo 2007a) and

one of the largest African elephant populations

(Chamaill�e-Jammes et al. 2008). To assess the fine-scale

segregation spatial patterns between elephants and other

herbivores, we recorded the distribution of elephants and

other herbivores around waterholes, and without previous

reference studies, we also developed a methodological

approach to analyse such fine-scale spatial data on aggre-

gation/segregation patterns with short term dynamics as

well as seasonal changes. We tested the hypothesis that

interference competition with elephants is a key driver of

herbivore spatial distribution at waterholes and herbivores

avoid elephants once at waterholes. We predicted that as

the dry season progresses and surface water becomes scar-

cer, (i) elephants should increasingly use waterholes, (ii)

the co-occurrence between elephants and other herbivores

at waterholes as well as the frequency of agonistic interac-

tions between them should increase, and (iii) other herbi-

vores should spatially segregate from elephants around

waterholes and this pattern should increase throughout

the dry season.

Materials and methods

study site

The study was carried out in Hwange National Park in the

north-western part of Zimbabwe. This ecosystem covers

~15 000 km² of semi-arid dystrophic savanna, mostly on nutri-

ent-poor Kalahari sands. Most rain falls between November and

April. The long-term mean annual rainfall is 600 mm but is

highly variable (CV � 25%). The study took place during the

dry season (i.e. from May until the first rains in October) of a

drought year (2003) which received only 474 mm of annual rain-

fall and followed below average rainfall in 2002 with 363 mm.

Hence, the study was carried out under extremely dry conditions.

During the dry season, water is only available at artificial water-

holes as natural waterholes dry up and appears to be a limiting

resource as the increase in the number of artificially pumped

waterholes has led to the increase of almost all herbivore
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populations (Davison 1967). Animals gather at high densities

near waterholes in the dry season (Valeix 2011), and elephants

represent 80–90% of the herbivore biomass (Fritz et al. 2011).

Water depletion at the scale of a waterhole is reduced in the dry

season when ground water is actively pumped into water troughs

that then fill the artificial waterholes (Appendix S1a, Supporting

Information). Thanks to this quasi-permanent renewal of surface

water at the end of the dry season, which is the critical period for

herbivores in terms of water acquisition, Hwange National Park

is an ideal site to study interference mechanisms.

data

From May to October 2003, we monitored every two weeks nine

artificial waterholes (average diameter of a waterhole: 100 m)

during the daytime (from 6 h until 18 h), in the northern part of

Hwange National Park (Fig. 1). This represents 1296 h of obser-

vation. There were few herbivore observations at these artificial

waterholes at the beginning of the dry season, that is in May and

June. We pooled data from these 2 months as they were charac-

terized by similar climatic conditions and natural water was still

available in the landscape. We thus have five periods (one-

2-month and four-1-month) with similar number of observations

for the subsequent analyses. During the waterhole monitoring,

each herbivore group entering the waterhole area (defined as a

~200-m-radius circle around the waterhole) was recorded (species

and group size) as well as all agonistic interactions between ele-

phants and other herbivores (ranging from intimidation with

trumpeting to an aggressive chase). Observational scans of the

spatial distribution of all herbivores in the waterhole area (scans

hereafter) were performed every 15 min in order to describe the

spatial distribution of herbivores and ultimately assess the poten-

tial for cryptic interference competition. At each scan, the loca-

tion of animals was recorded on a grid composed of 24 cells

representing the waterhole area (Fig. 2a). For each waterhole, the

cells where the water trough was located were recorded. Observa-

tions were done from a reasonable distance from the waterhole

not to disturb the animals (either from a viewing platform, a tree

platform or a vehicle parked at a distance) but not further than

200 m to respect of good visibility condition for observers. The

statistical unit considered was the group of individuals of the

same species in the same cell (group hereafter). The study focused

on the spatial response of three herbivore species to the presence

and abundance of elephants: giraffe (Giraffa camelopardalis –

average body mass = 750 kg), greater kudu (Tragelaphus strep-

siceros – average body mass = 135 kg) and plains zebra (Equus

quagga – average body mass = 200 kg). We restricted our analy-

ses to these three species because they were the three only species

for which the sample size in co-occurrence with elephants was

reasonable for each month and overall allowed for a statistical

test of their spatial pattern related to elephant location through-

out the dry season. In the dry season, zebra, which is a grazer, is

more water dependent than the two other species, which are

browsers (Western 1975).

temporal and spatial dynamics of waterhole
use by elephants

Three variables were used to assess the seasonal dynamics of

waterhole use by elephants: (i) the number of elephants that vis-

ited a waterhole per day, (ii) the percentage of scans with ele-

phants, indicating the amount of time that elephants were

present, and (iii) the number of elephants present for each scan,

indicating the level of elephant local abundance. We then studied

the seasonal dynamics of three other variables describing the spa-

tial use of waterholes by elephants: (i) the number of elephants in

the cells 0–8 for each scan, indicating the abundance of elephants

potentially drinking or bathing, (ii) the proportion of the cells

Fig. 1. Map of the distribution of artificial waterholes (dots) in Hwange National Park, Zimbabwe, showing the location of the moni-

tored artificial waterholes (triangles) for this study.
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0–24 occupied by elephants, indicating the level of homogeneity

in the spatial use of the waterhole area by elephants, and (iii) the

proportion of the cells 0–8 occupied by elephants, indicating the

level of homogeneity in the spatial use of the water-access area

by elephants.

temporal dynamics of co-occurrence and
interactions between elephants and
herbivores

We investigated the co-occurrence of elephants and other herbi-

vores at waterholes by performing for each study species a logis-

tic regression (dependent variable was 1 for situations of co-

occurrence and 0 for situations with no elephant) to test for the

increased probability of co-occurrence with elephants at water-

holes as the dry season progresses, assuming independence

between scans. We then assessed the seasonal dynamics of agonis-

tic behaviours of elephants towards other herbivores by calculat-

ing the number of aggressive interactions per month standardized

by the number of scans with co-occurrences.

spatial response of herbivores to waterhole
use by elephants

A least-cost path approach

We considered the distance between a herbivore and an elephant

as an inversed proxy of the interaction risk with elephants: the

closer the herbivore to an elephant, the riskier the situation in

terms of a costly interaction. We modelled the waterhole area

using a weighted spatial graph (Dale & Fortin 2010) where each

cell corresponds to a node (Fig. 2a). Edges were defined using a

queen specification (i.e. polygons that shared common boundaries

and vertices) and weighted by the associated Euclidean distances

between the centres of cells (Fig. 2b). We then computed dis-

tances among nodes (i.e. cells) as the least-cost path on the

weighted spatial graph using the Dijsktra’s algorithm (‘igraph’

package for R statistical software 3.3.0, The R Foundation for

Statistical Computing, Vienna, Austria, http://www.r-project.org).

We thus obtained a spatial distance matrix containing the length

of least-cost paths for all pairs of cells. For each scan, this dis-

tance matrix was used to compute distances between herbivores

and elephants. The observed distance of interest in this study and

noted Dobs is, for scans with one group of the study herbivore

species, the distance connecting herbivores to the nearest group

of elephants. For scans with several groups of the study herbi-

vore species, we calculated the mean minimum observed distance

(Dobs) as the average of all groups’ minimum observed distance

weighted by the number of individuals of each group of herbi-

vores (Fig. 3a). For each scan with co-occurrence between ele-

phants and the other study herbivores, we thus obtained only one

value of observed distance (Dobs), whatever the number of groups

on the scan. This value represented the average behaviour of the

study herbivore species in the context of the considered scan.

Spatially constrained null model

The observed intensity of spatial aggregation/segregation for a

given scan was evaluated by comparing the statistics Dobs to val-

ues obtained under the null hypothesis of random distribution of

herbivores. We developed a spatially constrained procedure that

randomizes the position of the herbivores relative to the ele-

phants but preserves both the locations of elephant groups and

the spatial configuration of herbivores (hence the potential for

intraspecific interactions) (Fig. 3b). Hence, instead of complete

randomization of cells, we rotated and translated the cells occu-

pied by the study herbivore groups but did not modify the spatial

distribution of elephants (see Fig. 3c–e for a detailed description

(a)

(b)

Fig. 2. Spatial sampling design. (a) Representation of the water-

hole area divided into four concentric circles: (i) the waterhole

itself (cell 0 in pale blue at the centre) where there was most of

the time no herbivore except elephants that regularly bath, (ii)

the water-access area (cells 1–8, between 0 and 5 m from the

waterhole edge) which represents the area where herbivores come

into contact with water and can drink, (iii) the intermediate area

(cells 9–16, between 5 and 55 m from the waterhole edge) and

(iv) the area further away from the waterhole (cells 17–24,
between 55 and 205 m from the waterhole edge). For the third

and fourth circle, distances were preliminary measured in the field

for all study waterholes and specific items in the landscape were

used to assess the limits between the different circles of the grid

(e.g. a bush, a big hole, a termite mound). (b) Representation of

a portion of the weighted spatial graph. Weights were assigned as

the distances computed using the average size of the study water-

holes.
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of the procedure). Depending on the observed spatial configura-

tion of herbivores, this randomization procedure can provide up

to 24 random values (eight rotations and two translations) and

allows to compute the mean (Drandommean
), maximum (Drandommax

)

and minimum (Drandommin
) possible values that could be obtained

if herbivores distribute randomly. We repeated this procedure for

all scans.

Analysis of spatial aggregation/segregation patterns

between herbivores and elephants

To assess variations in aggregation/segregation patterns over the

dry season, results were compiled per month (but detailed results

for each scan characterized by co-occurrence are provided in

Appendix S2). As the range of possible values (defined by

Drandommin
and Drandommax

) varies between scans, a value of Dobs

has no meaning per se (compare Fig. 3a and f for an illustration).

We thus developed a spatial aggregation/segregation index

(hereafter distance index) that rescales the statistics Dobs accord-

ing to the range of possible values so that it was possible to com-

pare and compile results among scans. Hence, for each scan, we

computed:

Iobs ¼ jDobs �Drandommax
j � jDobs �Drandommin

j
jDrandommax

�Drandommin
j ;

Irandom ¼ jDrandommean
�Drandommax

j � jDrandommean
�Drandommin

j
jDrandommax

�Drandommin
j :

Iobs is the observed distance index whereas Irandom is the

expected value under the null hypothesis for a given scan. The

index ranges from �1 (when Dobs ¼ Drandommax
; i.e. maximal seg-

regation) to 1 (when Dobs ¼ Drandommin
; i.e. maximal aggregation).

Changes in this index over the course of the dry season would

indicate a modification of the aggregation/segregation behaviour.

For instance, an increased avoidance of elephants by herbivores

as the dry season progresses would imply Iobs to decrease and

(a) (b) (c)

(d) (e) (f)

Least cost path
Translation
Rotation

Elephant
Zebra

Fig. 3. Illustration of the different steps to calculate the spatial aggregation–segregation index. The occupation of cells is represented as fol-

lows : empty cells are white, cells with elephants are grey and cells with zebra are black striped. (a) For each group of the study herbivore

species (here zebra), the least-cost path to the closest group of elephants is calculated with the Dijsktra’s algorithm (green lines), and the

mean of these paths corresponds to the observed distance (Dobs) for this scan. (b) For the randomization procedure, we applied a combina-

tion of rotations (black arrows) and translations (red arrows) when possible. Green lines represent the new least-cost paths calculated under

this randomized scenario. Translations are not always performed in order to preserve the spatial configuration between groups (hence the

potential intraspecific interactions). In (c), zebras occupy only one circle, two translations (red arrow) are thus possible without breaking the

spatial configuration, whereas in (d), they occupy two circles and only one translation is allowed. If we perform another translation, the spa-

tial configuration of the zebra groups is not respected. Finally, in situation (e) where zebras occupy the two extreme circles, no translation is

possible and only eight rotations were then performed. (f) There was a need to take into account the spatial availability in our approach.

While in (a) and (f), zebras are at the same distance from a group of elephants, the context is different: in (a), zebras are close to the ele-

phants but have the possibility to occupy a large portion of the waterhole area remaining far enough from the elephants, whereas in (f) they

have no other choice than being close to an elephant group, leading to different biological interpretations.
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tend to �1 in a more pronounced way than Irandom. As the

response of herbivores can be elephant-density-dependent, we

also developed an approach to take into account the average den-

sity of elephants around the herbivore group rather than the dis-

tance to the closest elephant group (Appendix S3 for details). Results

provided by both approaches were similar and thus only results on

distance are presented hereafter (Appendix S3 for the results on

the impact of the local density of elephants).

Ranks and probability combination test of Stouffer

The statistical significance of the observed segregation/aggrega-

tion patterns was evaluated for each month and for each of the

three species. For each scan, we determined the rank of the

observed distance (Dobs) among all random distances (from

Drandommin
to Drandommax

) computed for the scan. We then calcu-

lated a P-value as the probability among these random distances

to be equal or superior to the observed distance. Finally, we used

the unweighted Z-transform test (Stouffer et al. 1949; Whitlock

2005) to combine the P-values obtained in a given month for a

given species. As the Fisher’s combined probability test, this test

allows combining the P-values from k independent tests of the

same null hypothesis to calculate a new statistic test that provides

‘the significance of the aggregate’ of the k independent tests.

Results

temporal and spatial dynamics of waterhole
use by elephants

We observed two phases in the dynamics of elephant use of

waterholes. The first phase of the dry season corresponded

to a strong increase in the use of waterholes by elephants

with the daily number of elephants per waterhole more than

tripling between May–June and August, with, respectively

(mean � SE), 126�3 � 34�6 elephants and 439�6 � 137�7
elephants (Fig. 4a). The second phase of the dry season (be-

tween August and October) corresponded to a plateau with

a mean of 350 � 56 elephants per day at a waterhole,

which is significantly higher than during the first phase (KS

test = 0�239, P < 0�05). Similar patterns were observed for

the dynamics of the percentage of scans with elephants with

nearly 50% of the scans with elephants between August

and October (Fig. 4b, v2 = 148�85, P < 0�001). Regarding

the number of elephants per scan, it started with 17�5 � 1�3
elephants per scan in May–June, peaked in August with

31�5 � 2�0 elephants per scan and decreased after until

22�4 � 1�4 elephants per scan in October (Fig. 4c). Once

again the second phase is significantly higher than the first

phase concerning the number of elephants per scan (KS

test = 0�117, P < 0�001). Although there were more ele-

phants per scan as the dry season progressed, the elephant

number in the water-access area of waterholes (cells 0–8)
did not increase (Fig. 4d). In addition, the proportion of

cells occupied, and therefore, the surface area used by

elephants, did not increase neither in the entire waterhole

area (cells 0–24) nor in the water-access area (cells 0–8)
(Fig. 4e,f).

temporal dynamics of co-occurrence and
interactions between elephants and
herbivores

The probability of co-occurrence with elephants signifi-

cantly increased over the dry season for the three study

species (zebra: b = 0�437, P < 0�001; kudu: b = 0�397,
P < 0�001; giraffe: b = 0�278, P < 0�001; see also Fig. 5a–
c, respectively). In addition, there was an increase in the

percentage of agonistic interactions between elephants

and other herbivores reaching almost one-fifth of the

scans characterized by co-occurrence between elephants

and other herbivores at the end of the dry season

(Fig. 5d).

spatial response of herbivores to waterhole
use by elephants

All three study species tended to segregate from elephants

at the beginning of the dry season (see comparison of the

median of Iobs with the median of Irandom in Fig. 6), and

this pattern was significant for zebras in May–June only

(Stouffer test S = 2�95; P = 0�002; Fig. 6a). Contrarily to

our expectations, herbivores did not segregate from ele-

phants the rest of the dry season but tended to increas-

ingly aggregate with elephants as the dry season

progressed (see changes in the median of Iobs and changes

in the statistics of Stouffer test). This was particularly the

case for zebra and kudu for which the median of the

observed distance index increased from Iobs = �0�31 for

zebras and �0�41 for kudus in May–June to 0�62 for

zebras and 0�60 for kudus in October (Fig. 6a,b). The dis-

tribution of all the observed distance indices with their

associated expected value under the null hypothesis of

random distribution of herbivores are provided for each

month and each study species in Appendix S2. Informa-

tion on the geographic distance between herbivores and

elephants are also provided in Appendix S4.

Discussion

use of waterholes by elephants: a
heterogeneous spatial use of the waterhole
area

In our study, which was during a drought, elephants

increasingly used waterholes as the dry season progressed.

Not only were elephants more numerous at a given time

(higher elephant abundance per scan), but they also used

a larger time window (more scans with elephants). The

fact that elephants exhibited a larger temporal niche at

the end of the dry season corroborates previous findings

at the inter-annual scale (Valeix, Chamaill�e-Jammes &

Fritz 2007), and suggests that elephants, by widening their

temporal niche at waterholes, may attempt to avoid

intraspecific competition when dry conditions lead to

increased elephant abundance. Interestingly, our results
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revealed that this growing number of elephants at water-

holes is associated neither with an increase in their use of

the entire waterhole area (cells 1–24), nor with an increase

in their use of the waterhole access area (cells 1–8), which
indicates that elephants aggregate in some specific sectors

of the waterhole area. Because animals are expected to be

choosier if there is a strong heterogeneity in the resource

quality (Sih & Del Giudice 2012), we believe our results

could be explained by a strong heterogeneity in the qual-

ity of the drinking water between water troughs (where

ground water is actively pumped) and the waterhole, and

within the waterhole depending on how far animals drink

from the area where the pumped water flows from the

water trough to the waterhole. Elephants are indeed

known to be sensitive to the quality of the water they

drink and, for example, seem to be actively looking for

sodium-rich water (Weir 1972). Additionally, because of

the growing concentration of animals at waterholes, there

are significant quantities of faeces, urine and evacuated

toxins that accumulate in waterholes as the dry season

progresses, leading to higher concentrations of ammonium

and a deterioration of the drinking water (F. Hulot,

unpublished data). Hence, it is likely that, at the peak of

the dry season, elephants are attracted by the

good-quality water available in the water troughs, where

clear water is pumped from underground water-table.

Alternatively, they would use areas of the waterhole close

to where the pumped clear water flows. These preferences

would easily explain their aggregation in some sectors of

the waterhole area and the fact that they do not use the

entire waterhole perimeter (Appendix S1). Some addi-

tional results showed that elephants stayed throughout

the dry season closer to water troughs than expected

under the hypothesis of a random distribution of ele-

phants in the waterhole area (Appendix S5). Conse-

quently, a density-dependent competition phenomenon is

likely to occur around water troughs and not at the scale

of entire waterhole areas.

signs of cryptic interference competit ion:
herbivores segregate from elephants at the
beginning of the dry season

As expected, co-occurrence between elephants and other

herbivores, as well as agonistic interactions between them,

increased over the course of the dry season, confirming

the increased potential for interspecific interference com-

petition between elephants and other herbivores. Our
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Fig. 4. Dry season dynamics of waterhole use by elephants in Hwange National Park, Zimbabwe, with (a) the mean elephant number

(� SE) per day per waterhole, (b) the percentage of scans with elephants, (c) the mean elephant number (� SE) in the waterhole area

per scan, (d) the mean elephant number (� SE) in the water-access area (cells 0–8) per scan, (e) the percentage (� SE) of all cells (0–24)
occupied by elephants, (f) the percentage (� SE) of cells in the water-access area (0–8) occupied by elephants. Red numbers indicate the

number of surveys for (a), the total numbers of scans for (b) and the number of scans with elephants for (c–f).
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prediction regarding the segregation between other herbi-

vores and elephants during the whole dry season was sur-

prisingly not confirmed as the only significant segregation

pattern was in May–June for zebras. However, it is inter-

esting to note that all three study species showed a ten-

dency to segregate from elephants at the beginning of the

dry season and that the low sample size for kudus in

May–June may have reduced our ability to detect a signif-

icant pattern. Hence, herbivores seem to globally segre-

gate from elephants at the beginning of the dry season,

suggesting a spatial avoidance of elephants, but not the

rest of the dry season. This result does not support a sce-

nario whereby there would be no cost at all of being close

to elephants, and provides support for the existence of a

moderate cryptic interference competition between ele-

phants and other herbivores. Some potential costs of

interference competition with elephants have already been

revealed through herbivore temporal niche shifts in dry

years to reduce temporal overlap with elephants at water-

holes (Valeix, Chamaill�e-Jammes & Fritz 2007). Spatial

responses to the risk of interference competition with lar-

ger competitors have already been revealed at the inter-

patch scale (see Razgour, Korine & Saltz (2011) for an

example on desert bat communities at waterholes), and

our study provides useful insights into how similar mecha-

nisms may occur at the intra-patch scale.

aggregation at the end of the dry season: a
trade-off between interspecif ic
interference competit ion avoidance and
access to quality water?

Unexpectedly, herbivores got closer to elephants as the

dry season progressed despite the increased level of

potential aggressive interactions from elephants. This was

particularly the case for zebras and kudus for which there

was a clear tendency to aggregate with elephants in the

very dry months. These surprising results are rather coun-

ter-intuitive, but we can suggest two possible hypotheses

to explain the emergence of these aggregation patterns.

First, predation risk is high around water sources in semi-

arid savanna ecosystems (Valeix et al. 2009a,b; De Boer

et al. 2010) and is known to strongly influence herbivore

behaviour (Lima 1998; P�eriquet et al. 2010). The aggrega-

tion of prey whether at the intraspecific level (Lima 1995)

or at the interspecific level (Pays, Ekori & Fritz 2014; Sch-

mitt et al. 2014) is a widespread anti-predator response to

increase detection of predators and a dilution effect. We

cannot rule out a scenario whereby herbivores would

actively get close to elephants to feel less vulnerable from

predators as elephants are rarely attacked by predators

and can often chase them away. Unfortunately, this

hypothesis could not be explored in this work. Secondly,

it is possible that the decrease in water quality in most of

the waterhole at the end of the dry season led herbivores

to seek the good-quality water found in water troughs

and in the waterhole access area where the pumped water

arrives. Under this scenario, which is similar for ele-

phants, the herbivores would end up being close to ele-

phants just because both are attracted by the sector

around the water troughs, and the observed aggregation

patterns would then be a mechanism of passive aggrega-

tion. Some additional results are consistent with this

hypothesis since we observed an increasing spatial aggre-

gation of herbivores around the water trough over the dry

season (Appendix S6). Altogether, our results could sug-

gest the existence of a trade-off between the costs associ-

ated with interspecific interference competition highlighted
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Fig. 5. Dry season dynamics of the per-

centage of scans with co-occurrence

between elephant and (a) zebra, (b) kudu

and (c) giraffe at waterholes in Hwange

National Park, Zimbabwe. Red numbers

for (a), (b) and (c) indicate the total num-

ber of scans. (d) Dry season dynamics of

the percentage of scans during which there

was an aggressive interaction (charge,

intimidation, etc.) from elephants against

the other herbivores. Red numbers for (d)

indicate the number of scans with co-

occurrence.
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by the avoidance of elephants by herbivores (which seems

to be the most important constraint at the beginning of

the dry season and explains the segregation patterns) and

the costs associated with the access to good-quality water

(which seems to be the most important constraint at the

end of the dry season). Further, there might be costs asso-

ciated with waiting for elephants to move away from the

clear water since (i) this ultimately decrease the time dedi-

cated to foraging, (ii) there are thermoregulatory costs

associated with staying in open areas (see also Valeix,

Chamaill�e-Jammes & Fritz 2007), and (iii) it is likely that

increased time at waterholes increase herbivore vulnerabil-

ity to predation as lions are known to ambush their prey

around waterholes (Valeix et al. 2009b), and further work

will be needed to assess their importance.

conclusions

The aggregation patterns observed at the end of the dry

season could then be explained by the decrease in water
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Fig. 6. Dry season dynamics of the spatial aggregation/segregation patterns between herbivores and elephants at waterholes in Hwange

National Park, Zimbabwe. White boxplots represent the distribution of the observed distance index Iobs. Grey boxplots represent the dis-
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quality over the course of dry season leading to higher

costs associated with good-quality water deprivation,

which would ultimately exceed those associated to inter-

ference competition with elephants. While herbivores can

afford to avoid elephants at the beginning of the dry sea-

son, which clearly indicates that there are some potential

costs associated to interspecific interference competition

with elephants, they have no choice than being close to

them at the end of the dry season to access some good-

quality drinking water. This study illustrates the impor-

tance of studying interference phenomena over large tem-

poral windows as the shift in segregation/aggregation

patterns over the course of the dry season allowed us to

identify this possible trade-off. To our knowledge, our

work is one of the first studies to highlight such trade-off

in the field. The logical next step to this study is to deter-

mine the impact of both avoidance of interference and

good-quality water deficiency in terms of physiological/

energetic costs in order to quantify the costs of interfer-

ence competition (e.g. Abramsky, Rosenzweig & Subach

(2001) in laboratory). Our results also encourage for fur-

ther studies on the heterogeneity of water quality in water

sources and on the associated implications in terms of

attractiveness for wildlife. It paves the way for a reflection

on the impact of water trough design on wildlife (see also

Pinheiro Machado Filho et al. (2004) for livestock).

This study also seems to suggest that different ecologi-

cal constraints lead to different trade-offs between

avoidance of interference competition and access to good-

quality water. Indeed, giraffe is the only species that did

not get close to elephants and appeared to maintain a

minimum distance from elephants. Our results also

revealed that they tended to avoid areas of the waterhole

characterized by high surrounding elephant abundances.

This is consistent with the fact that giraffe is the only of

the three study species to react negatively to the abun-

dance of elephants for the probability of drinking once at

a waterhole (Valeix et al. 2008a). This may be explained

by the fact that giraffes are known to be less water depen-

dent than the two other species (Western 1975) and could

thus afford to wait for longer periods before accessing

water. Moreover, drinking is the only activity when gir-

affes are vulnerable to costly interactions such as preda-

tion or interference competition because of their splay-

legged posture. Our results further revealed a high vari-

ability in the fine-scale spatial responses at the population

level for the three study species, illustrating high group

variability (Appendix S2). Some individuals are more risk-

prone than others depending on their body condition

(Mikolajewski, Johansson & Brodin 2004), physiology

(Leary et al. 2004) or personality (Quinn et al. 2012), and

this may influence group decision. This also constitutes an

important field of investigation for future research.

Ultimately, our work provides useful information into

the impact of high elephant population densities on other

herbivores, particularly in the context of increasing fre-

quency and magnitude of droughts (Holmgren et al. 2006;

Chamaill�e-Jammes, Fritz & Murindagomo 2007b) as the

frequency and strength of interspecific interactions at

water sources are expected to increase. Understanding the

impact of these interactions on the functioning of animal

communities is important to improve conservation and

management policies (Van der Putten, Macel & Visser

2010). This is especially true in Hwange National Park,

which has been characterized by a strong increase in ele-

phant densities (Chamaill�e-Jammes et al. 2008) and where

most of the other herbivore species have shown declines

in their populations (Valeix et al. 2008b) rising concerns

about the impact of elephants on other herbivore species.

Our work shows that while there seem to be some costs

associated to cryptic interference competition with ele-

phants, these costs are not high enough to prevent other

herbivores from accessing high-quality resources at the

peak of the dry season when water requirements are cru-

cial. Our work provides an original contribution by point-

ing out the potential importance of water troughs and

water quality provisioning. We hope this will be useful for

a better understanding of the role of the interaction

between elephants and water in the functioning of herbi-

vore communities and savanna ecosystems and ultimately

a better designing of surface water management plans in

arid and semi-arid ecosystems (Smit, Grant & Devereux

2007; Hilbers et al. 2015).
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