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1. Introduction

There is a pressing need to develop simple methods to document carnivore
populations in light of growing threats to mammalian carnivores worldwide
[1]. As most carnivores are both elusive and nocturnal, it can be difficult to col-
lect the data necessary to estimate population trends. Innovative approaches,
such as behavioural indicators, that complement or enhance traditional moni-
toring efforts could provide information that is not easily obtained otherwise.
Because behaviour is the first line of defence for animals when confronting
new threats or stressors associated with environmental change [2—4], behav-
ioural data may contain information on population abundance and possibly
even on communities of sympatric species. Yet, behaviour is often ignored in
analyses of population and community dynamics (figure 1). If we can deter-
mine which behavioural variables are linked to present or future population
abundance, behavioural indicators can be paired with traditional population



disturbance

community structure

behaviour

demography

population abundance

Figure 1. Conceptual diagram showing how anthropogenic disturbance affects behaviour, population abundance and community structure. Most studies directly
measure changes in population abundance and community structure after a disturbance event (dashed arrows), but the causal effects of disturbance can be
mediated by behavioural and demographic processes, which in turn, are the underlying drivers of population and community level changes (solid arrows). Behaviour

may thus provide an early indicator of imminent effects of disturbance.

monitoring to assess demographic responses to environ-
mental factors and offer an auxiliary approach to detecting
changes in carnivore populations.

Species vary in their abilities to respond to human-
induced environmental change. The spotted hyena (Crocuta
crocuta) exhibits high levels of behavioural plasticity [5],
and recent work suggests this plasticity allows spotted
hyenas to survive in areas where other large carnivores
have been extirpated, including large cities [6,7]. Here, we
inquire whether changes in hyena behaviour correlate with
demographic change in hyenas themselves, or with the abun-
dances of sympatric species, using three decades of
behavioural data collected from multiple hyena groups in
the Masai Mara National Reserve (henceforth ‘the Reserve’),
Kenya.

Anthropogenic disturbance has markedly increased in the
eastern portion of the Reserve over the past 30 years, leading
to dramatic ecological changes. In particular, unregulated
growth of infrastructure for tourism and intense illegal graz-
ing of livestock have had negative effects on wildlife in the
eastern portion of the Reserve [8—13]. As anthropogenic dis-
turbance has increased, several aspects of the physiology and
behaviour of spotted hyenas have changed as well. For
instance, excreted concentrations of glucocorticoid ‘stress’
hormones are higher in hyenas inhabiting disturbed regions
of the Reserve than in individuals inhabiting undisturbed
regions [14]. Documented behaviour patterns that vary with
intensity of disturbance include vigilance [15], use of space
and dens [9,16,17], circadian activity patterns [18], maternal
behaviour [19], habitat preferences [17], social networks [20]
and even personality development [21]. Some of these same
behavioural responses to increasing anthropogenic disturb-
ance have also been observed in hyena populations
elsewhere in Africa [22].

Our goal here is to explore whether hyena behaviour can
inform us about carnivore population and community trends.

Specifically, we inquire whether the behaviour of spotted
hyenas correlates with demographic change in the hyenas
themselves, or with local abundances of lions and other sym-
patric carnivores. In the first of four vignettes, we use
longitudinal data collected over 30 years to examine whether
subgroup sizes of hyenas found at ungulate kills correlate
with overall clan size the following year. In the second, we
use longitudinal records of behavioural interactions between
hyenas and lions to assess trends in lion numbers over time
[9]. In our third vignette, we use a cross-sectional approach
comparing the movement speeds of hyenas between areas
of the Reserve exposed to high or low levels of anthropogenic
disturbance to predict densities of sympatric carnivores [8].
Finally, in the fourth vignette, we evaluate carnivore popu-
lation trends, and trends in carnivore group size, with
hierarchical distance sampling models [23].

2. General methods
(a) Study area

The Reserve is primarily composed of open, rolling grassland
that supports herds of resident and migrant herbivores and
several species of mammalian carnivores that are present
year-round [24-27]. Rainfall in the Reserve is bimodal, with
most rain falling in November to December and March to
May [28]. There is considerable variation in the exposure of
carnivores to anthropogenic disturbance in the Reserve
owing to the presence of two different management regimes
within Reserve boundaries. The eastern portion of the
Reserve, managed by the Narok County Government, has
undergone massive increases in the number of human settle-
ments and tourist facilities immediately outside the Reserve
[8,29], as well as exponential growth in numbers of livestock
grazing daily within Reserve boundaries [9,16,17,29]. The
Talek region in particular, which is situated in the eastern
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Figure 2. Map showing the territories of the four hyena clans used in our analyses located in the Masai Mara National Reserve within the Mara-Serengeti ecosystem:
TW is the territory of the Talek West clan, SN is that of the Serena North clan, SS is that of the Serena South dan and HZ is that of the Happy Zebra clan. The grey
shaded region indicates the Mara Triangle, the section of the Reserve that experiences relatively little disturbance, while the white region indicates the section of the
Reserve that experiences higher levels of disturbance especially near Talek Town (star %). The two regions are separated by the Mara River.

portion just inside the Reserve’s northern boundary
(figure 2), has been heavily affected by these forms of
human activity. In contrast to the Talek region, however,
other portions of the Reserve are largely unaffected by
anthropogenic activity, and thus remain remarkably pristine.
For example, the western portion of the Reserve, called the
‘Mara Triangle,” has been managed by the Mara Conservancy
since 2000 [30], and animals there encounter no livestock, and
experience no anthropogenic activity other than limited
visitation by tourist vehicles [8].

(b) Study animals

Spotted hyenas live in social groups, called clans, composed
of adult females, their juvenile offspring, and one to several
immigrant males. Each clan is structured by a linear domi-
nance hierarchy, and an individual’s position in its
hierarchy determines its priority of access to food and other
resources [31]. Clan members defend a shared territory [32].
Clans are fission—fusion societies in which hyenas spend
much of their time alone or in small subgroups, and all mem-
bers of the clan are seldom found together [33]. We used data
collected from four monitored clans: one clan exposed to a
high level of anthropogenic disturbance in the northeastern
portion (the ‘Talek region’) of the Reserve (the ‘Talek West’
clan; figure 2) and three clans in the Mara Triangle exposed
to relatively little anthropogenic disturbance (‘Serena
North’, ‘Serena South’ and ‘Happy Zebra’; figure 2). The
Talek West clan has been monitored continuously from
1988 to the present and the other three clans have been mon-
itored since 2008. All members of each study clan were
known individually by their unique spots. We located and
observed hyenas daily by systematically driving one to two
vehicles throughout the territories of one or more study

clans during morning (05.00-10.00 h) and evening (16.00—
21.00h) observation periods in both disturbed and
undisturbed areas. Each time we found one or more hyenas
separated from others by at least 200 m, we referred to the
hyenas present there as a ‘subgroup’ of the clan. When a
natal animal was seen for the first time, its birthdate was esti-
mated to + 7 days [34]; cubs are defined as animals less than
1 year old, juveniles are animals greater than or equal to 1
and less than 2 years old, and adults are animals greater
than or equal to 2 years old. Mean monthly clan sizes
were calculated as the total number of individuals in all
age classes present during each month in which a particu-
lar clan was observed, and we calculated annual clan size
as the mean of the monthly clan sizes. Standardized
social ranks were calculated for all natal clan members ran-
ging from 1 to —1 based on outcomes of dyadic aggressive
interactions [35].

(c) Model analyses

Unless otherwise noted, analyses for each of the models
presented in the vignettes were conducted using a Baye-
sian framework with Markov chain Monte Carlo in R
with JAGS accessed with the ‘JagsUI’ package [36-38].
We used uninformative priors for all analyses and standar-
dized continuous variables to have a mean of 0 and a
standard deviation of 1. We assessed model convergence
by visually inspecting the chains, and with the Gelman-—
Rubin statistic (ﬁ) to ensure that all values were less than
1.1 [39,40]. We calculated probabilities (used in some vign-
ettes) as the percentage of posterior draws above zero for
given parameters. Further information regarding the mod-
elling methods for each vignette can be found in the
electronic supplementary material.

75008107 :LE § 205 Y subil iy qsy/[euinol/baobuiysiigndfanosiefos u



(@)

clan size

1990

2000
year

2010

—
S
N

lag eftect of subgroup size

Serena Talek

South

Serena
North

Happy
Zebra

Figure 3. (a) Annual mean estimates of the total size of each of the four hyena clans monitored. (b) One year lag effect of the mean hyena subgroup size found at
kills on clan size for each of the four clans. We estimated a 99.8% probability that subgroup size had a positive lag effect on dlan size in Talek, but no effect was

estimated on the other clans.

3. Vignettes: specific methods and results

(a) Vignette no. 1: hyena subgroup size at kills
correlates with clan size in disturbed, but not
undisturbed, areas

A prior study documented a rapid increase in hyena sub-
group size at fresh ungulate kills immediately preceding a
clan fission event that occurred in Talek West in 1989 [41].
This occurred as clan size increased owing to an influx of
juveniles before the clan fission. Based on these findings,
we hypothesized that changes in average subgroup size at
kills might serve as an early behavioural indicator of future
population abundance. We thus examined whether mean
hyena subgroup size at kills in 1 year correlated with clan
size the following year in Talek West (1989-2015) and each
of the three Mara Triangle clans (2009-2017). All clans
increased in size over time, although the Talek West clan,
which was consistently the largest, increased most rapidly
(figure 3a). We developed a hierarchical regression model
to estimate annual mean size of each clan as a function of
the previous year’s mean clan size, the previous year’s
mean subgroup size at kills and an annual random effect.

Average yearly clan sizes in the Reserve ranged from 28 to
127 individuals (mean =+ s.e.: 58.12 + 3.12). Average yearly
subgroup size of hyenas at kills ranged from 2.6 to 11.34
(mean + s.e.: 7.19 + 0.25). We found that subgroup size at
kills the previous year was correlated with overall size of
the Talek West clan (mean and 95% credible interval (CI)
on the normal scale: 4.73; 0.55-8.25). However, we found
no effect in any of the three study clans in the undisturbed
region of the Reserve (figure 3b). The estimated relationship
in the disturbed region is probably owing to the exceptionally
high levels of sustained population growth in the Talek West
clan. External factors specific to this region, such as human
disturbance and lion declines, may also be responsible for
the correlation between subgroup size at kills and clan size
in the Talek region. Future research should investigate how
subgroup sizes of hyenas at kills are also affected by factors
such as prey size, seasonality and the presence of other carni-
vores, as this may elucidate the mechanisms linking
behaviours with clan size.

(b) Vignette no. 2: monthly rates of lion—hyena
interactions correlate with relative lion abundance

Anthropogenic disturbance is known to affect lion populations
negatively [9,23]. Decreasing lion numbers appear to have a
positive effect on hyena populations, as indicated by significant
increases in survival of young hyenas to sexual maturity, repro-
ductive success, and clan size [9,42]. A previous distance
sampling analysis revealed that lion densities between 2012
and 2014 were lower in Talek West than in the Mara Triangle,
whereas spotted hyena densities were higher in Talek West
than the Mara Triangle [23]. Because we did not systematically
monitor lions as we did spotted hyenas since 1988, we inquired
whether a behavioural index might be useful in tracking lion
populations in the territory of the Talek West clan.

Between 1988 and 2013, we monitored the number of
times lions were found within 200 m of spotted hyenas in
the Talek West clan. We recorded each time at least one
lion was found with hyenas, deemed a ‘lion-hyena inter-
action” (figure 4). Although this monitoring approach does
not allow for direct estimation of the total number of lions
in our study area, the method used to track lion-hyena inter-
actions was consistent throughout the study period. We thus
assumed that a change in the number of observed lion—hyena
interactions reflects a true change in lion density [9]. To assess
variation in lion-hyena interactions in the Talek West terri-
tory over time, we modelled temporal trends in their
monthly frequency using a generalized linear mixed-effects
model.

We recorded a total of 1188 lion—hyena interactions in 303
months of observations between 1988 and 2013. The number
of lion-hyena interactions seen per month ranged from 0 to
18 (mean + s.e.: 3.92 + 0.23). The frequency of lion-hyena
interactions in the territory of the Talek West clan declined
significantly between 1988 and 2013 (intercept and (95% CI)
mean estimate on the normal scale: 5.81 (4.34, 7.66); change
per year mean estimate and (95% CI)—0.15 (— 0.32,—0.03)).
Our results agree with a cross-sectional distance sampling
analysis showing lower lion density in the Talek West
region than in the Mara Triangle [23]. Thus, using the rate
of lion—hyena interactions as a crude indicator of local lion
abundance appears to work reasonably well.
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Figure 4. An example of a lion—hyena interaction. (Online version in colour.)

We ran an additional analysis on hyena demographic
data to further examine links between lion—hyena interaction
rates, declining lion abundance, and increasing hyena abun-
dance. Using data from a complete census of hyenas for
both the Talek West clan and the combined clans of the
Mara Triangle, we separated the hyena recruitment process
into fecundity (i.e. the number of cubs born), cub survival
(i.e. survival probability of cubs to 1 year old), juvenile survi-
val (i.e. survival probability of cubs to 2 years old) and adult
survival (i.e. annual adult survival probability). We found
that cub and juvenile survival of hyenas most strongly corre-
lated (Pearson correlation: 0.50 and 0.42, respectively) with
the growth rate of the Talek West clan, whereas fecundity
was the strongest correlate of hyena clan growth rate in the
Mara Triangle (Pearson correlation: 0.35). The large increases
in clan size in Talek West after 2008 (figure 3a) may be
attributable to increased cub and juvenile survival, possibly
resulting from a decline in lions, which often kill young
hyenas [43]. These results provide additional evidence that,
in the presence of few lions (e.g. Talek region), cub and juven-
ile survival may drive clan growth, whereas in the presence
of many lions (e.g. Mara Triangle), competition and
intra-guild predation prevent cub and juvenile survival
from driving clan growth.

(c) Vignette no. 3: hyena movement correlates with
abundances of sympatric carnivores

Preliminary research suggests that the behaviour of spotted
hyenas changed in response to disturbance a few years
before changes in their population dynamics became appar-
ent [17]. Thus, hyenas might emit early warning signals
about their own future welfare. Here, we examine whether
the behaviour of spotted hyenas might also correlate with
abundances of sympatric carnivores. Hyenas are a top pred-
ator in the Reserve and we hypothesized that hyena

movements, such as their speed, might influence other
sympatric carnivore species. Furthermore, hyena movement
speeds reflect variations in prey availability and avoidance
of anthropogenic disturbance, and these factors are also
likely to affect the demography and subsequent abundances
of sympatric carnivore species. To inquire whether
hyena movement behaviour is predictive of the future abun-
dances of sympatric carnivores, we paired hyena movement
speeds with systematic sampling of local-level sympatric
carnivores.

We fitted six to eight spotted hyenas in each of three clans
(Talek West, Serena North and Serena South) with GPS radio
collars (Vectronic Aerospace, Berlin, Germany) in 2012. Col-
lars were deployed on parous females of low and high
ranks (i.e. only in the lowest and highest thirds, respectively,
of the female rank hierarchy for that clan). We set the collars
to record GPS locations of hyenas at hourly intervals from
1600 h to 1000 h, and once again at 1300 h. Hyena travel
speeds were then calculated between successive hourly
locations in the movement paths of the hyenas with the
package ‘adehabitatLT” in R [38,44].

We next estimated variation in abundance and distri-
bution of carnivores by delineating a grid of 200 x 200 m
cells within each hyena territory, and calculated the esti-
mated abundance of each of the following species within
cells every four to six weeks between July 2012 and March
2014: banded mongoose (Mungos mungo), bat-eared fox
(Otocyon megalotis), black-backed jackal (Canis mesomelas),
caracal (Caracal caracal), cheetah (Acinonyx jubatus), spotted
hyena, leopard (Panthera pardus), lion, side-striped jackal
(Canis adustus) and slender mongoose (Galerella sanguinea).
Briefly, we defined sampling loop transects (henceforth,
“loops’) within each territory to allow for maximum cover-
age and minimal opportunities for double counting
wildlife, and estimated the abundance of carnivores using
distance sampling, starting at sunrise ([45]; electronic
supplemental material).
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(b)

parameter estimate (s.e.) VA p-value

14 weeks
intercept -2.604 (0.063) —41.64 <0.001
speed —0.281 (0.048) -59 <0.001
rank (low) —0.722 (0.093) -7.77 <0.001

20 weeks
intercept -2.709 (0.073) -37.01 <0.001
speed —0.158 (0.048) -3.31 <0.001
rank (low) —0.216 (0.091) -2.37 0.018

Figure 5. (a) Variation in the abundance and distribution of carnivores within the Serena North (SN), Serena South (SS) and Talek West (TW) territories during the
entire study. Darker shades indicate higher carnivore abundance within the 200 m x 200 m grid cell than within lighter cells. Non-gridded areas within territory
boundaries indicate regions with no sampling effort. (b) Results from the generalized linear mixed-effects models that estimated carnivore abundance within grids as
a function of the speed and rank of spotted hyenas during previous time steps (weeks 14 and 20). Significant parameter estimates (excluding the intercepts) are

indicated in bold font (p << 0.05).

Abundances of carnivores varied among grid cells in our
loops (figure 5a2). To estimate the relationship between
spotted hyena movement and local abundances of sympatric
carnivores, we used the ‘glmmADMB’ package in R
[38,46,47]. The abundance of carnivores in each cell was mod-
elled as a function of the speeds at which collared hyenas
moved in that same cell before the sampling event. We
inquired how the movement of hyenas over the course of
two weeks might correlate with the abundance of sympatric
carnivores in our samples 14 and 20 weeks later. We investi-
gated other time steps in preliminary analyses, but settled on
these two-time points because loops were performed every
four to six weeks and we wanted to look far enough into
the future such that any environmental changes affecting
hyena behaviour would have time to manifest in the abun-
dances of sympatric carnivores. All speeds of hyena
movement were standardized to have a mean of 0 and a stan-
dard deviation of 1. We also included social rank in our
models to inquire how movements of low- and high-ranking
hyenas might correlate differently with the abundance of
sympatric carnivores.

From 22 adult female hyenas fitted with GPS collars, we
collected a total of 138751 locations that were separated by
1h (mean number of locations + s.e. per hyena: 6306.9 +
619.4) on 953 nights (mean number of nights + s.e. per
hyena: 498.4 + 38.5) between April 2012 and November
2014. We recorded 1838 individuals of 11 carnivore species
while running loops 16 times in the Talek region and Mara
Triangle. Cells in which spotted hyenas moved faster were
correlated with fewer sympatric carnivores at both 14 and
20 weeks in the future (p < 0.05; figure 5b). Social rank of
the collared hyenas was also a significant negative predictor
of numbers of sympatric carnivores; cells in which hyenas
of low rank were more likely to be found contained fewer car-
nivores 14 and 20 weeks later (p < 0.05; figure 5b) than did
cells in which high-ranking hyenas occurred. Although the
exact mechanisms mediating this effect are unclear, future
research should investigate whether these results may be
associated with anthropogenic disturbance or ecological
change and determine whether this relationship is robust,
occurring in other environments and ecosystems.

(d) Vignette no. 4: disturbance affects carnivore
behaviour and abundance

Species may alter their behaviour in response to disturbance,
which may eventually lead to shifts in abundance and com-
munity structure (figure 1). Carnivores within the Reserve
were previously shown to have varying responses to anthropo-
genic disturbance with regard to both their behaviour (i.e.
subgroup size) and abundance [23]. Most carnivore species
had lower abundances in the disturbed Talek region, with
the only exceptions being black-backed jackal and spotted
hyena (figure 6a). Additionally, only spotted hyenas showed
no effect of disturbance on subgroup size, whereas all other
carnivore species had smaller subgroup sizes in the disturbed
Talek region than in the undisturbed Mara Triangle (figure 6b).
Here, we further explored the unique responses of spotted
hyena and black-backed jackal to disturbance, and evaluated
whether changes in behaviour (i.e. subgroup size) are linked
to changes in abundance (i.e. number of subgroups).

We applied a single-species version of the multi-species
distance sampling model developed by Farr et al. [23] using
the loop transect data described in vignette no. 3 to examine
why the subgroup size of hyenas was larger in the disturbed
area while the subgroup size of jackals was larger in the
undisturbed area, despite both species having higher num-
bers of subgroups in the disturbed region. We included
effects of lions (i.e. the apex predator), domestic cattle, and
domestic sheep and goat densities (estimated via distance
sampling and standardized; electronic supplementary
material) as potential factors related to the variation in
numbers of subgroups and subgroup size of hyenas or
black-backed jackals in addition to an indicator variable of
disturbance (electronic supplementary material). As
expected, the single-species models showed that spotted
hyenas had a 99.1% probability (mean and 95% CI (log-
scale): 1.14 (0.21, 2.09)) and black-backed jackals had a
92.2% probability (0.94 (—0.33, 2.49)) of having a greater
number of subgroups in the Talek region than in the Mara
Triangle. Spotted hyenas had a 98.1% probability of having
larger subgroup sizes (0.66 (0.33, 1.35)) in the Talek region
than in the Mara Triangle, but black-backed jackals had a
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Figure 6. Parameter estimates from a community model (a,b) and a single-species model for black-backed jackal and spotted hyena (c,d) showing the effects of
disturbance (log scale) on the number of subgroups and subgroup sizes. Note that a positive effect of disturbance is interpreted as a higher value in the Talek region
than in the Mara Triangle. Mean values are indicated with small vertical bars; 50% and 95% credible intervals are shown with thick and thin horizontal bars,
respectively. (a) Effect of disturbance on the expected number of individuals or subgroups for all species as estimated using a community model. (b) Effect of
disturbance on the expected subgroup size for each species estimated with a community model. (c) Estimates of the effects of disturbance, African lion, cattle
and sheep/goats on the expected number of black-backed jackal (BBJ) and spotted hyena (SH) subgroups estimated in single-species models. (d) Estimates of
the effects of disturbance, African lion, cattle and sheep/goats on the expected subgroup size of black-backed jackal and spotted hyena estimated with single-

species models.

98.9% probability of having smaller subgroup sizes (—1.30
(—2.44, —0.21)) in the Talek region than in the Mara Triangle.

As for the mechanisms driving hyena and jackal abun-
dance and behaviour: lion, cattle, and sheep and goat
densities had slight negative to virtually no effects on the
number of hyena subgroups and subgroup size
(figure 6c,d). The effects of these variables on black-backed
jackal abundance varied, but were also all weak. In this
case, our results highlight the difficulty of determining
exactly how behavioural change is linked to change in abun-
dance. The spotted hyena’s unique response to disturbance,
and the variable response of black-backed jackals, makes it
difficult to directly link changes in hyena behaviour to
unidirectional changes in abundances of sympatric carnivores.

4. Discussion

Our vignettes revealed a series of interesting relationships
between hyena behaviours and the population trends of both
hyenas and other sympatric species within the carnivore com-
munity. However, our results also suggest that using
behavioural indices to infer trends in the abundance and demo-
graphy of carnivores has its challenges. Some of our results
suggest relationships between hyena behaviours and demo-
graphic parameters (e.g. subadult survival, fecundity, and
the abundances of hyenas and other sympatric species), but
we did not find this in all our analyses. Nevertheless, we
believe our vignettes represent an important initial step in
exploring links between behaviour, population size, and
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community structure. More work should be done to investigate
the robustness of such relationships, and to determine whether
it is feasible and advisable to integrate behavioural studies into
long-term carnivore monitoring.

The results from our four vignettes suggest that certain
hyena behaviours may be useful for providing information
on demographic trends in hyenas themselves and sympatric
carnivores. The sizes of hyena subgroups found at ungulate
kills were related to overall clan size the following year in
the disturbed Talek West territory, but not in the territories
of undisturbed clans. Because we observed only one clan
living in a disturbed area, we cannot assume that this relation-
ship will necessarily hold in other clans. The estimated
relationship, however, is nonetheless intriguing, and future
research might continue to explore how subgroup sizes at
kills change relative to hyena abundance across a gradient of
habitat variables. Monthly rates of lion-hyena interactions
appeared to correlate with local lion abundance, and we
found that growth rates among hyena clans are driven by
cub and juvenile survival in the presence of few lions, but by
fecundity in the presence of many lions. Interestingly, move-
ment speeds of collared female hyenas correlated with the
abundance of sympatric carnivores roughly five months in
the future. We can only speculate as to why hyenas move
faster in areas later found to contain fewer sympatric carni-
vores. It may be that these areas contain lower prey densities
or are exposed to more anthropogenic disturbance, or it is
possible that the occurrence and movement of hyenas deters
other species. It is impractical to collar hyenas solely to
assess population trends in sympatric carnivores from hyena
behaviour, but where behaviour monitoring is already under-
way, our results suggest that such data can provide useful
auxiliary information on the community. In our final vignette,
we found variable responses to disturbance across the carni-
vore community. This variation, in addition to the difficulty
in identifying explicit mechanisms linking changes in behav-
iour to changes in abundance, presents a challenge to using
hyena behaviour to assess sympatric species abundances
and highlights the need for additional research in this area.

For many animals, a critical element of their success, or lack
thereof, is their behavioural response to human-induced
environmental change [4]. As with other large African carni-
vores, the range of the spotted hyena has shrunk considerably
in recent decades owing largely to human population growth
and associated changes in land-use patterns [48]. Whereas
many other carnivores are declining, the spotted hyena is cur-
rently listed by the International Union for Conservation of
Nature as a species of ‘Least Concern’ [49], and it appears to
cope successfully with human disturbance owing to its enor-
mous behavioural and ecological plasticity [5]. Our results
suggest that this plasticity in spotted hyenas may aid in under-
standing the status of sympatric species, and that anthropogenic
disturbance may disproportionately affect less plastic species
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