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Introduction: Predators can affect prey not only by killing them, but also by causing
them to alter their behavior, including patterns of habitat selection. Prey can reduce
the risk of predation by moving to habitats where predators are less likely to detect
them, less likely to attack, or less likely to succeed. The interaction of such
responses to risk with other ecological processes remains relatively unstudied,
but in some cases, changes in habitat use to avoid predation may be constrained by
competition: larger, dominant competitors should respond freely to predation risk,
but the responses of smaller, subordinate competitors may be constrained by the
responses of dominant competitors. For large grazing herbivores, an alternative
hypothesis proposes that smaller prey species are vulnerable to more predators,
and thus should respond more strongly to predation risk.

Methods: Here, we tested these two hypotheses with 775 observations of habitat
selection by four species of obligate grazers (zebra, wildebeest, puku and oribi) in
the immediate presence or absence of four large carnivores (lion, spotted hyena,
African wild dog and cheetah) in three ecosystems (Greater Liuwa, Greater Kafue
and Luangwa Valley). Patterns of predation within this set were described by
observation of 1,105 kills.

Results: Our results support the hypothesis that responses to predation risk are
strongest for larger, dominant competitors. Even though zebras were killed least
often, they showed the strongest shift into cover when carnivores were present.
Wildebeest, puku and oribi showed weaker habitat shifts, even though they were
more frequently killed. These patterns remained consistent in models that
controlled for differences in the hunting mode of the predator (stalking, coursing,
or intermediate) and for differences among ecosystems. There was no evidence
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that smaller species were subject to predation by a broader set of predators.
Instead, smaller prey were killed often by smaller predators, and larger prey were
killed often by larger predators.

Discussion: Broadly, our results show that responses to predation risk interact
with interspecific competition. Accounting for such interactions should help to
explain the considerable variation in the strength of responses to predation risk
that has been observed.
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1 Introduction

Considerable research has shown that spatial and temporal
variation in predation risk affects patterns of movement and habitat
selection by prey. This evidence comes from observational and
experimental studies of a broad set of species ranging from aphids
and Daphnia to songbirds and elk (Losey and Denno, 1998; Creel
et al., 2005; Pangle et al., 2007; Lima, 2009). Much of the early
research on trade-offs between foraging and predation risk focused
on rodents and aquatic invertebrates, because experiments with
semi-natural enclosures are tractable with these species. For
example, the introduction of a weasel (Mustela nivalis) into a 150
m” field enclosure for periods of 2 to 24 hours caused bank voles
(Clethrionomys glareolus) to shift to areas that had not been used by
the weasel (Jedrzejewski and Jedrzejewska, 1990). For meadow voles
(Microtus pennsylvanicus) in field enclosures, experimentally
increasing protective cover allowed an increase in vole foraging
activity that caused an 85% increase in reproduction (Dehn et al.,
2017). In semi-natural experiments, mayflies of several species
moved out of areas with the chemical cues of stonefly predators,
caged stoneflies, or stoneflies that were rendered non-lethal by
gluing their mouths shut (Peckarsky, 1980). This predator
avoidance led to reduced foraging success, decreased growth and
decreased reproduction (Peckarsky et al., 1993). Snails (Physa and
Physella) responded to aquatic predators or their chemical cues by
hiding in the substrate or leaving the water, which reduced their
foraging efficiency, growth, and reproduction (Crowl and Covich,
1990; Sih and McCarthy, 2002).

Because habitat selection is often sensitive to predation risk, it is
clear that predation risk has the potential to alter and be altered by
other ecological interactions between prey species (Schmitz et al.,
1997; Orrock et al., 2008; Peckarsky et al., 2008). In particular,
competition among prey species can affect their exposure to
predation, if the antipredator responses of subordinate
competitors are constrained by dominant competitors (Orrock
et al,, 2008). Bouskila (1995) examined this possibility with a field
experiment that manipulated the presence of sidewinder (Crotalus
cersates) predators for two species of kangaroo rat prey; Dipodomys
deserti (the larger and dominant competitor), and Dipodomys
merriami (the smaller and subordinate competitor). Bouskila
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found a strong shift out of dangerous microhabitats by
competitively dominant D. deserti when the predator was present,
and a weaker shift into dangerous microhabitats by competitively
subordinate D. merriami. From this pattern, Bouskila inferred that
“the dominant species primarily responds to the distribution of risk
from the predator, while the subordinate species appears to respond
to both the risk of predation and the risk of interference from the
dominant competitor” (Bouskila, 1995).

Bouskila’s inferences might predict general differences among a
set of competitors in their responses to temporal variation in
predation risk. Dominant competitors should show stronger shifts
in habitat selection in response to temporal variation in risk,
adopting a strategy that optimizes the trade-oft between food and
safety (Lima and Dill, 1990; Lima, 1998; Kotler et al., 2004; Lima,
2009) with relatively little constraint from competition. Subordinate
competitors should show weaker (or even opposite) responses: if a
dominant species shifts into safe habitat in response to short term
risk, asymmetry in the costs of competition will disfavor a similar
response by subordinate competitors.

In contrast to Bouskila’s hypothesis, Hopcraft et al. (2012), noted
that smaller grazers in the Serengeti large herbivore guild are killed by
a wider range of predator species, and suggested that predation risk
should therefore have a stronger effect on the distribution of small
herbivores such as Thomson’s and Grant’s gazelles (Eudorcas
thomsoni and Nanger granti) than for large herbivores such as the
buffalo (Syncerus caffer) (Hopcraft et al, 2012). However, it is
questionablewhether the vulnerability of small herbivores to smaller
predators such as cheetahs (Acinonyx jubatus) and wild dogs (Lycaon
pictus) causes them to be at greater risk, because large carnivores such
as lions (Panthera leo) and spotted hyenas (Crocuta crocuta) typically
prefer large prey. These large, competitively dominant carnivores
outnumber their smaller competitors in most ecosystems and thus
account for the majority of total predation. Because large carnivores
usually focus their predation on relatively large prey such as
wildebeest, Connochaetes taurinus (Mills and Biggs, 1993; Creel
and Creel, 1996; Owen-Smith and Mills, 2008; Durant et al., 2017;
Creel et al, 2018), it is not clear that smaller prey will generally
experience more exposure to predation.

To summarize, Bouskila’s logic suggests that the larger,
dominant competitors within a foraging guild should show
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stronger habitat shifts when predation risk is high, while Hopcraft’s
logic predicts the opposite. Here, we tested these two hypotheses by
observing responses of grazing herbivores to the immediate
presence or absence of large carnivores in three Zambian
ecosystems. These systems are well-suited to this test, for several
reasons. First, they hold a guild of obligate grazers whose evolution
has been shaped by competition for shared resources, producing
considerable variation in size and competitive ability (Sinclair, 1985;
Dublin et al., 1990; Hopcraft et al., 2010; Hopcraft et al., 2012; Pansu
et al., 2019). Second, the complete guild of large predators that
commonly kill these grazers, including both stalking and coursing
predators, remains present in these ecosystems. Third, we have
good data on patterns of predation on each prey species by each of
the predators (Creel et al., 2017; Creel et al,, 2018; Creel et al., 2019).
Fourth, prior research has shown that species in this foraging guild
have strong behavioral responses to spatial and temporal variation
in the risk of predation (Valeix et al,, 2007; Valeix et al., 2009;
Thaker et al., 2011; Barnier et al., 2014; Creel et al., 2014; Creel et al.,
2017; Creel et al., 2019).

Finally, prior research has shown that changes in habitat
selection are an important component of antipredator responses
by this guild. Valeix et al. (2009) examined the responses of eight
herbivores, including zebra and wildebeest, to variation in predation
risk from lions in Hwange National Park, and found that all species
increased their use of open grassland when lions were present
(though wildebeest strongly selected open grassland areas at all
times), attributing this shift to better detection of stalking predators
in open habitats. The generality of this response warrants further
investigation in other ecosystems, because predation by lions in
Hwange occurs almost entirely at artificial boreholes. Open
grassland areas were mainly adjacent to boreholes, so that
animals that moved from water to avoid lions were likely to move
into grassland by default (Valeix et al., 2009). In Kenya’s Ol Pejeta
Conservancy, zebras showed the opposite response, reducing their
use of open grassland and shifting into woodland at times of high
predation risk from lions (Fischhoff et al., 2007). In South Africa’s
Karongwe Game Reserve, wildebeest and zebra avoided areas that
were more heavily used by lions over the long term, and zebras (but
not wildebeest) avoided the open woodland habitat in which they
were both killed most often (Thaker et al, 2011). Data from
Tanzania’s Serengeti National Park showed that at coarse spatial
(25 km? cells) and temporal (annual) scales, small grazers were less
likely to use areas that were inferred to have high predation risk,
when compared to large grazers (Hopcraft et al., 2012).

To summarize these prior studies, African large grazers are
known to modify habitat selection in response to both long-term
and short-term variation in predation risk, and there appears to be
considerable variation among species and ecosystems in these
responses. There remains considerable scope to better understand
differences between prey species in their responses to predation risk,
and whether these differences are typically related to interspecific
competition in the manner suggested by Bouskila (stronger
responses by larger species) or in the manner suggested by
Hopcraft et al. (stronger responses by smaller species).

Observation of short-term changes in habitat selection in
response to the immediate presence or absence of predators are
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well suited to resolving some of this ambiguity. First, this method
quantifies the effects of risk by direct comparison of prey behavior
when predators are present vs. absent. Methods that assess risk
solely from attributes of the landscape are less direct, and create
collinearities that make it difficult to disentangle responses to risk
from other environmental effects. By testing for changes in habitat
selection with predators known to be immediately present or
absent, we can test for effects of risk that are independent of
other variables that affect habitat selection. Second, this method
avoids the inferential problems that arise when risk is simulated
using a subset of the cues that are present when prey face real
predation risk, which provides a complex and dynamic
combination of olfactory, auditory and visual information,
including the movements and behavior of the predator. Failure to
react to simulated risk is often interpreted as a lack of response to
‘perceived risk’, but it is also plausible to infer that prey can
correctly perceive that a simulation poses no real risk. This
alternative is particularly plausible for prey such as large
herbivores, which have evolved acute senses, well-developed
cognition, and behavior that is strongly conditional on sensory
information. Third, grazers can affect one another by competition
but also by facilitation, where one species alters grazing conditions
in a manner that improves the foraging opportunities for another
(Murray and Brown, 1993; Arsenault and Owen-Smith, 2002), but
the complicating effects of facilitation are not important on the
short time scale examined by quantifying changes in habitat
selection when a predator is immediately present or absent.

Many factors other than predation risk affect habitat selection
(Morris, 2003). Notably, population density alters habitat selection
within a species or foraging guild. At low density, all individuals can
occupy high quality patches with little competition, but as
competitors accumulate in high quality habitat patches, changing
cost-benefit ratios favor the use of lower quality patches,
particularly by subordinate competitors (Fretwell and Lucas,
1970). Experimental studies have shown that this effect of density
on habitat selection is likely to influence the effect of predation risk
on habitat selection (Abramsky et al., 1990; Abramsky et al., 2002;
Kotler et al., 2004). Here, our intent was to test whether differences
among competitors in their response to immediate predation risk
were sufficiently consistent to emerge across a broad range of
conditions, including differences in density, predator species, herd
size and composition. If differences among competitors in their
responses to risk are not consistent across these conditions, then
they are less likely to affect fitness.

2 Materials and methods
2.1 Species and sites

The prey guild we studied included two large obligate grazers,
zebra (Equus quagga) and wildebeest, and two small obligate
grazers, puku (Kobus vardonii) and oribi (Ourebia ourebi). We
recorded changes in the habitat occupied by these prey when large
carnivores were immediately present or absent. These observations
included responses to four large carnivores that commonly kill these
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prey, including two coursers (wild dog and spotted hyena), a stalker
(lion), and one with an intermediate hunting strategy (cheetah).

We observed these species using standardized methods (see
Field Methods, below) on long term study sites in three Zambian
ecosystems that we have previously described in detail: the Greater
Liuwa Ecosystem (GLE), the Greater Kafue Ecosystem (GKE), and
the Luangwa Valley Ecosystem (LVE) (Creel et al, 2019). We
examined responses to all of the large carnivores present in these
ecosystems other than leopards, which we observed too infrequently
to obtain representative data. Of the 48 combinations of predator (4
levels), prey (4 levels) and ecosystem (3 levels) that would exist in a
full factorial design, we obtained data for 33 combinations: cheetahs
and oribi are absent from LVE, puku are absent from GLE, and we
had insufficient data to examine responses of any prey species to
spotted hyenas in GKE, where their density is low (Creel
et al., 2018).

2.2 Field methods

We made 775 observations of the four focal grazers between 1
January 2011 and 1 January 2017. We began each observation by
locating one of the large carnivores by VHF radio tracking during
crespuscular periods of activity. We recorded the carnivore’s identity
and group size. When the carnivore group stopped moving, we
recorded its location (using GPS), whether or not they were on a kill,
and searched for prey. When a prey herd was found within 2
kilometers of the carnivore location, we recorded its location (again
using GPS) and the vegetation type in which they were found (together
with data on behavior and herd size that have been analyzed previously:
(Creel et al., 2019)). For this analysis, vegetation types were classified as
‘grazing’, which were areas dominated by open grassland, ‘cover’, which
were areas dominated by trees or shrubs, and ‘grazing-cover’, which
were areas with a mixture of grassland and discrete patches of refuge
habitat, either woodland edges (obstructive cover) or flooded pans
(protective cover into which herbivores can retreat when attacked).

We determined the straight-line distance between the carnivore
and prey at the time of observation, and classified an observations as
having carnivores present if they were within 450 meters, and
absent at greater distances. This threshold was selected because it
has previously revealed large effects of risk on the behavior of these
species in these ecosystems (Creel et al., 2019), but we confirmed
that other thresholds between 250 and 1000 meters yielded
similar inferences.

By following radiocollared carnivores, we observed 1,105 cases
in which one of the four focal predators killed one of the four focal
prey species. We recorded a kill when it was directly observed or
when predator was found feeding on a fresh kill with no other
predator species present. Fresh kills were identified by fresh blood
and stomach contents, including blood on the carnivore’s face.

2.3 Statistical methods

For each of the four grazers, we calculated the proportion of
observations in each of the three vegetation (or ‘habitat’) types
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defined above. Because proportions are bounded between zero and
one, we used beta regression models, fit with the betareg package in
R, to test the effect of predator presence on habitat use (Ferrari and
Cribari-Neto, 2004; Cribari-Neto and Zeileis, 2010; RCoreTeam,
2019). We confirmed goodness of fit with standard diagnostic plots
and pseudo-R* values. For the proportion of locations in each
habitat type, our primary analysis tested the effects of prey species
identity and carnivore presence/absence. This approach reflects our
focus on hypothesis testing, and specifically on testing whether
differences among prey species in response to carnivore presence
are general enough for a consistent pattern to emerge across
ecosystems and in response to multiple predators. If responses to
predation risk are not consistent, they are not likely to
systematically interact with competition. We then tested whether
these broad responses were modified by predator hunting strategy
(stalking, mixed, coursing) or differed among ecosystems, by adding
these factors to beta regression models that included prey species
identity and carnivore presence. We tested the effect of predator
hunting strategy and ecosystem identity with two different models,
to avoid partitioning the data so finely that power was too limited to
be useful (there were 216 possible combinations of prey species
identity, carnivore presence, habitat type, carnivore hunting
strategy and ecosystem identity).

3 Results
3.1 Habitat type and predation

Figure 1 shows the proportion of 1,105 kills that occurred in
each of the three vegetation categories, confirming that members of
this guild were less likely to be killed in cover than in grazing areas.
Kill sites were much more common in mixed (beta regression, logit
scale b =2.09 + 0.49 SE, z = 4.30, P < 0.0001) and grazing (logit scale
b=2.02+0.49 SE, z=4.12, P < 0.0001) areas than in cover. Zebras
were killed far less often than the other species (Table 1), so the
proportion of zebra kill sites in each vegetation type were estimated
less precisely, but showed the same pattern. Pseudo-R* values
confirmed that including prey species identity (pseudo-R* = 0.63)
had only a small effect on the model’s explanatory power (pseudo-
R* = 0.61).

3.2 Body size and predation

Table 1 shows the number of kills of each focal prey species by
each of the four carnivores. Oribi, the smallest of these grazers, were
killed primarily by the two smallest predators, African wild dogs
and cheetahs, and were rarely killed by the larger predators, spotted
hyenas (twice) and lions (once). Puku, the second smallest prey,
were commonly killed by wild dogs and cheetahs, but were rarely
killed by spotted hyenas. Puku were commonly killed by lions in
Kafue, where depletion of large prey by snaring has shifted lion
predation onto small prey species that were rarely killed in the past
(Creel et al., 2018). Wildebeest, the second largest prey species, were
commonly killed by all of the carnivores, but especially spotted
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The proportions of 1,105 kills of four grazing prey species that were located in open grazing habitat, cover and mixed habitat. Error bars show 95%

binomial confidence intervals using the Wilson method.

hyenas, which were the second largest predator. Zebras, the largest
prey, were killed rarely and primarily by lions, the largest predator.
These patterns do not support the hypothesis that smaller grazers
are more strongly affected by predation than larger ones (Hopcraft
et al, 2012). Instead, they suggest that preferred prey mass is
correlated with predator mass, so that intermediate-sized prey are
most affected by predation.

3.3 Predator presence and habitat
selection

A beta regression model (Figure 2) controlling for differences
among prey species (pseudo-R> = 0.95) showed that the odds of
selecting an area with cover increased by 26% when a carnivore was
present (logit scale b = 0.24 + 0.13 SE, z = 1.80, P = 0.07), as would
be expected from the patterns of predation shown in Figure 1. This
response was strongest for zebras, which selected cover 30% of the
time in the absence of a predator (95% binomial CI: 0.20 - 0.43) and
44% of the time in the presence of a predator (95% binomial CI:
0.28 - 0.61) and for puku, which selected cover 38% of the time in

the absence of a predator (95% binomial CI: 0.31 - 0.45) and 43% of
the time in the presence of a predator (95% binomial CI: 0.35 -
0.50). There was very little change in habitat selection by wildebeest
or oribi, which used cover very infrequently regardless of predator
presence or absence (Figure 2).

3.4 Effect of predator hunting mode on
prey responses

When the hunting mode of the predator was added to the base
model, all of the patterns just described remained similar. As with
the prior model, prey were more likely to use cover when a predator
was present (logit scale b = 0.46 + 0.29 SE, z = 1.60, P = 0.11). The
differences among prey species followed the same pattern, with
zebras and puku using cover more than wildebeest and oribi. While
the basic patterns of response remained the same, the strength of
responses was affected by the hunting mode of the carnivore that
was present. The use of cover was strongest in response to the
stalking strategy of lions, weakest in response to the mixed stalking/
coursing strategy of cheetahs (difference from lion: logit scale b =

TABLE 1 The number of observed kills of each focal grazer by each of the four focal carnivores.

Predator Species

Cheetah

Wild Dog

Hyena Proportion

Prey Species

Oribi 123 42 2 1 168 0.15
Puku 35 111 2 50 198 0.18
Wildebeest 61 130 336 161 688 0.62
Zebra 0 0 14 37 51 0.05
Total 219 283 354 249 1105 1.00

Prey species are arranged from smallest (top) to largest (bottom). Predator species are arranged from smallest (left) to largest (right). With regard to prey selection, wild dogs are functionally
larger than cheetahs because they hunt in cooperative groups. Bold indicates totals across species (rows).
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Changes in use open grazing habitat, cover and mixed habitat in the immediate presence (top) and absence (bottom) of a predator. Error bars show

95% binomial confidence limits using the Wilson method

-1.24 £ 0.41 SE, z = -3.00, P = 0.003), and intermediate in response
to the coursing strategy of spotted hyenas and African wild dogs
(difference from lion: logit scale b = -0.82 + 0.34 SE, z = -2.42
P = 0.015).

3.5 Effect of ecosystem on prey responses

When ecosystem identity was added to the base model, all of the
patterns remained similar. Prey were more likely to use cover when
a predator was present (logit scale b = 0.95 + 0.39 SE, z =243, P =
0.015), and the differences among prey species followed the same
pattern as in the prior models. While patterns of response to
predation risk remained very similar, the use of cover differed
appreciably among ecosystems. The Luangwa and Kafue
Ecosystems are primarily woodland with patches of grassland,
whereas Liuwa is primarily savanna with patches of woodland. As
expected from these differences, the use of cover was greater in
Kafue (difference from Liuwa: logit scale b = 1.75 + 0.59 SE, z = 2.90,
P =0.004) and Luangwa (difference from Liuwa: logit scale b = 3.57
+ 0.61 SE, z = 5.88, P = <0.001).

4 Discussion

Our results align well with Bouskila (1995) hypothesis that
larger, dominant competitors shift to safe habitats during periods of
high risk, causing subordinate competitors to respond weakly or
even in the opposite fashion. Across all of the models we examined,
grazers tended to shift into cover when predators were present.
Zebras, the largest of the prey species, showed the strongest habitat
shift even though they were the least frequently killed. Our results
did not align with either element of Hopcraft et al. (2012)
hypothesis that smaller prey species are more strongly affected by
predation and thus should alter habitats in a manner that is more
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sensitive to predation risk. Although the use of cover differed
between ecosystems and in response to predators with different
hunting modes, differences between prey species in the strength of
their responses remained consistent when these effects
were controlled.

Smaller grazers generally require higher quality forage than
large ones (Owen-Smith, 1988), and this constraint might make
habitat selection by smaller species less sensitive to predation risk.
Our data do not allow us to distinguish whether the weak responses
of species smaller than zebras were due to foraging constraints or
competitive constraints.

Some grazers are well adapted to foraging on early growth
stages of grass (Murray and Brown, 1993), and can improve grazing
conditions for other species on a time scale of months
(McNaughton, 1976; Sinclair, 1985; Arsenault and Owen-Smith,
2002). The opposing effects of facilitation and competition are likely
to complicate inferences about interactions with responses to
predation risk over long time scales. For example, grazing
facilitation might partially explain why large grazers did not alter
habitat selection in response to variation in long term risk from
lions in Hwange National Park (Valeix et al., 2009). However, the
effects of grazing on plant growth cannot directly affect reactive
responses to short-term variation in predation risk, such as we
observed here. As we build a more complete understanding of
interactions between predation risk effects and competition, careful
consideration of the distinction between proactive and reactive
responses to short-term and long-term variation in risk will
be important.

Despite the large number of observations in this study, we had
very limited scope to disentangle differences between predator
hunting mode and predator species identity. Here, we found
stronger habitat shifts in response to stalkers, as has been
hypothesized (Preisser et al, 2007; Schmitz, 2008), but other
aspects of antipredator response in this guild have shown
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stronger responses to coursers (Creel et al., 2017). It is plausible that
these differences are more directly related predator identity than to
the predator’s hunting mode, because lions were the only stalker in
our analysis, and zebras, which had the strongest habitat shift in
response to predator presence, were killed primarily by lions.

Wildebeest and oribi showed the most consistent use of grazing
habitat (>55% overall), and these two species showed no tendency
to shift into cover when predators were present. Zebra and puku
used mixed habitats and cover more often, and these two species
shifted into cover to a greater degree when predators were present.
This pattern suggests that factors in addition to competitive
dominance affect the strength of habitat shifts in response to
predation risk. Species such as impala (Aepyceros melampus) or
elk (Cervus elaphus) that can either graze or browse on woody
vegetation might be expected to show stronger habitat shifts than
the obligate grazers that we examined here (Creel et al., 2005; Valeix
et al., 2009). Habitat shifts are just one element in the suite of anti-
predator responses by large herbivores, and species that rely more
heavily on elements such as vigilance, flight, or dilution of risk
might be expected to show weaker habitat shifts.

The low frequency of predation on zebra is probably at least
partially be driven by their strong habitat shift in response to risk.
Zebras have consistently shown strong responses to predation risk
in other ways, including vigilance, foraging and grouping patterns
(Thaker et al., 2011; Barnier et al., 2014; Creel et al., 2014; Creel
et al., 2017). This pattern reinforces the fundamental point that
predation risk and the predation rate are not interchangeable
measures: the predation rates that we observe are affected by the
responses of prey species on both ecological and evolutionary time
scales (Lank and Ydenberg, 2003).

Our results support Bouskila (1995) hypothesis that the
competitively subordinate members of a guild may experience
higher direct predation rates because their responses to risk are
more strongly constrained by competition. Accounting for
interactions between predation risk effects and other processes
such as competition should help to explain the substantial
variation between studies that has been observed. For example,
differences between ecosystems in competitor densities and
identities might explain why a species responds strongly to risk in
one system, but weakly in another.
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