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Abstract. Most species adjust their behavior to reduce the likelihood of predation. Many
experiments have shown that antipredator responses carry energetic costs that can affect
growth, survival, and reproduction, so that the total cost of predation depends on a trade-off
between direct predation and risk effects. Despite these patterns, few field studies have exam-
ined the relationship between direct predation and the strength of antipredator responses, par-
ticularly for complete guilds of predators and prey. We used scan sampling in 344 observation
periods over a four-year field study to examine behavioral responses to the immediate presence
of predators for a complete antelope guild (dominated by wildebeest, zebra, and oribi) in
Liuwa Plains National Park, Zambia, testing for differences in response to all large carnivores
in the ecosystem (lions, spotted hyenas, cheetahs, and African wild dogs). We quantified the
proportion that each prey species contributed to the kills made by each predator (516 total
kills), used distance sampling on systematic line transects to determine the abundance of each
prey species, and combined these data to quantify the per-capita risk of direct predation for
each predator–prey pair. On average, antelopes increased their vigilance by a factor of 2.4 when
predators were present. Vigilance varied strongly among prey species, but weakly in response
to different predators. Increased vigilance was correlated with reduced foraging in a similar
manner for all prey species. The strength of antipredator response was not detectably related
to patterns of direct predation (n = 15 predator–prey combinations with sufficient data). This
lack of correlation has implications for our understanding of the role of risk effects as part of
the limiting effect of predators on prey.

Key words: antipredator behavior; predation; risk effect; vigilance.

INTRODUCTION

Most species alter their behavior in response to preda-
tion risk (Lima and Dill 1990, Tollrian and Harvell
1999). Considerable evidence shows that antipredator
responses often carry costs that limit their expression
when risk is low, but that the benefits of reduced preda-
tion outweigh the costs of response when risk exceeds
some threshold (Skelly 1992, Tollrian and Harvell 1999,
Relyea 2001b). Thus, by inducing changes in prey behav-
ior (Winnie and Creel 2007, Periquet et al. 2012, Broe-
khuis et al. 2013), habitat selection (Creel et al. 2005b,
Valeix et al. 2009), diet (Christianson and Creel 2010,
Barnier et al. 2014), and physiology (Zanette 2003,
Clinchy et al. 2004, Creel et al. 2007), the simple pres-
ence of predators can affect prey dynamics (Peckarsky
et al. 1993, Boonstra et al. 1998, Christianson and Creel
2014, Cherry et al. 2016), and alter ecosystem structure
and function (Schmitz et al. 1997, 2004, Peckarsky et al.

2008). In some cases, the effects of predation risk on
prey dynamics are as strong, or even stronger, than the
effects of direct predation itself (Peacor and Werner
2001, Werner and Peacor 2003, Preisser et al. 2005), so a
good understanding of factors that affect the strength of
antipredator responses is needed for sound predictions
about predator–prey dynamics (Lima 1998).
Much is known about the responses of single prey spe-

cies to single predators under experimental conditions,
but less is known about responses to risk in more com-
plex systems under natural conditions (Cresswell and
Quinn 2013, LaManna and Martin 2016). In particular,
few studies have used multi-predator, multi-prey systems
to test how the magnitude of antipredator response is
related to the magnitude of direct predation across spe-
cies pairs. Evidence to date suggests that prey behavior
is sensitive to variation in the threat posed by different
predators (Cresswell and Quinn 2010, 2013), but that
responses within multiple-predator–multiple-prey sys-
tems are sufficiently complex that general principles may
be difficult to discern (Peckarsky and McIntosh 1998,
Thaker et al. 2011). For example, Relyea (2001a) con-
ducted an aquarium experiment in which six species of
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tadpoles were exposed to five species of caged predators.
He detected antipredator responses for most predator–
prey pairs, but noted that “different prey species did not
respond to a particular predator the same way” and
“each prey species also exhibited predator-specific
responses.” It is not surprising that responses differ
between predator–prey pairs, but what best explains the
observed variation? A prominent hypothesis is that prey
should respond more strongly to predators that pose the
greatest risk (Relyea 2001b). There is substantial support
for this hypothesis from experimental studies, particu-
larly with invertebrates (Kerfoot and Sih 1987, Peck-
arsky 1996) and fish (Werner et al. 1983), but very little
is known about patterns of variation in prey response to
natural variation in real predation risk in the wild, par-
ticularly among the large carnivores and ungulate prey
considered in this study. Thaker et al. (2011) used spatial
data from a fenced reserve to infer that ungulates
avoided vegetation types that were heavily used by
predators, but that “the strength of avoidance for the
space use of predators generally did not correspond to
the relative predation threat from those predators.” In a
Kenyan ecosystem, five species of ungulates increased
their vigilance, reduced foraging and altered their herd
sizes in response to the presence of lions and hyenas, but
the strength of these responses was not detectably corre-
lated with direct predation rates (Creel et al. 2014).
To summarize, we know that responses to risk are sen-

sitive to many extrinsic and intrinsic variables (Boinski
et al. 2003, Hopcraft et al. 2005, Balme et al. 2007,
Kauffman et al. 2007, Liley and Creel 2008, Cresswell
et al. 2010, Cresswell and Quinn 2013, Creel et al. 2014),
but we do not understand the fundamental relationship
between responses to risk and direct predation. Empiri-
cally, our understanding of this relationship is limited
because few studies have measured the responses of prey
to natural variation in predation risk in the wild, and
fewer still have accomplished this for complete guilds of
predators and prey (Lima 2002, Creel and Christianson
2008, Valeix et al. 2009, Thaker et al. 2011, Barnier et al.
2014, LaManna and Martin 2016). Conceptually, our
understanding is limited because it is logical to hypothe-
size that the strength of antipredator responses should be
positively related to the strength of direct predation
(Relyea 2001b, Thaker et al. 2011), but it is also logical
to hypothesize that effective antipredator responses
should reduce the rate of predation, weakening the corre-
lation or perhaps even reversing it (Lind and Cresswell
2005, Creel and Christianson 2008). These conflicting
predictions reflect an important complication in the
meaning of predation “risk” that was considered by Lank
and Ydenberg (2003), who noted that “the most straight-
forward meaning and measure of predation risk could be
the observed rate or probability of mortality due directly
to predators”, but “a quite different meaning of preda-
tion risk is the inherent probability of becoming a prey
item in any particular situation if no antipredator mea-
sures are taken.” That is, the observed rate of predation

incorporates the effects of antipredator responses, which
are expected to partially or completely offset the positive
relationship between predation rates and antipredator
responses that might otherwise be expected (Relyea
2001a,b, Creel and Christianson 2008). A more complete
understanding of the association between direct preda-
tion and risk effects is needed to fully understand of the
limiting effect of predators on prey.
Here, we tested the relationship between direct preda-

tion and the strength of antipredator responses, using
data from complete ungulate and large carnivore guilds
in Zambia’s Liuwa Plain National Park to (1) quantify
the vigilance of each ungulate prey species when each
predator species was within 450 m (reactive vigilance) or
farther than 450 m (proactive vigilance), (2) test for
trade-offs between vigilance and foraging for each prey
species, (3) quantify patterns of predation on each prey
species by each predator species, (4) quantify the abun-
dance of each prey species so that patterns of predation
could be converted to individual risk, and (5) test the
relationship across predator–prey pairs between direct
predation and antipredator responses.

METHODS

Study system

All data come from field observations between
January 2011 and January 2015 within a focal study area
of 1,200 km2 in the south-central portion of Liuwa Plain
National Park (LPNP, 3,660 km2). Data were collected
in all months. The Greater Liuwa Ecosystem (GLE) is
located in western Zambia and is comprised of LPNP
and the Upper West Zambezi Game Management Area.
The ecosystem and study area are dominated by open
grassland (Fig. 1) with widely distributed pans and iso-
lated patches of open broadleaved woodland. The GLE
holds one of the largest wildebeest (Connochaetes tauri-
nus) populations in Africa, with an estimated 46,000

FIG. 1. The 1,200-km2 study site in Liuwa Plain National
Park, Zambia is highly uniform open grassland, so that varia-
tion in vegetation type is not an important component of
antipredator responses as in some other systems. [Color figure
can be viewed at wileyonlinelibrary.com]
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animals moving seasonally between the southern portion
of LPNP in the rains and to the northwest during the
dry season (M’soka et al. 2017). The ungulate guild on
the focal study site is dominated by these migratory
wildebeest, at local densities ranging from 6.2–60.8
individuals/km2), migratory zebra (Equus quagga) at
densities ranging from 1.8–8.1 individuals/km2, and
non-migratory oribi (Ourebia ourebi) at densities ranging
from 1.1–14.5 individuals/km2. These densities were esti-
mated with distance sampling models fit to data from a
systematic transect grid that was surveyed two to three
times in each year of the study, with a total transect
length of 1,280 km (M’soka et al. 2017). We fit distance
sampling models with the unmarked package (Chandler
2014) in R (R Development Core Team 2008) with spe-
cies-specific detection probabilities estimated from the
distribution of detection distances. We focus our analysis
on wildebeest, zebra, and oribi because they constitute
more than 90% of the LPNP ungulate guild and more
than 90% of kills made by the LPNP large carnivore
guild. Less common species include red lechwe (Kobus
leche leche), steenbok (Raphicerus campestris), tsessebe
(Damaliscus lunatus lunatus), reedbuck (Redunca arun-
dium), common duiker (Sylvicapra grimmia), and eland
(Tragelaphus oryx). The site also holds large numbers of
scrub hare (Lepus saxatilis).
The LPNP large carnivore guild includes spotted

hyenas (Crocuta crocuta), lions (Panthera leo), cheetahs
(Acinonyx jubatus) and African wild dogs (Lycaon
pictus). Leopards (Panthera pardus) are absent. Spotted
hyenas greatly outnumbered other carnivores within the
study area, with 151 known hyenas in four clans, six
lions in one pride, 22 wild dogs in two packs, and 17
cheetahs during the period of study (M’soka et al.
2016). To facilitate observation, we radio collared two or
more individuals in each of the hyena, lion, and wild dog
groups on the study site, and seven of the cheetahs
(Droge et al. 2017). This carnivore guild includes two
stalkers (lion and cheetah, which typically stalks despite
its capacity for short pursuits) and two coursers (wild
dog and hyena), allowing a direct examination of the
hypothesis that hunting mode affects prey responses in a
predictable manner (Schmitz 2008, Thaker et al. 2011).

Behavioral responses to predator presence

We used 344 scan-sample observation periods of
30–60 min to record herd size, composition, and the pro-
portion of adults that were vigilant, foraging, moving,
and running (a subset of moving). For each herd that we
observed, we recorded the distance to the nearest known
predator, predator species, predator group size, and com-
position, and the presence/absence of a kill at the loca-
tion of the predator. To efficiently obtain these data, we
first located carnivores by radio-tracking, recorded their
location using a GPS, and then searched for ungulate
herds. We restricted observations to herds that were not
being stalked or chased, and selected ungulate herds for

observation to stratify the data over distances from 50 m
to 2 km. We measured the straight-line distance between
ungulate herds and predators using a GPS fix for each
location. We did not collect data at distances >2 km
because prior research suggested that other, undetected
predators can affect inferences for distances >2 km (Creel
et al. 2014). We initially tested whether anti-predator
behavior was better explained by the distance to preda-
tors (treated as a continuous variable) or by a dichotomy
between predators being “present” at any distance below
a threshold, and “absent” beyond the threshold: compar-
ing univariate logit-linear models of vigilance, we found
that a threshold of 450 m revealed responses to predator
presence most clearly, similar to prior research on
African ungulates (Creel et al. 2014). This dichotomy
distinguishes between “reactive” vigilance to monitor an
immediate threat and “proactive” vigilance to monitor
more diffuse risk (Courbin et al. 2015). It is possible that
on some occasions a predator that we failed to detect
was closer to the observed prey herd than the closest
predator that we did detect, causing observations to be
classified as “predator >450 m” when an undetected
predator was actually present within 450 m (false nega-
tives). If this problem was common in our data, it would
be expected to mask anti-predator responses but would
not be expected to create apparent responses where none
existed, and we did detect strong anti-predator responses.
We observed prey around dawn and dusk, when light

conditions allowed accurate behavioral observation but
the risk of predation was still high. Once a herd was
selected for observation, we recorded prey species, herd
size, and (for wildebeest) age–sex composition. Adults
and young of the year were distinguishable for all species.
A herd was operationally defined as a set of individuals
with low and relatively constant inter-individual distance
(typically <10 body lengths) that were simultaneously
moving in the same speed and direction, or simultane-
ously stationary. We recorded behavior by scan sampling
at 5-min intervals, using binoculars to scan the herd from
one edge to another and a digital recorder to record the
age-class, sex, and behavioral state of each individual. We
recorded an animal as vigilant if it was stationary with its
head held above shoulder height with the eyes and ears
simultaneously focused, not chewing or ruminating. For
ungulates, less-restrictive definitions of vigilance allow
the possibility that an animal could simultaneously be
vigilant and ruminating; we used a stringent definition of
vigilance for two reasons. First, ruminating individuals
are not fully vigilant, because ruminating ungulates can-
not listen for predation cues, and simultaneous focus of
sight and hearing is characteristic of full anti-predator
vigilance in ungulates (“intense” vigilance in the sense of
Periquet et al. [2012], “induced” vigilance in the sense of
Blanchard and Fritz [2007]). Second, it is logical to test
the foraging costs of vigilance using a definition that is
sufficiently narrow to exclude active foraging and rumina-
tion (Blanchard and Fritz 2007). Less complete vigilance
(“routine” vigilance in the sense of Blanchard and Fritz
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[2007]) may be compatible with rumination, but data
from other ungulates (e.g., bison [Bison bison] and elk
[Cervus elaphus] have shown that foraging rates are
reduced even by “routine” vigilance (Fortin et al. 2004a,b,
Blanchard and Fritz 2007) and that rumination increases
predation risk (Blanchard and Fritz 2007). Because the
focal prey species are all grazers, we defined foraging as
remaining stationary with the head down taking bites or
investigating the vegetation, alternating steps with bites/
investigation, or standing relaxed (not vigilant) while
ruminating. We defined moving as taking sequential,
uninterrupted steps (walking or running) without forag-
ing behavior. We defined running as a subset of moving,
with any gait faster than a walk (none of the focal species
have a pacing gait, as do some ungulates). We recorded
other behaviors not considered here (bedded, standing
[but not vigilant], and “other” [e.g., grooming, mating]) so
these behaviors do not sum to one. Observers were
trained by simultaneously and independently classifying
individual behavior with an experienced observer to
obtain ≥95% congruence. Vigilance, grazing, and running
were all easily and consistently classified. For each obser-
vation period, we calculated the proportion of adults that
were vigilant, running (the primary antipredator
responses of these species) or grazing.

Direct predation

We recorded the species (and for wildebeest, the age–
class and sex) of animals killed (n = 516), combining
data from continuous observation of radio-collared
carnivores over complete hunting periods, systematic
and opportunistic locations using radiotelemetry, and
opportunistic observations that did not depend on
radiotelemetry. We restricted the analysis here to 452
kills for which one of the four focal carnivores was iden-
tified with high confidence (kills directly observed or
judged to be <1 h old, with only one carnivore species
present and no sign of other species having been pre-
sent), and confirmed that the patterns we report were
not detectably affected by observation type (77% of kills
were directly observed). Patterns of prey selection were
consistent across seasons and years for all four carni-
vores. Because the four carnivores kill at different rates,
the data were not evenly distributed by predator species
(n = 219 for wild dogs, 100 for hyenas, 67 for lions, and
66 for cheetahs). Because the four carnivores have strong
and consistent prey preferences, the data were not evenly
distributed by prey species (n = 345 for wildebeest, 74
for oribi, 13 for zebra). We calculated a measure of indi-
vidual risk for each prey species from each predator as a
selection ratio, with numerator equal to the proportion
of kills that a prey species formed in a predator’s diet,
and the denominator equal to the proportion of the
ungulate guild composed of that prey species. This ratio
is equal to 1 for a prey species that is killed in proportion
to its abundance, >1 for a species that is preferentially
selected, and <1 for a species that is under-selected.

Statistical analysis

Our analyses used linear models fit with the lm() func-
tion in the base stats package of R, testing assumptions
and goodness of fit by examining plots of scale vs. loca-
tion, quantile-quantile, and residuals vs. fitted values.
Where the dependent variable was a proportion and thus
bounded between 0 and 1, we used linear models with
logit transformation, using diagnostic plots to confirm
that this approach yielded better fit than logistic general-
ized linear models, following procedures outlined by
Zuur et al. (2009). The full model statement within the
lm() function was

log
vig

1� vig

� �
� b0 þ b1presence� b2preyþ b3predator

þ b4herdþ b5season

where vig is the proportion of adults vigilant, presence is
presence or absence of predator within 450 m, prey is
prey species identity, predator is predator species iden-
tity, herd is herd size and season is season, categorized
into wet and dry. We used protected tests for interactions
with predator and prey identity. Thus, because the main
effect of prey identity was strong, we tested the interac-
tion between prey identity and predator presence, and
because the main effect of predator identity was weak,
we did not include interactions involving this term. We
used analysis of variance to compare nested models
(analogous to a drop-in-deviance test for models fit with
maximum likelihood) to test which effects in the full
model could be excluded when testing effects of preda-
tion risk on vigilance. Our focus here is on the mean
strength of response across all environmental conditions
for 15 species pairs with sufficient data, but this compar-
ison of nested models confirmed that the effects we
report were not altered by group size, by season, or by
interactions of these terms with prey species identity
(results below; note that interactions of season and
group size with prey species were tested post hoc).
Finally, all of our observations were conducted in open
grassland (Fig. 1) and consequently were affected little
by the spatial and temporal variation in vegetation struc-
ture that complicates inference in many ecosystems
(M’soka et al. 2016, Droge et al. 2017).
To test for differences in the proportions that each

prey species contributed to the kills made by each preda-
tor, we calculated exact binomial 95% confidence inter-
vals and examined their overlaps.
To examine trade-offs between vigilance and foraging

(for), we fit an exponential regression that controlled for
potential differences among prey species

for� expðb0 þ b1vigþ b2preyÞ:

To examine the relationship between antipredator
responses and direct predation, we used the mean for
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each predator–prey pair to fit a regression of mean vigi-
lance on the proportion of the diet for that predator
comprised of that prey species and the per-capita risk of
predation for that predator–prey pair (see Direct preda-
tion). For each of these analyses, we tested the relation-
ship using (1) proactive vigilance only (when predators
were >450 m), (2) reactive vigilance only (when preda-
tors were <450 m), (3) proactive and reactive vigilance
combined, and (4) the difference between proactive and
reactive vigilance. These analyses were restricted to 15
predator–prey combinations with adequate data on
behavioral responses (n ≥ 19 observation periods).

RESULTS

Responses of prey vigilance to carnivore presence:
broad patterns

The proportion of individuals vigilant more than
doubled when predators were present within 450 m
(vigilance with predator present = 0.122 � 0.015, absent =
0.056 � 0.009 [mean � S.E.M.], t = 4.60, P < 0.0001),
but superimposed on this basic response of vigilance to
risk, there was significant variation among prey species
(Fig. 2). Overall, oribi were appreciably more vigilant (pro-
portion vigilant = 0.15 � 0.02) than zebra (0.08 � 0.02,
t = 2.60, P = 0.01) or wildebeest (0.07 � 0.01, t = 2.93,
P = 0.003), largely because wildebeest and zebra dropped
their vigilance when no predators were nearby, but oribi
did not (Fig. 2). None of the predators provoked signifi-
cantly stronger responses than the others (P = 0.42 to 0.88
for all tests of carnivore identity), but we saw marginally
stronger responses to the presence of lions (2.8-fold
increase in vigilance) and wild dogs (2.7-fold increase), fol-
lowed by hyenas (2.3-fold increase) and cheetahs (2.2-fold
increase). To summarize, vigilance responded strongly to

immediate risk and varied among prey species, but differed
relatively little in response to the four predator species.
Our focus here is on testing how behavioral responses

to predators correlate with direct predation by those
predators, when considered across all conditions over a
period of four years. Although vigilance was affected by
the presence of predators and varied among prey species,
it was not detectably altered by variation in herd size
(b = �0.014 � 0.0.001 [mean � SE], t = 1.41, P = 0.16),
or composition [proportion females] b = 0.004 � 0.006,
t = 0.68, P = 0.49), probably because herd sizes were rela-
tively small and constant in this system (oribi 2.47 � 0.09,
zebra 13.03 � 2.80, wildebeest 6.46 � 1.42), so that prey
cannot routinely rely on the strong dilution of risk that
occurs in very large herds. There was no detectable interac-
tion between the effects of herd size and prey species (all
P > 0.41 for post hoc tests). Vigilance did not vary signifi-
cantly between the wet and dry seasons (effect of dry sea-
son relative to wet season = �0.012 � 0.008 SE, t = 1.49,
P = 0.26), with no detectable interaction of season with
species identify (all P > 0.39 for post-hoc tests), probably
because vegetation structure does not change in a manner
that appreciably affects predation risk within this study
area (Fig. 1).

Trade-offs between vigilance and foraging

The proportion of individuals foraging was inversely
related to the proportion vigilant (Fig. 3, b = �0.90 �
0.13, P < 0.0001, r2 = 0.16) with no detectable differ-
ences between wildebeest, oribi and zebra in the form of
this trade-off (P > 0.10 for all differences between
species). As in other systems (Creel et al. 2014), the
mean proportion of adults that were vigilant and the
mean proportion of foraging adults summed to substan-
tially less than one (0.64), leaving considerable scope for

FIG. 2. When carnivores were present within 450 m, vigi-
lance increased by a factor of 2.44, but there were substantial
differences among prey species in the magnitude of response.
Whiskers show 95% normal approximation confidence intervals.
[Color figure can be viewed at wileyonlinelibrary.com]

FIG. 3. Increased vigilance was associated with decreased
foraging in a negative exponential manner, with no detectable
differences among species in the form of this relationship. Shad-
ing shows the 95% confidence interval. [Color figure can be
viewed at wileyonlinelibrary.com]
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vigilance to increase without a reduction in foraging, but
we nonetheless detected an appreciable trade-off.

Running in response to predators

Running can be a direct response of ungulates to risk,
though ungulates often do not run from predators that
they have detected, and running was observed less than
1/10 as frequently as vigilance (proportion running ranged
from a minimum of 0.001 for zebra when no predator was
within 450 m to a maximum of 0.021 for oribi when a
predator was within 450 m). The only detectable effects on
this response were that (highly cursorial) wild dogs were
more likely than the other predators to provoke flight
(t = 3.512, P = 0.0005), and wildebeest were less likely
than the other prey species to run when wild dogs were pre-
sent (t = �3.25, P = 0.001). This result aligns well with the
observation that wildebeest are less likely to be killed by
wild dogs if they remain stationary (Creel & Creel 2002), a
pattern that complicates the interpretation of flight as an
antipredator defense when comparing several prey species.

Direct predation on each prey species
by each predator species

Predation by all four carnivores was concentrated on
the most common ungulates, particularly wildebeest

(Fig. 4). Wildebeest were the most important prey for
three of the four carnivores, comprising 92% of hyena
kills (95% CI: 85–96%), 90% of lion kills (95% CI:
85–96%), 59% of wild dog kills (95% CI: 52–65%), and
30% of cheetah kills (95% CI: 20–42%). Lions and hyenas
preyed almost exclusively on wildebeest, while cheetahs
and wild dogs had broader diets (Fig. 4). Cheetahs often
killed oribi (45%, 95% CI: 34–57%), which were also
taken in appreciable numbers by wild dogs (18%, 95% CI:
14–24%), but were rarely killed by hyenas and never
(within our data) by lions. Together, wildebeest and oribi
comprised 77% (95% CI: 71–82%) of wild dog kills and
74% (95% CI: 64–84%) of cheetah kills. Scrub hares were
the next most common prey for both cheetahs and wild
dogs (though they are much smaller than the other
species considered). Common duiker and red lechwe were
rarely killed by cheetahs and wild dogs, and all other
species were rarely killed by any of the predators. These
patterns of prey selection were constant across seasons
(and years) for all four predators, with lions and hyenas
preying almost exclusively on wildebeest, and cheetahs
and wild dogs consistently focusing the bulk of their
predation on oribi and wildebeest under all conditions.
Because wildebeest were commonly killed by all four

predators, the data were sufficient to examine patterns
of predation among age-sex classes (Fig. 5). Wildebeest
show rather strong sexual segregation, so that some

FIG. 4. The proportion of predation by each predator on each prey species varied substantially, though wildebeest were com-
mon prey for all carnivores, particularly lions and hyenas. Whiskers show binomial 95% confidence limits. WB, wildebeest; ZB,
zebra; OR, oribi; RE, reedbuck; SH, scrub hare; DU, common duiker; LW, lechwe; ST, steenbok. [Color figure can be viewed at
wileyonlinelibrary.com]
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herds hold primarily females with offspring and other
herds (and singletons) hold only bulls. Lions and hyenas
preyed almost exclusively on wildebeest and focused
heavily on adults (86% [75–93%] and 89% [80–94%]
respectively) mainly killing bulls, which by themselves
composed half of lion and hyena kills (50%
[38–62%] and 49% [39–59%], respectively). Cheetahs and
wild dogs preyed less exclusively on wildebeest and
focused heavily on calves (83% [61–94%] and 75%
[66–82%] respectively). Thus, if antipredator responses
are positively related to direct predation, then the
strength of wildebeest responses should be weak for
cheetahs, intermediate for wild dogs, and strong for lions
and hyenas. More particularly, all-bull herds should
respond strongly to lions and hyenas, but weakly to wild
dogs and cheetahs.
As Fig. 6 shows, the responses of wildebeest do not

support the hypothesis that antipredator responses are
positively related to patterns of direct predation.
Responses to cheetahs were weak (as expected), but the
strongest responses were to wild dogs (contrary to expec-
tation). The responses of wildebeest were not signifi-
cantly related to predator identity, nor were they related
to the magnitude of direct predation by each predator,
to differences in hunting mode, or to predator group size

(which was large for hyenas and wild dogs, and small for
lions and cheetahs). Responses were stronger for preda-
tors that were less common.

Relationships between antipredator responses, direct
predation, and direct predation per-capita

The patterns of predation on each species described
thus far do not directly measure the risk of predation for
individuals of each prey species, because they do not
yet account for differences in prey abundance. Wilde-
beest were killed most often, but they were also the most
common species on the study site in both the wet
(60.8 � 2.34 individuals/km2) and dry (11.3 � 0.67
individuals/km2) seasons, followed by zebra (wet,
8.1 � 0.59 individuals/km2; dry, 2.8 � 0.31 individuals/
km2) and oribi (wet, 2.4 � 0.09; dry, 2.2 � 0.08 individ-
uals/km2). In the analyses of relationships between
antipredator responses and direct predation that follow,
we consider both the proportion of direct predation
(Figs. 4 and 5), and the proportion of direct predation
relative to abundance. Some prior studies have examined
the proportion of direct predation (e.g., Thaker et al.
2011) and others have considered predation relative to
abundance (e.g., Creel et al. 2014): it is the second of

FIG. 5. (A, C) The proportion of predation by each predator on each age class of wildebeest. (B, D) The proportion of preda-
tion by each predator on male and female wildebeest adults (proportions do not sum to one because sex was not always known).
Lions and hyenas killed primarily adults, particularly males, but cheetahs and wild dogs primarily killed juveniles. Whiskers show
binomial 95% confidence limits. [Color figure can be viewed at wileyonlinelibrary.com]
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these measures that properly describes the likelihood of
direct predation by each predator for individuals of each
prey species.

As Fig. 7 shows, the strength of antipredator response
showed no detectable relationship with direct predation
(b = �0.0093 � 0.054, t = �0.17, P = 0.87, n = 15
species pairs with ≥19 behavioral observation periods)
or with direct predation relative to abundance
(b = 0.0093 � 0.0062, t = 1.48, P = 0.16, n = 15 species
pairs). This lack of detectable correlation also held true
when restricting the analysis to data with carnivores pre-
sent within 450 m (i.e., reactive vigilance only), restricting
the analysis to data with carnivores > 450 m (proactive
vigilance only), and for the change in vigilance when com-
paring observations with carnivores >450 m and observa-
tions with carnivores < 450 m (Fig. 7). Similarly, no
correlation could be detected between running and direct
predation (b = 0.0006 � 0.0009, t = 0.67, P = 0.5), or
between running and direct predation corrected for abun-
dance (b = 0.0004 � 0.0009, t = 0.44, P = 0.6).

DISCUSSION

Multispecies tests of the relationship between direct
predation and the strength of antipredator responses
remain rare, due to the substantial difficulty of obtaining
such data, particularly for studies measuring responses
to natural variation in real predation risk in the wild.
For ungulates, research relating the spatial distributions
of seven prey species to patterns of direct predation in

FIG. 6. (A) Vigilance levels of adult wildebeest in all herds
and (B) in herds with only males in response to the presence of
each carnivore species within 450 m. Whiskers show 95% nor-
mal approximation confidence limits. [Color figure can be
viewed at wileyonlinelibrary.com]

FIG. 7. (A) The relationship of vigilance by each prey species to the proportion of kills it constituted for each predator species,
for observations with predators closer (red) or farther (blue) than 450 m. (B) The relationship of vigilance by each prey species to
the per-capita risk posed by each predator species, for observations with predators closer (red) or farther (blue) than 450 m.
Abscissa is log-scaled in panel B. Whiskers show binomial 95% confidence limits. Point labels identify prey (OR, oribi; WB, wilde-
beest; ZB, zebra) and then predator (CH, cheetah; HY, spotted hyena; LI, lion; WD, African wild dog). [Color figure can be viewed
at wileyonlinelibrary.com]
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Karongwe Game Reserve found that “avoidance for the
space use of predators generally did not correspond to the
relative predation threat from those predators” (Thaker
et al. 2011). Similarly, research in the Olkiramatian–
Shompole region at edge of the Greater Serengeti Ecosys-
tem found that the strength of behavioral responses by
five ungulates did not correlate with patterns of predation
on those species by lions and hyenas (Creel et al. 2014).
In Liuwa, despite substantial variation in patterns of
selection of each ungulate species by each predator species
(Fig. 4), there was no detectable correlation between mea-
sures of direct predation and the strength of antipredator
responses (Fig. 7). Thus, studies of ungulates and large
carnivores to date (though still few) have consistently
found that antipredator responses vary, but not in a man-
ner that correlates with levels of direct predation.
This lack of correlation complicates efforts to under-

stand the total limiting effect of predation on ungulates.
Conceptual models (Creel and Christianson 2008) and
empirical results like those reported here both suggest
that we cannot simply assume that strong direct predation
will be associated with strong risk effects. Consequently,
we cannot assume that variation among prey species in
direct predation provides an unambiguous measure of
variation in the total limiting effect of predation. For
example, species such as topi (Damaliscus lunatus topi)
and waterbuck (Kobus ellipsiprymnus) typically experience
little direct predation, although their size and morpholo-
gical defenses are strikingly similar to sympatric species
that experience strong predation. We must consider the
possibility that such patterns are due to variation in the
balance between direct predation and risk effects, rather
than variation in the limiting effect of predation. Rather
than correlating with direct predation risk itself, the
strength of antipredator response should correlate with
the reduction in direct predation risk that it yields.
When considering the lack of a detectable relationship

between behavioral responses and patterns of direct pre-
dation, it is important to recall that the data revealed
strong behavioral responses to predator presence
(Fig. 2), and there was substantial variation in direct
predation among predator–prey pairs (Fig. 4). Preda-
tion risk varied, and behavioral responses to predators
varied, but the two patterns were uncorrelated.
Animals can only respond to the risks that they perceive,

and one might argue that perceived risk should be a better
predictor of vigilance than risk itself. However, responses
to perceived risk will only be favored by natural selection if
perceived risk accurately reflects the true risk of predation.
Risk itself (and not the animal’s perception) is the selec-
tion pressure shaping antipredator responses. Alternatively,
one might argue that in predator-rich communities, it may
be optimal to respond strongly to all predators, rather than
running the risk of failing to respond when needed. How-
ever, this explanation tends to run contrary to the observa-
tion that vigilance varied appreciably among predator–
prey pairs (Fig. 7), just not in a manner that correlated
with patterns of direct predation.

Because the proportion of time spent foraging and vigi-
lant summed to less than two-thirds of the time budget, it
was not logically necessary that feeding would decline
with increased vigilance, but this trade-off was nonethe-
less strong for the ungulate community in Liuwa, as with
other studies of African ungulates (Crosmary et al. 2012,
Periquet et al. 2012, Barnier et al. 2014, Creel et al.
2014). While there was no detectable relationship between
antipredator responses and the threat posed by each car-
nivore, our results suggest that the effect of predation risk
on foraging might be particularly strong for oribi, whose
levels of proactive vigilance (when predators were not
nearby [Broekhuis et al. 2013]) were substantially higher
than those of wildebeest or zebra, and were similar to
their own level of reactive vigilance when a carnivore was
within 450 m. In most systems, predators will typically be
absent from the immediate vicinity of prey more often
than they are present (though see Creel et al. 2013). Con-
sequently, variation in the level of proactive vigilance is
likely to be an important driver of the manner in which
prey behavior partitions the total cost of predation into
direct mortality and risk effects. Consistent with this
interpretation, wildebeest experienced the heaviest direct
predation, but also showed significantly lower proactive
vigilance than the other species.
The most widely supported hypothesis for the evolu-

tion of inducible defenses is that conditional expression
reduces the costs of defense: if defenses do not carry
costs, their expression is not expected to depend on risk
(Relyea and Werner 1999, Tollrian and Harvell 1999,
Relyea and Auld 2004). Despite this general pattern,
there has been debate over the costs of increased
antipredator defenses in ungulates. Ungulates commonly
respond to increased predation risk with increased vigi-
lance, altered patterns of aggregation, reduced foraging,
retreat to safe habitats, and altered diets (Prins and Iason
1989, Hunter and Skinner 1998, Caro 2005, Creel et al.
2005, 2014, Valeix et al. 2009, Christianson and Creel
2010, Periquet et al. 2012, Barnier et al. 2014). In some
ungulates, these responses are associated with reduced
reproduction (Creel et al. 2007, 2011, Christianson and
Creel 2014, Cherry et al. 2016) as in other taxa (Peck-
arsky et al. 1993, Boonstra et al. 1998, Zanette 2003,
Pangle et al. 2007, Zanette et al. 2011). Some authors
nonetheless suggest that ungulates can respond to preda-
tion risk with no measurable demographic cost, essen-
tially arguing that predation carries no costs beyond
direct mortality (Middleton et al. 2013, White et al.
2011). Particularly in field studies, problems of method-
ology can easily mask the costs of antipredator responses
(Creel et al. 2011, 2013) or allow them to be mistaken
for bottom-up effects (Creel and Christianson 2008,
Christianson and Creel 2014). Moreover, a cost that can
be compensated for remains a cost, if it reduces the scope
to address other constraints on foraging success.
The data provide a direct test for differences in the

responses of prey to stalkers and coursers, and did not
support the hypothesis that hunting mode is a reliable
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predictor of the magnitude of response. Despite includ-
ing all members of the carnivore guild and examining
responses by all of their common prey, the power of
these tests is somewhat constrained by the number of
species pairs (15) that could be considered. It also
remains possible that responses to long-term variation in
risk posed by stalkers and coursers (“risky places,” sensu
Creel et al. [2008]) differ from responses to the short-
term variation in risk examined here (“risky times,”
sensu Creel et al. [2008]).
Finally, our understanding of the role of risk effects in

prey dynamics continues to be impeded by two problems.
First is the problem discussed by Lank and Ydenberg
(2003), that measurements of direct predation remain rare,
but even these are not fundamentally a measure of the risk
that prey would experience if they did not take action to
reduce predation. Second is the problem that predation
and the costs of avoiding it are measured in different cur-
rencies, and relating these measures to fitness or popula-
tion dynamics remains difficult. Conceptually, the optimal
level of antipredator response could be determined from a
plot relating fitness costs (of reduced foraging, etc.) and
fitness benefits (of reduced direct predation) to the
strength of response, and determining where the benefits
most greatly exceed the costs. Logically, the benefits of vig-
ilance are likely to show an asymptote (once scanning
rates are high enough to virtually guarantee predator
detection), while costs are likely to continue increasing in
a linear or even accelerating manner. We note that mean
vigilance in the immediate presence of large carnivores
was about 12–13% for all the prey species in this study,
suggesting that this might be a general optimum.
In summary, the relationship between direct predation

and the strength of antipredator responses is rarely mea-
sured. As in prior work on the responses of ungulates to
risk (Thaker et al. 2011, Creel et al. 2014) and experi-
mental studies with other taxa (Relyea 2001b, Relyea
and Auld 2004), data from large carnivores and their
ungulate prey in LPNP reveal no relationship. This lack
of correlation implies that if antipredator responses
carry costs, variation in direct predation does not accu-
rately describe variation in the total limiting effect of
predation.
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