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Abstract Vigilance allows individuals to escape from
predators, but it also reduces time for other activities which
determine fitness, in particular resource acquisition. The
principles determining how prey trade time between the
detection of predators and food acquisition are not fully
understood, particularly in herbivores because of many
potential confounding factors (such as group size), and the
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ability of these animals to be vigilant while handling food.
We designed a fertilization experiment to manipulate the
quality of resources, and compared awareness (distin-
guishing apprehensive foraging and vigilance) of wild
impalas (Aepyceros melampus) foraging on patches of
different grass height and quality in a wilderness area with
a full community of predators. While handling food, these
animals can allocate time to other functions. The impalas
were aware of their environment less often when on good
food patches and when the grass was short. The animals
spent more time in apprehensive foraging when grass was
tall, and no other variable affected apprehensive behavior.
The probability of exhibiting a vigilance posture decreased
with group size. The interaction between grass height and
patch enrichment also affected the time spent in vigilance,
suggesting that resource quality was the main driver when
visibility is good, and the risk of predation the main driver
when the risk is high. We discuss various possible mech-
anisms underlying the perception of predation risk: forag-
ing strategy, opportunities for scrounging, and inter-
individual interference. Overall, this experiment shows that
improving patch quality modifies the trade-off between
vigilance and foraging in favor of feeding, but vigilance
remains ultimately driven by the visibility of predators by
foragers within their feeding patches.

Keywords Anti-predator behavior - Group living -
Impala - Patch quality - Vigilance - Visibility
Introduction

Vigilance behavior lies at the heart of a trade-off between

feeding and safety (Brown 1999). In particular, animals
balance the time spent in the acquisition of resources and in
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gaining information—about resources, the animals’ social
environments, thus feeding competition, and predators.
Many studies have identified factors affecting individual
vigilance levels (McNamara and Houston 1986; Lung and
Childress 2006; Roth et al. 2006; Fernandez-Juricic et al.
2007). However, a recent review showed that the interac-
tive effects of food density, predation risk, and intra-group
competition on the costs and benefits of vigilance are still
not well understood in group-forming species, and that
field studies are required which help to reconcile isolated
theories (Beauchamp 2009). For instance, a negative rela-
tionship between vigilance and food density may be
expected on the basis of the time-constraint on foraging
that animals commonly experience (McNamara and
Houston 1992; Ale and Brown 2007). In group-forming
species, the need for individuals to monitor other group
members, potential competitors, in order to obtain infor-
mation on rich patches when food density is low may also
lead to a negative relationship between food density and
individual vigilance levels, even in the absence of preda-
tion (Barnard and Sibly 1981; Giraldeau and Beauchamp
1999; Beauchamp 2008). Levels of this social vigilance can
increase with group size as more group members need to be
monitored (Favreau et al. 2010). Under the risk of preda-
tion, the above considerations on social vigilance apply but
may interact with the positive effect of group size on the
likelihood of predator detection (many-eyes effect; Lazarus
1979; Lima 1995), thus leading to lower individual vigi-
lance levels. There is, therefore, a need for studies which
manipulate the factors driving individual vigilance levels
(food density, predation risk, and group size).

The level of apprehension while foraging is one key
factor mediating the predation risk experienced by prey.
Apprehension can be defined as a reduction in attention
devoted to performing an activity (foraging) as a conse-
quence of reallocating attention to detecting or responding
to predators or competitors (Dall et al. 2001; Kotler et al.
2002, 2004, 2010; Raveh et al. 2011). Apprehensive for-
aging allows a forager to harvest (or handle) food while
increasing its alertness to predators. It is now clear that
prey can often spend time vigilant while foraging, as in
birds handling seeds (Popp 1988; Baker et al. 2011) and
mammals chewing with their heads up (Fortin et al. 2004;
Makowska and Kramer 2007). Food intake in mammalian
herbivores at short time scales is generally limited by
chewing and swallowing rates rather than by the encounter
rate of food, and these animals can spend as much as 50%
of their time scanning without reducing their food intake
(Illius and FitzGibbon 1994). Thus, part or all of the time
spent chewing can be used for vigilance oriented towards
social monitoring or predator detection (called ‘routine
vigilance’ in Blanchard and Fritz 2007). Here, we will
distinguish two forms of awareness (i.e. time allocated to
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scan the environment): apprehensive foraging when the
individual is monitoring its surroundings while chewing;
and vigilance, which is characterized by a marked (intense)
posture of alertness. Vigilance represents the most costly
form of time allocation as it disrupts the ingestion process.
Indeed, animals may stop chewing as this may impair
hearing. In contrast, apprehensive foraging can be consid-
ered a low cost form of awareness, since the ingestion
process can continue, though the quality of information on
predators may be reduced (Hochman and Kotler 2007).

Apprehensive foraging may increase with plant biomass,
since bite size and the frequency of acceptable bites increase,
and with them, time spent handling food. Thus, herbivores
have the opportunity to allocate time to anti-predator vigi-
lance while chewing the current bite, particularly when they
are foraging on patches of high grass biomass (Fortin et al.
2004), or more generally when foraging on patches of high
resource abundance. In such situations, individuals should
be able to multi-task, reallocating time while foraging to
scanning their surroundings, scrounging, monitoring other
group members to limit interference from other individuals
for access to food, or to maintain spatio-temporal cohesion
of the group. In this way, they reduce the high cost that the
vigilance posture requires. However, little is known about
how much time herbivores invest in apprehensive foraging
and vigilance when food density varies, although this issue
is crucial for assessment of the costs of awareness in the
context of the trade-off between food and safety (Brown
1999).

In African savanna ecosystems, large mammalian her-
bivores forage in landscapes characterized by high resource
heterogeneity (Venter et al. 2003; Gaylard et al. 2003).
Large carnivores in these ecosystems are known to influ-
ence their prey populations through direct lethal effects
(e.g., Sinclair et al. 2003; Grange et al. 2004) and indirect
behavioral effects (Valeix et al. 2009a, b). We studied a
population of free-ranging impalas (Aepyceros melampus),
a social antelope experiencing strong predation pressure in
a conservation area, the Hwange National Park (Zimba-
bwe), to investigate how patch attractiveness, group size,
and proxies of predation risk affect patterns of individual
awareness, decomposed into apprehensive foraging and
vigilance. Our study site is on poor soil: Kalahari sands.
We designed a fertilization experiment to manipulate the
quality of food patches, with enriched plots being charac-
terized by a higher biomass of good quality (green) tissues
and nutrients since grasses on more fertile soils have higher
nitrogen contents than on poor soils (Prins and OIff 1998).
We compared the awareness of individuals foraging on
patches of different food quality. The experiment was
carried out in the heart of the rainy season so as to mini-
mize the effect of plant senescence on the quality of food
patches.
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We predicted that, while foraging on enriched plots,
individuals should spend less time vigilant, in order to
increase acquisition of high quality food (Table I,
Hypothesis 1). Predictions for apprehensive foraging are
less intuitive: high quality food may lead to more time
spent chewing, head-up (larger bites, reduced search time;
Table 1, Hyp. 2.1), but the need to monitor conspecifics
may decline (Table 1, Hyp. 2.2). We expected apprehen-
sive foraging to increase with increasing group size, and as
the nearest neighbor is closer under a scenario of compe-
tition for food (Table 1, Hyp. 3 and 8), but anti-predator
vigilance should decrease with increasing group size
(Table 1, Hyp. 4). If predation risk was a main driving
force, we expected individuals to be more aware, and
particularly more vigilant, in areas characterized by lower
visibility, i.e. in taller grass (Table 1, Hyp. 5) and closer to
cover (Table 1, Hyp. 7), independently of the patch quality
(high biomass or nutrients). Finally, since the amount of
time needed to handle the grass increases with grass height,
we expected apprehensive foraging to increase as well
(Table 1, Hyp. 6). If food biomass and predation are both
major driving forces, we expected to detect an additive or
an interactive effect of these two factors on levels of
awareness by the individuals.

Materials and methods
Study area and animals

The fieldwork was conducted in the vicinity of Main Camp
in Hwange National Park (HNP) in Zimbabwe (19°00'S,
26°30'E). The study site is an open grassland area of 64 ha
surrounded by Acacia and Combretum bushes, typical of
the mixed bushed grassland on nutrient-poor soils of the
eastern Kalahari sands (Rogers 1993). Bushes form a nat-
ural and visually obstructive boundary of the grassland
through which animals move freely. The long-term mean
annual rainfall at the site is 606 mm and the rainy season
occurs from the end of October to the end of April
(Chamaillé-Jammes et al. 2007).

Impala are gregarious and sedentary, and some males
are territorial (seasonally or permanently; Estes 1991).
Females gather in fairly large groups (Jarman and Jarman
1973). As reproductive behaviors may affect vigilance of
all individuals in a group, we conducted our field experi-
ment outside the mating and fawning periods. At the time
of the study, January to March 2009 in the wet season,
impalas are mostly grazers and foraged mostly in open
grasslands. About 50-150 impalas (mainly females and

Table 1 Summary of the predicted relationship between awareness (distinguishing apprehensive foraging and vigilance) and group and envi-
ronmental factors controlling for date and time of day assuming that time is constraining

Factors ID hypothesis Type of time allocation Sign of the Mechanisms underlying this effect
expected to be adjusted relationship
Patch enrichment 1 Vigilance — In a rich patch, individuals are expected to increase food

(higher biomass

and greenness) 2.1 Apprehensive foraging
22
Group size 3 Apprehensive foraging assuming
that vigilance is not used for
social multi-tasking
4 Vigilance
Grass height 5 Vigilance
6 Apprehensive foraging
Distance to cover 7 Vigilance

Distance to the 8
nearest neighbour

Apprehensive foraging

acquisition, within acceptable limits of risk taking

- Re-allocation of time (for detecting predators) while
chewing when foraging on patches of high food
quality

+ Individuals monitor other group members to glean
information when food density is low (producer—
scrounger theory)

+ Social monitoring increases with group size as more
group members need to be monitored to limit contest
or scramble competition

— Individual benefits from the presence of other group
members (many-eyes effect and dilution risk) to
reduce its own vigilance

+ When visibility decreases, vigilance increases as
potential predator are more difficult to detect

+ As bite size increases when grass is tall, apprehensive
foraging increases

— Since impala anti-predator strategy is mainly based on
vigilance and flight, we expect vigilance to increase as
distance to cover decreases since bushes are likely to
hide ambush predators

— When distance to the nearest neighbor decreases,
interference competition for food access and
scrounging increase

— a decrease of awareness when the considered factor increases, + a positive relationship
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juveniles) foraged each day at the study site during the field
session. The impala has sharp vision, is quick to take flight,
and is known for its high speed and its spectacular leaps, up
to 3 m high and 11 m in length (Estes 1991). Vigilance in
impala can therefore be considered to be part of highly
developed anti-predator behavior, particularly in open
environments.

The main predators of impalas are spotted hyaenas
(Crocuta crocuta), lions (Panthera leo), leopards (Pan-
thera pardus), and occasionally cheetahs (Acinonyx juba-
tus) and African wild dogs (Lycaon pictus). Young impalas
are also preyed upon by black-backed jackals (Canis
mesomelas). All these predators occur in the study area;
lions and hyaenas are common (Valeix et al. 2009a, b).

Experimental design

To investigate how impalas adjust vigilance levels with
variation in the quality of their food resources, we designed
a field experiment to create enriched patches by manipu-
lating the vegetation using fertilization. The aim was to
increase the biomass, and the proportion of the best quality
tissues (green, growing ones). Four enriched plots (120 x
60 m) were created at different distances to cover (Fig. 1).
We paid particular attention to select plots as homogenous
as possible in terms of plant community and grass height.
The plots were enriched by a common fertilizer for pas-
tures (N: 3.5%, P,0s, 24.4%, S: 11.0% and Zn: 0.5%), at
70 kg/ha. Fertilization was performed in January 2009,
2 weeks before the beginning of the behavioral studies, and
was facilitated by rainfall throughout the observations. To
measure the effect of fertilization on plant quality (and thus
the attractiveness of the patches), we measured grass height
and greenness in the enriched and control plots (see Fig. 1)
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at the end of February 2009. Using a disk pasture meter, we
recorded grass height every 5 m on 60-m transects, giving
a total of 44 samples per plot (11 samples x 4 transects).
To convert grass height to biomass, we used a calibration
equation derived at this site during a previous study, where
grass height and biomass were measured by clipping,
drying and weighting the green biomass below the disk
pasture meter (biomass = 2.5967 x height, adjusted
R? = 0.85, n = 56; Chamaillé-Jammes, Gignoux, Fritz,
unpublished data). Biomass was 14.1% higher in enriched
than in control plots (Fj_3s0 = 7.93, P = 0.005). Since
herbivores select for green leaf (e.g., Murray and Baird
2008), we tested for an increase in the proportion of green
tissues in the enriched plots using photographs of 1 x 1 m
quadrats every 10 m on each of the four 60-m transects; the
proportion of green tissues were estimated visually (as in
Walker 1976; Vanha-Majamaa et al. 2000). The proportion
of green tissues was on average 13.1% higher on enriched
plots (Fi_j90 =

19.97, P < 0.0001), and 12.5% higher when controlling for
grass height (as the proportion of green tissue decreased
with grass height; F_jgg = 26.54, P < 0.0001). We also
used these photographs to assess the average grass cover by
estimating the proportion of bare soil in each quadrat. The
proportion of bare soil was 13.5% lower on enriched plots
(F1_190 = 19.97, P < 0.0001). Enriched plots in this
experiment therefore have more biomass, a higher pro-
portion of green tissues and less bare ground. The grass
biomass available to the impalas on the study area varied
between 20 and 150 g/mz, and an increase of biomass
between these values will lead to an increase in intake in a
selective herbivore of this body size (see data for sheep in
Spalinger and Hobbs 1992, and gazelles in Wilmshurst
et al. 1999).
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Behavioral data

We collected behavioral data by videotaping (video cam-
era: Sony DCR-SR30, %20 optical) focal adult females (to
avoid any sex or age effect; e.g., Pays and Jarman 2008),
for 5-min periods chosen at random during the daytime.
We used recordings only from groups whose predominant
activity was foraging, which did not move far during the
recording, and whose size and composition did not change
during the video sequence. We defined a group on the basis
of a maximal separation between adjacent members of
50 m, and on the maintenance of social and spatial cohe-
sion of the group members during the focal sampling (as in
Frid 1997, for other mammals). No ambiguities were
encountered in defining a group using these criteria; inter-
individual distances were very small.

Data were collected from vehicles, respecting a minimal
distance of 100 m between the focal group and the obser-
ver to minimize disturbance; these impalas were habituated
to cars and easy to observe. All female impalas on the
study area formed a single clan that was divided into a
variable number of groups with marked fusion—fission
dynamics (about 30 ear-tagged adult females were indi-
vidually recognizable). Several individuals were filmed
from this group on some days, and the observer took care to
avoid filming the same individual twice during the same
day. Re-sampling, therefore, represented a negligible part
of our dataset.

During the video sampling, the observer recorded the
location of the studied females on a field map (Fig. 1) in
relation to the enriched plots. The distance to cover was
estimated (D < 25, 25 <D <50, 50 <D < 100, 100 <
D < 200, D > 200 m), as it is a commonly used proxy for
predation risk (Lima 1990; Burger et al. 2000; Blumstein
et al. 2003). The role played by cover (i.e. obstructive or
protective) is, however, ambiguous, and depends on many
factors such as the time schedules of prey and predators,
type of predators (aerial vs. terrestrial, ambush vs. pursuit),
and thus expectations on the effect of distance to cover on
individual vigilance are not obvious. Visibility around
foraging individuals, however, provides a measure of for-
agers’ visual obstruction at a fine scale (Whittingham et al.
2004) and allows clearer expectations. For example, it has
been found in socially foraging birds that vigilance increased
with a decrease of visibility around prey (Guillemain et al.
2001). Here, we estimated the height of the grass in the patch
on which the individuals were foraging. We considered grass
to be short when it was not above the focal impala’s hooves,
medium when grass height was below the upper part of the
metacarpals and fall, when grass height reached the tibia.
In tall grass, the visibility of the focal animal was strongly
reduced when feeding in the herb layer. We also recorded the
date and time of day, group size and the distance to the

nearest neighbour (d <2, 2<d <5, 5<d <10, 10 <
d < 20, d > 20 m). The position of the individuals within a
group (i.e. peripheral or central; e.g. Blanchard et al. 2008)
was impossible to determine during the video sampling
because the animals moved constantly when foraging.

To investigate the effect of the variations in grass
quality among patches on the behavior of the impalas, it
was necessary that animals stayed in the enriched plots
during the 5-min video sequences. We sampled 25 impalas
foraging inside enriched plots and 65 outside; see Table 2.

An animal was considered to be “aware” when it raised
its head above the horizontal, scanning its surroundings,
without moving its feet. No ambiguities were encountered
in distinguishing an aware from a non-aware animal. We
assessed the nature of bouts of awareness distinguishing
“apprehensive foraging”, when an animal raised its head
while chewing, and “vigilance”, when it raised is head and
stopped chewing (see “Introduction”). When an animal
engaged in apprehensive foraging and vigilance during the
same bout of awareness, we determined the time spent in
each activity separately. We extracted the total time spent
in awareness, the frequency of awareness, the total time
spent in apprehensive foraging, and vigilance from each
sequence.

Data analyses

We first investigated whether patch enrichment, distance to
cover, grass height, group size, distance to nearest neigh-
bor, and the interactions between these factors affected the
total time spent in awareness, the frequency of awareness,
and the total time spent in apprehensive foraging and
vigilance, controlling for the effects of date, time of day.
To achieve normality and homoscedasticity, we log-trans-
formed those four dependent variables. To improve line-
arity in the relationships between the variables, group size
was also log-transformed.

First, we explored factors influencing the total time
spent in awareness and the frequency of awareness. Since
there was a strong positive correlation between the total
time and the frequency (linear mixed-effects model, con-
trolling for the effects of all independent variables cited
above and including 2 nested random factors, group iden-
tity within plot identity, coefficient £ SE = 0.548 £

Table 2 Sample size and group size of monitored impalas (Aepyc-
eros melampus) and type of patches (enriched or not)

Patch type Individual Group size

n Mean SE Min Max
Not enriched 65 48.0 432 2 108
Enriched 25 47.6 7.06 5 93
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0.053, Fy_,4 = 147.675, P < 0.0001, pseudo R* = 0.79),
we used the frequency of awareness only. We computed a
linear mixed-effect model including the independent vari-
ables patch enrichment, grass height, distance to cover,
distance to the nearest neighbor, Log-transformed (group
size), time of day, date and their interactions, and including
two nested random factors, group identity within plot
identity. To reduce the large number of degrees of freedom
in our statistical procedures triggered by the large number
of continuous and categorical variables, we included only
two-way interactions which were interpretable in terms of
mechanisms influencing frequency of awareness (see
Table 3).

Some individuals exhibited only apprehensive forag-
ing (and not vigilance, the costly posture) whereas other
exhibited both apprehensive foraging and vigilance, and we
therefore investigated which factors affected the probabil-
ity of exhibiting the costly posture of vigilance (0: no
vigilance and 1: presence of vigilance in the 5-min video
sequence). We ran a generalised linear mixed-effects
model with the Laplace procedure (binomial, link: Logit)
including the same independent variables and random
factors listed in the previous procedure.

Finally, for the impalas exhibiting the two forms of
awareness in their 5-min sequences, the log-transformed
time spent in vigilance was not significantly correlated with
the log-transformed time spent in apprehensive foraging
(linear mixed-effects model, F|_,4 = 2.914, P = 0.110).
We therefore investigated separately the factors influencing
these two response variables of time allocation. We com-
puted linear mixed-effect models including all independent
variables and their interactions as fixed factors listed above,

including two nested random factors, group identity within
plot identity.

The statistical analyses were performed using R 2.10.1
(R Development Core Team 2010).

Results

On average (£SE), the impalas were aware (either appre-
hensive foraging or vigilance) for 43 s (£3.6) of the 5-min
sequences, which represented 14% of their time. The
number of awareness acts per min was 1.8 (£0.01); and
most of their awareness time was apprehensive foraging
(81% =+ 0.01). We present first the results for awareness,
then for the frequency of vigilance, and finally for time
spent in apprehensiveness and vigilance.

Factors influencing the frequency of awareness

Patch enrichment and grass height significantly affected the
frequency of awareness (i.e. number of head-ups/min,
highly correlated with time spent in awareness) (Table 3).
The impalas were aware less often when the grass was
short, and the model suggested that this was also true when
foraging on enriched patches. Visual inspection of the data
suggested that this may be true only when grass was short,
although the enrichment—grass height interaction was not
found to be significant (Fig. 2; Table 3).

Controlling for the effects of date and time of day, we
did not detect any effect of group size, distance to cover
and distance to the nearest neighbor or of the two-way
interactions (Table 3).

Table 3 Factors influencing the log-transformed frequency of awareness of female impalas (the sum of apprehensiveness + vigilance)

Factors No. df Den. df F P Coeff + SE

Intercept 1 47 41.920 <0.0001 0.030 £+ 0.010

Patch enrichment 1 13 5.601 0.034 Yes: —0.049 £ 0.024

Grass height 2 13 5.649 0.017 Medium: 0.218 £ 0.084 (P = 0.015)
Tall: 0.255 £ 0.069 (P = 0.001)

Log group size 1 47 0.001 0.970

Distance to cover 4 13 0.843 0.522

Distance to the nearest neighbor 3 13 1.594 0.239

Date 1 47 0.519 0.475

Time 1 13 0.145 0.710

Log group size x patch enrichment 1 13 1.280 0.278

Grass height x patch enrichment 2 13 1.398 0.282

Log group size x grass height 2 13 0.179 0.838

Log group size x distance to cover 4 13 0.427 0.787

Two nested random factors, group identity within plot identity, were included and contributed to estimate error term (intercept). Log (Group
size), date and time of day were considered as continuous. Enriched patch (Yes, Control = No), grass height (short, medium, tall), distance to
cover (D <25, 25<D <50, 50 <D <100, 100 <D <200, D > 200 m) and distance to the nearest neighbor (d <2, 2 <d <5,
5<d=<10,10 <d < 20, d > 20 m) were categorical (the classes used as references are italicised in the legends)
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Fig. 2 Controlling for group size of impalas (Aepyceros melampus),
effect of patch enrichment and grass height on the frequency of
awareness in the wet season 2009 in Hwange National Park,
Zimbabwe. See Table 2 for statistics

Probability of vigilance

Over the 90 foraging female impalas studied, 31 exhibited
apprehensive foraging only (and not vigilance, the costly
posture) whereas 49 exhibited both apprehensive foraging
and vigilance. The probability of exhibiting a vigilance
posture during the 5-min monitoring period decreased with
group size (Table 4; Fig. 3). However, we did we not
detect any significant effect of distance to cover, patch
enrichment, distance to the nearest neighbor, or of the two-
way interactions.

Factors affecting time spent in apprehensive foraging
and vigilance

Forty-nine individuals exhibited the two forms of aware-
ness, with on average (+SE) 12.2 + 2.4 s in vigilance and

11 o o oo

000 GMOOO O

0.8

0.6

0.4

posture of vigilance

0.2

Probaility of exhibitng the costly

0 0.5 1 15 2 25
Log (Gorup size)

Fig. 3 Effect of log-transformed group size on the probability of
exhibiting vigilance in the wet season 2009 in Hwange National Park,
Zimbabwe

30.6 £ 2.3 s in apprehensive foraging in the 5-min video
sequences.

Grass height significantly affected time spent in
apprehensive foraging with individuals spending more
time in apprehensive foraging when the grass was tall
(Table 5); the other variables, in particular enrichment,
had no significant effects. The interaction between grass
height and plot enrichment significantly affected the time
spent in vigilance (Table 5). According to the coefficients
derived for that interaction when the control patches and
short grass are used as references (Table 5), Fig. 4 illus-
trates that impalas foraging on short and medium-height
grass spent less time vigilant on enriched patches com-
pared to control ones, and the pattern inverted when the
grass was tall.

Table 4 Factors influencing the probability for female impalas to exhibit a vigilance posture during the 5-min monitoring period

2

Factors b4 df P Coeff =+ SE
Patch enrichment 0.207 1 0.649

Grass height 1.090 2 0.580

Log group size 12.404 1 0.0004 —1.650 £ 0.580
Distance to cover 9.135 4 0.060

Distance to the nearest neighbor 3.972 3 0.265

Date 0.001 1 0.999

Time 0.308 1 0.579

Log group size x patch enrichment 1.166 1 0.280

Grass height x patch enrichment 0.947 2 0.623

Log group size x grass height 0.666 2 0.717

Two nested random factors, group identity within plot identity, were included and contributed to estimate error term (intercept). Log (Group
size), date and time of day were considered as continuous. Enriched patch (Yes, Control = No), grass height (short, medium, tall), distance to
cover (D <25, 25<D <50, 50 <D <100, 100 <D <200, D > 200 m) and distance to the nearest neighbor (d <2, 2 <d <5,
5<d=<10,10 <d < 20, d > 20 m) were categorical (classes used as references are italicised in the legends)
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Table 5 Factors influencing the time spent in (A) vigilance, log-transformed, and (B) apprehensive foraging in female impalas exhibiting the

two forms of time allocation in their 5-min sequences

Factors No.df Den.df F P Coeff £ SE
(A) Log-transformed time spent in vigilance (pseudo R* = 0.54)
Intercept 1 20 203.7246  <0.0001 1.022 £ 0.170
Patch enrichment 1 20 2. 995 0.092
Grass height 2 20 1.398 0.270
Log group size 1 20 3.645 0.071
Distance to cover 4 20 1.849 0.159
Distance to the nearest neighbor 3 20 1.761 0.187
Log group size x patch enrichment 1 20 0.972 0.336
Grass height x patch enrichment 2 20 6.075 0.009 Medium on fertilized: 0.149 % 0.589 (P = 0.802)
Tall on fertilized: 1.381 £ 0.397 (P = 0.002)
Log group size x grass height 2 20 0.121 0.887
(B) Log-transformed time spent in apprehensive foraging (pseudo R* = 0.35)
Intercept 1 20 1,534.835 <0.0001 1.238 £ 0.069
Patch enrichment 1 20 2.162 0.157
Grass height 2 20 5.485 0.013 Medium: 0.147 £ 0.103 (P = 0.163)
Tall: 0.238 £ 0.084 (P = 0.015)
Log group size 1 20 0.0002 0.910
Distance to cover 4 20 0.596 0.670
Distance to the nearest neighbor 3 20 1.121 0.364
Log group size x patch enrichment 1 20 0.241 0.629
Grass height x patch enrichment 2 20 1.901 0.176
Log group size x grass height 2 20 0.879 0.431

Two nested random factors, group identity within plot identity, were included and contributed to estimate error term (intercept). Log (Group size)
was considered as continuous. Enriched patch (Yes, Control = No), grass height (short, medium, tall), distance to cover (D < 25,25 <D < 50,
50 <D < 100, 100 <D < 200, D > 200 m) and distance to the nearest neighbor (d <2,2<d <5,5<d <10, 10<d <20, d>20m)

were categorical (classes used as references are italicised in the legends)

Discussion

This fertilization experiment allowed us to investigate
the factors driving individual awareness, distinguishing
between apprehensive foraging (i.e. when the individual is
monitoring its surroundings while chewing) and vigilance
(characterized by a marked posture of alertness leading to
the disruption of the ingestion process), under conditions
where the availability of food resources, proxies of the risk
of predation and group size, varied.

Both patch enrichment and grass height significantly
affected several aspects of the anti-predator behavior of
impalas (awareness, apprehensive foraging, and vigilance)
either independently or in interaction. Impalas spent less
time in awareness when foraging on enriched plots, which
were characterized by a higher food biomass and quality.
Our detailed results on apprehensive foraging and vigilance
suggest that this was essentially due to an adjustment of the
time spent in vigilance in short and medium grass and not
the time devoted to apprehensive foraging. The hypothesis
that individuals foraging on poor quality patches should be
more vigilant than if they are foraging on high quality
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patches is therefore supported (Table 1, Hyp. 1), as is the
hypothesis of re-allocation of time for predator detection
(Table 1, Hyp 2.1). A negative correlation between the
time allocated to managing predation risk and abundance
of food resources has been predicted by theory (Brown
1999) and already reported in birds (Fritz et al. 2002;
Butler et al. 2005) and mammals, including herbivores
(LaGory 1986) and carnivores (Pangle and Holekamp
2010). In Hwange National Park, and particularly in our
study area, enriched patches are rare in the landscape. It is
therefore probable that the observed decrease of individual
vigilance with patch attractiveness is due to impalas
increasing their rate of food intake on the rich patches to
maximise acquisition of high-quality resources. That tactic
might also be reinforced when impalas forage in large
groups (as in this study) since group members can
monopolize only a small part of these patches. The oppo-
site pattern, i.e. a positive relationship between vigilance
and food density, has been reported in some birds (Johnson
et al. 2001; Randler 2005; Amano et al. 2006) and mam-
mals (Fortin et al. 2004; Benhaiem et al. 2008). Thus, the
variability of the trend between vigilance and food density
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across species is context dependent. Indeed, the interplay
between abundance (or rarity) of richer patches in the
landscape, predation pressure, intra-group competition and
individual energetic requirements should promote different
behavioral tactics.

Our findings do not support the hypothesis that indi-
viduals foraging on poorer patches dedicate more time to
apprehensive foraging to monitor other group members to
glean information on richer patches (Table 1, Hyp. 2.2).
This prediction was based on the principle that social
vigilance (i.e. the time that individuals spent scanning other
group members) should increase as scrounging opportuni-
ties become more available (Beauchamp 2008; see Giral-
deau and Beauchamp 1999 for conditions that promote
scrounging opportunities). Alternatively, one could have
expected less apprehensive foraging on poorer patches
since scrounging would be a less valuable activity since
fewer food patches are discovered by producers. In the
event, no significant relationship was found between patch
richness and apprehensive foraging at all. Further investi-
gations of the structure of the foraging bout and of key
parameters, for instance chewing duration, will be required
to disentangle these hypotheses.

Grass height, and thus the perceived predation risk,
significantly affected the frequency of awareness, the time
spent in apprehensive foraging, and the time spent in vigi-
lance, with impalas being more alert and vigilant in taller
grass. These results support the hypotheses that apprehen-
sive foraging increases as grass height, and therefore bite
size, increases (Table 1, Hyp. 6) and vigilance increases
when potential predators are more difficult to detect
(Table 1, Hyp. 5). This latter pattern has been found in
socially foraging birds in which vigilance increased with a
decrease of visibility around prey (Guillemain et al. 2001).
The increase of vigilance with grass height strongly suggests
a need to improve the perception of predation risk when an
animal’s vision is obstructed locally.

Distance to cover (a proxy of perception of predation
risk at a larger scale) did not affect the vigilance of
the impalas foraging in the study area (Table 1, Hyp. 7
not supported). While similar results have been reported
in prey species (Blumstein et al. 2003), other studies
have reported that vigilance of prey may either increase
(Carrascal and Alonso 2006; Pays et al. 2009) or decrease
(Burger et al. 2000; Beauchamp 2010) with distance
to cover. Such variability seems to be related to many
factors including whether the prey perceived cover as
obstructive or protective (Lima 1990). As described in
“Materials and methods”, impalas have to deal with a
large range of potential predators both ambush and pur-
suit. It is therefore not surprising that distance to cover is
not a useful proxy for predation risk in the context of
Hwange.
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Fig. 4 Effect of the interaction between patch enrichment and grass
height on the log-transformed total time spent in vigilance in the wet
season 2009 in Hwange National Park, Zimbabwe

Interestingly, the interaction between fertilization and
grass height significantly influenced the time spent in
vigilance. The pattern revealed (Fig. 4) suggests that food
patch quality may be the driving factor influencing vigi-
lance when visibility is high (low perceived predation risk)
in contrast to situations when visibility is low (tall grass),
where the risk of predation is the main driver, and herbi-
vores may need to invest in vigilance, whatever the char-
acteristics of the food patches.

The probability of exhibiting a vigilant posture (i.e. a
costly but high quality posture for predator detection)
decreased when group size increased, whether impalas
were foraging on control or enriched areas. This result
supports classic predictions (Table 1, Hyp. 4) reflecting the
increased safety of prey animals in larger groups (Lima
1995). Indeed, as individuals may benefit from both a
dilution effect (i.e. the probability of any one individual
being targeted by a predator decreases with group size;
Hamilton 1971), and a many-eyes effect (i.e. the chance
that at least one individual in a group is vigilant at any
given moment increases with group size; Pulliam 1973),
individuals can afford to decrease their own level of vigi-
lance in larger groups. This pattern has been reported in
many taxa (Roberts 1996; Childress and Lung 2003; Pays
et al. 2007), but how individuals combine both their
duration and frequency of vigilance to reduce the risk of
predation is not well understood (Sirot and Pays 2011). It is
also likely that larger groups may allow animals to rely on
apprehensive foraging, whereas animals in smaller groups
have sometimes to dedicate a large amount of their time to
vigilance since the group size is too small to rely on the
many-eyes effect.

The functional implications of the differential strength
of the group-size effect on vigilance, between groups
according to the richness of their patch, has already been
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addressed with regard to both the natural tendency that
foragers form larger groups in areas of higher food density
(Clark and Mangel 1984, 1986; Lima 1990), and the
existence of a time constraint on foraging (McNamara and
Houston 1992; Krause and Ruxton 2002; Beauchamp
2009). There is likely to be more competition for food in
large groups and consequently interference between indi-
viduals, and the associated social vigilance are expected to
increase with group size (Sansom et al. 2008; Kaspersson
et al. 2010; Favreau et al. 2010). The lack of any positive
effect of group size on apprehensive foraging, and of any
effect of distance to the nearest neighbor in our experiment,
does not support social monitoring and scrambling com-
petition hypotheses (Table 1, Hyp. 3 and 8). This lack of
any effect might be explained by the size of our enriched
plots. Many fish (Robb and Grant 1998), birds (Goldberg
et al. 2001; Johnson et al. 2004) and mammals (Monaghan
and Metcalfe 1985) become non-aggressive when food
patches are large (see resource defence theory; Myers et al.
1981). Indeed, Grant (1993) showed more generally that
patch size can influence the decisions of individual foragers
whether or not to use aggression during social foraging,
which would in turn lead to an increase in social vigilance
with group size.

The results, overall, support classical predictions
regarding the effects of food resources, visibility, and
group size on vigilance behavior. No single regulating
mechanism determined the behavior of the animals. This
study, using an original in situ experimental manipulation
of food resources, provides a clear illustration of the trade-
off faced by herbivores between food and safety. Indeed,
patch enrichment and grass height played a key role in prey
awareness and particularly vigilance, and their interactive
effect has been brought to light. Our study provides less
evidence of the strong involvement of processes based on
producer—scrounger hypotheses to determine the level of
time allocation in this species, since apprehensive foraging
was not influenced by group size or distance to the nearest
neighbor in our context. However, more work, particularly
experimental, is needed to improve our knowledge on the
link between forms of awareness (apprehensive foraging,
vigilance) and their functions (predator detection, social
monitoring).
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