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Abstract. Group living is assumed to benefit prey by reducing predation risk due to dilution and detec-
tion effects. This increased safety could be exchanged against a reduced individual vigilance leading to
increased foraging and fitness until costs of intra-group competition offset this benefit. However, very few
studies have been able to directly test the relationship between individual fitness and group size in non-co-
operative breeding species. Therefore, evidence that dilution and detection effects do indeed translate into
increased fitness under predation risk remains mostly theoretical. Here, we aimed at empirically testing
whether group size influences beneficial and costly behaviors, and ultimately the survival of individuals,
in a prey species facing heavy predation pressure. We focused on plains zebra Equus quagga of Hwange
National Park in Zimbabwe, a high lion density area. We collected behavioral data (i.e., individual vigi-
lance and foraging, collective vigilance, and agonistic interactions) that we used as proxies to investigate
the costs and benefits of grouping in this species. We then fitted multistate capture-mark-recapture and
Cox proportional-hazards models to estimate apparent survival of adults and young zebras, respectively,
and assess whether a demographic signal of group size could be found. Our results show that collective
vigilance increases with group size, a prerequisite of the detection effect, but individual vigilance does not
consistently decrease with group size, which suggests that there is no group size effect on individual vigi-
lance. Agonistic interactions were rare. These results suggest that there are no foraging costs of grouping
here, and even some benefits such as a better collective vigilance. However, any benefits of being in larger
groups did not translate into increased survival, as we found no effect of group size on the apparent sur-
vival of individuals. Since dilution and detection effects do not matter behaviorally and demographically
in these plains zebras living under high predation risk, these results challenge our understanding of how
predation shapes animal sociality: fitness benefits of dilution or detection should not be assumed.
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INTRODUCTION

Grouping strategies vary between and within
species, ranging from solitary life, fusion-fission
systems where group size changes regularly, to
stable groups (Clutton-Brock 2016, Ward and
Webster 2016). It is assumed that this diversity
was favored by natural selection on individuals
and that group sizes reflect the trade-offs
between benefits and costs of grouping (Krause
and Ruxton 2002). In prey species, one of the
main assumed benefits of living in groups is
reduced predation risk. Two, non-mutually
exclusive, reasons are usually brought forward.
First, as group size increases, the presence of
additional group members could dilute the risk
for each individual of being predated during an
attack, under the assumption that the predator
can only take one prey at a time and that attack
rate does not increase with prey group sizes (the
dilution effect; Bertram 1978, Turner and Pitcher
1986, Lehtonen and Jaatinen 2016). Second, with
increasing group size, the probability of detect-
ing an approaching predator could increase as
more individuals monitor the environment (the
detection effect; Pulliam 1973, Lima 1995). Sev-
eral studies have given support to these two
effects (see Beauchamp 2015, chapters 2 and 5 for
a review). Increased safety in larger groups may
allow individual to reduce their vigilance level,
leading to increased foraging (the so-called
group size effect on vigilance; Elgar 1989, Lima
1995, Roberts 1996, Beauchamp 2008). However,
living in groups also incurs costs such as
increased intra-group competition for resources,
due to either interference between group mem-
bers or depletion of resources (Amano et al. 2006,
Blanchard et al. 2008).

These assumed costs and benefits of group liv-
ing have been widely studied, but with mixed
conclusions. For instance, the reduction of indi-
vidual vigilance with group size, likely leading
to increased foraging, has often been observed
(Elgar 1989, Lima and Dill 1990). Studies failing
to detect such relationship are also common
however (Treves 2000, Beauchamp 2008), which
could potentially be explained by the existence of
alternative antipredator strategies other than vig-
ilance such as grouping (Creel et al. 2014) and
adjusting space use in response to predation risk
(Creel et al. 2005, Patin et al. 2019). Mixed results
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have also been obtained when directly investi-
gating the relationship between group size and
foraging rates. In the specific case of ungulates,
this relationship has been found to be either posi-
tive (Isvaran 2007, Barnier et al. 2016), negative
(Molvar and Bowyer 1994, Focardi and Pecchioli
2005), or absent (Périquet et al. 2017). Similarly,
in ungulates, frequency of agonistic interactions
between group members was found to be either
positively (Molvar and Bowyer 1994), negatively
(Risenhoover and Bailey 1985), or not correlated
to group size (Fortin et al. 2004).

If costs and benefits of group living exist and
are significant, these ultimately affect the fitness
of individuals. As costs and benefits of group liv-
ing should vary between species and environ-
ments, it is unclear what shape the relationship
between group size and fitness should take in
specific cases (Sibly 1983, Krause and Ruxton
2002). Generally, fitness is expected to increase
with group size up to an optimal size, when the
costs of increased intra-group competition offset
these benefits at larger group sizes (Sibly 1983,
Markham et al. 2015). Few studies have tested
the relationship between group size and individ-
ual fitness under predation risk directly. There
are several explanations for this. First, most
empirical studies come mainly from research
focused on species that do not live in stable
groups, for which group size is unlikely to trans-
late into long-term effects on fitness as it often
fluctuates (Cheney and Seyfarth 1987, Brown
and Brown 2004, Serrano et al. 2005, Watson
et al. 2007, Brown et al. 2016). Second, some of
these studies do not provide information on pre-
dation pressure or are conducted in predator-free
environments in which grouping behavior of
prey species might not necessarily reflect an
antipredator strategy (Waterman 2002, Altmann
and Alberts 2003, Savage et al. 2009, Gager et al.
2016, Pillay and Rymer 2017). Finally, numerous
studies focus on cooperative breeding species for
which the effect of the number of helpers is more
likely to affect individual fitness than the number
of individuals in the group (Brown et al. 2003,
Brouwer et al. 2006, 2020, Canestrari et al. 2008,
Creel and Creel 2015, Guindre-Parker and
Rubenstein 2020).

It is also noteworthy that empirical results on
the relationship between group size and survival,
a key component of fitness, are inconsistent. In
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mammals for instance, juvenile survival has been
found to be positively (Cheney and Seyfarth
1987, Rasa 1989), negatively (van Noordwijk and
van Schaik 1999, Waterman 2002), or not corre-
lated (Majolo et al. 2008, Savage et al. 2009) with
group size. Similarly, adult survival has been
found to be positively (Rood 1990, Clutton-Brock
et al. 1999), negatively (Creel and Creel 2015), or
not correlated (Waterman 2002, McGuire et al.
2002, Gager et al. 2016) with group size. Taken
together, these studies therefore suggest that the
existence of dilution and detection effects that
would have large effects on survival should not
be taken for granted.

Here, we tested whether group size affects for-
aging and vigilance, and ultimately the survival
of individuals in a prey population facing heavy
predation pressure. We did so by studying a gre-
garious species, plains zebra Equus quagga, in
Hwange National Park (HNP) in Zimbabwe, a
system characterized by a high predator pressure
(Loveridge et al. 2016). We first tested whether
individuals adjust their behavior (i.e., individual
vigilance and foraging, collective vigilance, and
agonistic interactions) with group size. This
would offer a basis to explain any relationship
between group size and survival, which we also
investigated (see below). With increasing group
size, we expected (1) reduced individual vigi-
lance, (2) increases in time spent foraging, and
(3) increased collective vigilance, defined as hav-
ing at least one individual vigilant (Lima 1995).
However, as we also expected increased levels of
agonistic interactions between group members in
larger groups, we expected that these predictions
might not be valid for the largest groups. We
then investigated whether harem size affects the
survival of individuals, using long-term individ-
ual-based monitoring data. We used Cox propor-
tional-hazards and multistate capture-mark-
recapture (CMR) models to assess the effect of
group size on apparent survival of foals and
adults. Since individuals in smaller groups are
expected to experience greater predation, we pre-
dicted increased survival probabilities of both
age-classes with increasing group size, but only
up to a point, where increased intra-group com-
petition might induce costs of being in larger
groups. Overall, by combining behavioral obser-
vation and long-term demographic data, we offer
a rare opportunity for a comprehensive test of
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the demographic consequences of dilution and
detection effects under a high level of predation.

MATERIALS AND METHODS

Study site and species

The study was conducted in the eastern section
of HNP in western Zimbabwe over an area cov-
ering ~2000 km? (19°00’ S, 26°30" E). The vegeta-
tion is dominantly bushy but interspersed with
patches of open grasslands. The annual rainfall
averages 600 mm, with most rain falling between
November and April. In the hot dry season
(September—October), water is only available in a
limited number of pans where groundwater is
pumped. In the study area, these pans allow
water-dependent species to have access to water
year-around.

We used plains zebra as model species. In
HNP, plains zebra density varies around 1 indi-
vidual pr km? (Chamaillé-Jammes et al. 2009).
Plains zebra populations are made of two basic
social units: harem and bachelor groups (Klingel
1969). Non-territorial, the harems are composed
of a stallion (i.e., harem-male) and most often
several adult females (unrelated, as female dis-
perse from natal groups when they are around
2 yr old), subadults of both sexes, and dependent
offspring. In the study area, harem sizes (without
foals) range between 2 and 9 individuals (Fig. 1).
Non-harem males form all-male bachelor groups,
of 1-19 individuals (median: 3 individuals). All
individuals used in this study were identified,
using the stripes patterns that are unique to each
individual, in the context of an ongoing long-
term demographic study. We categorized indi-
viduals across four age-classes: foal, from birth
to 1-yr-old (y.0.); yearling, between 1 and 2 y.o.;
subadult, between 2 and 4 y.o.; and adults, 4 y.o.
and older. Young males and females disperse
when they are around 2 y.o.: Natally dispersing
females join existing harems and males join bach-
elor groups. For reasons linked to sample size, in
subsequent analyses subadults and adults were
grouped in the same age-class termed “adult.”

Harems and/or bachelor groups regularly
aggregate with others in larger groups (referred
to as "herds" hereafter), defining a multi-layered
social system (Klingel 1969). Stability of herds is
low, likely a few hours or less (S. Chamaillé-
Jammes, P. Duncan, C. Vitet, personal observation
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Fig. 1. Distribution of harem sizes (without foals)
across sightings (median = 4, mean = 4.26, 1st Qu = 3,
3rd Qu = 5).

and unpublished data from GPS collars). Stability
of lower social layers, that is, bachelor groups or
harems, is greater. Some bachelors appear to
spent months, if not years, together (S. Chamaillé-
Jammes, P. Duncan, unpublished data). Size and
composition of bachelor groups had however not
been consistently recorded during the historical
demographic monitoring we based our analysis
on, and we therefore focused our study on har-
ems. Harem size is highly stable over time. A
stallion is always present, and although subadult
and adult females may change group, this is rare:
In this study, after one year 92% of mares
(n =453) and after two years 86% of mares
(n = 342) were still in the same harem. Therefore,
we studied the relationship between behaviors
and harem or herd size (as both harem size and
herd size can be defined at the time ¢ when
behavior is observed), but studied the relation-
ship between survival and harem size only (as,
due to instability, herd size cannot be defined
over the time interval over which survival is esti-
mated, and an average herd size cannot be esti-
mated unless near-continuous long-term
observation is possible, which was not the case
here).

Collection and analysis of behavioral data

We collected data on the behavior of zebras
during 2 wet and 2 dry seasons (in 2018 and
2019). We conducted direct observations, video-
taped for later analysis, during daytime using a
car as a hide. We considered individuals to be
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part of the same group when the distance
between them was below 50 m: In the field, this
distance threshold (also used by Barnier et al.
2016) is adequate to separate isolated harems or
groups that are in close contact from other
groups of individuals located further away and
is thus relevant to study group-level dilution and
detection effects. We focused on vigilance, forag-
ing, and agonistic behaviors.

We studied individual vigilance and foraging
using a focal-sampling approach (Altmann
1974). An individual was considered to be vigi-
lant when it was stationary with the head raised
above the shoulder and scanning the surround-
ings, and to be foraging when it was grazing.
Based on the scanning direction of individuals,
we focused on antipredator vigilance and
avoided conducting a focal observation if the ani-
mal was vigilant toward conspecifics. We studied
only individuals in groups whose main activity
was foraging to prevent movement or change in
group size or composition during focal samples.
To obtain a large sample size within the limited
time available, we only recorded, for each focal
harem, data on the stallion and on one female,
whose reproductive status (lactating or not) was
recorded. A female was considered to be lactat-
ing if she had a foal (i.e., from birth to 1 y.0.). If a
least one non-lactating and one lactating female
were present in the group, we recorded data on
one female of each status. As we conducted our
research in the same study area during the whole
study period, we could not avoid to occasionally
repeating observations on the same individuals
(number of focal per individual: min = 1, max =
11, median = 1, mean = 2.6). For each studied
individual, we measured the duration of one
bout of vigilance and the duration of the foraging
bouts that immediately preceded and followed
this vigilance bout. We only focused on active
vigilance (i.e., head above shoulder), differen-
tiating between free (i.e., while chewing) and
costly vigilance (i.e., scanning exclusively). We
recorded whether vigilance shifted from free to
costly vigilance or whether foraging shifted to
vigilance in response to a sudden external stimu-
lus or to agonistic interactions (i.e., threat, push,
chase, or attack behaviors). This allowed us to (1)
remove from the data the variability linked to
external stimuli, by removing the affected bouts
from the analyses (4 of the 992 bouts recorded)
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and (2) get an estimate of the proportion of forag-
ing bouts interrupted by agonistic interactions,
which partially reflects the strength of intra-
group interference in the access to food
resources. As costly vigilance bouts were rare (35
of the 352 bouts of vigilance recorded), we
choose to analyze only focals during which the
individual was in free vigilance. We collected
data to control for the multiple factors that could
influence antipredator vigilance and could either
mask or reinforce the group size effect (Elgar
1989, Beauchamp 2015). We systematically
recorded individual variables (i.e., age-class, sex,
and reproductive status), type of group (i.e.,
harem or herd, when the focal harem is isolated
or surrounded by other zebra groups within
50 m, respectively), zebra group size (i.e., num-
ber of zebras in a 50-m radius, without consider-
ing foals but including any other zebras from the
focal harem or from other harems or bachelor
groups), number of foals in the group, and the
presence of others prey species in a 50-m radius.
We also estimated distance to cover as cover can
provide ambush opportunities for lions. The dis-
tance between zebras and our vehicle (distance
to observer) was also estimated, but these zebras
are habituated to vehicles and tolerated vehicles
at 5-50 m. As proxies for visibility, we recorded
grass height (short when below focal zebra's
hooves, tall when above focal zebra’s tibia, which
is above the level of a zebra’s eyes when feeding,
and medium when at intermediate height). We
recorded wind strength using Beaufort number
given by an anemometer (none, 0 km/h; low, 0-
1.8 km/h; medium, 1.8-7.4 km/h; and strong,
>13 km/h) as zebras could be more vigilant in
windy conditions that may affect the perception
of predator cues. In total, we analyzed 282 focal
observations (122 for males, 89 for non-lactating
females, and 71 for lactating females). In 2018,
we collected 138 and 35 focal samples in the wet
and dry season, respectively, and in 2019, we col-
lected 49 and 60 focal samples in the wet and dry
season, respectively.

We tested the effect of group size on the dura-
tion of vigilance and foraging bouts by fitting
generalized linear mixed-effects models using
the R package Ime4 (Bates et al. 2015). We first
built full models with the duration of vigilance
or foraging bouts as response variable (we
assumed Poisson-distributed errors), and the
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main and interactive effects of group size, sea-
son, and a variable coding for sex and reproduc-
tive status (male, lactating female, non-lactating
female) as fixed effects. We also added a set of
additive effects to control for the effects of vari-
ables which were not of interest here but were
known to affect vigilance or foraging: presence/
absence of other species, duration of the prece-
dent foraging/vigilance bout, distance to cover,
distance to observer, grass height, and wind
strength. We included the identity of the individ-
ual as random intercept to take into account indi-
vidual differences in average bout duration. We
also included observation-level random inter-
cepts to correct for over-dispersion (Harrison
2014). These models were run separately for
harem and herds, as the very high correlation
between group size and group type prevented
including them meaningfully in the same mod-
els. We also ran these models with a second-
order polynomial effect of group size to allow
the relationship between the response variable
and group size to be non-linear, as expected by
optimal group size models. From these full mod-
els, we conducted variable selection using the
Akaike information criterion corrected for small
sample sizes (AIC.), considering only informa-
tive parameters (Arnold 2010), that is, those
reducing AIC. by >2. Variable selection was per-
formed using the R package MuMIn (Barton
2009).

We studied the potential for collective vigilance
using the scan-sampling approach (ie., instanta-
neous sampling on groups; Altmann 1974). We
focused only on groups whose main activity was
foraging. For each group studied, and every min-
ute for 5 min, we performed a scan on the whole
group and counted the number of individuals vigi-
lant in the group (without considering foals which
we assumed naive regarding predation risk). We
could thus compute the proportion of time (ie.,
proportion of scans) when at least one individual
in the group was vigilant, which is a metric of col-
lective vigilance (Pays et al. 20074, 20075, 2012). We
recorded the same control variables as for the
study of individual vigilance and foraging (see
above). As we conducted our research in the same
study area during the whole study period, we
could not avoid occasionally having repeated
observations of the same groups (number of scan
sequence per group: min = 1, max = 7, median =1,
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mean = 1.7). In total, we analyzed 475 scan sam-
ples (95 scan sequences of 5 scans each). In 2018,
we collected 35 and 15 scan sequences in the wet
and dry season, respectively, and in 2019, we col-
lected 23 and 22 scan sequences in the wet and
dry season, respectively.

For statistical inference on these collective vigi-
lance data, we used an approach similar to that
used for the study of the duration of vigilance/for-
aging bouts. The response variable was the propor-
tion of scans in an observation sequence where at
least one individual was vigilant, and we assumed
binomial distribution of errors. For harems, the
fixed effects of the models were the same as for the
study of the duration of vigilance/foraging bouts
(except for sex and reproductive status of individu-
als and the duration of the precedent bout). Ran-
dom effects were changed: The random intercept
was for harem identity, and observation-level ran-
dom effects were not required. For herds, there
were no repeated observations of specific herds, as
herd represented different group aggregation each
time, and we therefore did not include random
effects and fitted the models using the R package
stats (R Core Team 2019). Since sample sizes were
small for herds (20 scan sequences), the full model
for herds only included the interactive effects of
group size and season, as adding other control
variables led to strong overfitting. We performed
the same AICbased variable selection as for the
study of the duration of vigilance/foraging bouts.

We studied agonistic interactions using the all-
occurrence sampling approach (Altmann 1974).
Agonistic interactions during foraging were stud-
ied during the study of vigilance and foraging (see
above). Additionally, we conducted 10-min obser-
vations of groups when individuals were resting,
and 1-min observations of groups that were travel-
ing. The 1-min duration was constrained by the
fact that traveling groups often rapidly disap-
peared in the bushes. For both types of observa-
tion, we counted the number of agonistic
interactions observed during the observations peri-
ods to estimate the frequency of agonistic interac-
tions. In total, we analyzed 32 sequences of 10-min
observations when zebras were resting, and 46
sequences of 1-min observations when they were
traveling. As previously, we could not avoid
repeating observations of same groups occasion-
ally (number of observations group ' resting,
min = 1, max = 4, median = 1, mean = 1.3; number
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of observations group ' traveling, min =1,
max = 12, median =1, mean = 1.7). Agonistic
interactions were very rare (see results), so statis-
tical analyses were not possible.

Collection and analysis of demographic data

We estimated the relationship between harem
size and individual survival using data from the
long-term sight-resight study. Twice a year, dur-
ing approximately one month in the wet season
and three weeks in the dry season, groups whose
individuals were known were sought. When
found, harem size and identity of the individuals
were recorded. The age of previously unob-
served young individuals was estimated as in
Grange et al. (2015) and suckling used to deter-
mine motherhood. Further details on the moni-
toring of this population can be found in Grange
et al. (2015). Data collected between January 2008
and March 2017 were used here, corresponding
to 19 capture occasions (10 wet and 9 dry sea-
sons) over 10 yr.

We used multistate CMR models to estimate
adult survival (Lebreton et al. 2009). CMR mod-
eling allowed us to account for the fact that not
all known individuals were observed at each ses-
sion (imperfect detection). States were used to
represent group size classes: small, medium and
large for harems of size 2-3, 4-5, and 6 and more,
respectively. Foals were not used for the calcula-
tion of group size. This classification was chosen
based on the distribution of harem sizes in the
population (Fig. 1). Using a different categoriza-
tion of group sizes did not change our results
(Appendix S1: Tables S1-54) and classifying
group sizes into more states created too many
parameters for our models. See supporting infor-
mation for further details on encounter histories
and survival, detection, and transition matrices
(Appendix S2: Figures S1-S3). We ran separate
models for females and males. We added a
fourth state in the male analysis to represent their
presence in bachelor group (whose group size
was usually not recorded). A total of 143 females
and 105 males were retained for analysis. The U-
CARE software (Choquet et al. 2009) was first
used to perform goodness-of-fit tests to identify
any issues in the structure of our datasets (Pradel
et al. 2003). Models were fitted using the R pack-
age RMark (Laake 2013), starting from a full
model including an interactive effect of group
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size and season on survival probability, an addi-
tive effect of group size and season on detection
probabilities, and a group size effect on transi-
tion probability. As our goal was to see how
group size affects survival, we created only three
simpler models from this model, which included
either a season effect, a group size effect, or an
additive effect of season and group size on the
survival probability of adults. We used AIC, to
select the most parsimonious model, considering
only informative parameters (Arnold 2010). Esti-
mates were corrected for unequal time intervals
between capture occasions. Each interval was
defined as the time from the start of the field ses-
sion until the start of the following field session.
For foals (<1 y.0.), we used the fact that they
are dependent on their mother. If the mother was
observed, the detection probability of the foal
being alive is 1, and the observation of a mare
without her foal is reliable evidence that the foal
had not survived. We therefore used standard
Cox proportional-hazards models, fitted with the
R package survival (Therneau 2020). A total of
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114 foals were retained for the analysis. Due to
small sample sizes, we could not test for the
effect of season on foal survival, so we restricted
our analysis to two models which included either
an effect of age-at-entry (i.e., estimated age in
days when they were first observed) or an addi-
tive effect of group size and age-at-entry on the
survival probability of foals. As age-at-entry for
foals were highly variables (min = 0, max = 334,
median = 46, mean = 68.7), we choose to run a
time-on-study model which is more robust to
variations in age-at-entry than the chronological
age one (Chalise et al. 2012). Age-at-entry was
therefore included as a 2-class variable (0-1 and
1-6 months old).

REsuLTS

Effect of group size on behavior

The duration of vigilance bouts was not
affected, either linearly or curvilinearly, by group
size in isolated harems (Fig. 2; Appendix S3:
Table S1). In herds, aggregation of groups that
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Fig. 2. Duration of vigilance bouts in relation to group size (without foals), for males (M), lactating females
(FL), and non-lactating females (FNL) in wet and dry seasons. Model predictions and 95% confidence envelopes

are shown.
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were usually larger than single harems, vigilance
decreased with group size during the wet season,
but increased with group size during the dry sea-
son (Fig. 2; Appendix S3: Table S1). Vigilant
bouts were on average slightly longer in the dry
season (Fig. 2).

The duration of foraging bouts was affected
linearly by group size in isolated harem, decreas-
ing with group size in males and increasing with
group size in lactating females (Fig. 3;
Appendix S3: Table S2). Group size had no influ-
ence on the duration of foraging bouts in herds
(Fig. 3; Appendix S3: Table S2). Foraging bouts
were on average slightly shorter during the dry
season (Fig. 3).

The likelihood that at least one individual of
the group was vigilant increased strongly with
group size, both in isolated harems and in herds
(Fig. 4; Appendix S3: Table S3), with no seasonal
differences.

Agonistic interactions were very rare. Over 636
foraging bouts observed, only 1 was interrupted
by an agonistic interaction. When zebras were

VITET ET AL.

traveling or resting, agonistic interactions were also
low. We observed only 7 and 13 agonistic interac-
tions (Al) during 0.77 h and 5.33 h when zebras
were traveling (9.1 Al/h) and resting (2.4 Al/h),
respectively: 30% were threats (least intense level
of agonism), 20% were pushes, and 50% were
attacks (these involved physical contacts but rarely
lead to severe injuries).

Effect of harem size on survival

Data for adult males did not show any lack of
fit (X?(146) = 89.182, p = 1). However, we found
evidence for a lack of fit in adult females” data
(X?(142) = 232.505, p = 0), apparently due to a
transient effect (test 3G.SR: X*(26) = 58.331,
p = 0). We therefore corrected AIC. values for
over-dispersion (coefficient = 1.5015).

The survival of both adult males and females
changed between seasons but was not affected
by harem size (Table 1). Adult male survival was
0.863 (£0.027 SE, 95% CI 0.801-0.908) in the wet
season and 0.926 (+0.022 SE, 95% CI 0.870-0.959)
in the dry season. Adult female survival was
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Fig. 3. Duration of foraging bouts in relation to group size (without foals), for males (M), lactating females
(FL) and non-lactating females (FNL) in wet and dry seasons. Model predictions and 95% confidence envelopes

are shown.

ECOSPHERE ** www.esajournals.org

November 2020 ** Volume 11(11) ** Article 03288



VITET ET AL.

Wet Dry
1.0 -
Q
[ =]
c O
S5 08 -
» o
§<
= £
© E 0.6 4
2
=92
° > ]
2o 04
Rl
53 Type of
= ype of group
S 0.2
Dh_ -8 —— Harem
—— Herd
0.0 4
0 5 10 15 20 0 5 10 15 20

Group size (without foals)

Fig. 4. Proportion of times at least one individual is vigilant in the group in relation to group size (without
foals) in wet and dry seasons. Model predictions and 95% confidence envelopes are shown.

Table 1. Statistics for models of adult survival.

Sex Survival Detection Transition n AICct A-AICcT Deviancet
Adult males s gs+s gs 19 1749.94 0.00 1539.38
gs gs+s gs 21 1752.26 2.32 1537.32
gs+s gs+s gs 22 1752.28 2.34 1535.14
gs X s gs+s gs 25 1753.14 3.20 1529.33
Adult females s gsts gs 12 1631.73 0.16 1382.76
gs gs+s gs 13 1631.58 0.00 1380.52
gs + s gst+s gs 14 1632.07 0.49 1378.93
gs X s gs+s gs 16 1635.63 4.06 1378.31

Notes: Number of parameters (1), Akaike information criterion corrected for small sample sizes (AIC.), A-AIC. and
deviance for the models fitted for adults. Bold lettering indicates the selected models.

t Models for adult females are classified using the Akaike information criterion corrected for over-dispersion (QAIC,,
A-QAIC,, and QDeviance). Effects tested on survival, detection, and transition probabilities are group size (gs) and season (s).

0.935 (£0.022 SE, 95% CI 0.877-0.967) in the wet
season and 0.881 (£0.020 SE, 95% CI 0.836-0.915)
in the dry season.

The survival of foals was not clearly affected
by harem size. The model including harem size
effect was only 2.84 AIC units better than the
model without this factor, while having two
extra parameters should have reduced AIC by
four to be considered informative (Table 2). Sur-
vival estimates from the models including harem
size were lower in medium-sized harems than in
smaller or larger ones (Appendix S4: Table S1).
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DiscussioN

This study shows that group size does not
have large and consistent effects on plains zebra
vigilance or foraging behaviors at the individual
level. This is despite the fact that group size
increases the likelihood of not being targeted if
attacked (dilution effect), and the likelihood of
having at least one vigilant individual at any
time, which should facilitate collective vigilance
in larger groups. We found that agonistic interac-
tions were rare. Overall, this suggests that in

November 2020 ** Volume 11(11) *%* Article e03288



Table 2. Statistics for models of foal survival.

Model n AIC, A-AIC, Deviance
Survival ~ gs + a 3 404.06 0.00 397.90
Survival ~ a 1 406.90 2.84 404.88

Notes: Number of parameters (1), Akaike information cri-
terion corrected for small sample sizes (AIC.), A-AIC, and
deviance for the models fitted for foals. Bold lettering indi-
cates the selected model. Effects tested on survival probabili-
ties are group size (gs) and age-at-entry (a).

plains zebras increasing group size comes with
little benefits or costs linked to foraging and vigi-
lance. Accordingly, the size of the most stable
unit, the harem, has no straightforward effect
on survival, even in context of high predation
pressure.

Lack of; or inconsistency of, group size effects on
vigilance and foraging

Contrary to our predictions, we found no con-
sistent effect of group size on the duration of
either vigilance or foraging bouts. Group size
did contribute to an explanation of these vari-
ables in a few instances, but this effect was not
always consistent with the decrease expected
from a dilution or detection effect, was most
often not large, or was driven by what happens
in uncommon situations (i.e., very large group
size). For instance, zebras had shorter vigilance
bouts when in very large herds, but this was
true only in the wet season. The occurrence of
such large aggregations was rare. The only situa-
tion in which foraging bouts increased with
group size was for lactating females, and this
effect did not persist in larger herds. Therefore,
our results suggest that group size has little
effect on individual vigilance and foraging in
plains zebras at our study site. This view is sup-
ported by the inconsistent results on the relation-
ship between group size and vigilance and
foraging found by previous independent studies
conducted in the same species, either at the same
site (Périquet et al. 2010, 2012, Barnier et al.
2016) or elsewhere (Schmitt et al. 2014, Périquet
et al. 2017). Thus, we conclude that we found no
evidence of biologically significant detection or
dilution effects on the duration of vigilance and
foraging bouts.

We see three possible explanations for this
unexpected result: (1) Dilution and collective
detection do not occur or are not relied upon by
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zebras. Although zebra group sizes are generally
small, this is the situation in which the dilution
effect, a 1/N effect, should be strongest. However,
several conditions are required for dilution to
occur. First, the rate of attacks by predators
should not increase with increasing group size
(Turner and Pitcher 1986). If this is so, individu-
als in smaller groups should benefit from
increased safety (Creel and Winnie 2005), unlike
what is predicted by the dilution and detection
effects. In HNP, larger zebra groups could be
more conspicuous and more frequently attacked
by lions. This hypothesis cannot be tested at the
moment. Secondly, dilution effects are expected
to fade if predators attack a subset of individuals
in groups of prey more frequently. Lions have
been shown to preferentially attack zebra foals in
Kruger National Park and Etosha National Park
(Stander 1992, Mills and Shenk 1992) and this is
likely the case in HNP too. If so, group size
becomes a poor indicator of the level of risk
experienced by individuals and the risk of being
predated will likely be decoupled from the size
of the group. This is also the case if individuals
at the periphery of groups are preferentially tar-
geted (the geometry of the selfish herd, Hamilton
1971), although our data do not suggest that
individuals at the periphery are more vigilant
(not shown). We also acknowledge that,
although the dilution effect has until now be
looked at, like here, at the scale of the group, it
may actually operate first and foremost at a
higher scale: for instance at the scale of the
predator’s foraging patch where groups, not
individuals, can dilute each other’s risk. There-
fore, there are reasons why dilution at the group
scale might not occur. Regarding collective detec-
tion, our results show that larger groups make it
more likely to have at least one vigilant individ-
ual at any time. However, this probability
remains significantly lower than 1.0 at most
group sizes, and therefore, individuals may be
reluctant to rely on this effect. Also, it is known
that it can be risky to rely on vigilance by another
individual, as this one may be more likely to
escape attack than non-vigilant individuals,
which are more likely to become the predator’s
target (Bednekoff and Lima 1998). This process
explains why vigilance coordination is rarely
observed in systems without dedicated sentinels
(Pays et al. 20074, 2007b, 2012). There is also no
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evidence of vigilance coordination in zebras at
our study site (S. Chamaillé-Jammes, unpublished
data), suggesting that they might not rely on col-
lective vigilance. Another possible explanation is
that (2) zebras in larger groups may, if group size
reduces risk, trade off this safety not for reduced
vigilance but for greater use of riskier patches of
higher forage quality. At the study site, larger
groups of zebras may use riskier, but possibly
richer, patches (Patin 2018), and such group size-
dependent space-use adjustments to predation
risk might invalidate the traditional expectations
about the group size-vigilance relationship (Patin
et al. 2019). A third possibility is that (3) the pre-
diction that dilution and collective detection
should lead to reduce individual vigilance is
based on the assumption that vigilance reduces
foraging rate. This might not be the case here.
Indeed, 90% of the vigilance bouts observed
were free vigilance bouts, as zebra chew the pre-
vious bite while being vigilant. If vigilance and
foraging are not mutually exclusive activities,
zebras do not have to trade-off foraging for vigi-
lance as they can perform both simultaneously
and this could explain why individuals in larger
groups did not reduce their vigilance level.

Overall, many explanations, some not mutu-
ally exclusive, can be brought forward to explain
the lack of a consistent vigilance-group size rela-
tionship in these plains zebras, and likely in
other species. Future work is needed to clarify
whether or not they hold true. It will be challeng-
ing to do this in the wild, and modeling work
might be helpful to narrow the field of investiga-
tion initially. Whatever the underlying reason(s),
we did not find that increasing group size
improve foraging rates in plains zebras.

Lack of evidence for costs dependent on group
size via interference and agonistic interactions
Contrary to our prediction, we found no appar-
ent costs related to intra-group interference com-
petition for access to resources in our study
population. Agonistic interactions were rare, as
found in other plains zebra populations (Fischhoff
et al. 2009, Simpson et al. 2012). Due to this rarity,
we could not test our hypothesis that the fre-
quency of agonistic interactions increases as
group size increases. However, foraging plains
zebras were rarely interrupted by agonistic inter-
actions, so our results suggest that intra-group
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competition could have at most only a weak
impact on the cost-benefit balance of grouping
for these zebras.

Lack of evidence for a survival effect of harem
size

We did not find evidence that harem size
affects the survival of individuals in this popula-
tion in which individuals experience high preda-
tion risk. This is consistent with our behavioral
observation suggesting no clear effect of group
size on vigilance and foraging behavior. Some
other benefits and costs of group living do exist
and were not considered here (e.g., costs related
to behavioral synchrony and decision-making,
parasitism). Our results however show that, irre-
spective of the mechanisms considered, harem
size has no overriding influence on survival, a
pattern found in some of the few similar studies
conducted on non-cooperative breeding species
under predation (Robinson 1988, Brown et al.
2016). We could not study whether grouping at
higher social levels, that is, between harems, has
fitness benefits. The frequency of such associa-
tions remains unknown and would be difficult to
estimate in the field. However, an adaptive per-
spective of the instability of these multi-harem
herds suggests that the costs and benefits of such
groupings must be highly time and space-depen-
dent and further research on their social and eco-
logical determinants is clearly needed.

CONCLUSION

In conclusion, this study provides a rare com-
prehensive test of the demographic relevance of
dilution and detection effects under predation
risk, by combining behavioral observations and
long-term demographic data. The results show
that group size does not have an effect on vigi-
lance, as has been found in some other studies
(Treves 2000, Beauchamp 2008). Most impor-
tantly, all these results question whether fitness
benefits of dilution or detection should always
be assumed, as is commonly done in many
empirical and theoretical works (Serrano et al.
2005, Lehtonen and Jaatinen 2016, Guindre-Par-
ker and Rubenstein 2020). We argue that fur-
ther studies on group size-fitness relationships
are needed, particularly on species which do
not breed cooperatively. This would allow a
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stronger conceptual framework for understand-
ing how predation shapes animal sociality to be
built.
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