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To maximize survival, animals should adjust their behaviour flexibly in response to indicators of pre-
dation risk. Predation risk is affected by a range of ecological, social and individual variables, which can
fluctuate over different timescales. In general, current risk levels are known to influence the behaviour of
sentinels, individuals that adopt a raised position to scan for danger while groupmates are engaged in
other activities. However, there has been little consideration of whether decisions made at different
stages of a sentinel bout are affected in the same way by perceived predation risk and whether the same
level of behavioural plasticity is exhibited when making these different decisions. Here we used detailed
behavioural observations and a playback experiment to investigate the behavioural choices of dwarf
mongoose sentinels at three different stages of a bout (before, start, during). Individuals were more likely
to begin a bout, and did so sooner, following alarm calls, which are immediate, direct indicators of
elevated risk. Sentinels selected an initial height from which to guard depending on factors that tended
to vary in the medium term (hours), choosing higher positions in denser habitat and less windy con-
ditions. In contrast, decisions about bout duration were made in relation to short-term (seconds/mi-
nutes) changes in information, with sentinels guarding for longer when an alarm call was given during a
bout, and terminating bouts sooner when groupmates moved out of sight. Our results demonstrate that
sentinel decisions are influenced by both direct and indirect indicators of likely predation risk and that
sentinel behaviour is adjusted flexibly with regard to information presented on various timescales,
highlighting the complexity of decision-making processes.
© 2014 The Authors. Published on behalf of The Association for the Study of Animal Behaviour by Elsevier
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/3.0/).
Animals constantly make decisions about how to balance con-
flicting demands (McFarland, 1977), with the trade-off between
foraging and vigilance a classic example (Lima & Dill, 1990). Infor-
mation is a vital modulator of behaviour, and to facilitate appro-
priate decision making, animals continually monitor and assess
numerous external and internal factors (Dall, Giraldeau, Olsson,
McNamara, & Stephens, 2005; McFarland, 1977; Trimmer et al.,
2008). Behavioural flexibility is limited, however, and while ani-
mals are expected to behave optimally, they may be constrained
from doing so by, for instance, evolved psychological mechanisms
(Fawcett, Hamblin, & Giraldeau, 2013) or the cost of information
acquisition (Dall et al., 2005). Owing to the stochastic nature of the
environment and changing circumstances across time, individuals
should take into account fluctuating risk, rather than behave as if
the relevant threats to survival were constant (Bouskila &
ciences, University of Bristol,
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Blumstein, 1992). Assessing the level of behavioural flexibility
exhibited at different times is therefore also important in the
investigation of decision making.

Decision making in relation to predation risk can potentially be
affected by ecological, social and individual variables. Ecological
conditions such as habitat type (Werner, Gilliam, Hall, &
Mittlebach, 1983), heterogeneity (Hilton, Ruxton, & Cresswell,
1999; Rodríguez, Andr�en, & Jansson, 2001) and quality (Sapolsky,
1986), as well as wind speed (Hilton et al., 1999; Holl�en et al.,
2011), are associated with changes in predator detectability, den-
sity and behaviour. Similarly, predation risk depends on such social
factors as group size (Hamilton, 1971; Radford & Ridley, 2007) and
composition, including the presence of young (Pangle & Holekamp,
2010; Santema & Clutton-Brock, 2013), spatial position in the
foraging group (Radford & Ridley, 2007), and the activity (Pangle &
Holekamp, 2010) and vigilance behaviour (Pays, Blomberg, Renaud,
Favreau, & Jarman, 2010; Radford, Holl�en, & Bell, 2009; ) of com-
panions. Risk levels can also differ for individuals of different age,
sex and body condition (Burger, Safina, & Gochfeld, 2000; Lea &
Blumstein, 2011; Lima, 1988), while risk perception may depend
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on prior experience (Stankowich & Blumstein, 2005) and person-
ality (Dall, Houston, & McNamara, 2004).

Decision making requires continuous acquisition of data over
time (Trimmer et al., 2008). Individuals must simultaneously
consider multiple processes operating at different rates and time-
scales (Heath, Gilchrist, & Ydenberg, 2010), and although some
decision-making rules may be fixed and unresponsive to variations
in stimuli, optimal decisions can involve complex interactions
among these multiscale processes (Couchoux & Cresswell, 2012;
Heath et al., 2010). For example, sex usually remains constant
across an animal's lifetime, with age accumulating slowly over long
periods. Individuals experience variation in factors such as habitat
type and weather conditions in the medium term. Simultaneous
short-term variation arises as a consequence of, for instance,
changes in nutritional state or information provided from the
production of alarm calls by groupmates.

In a number of social species, the foragingevigilance trade-off
has led to the evolution of sentinel systems (Clutton-Brock et al.,
1999; Horrocks & Hunte, 1986; McGowan & Woolfenden, 1989;
Rasa, 1989; Ridley & Raihani, 2007; Wright, Berg, de Kort, Khazin,
& Maklakov, 2001a). Sentinels are individuals that adopt a raised
position to scan the surroundings and provide information about
potential threats to groupmates engaged in other activities
(Bednekoff, 1997; Bell, Radford, Rose, Wade, & Ridley, 2009;
McGowan & Woolfenden, 1989). Group members can benefit
from the presence of a sentinel in terms of reduced predation risk
and increased foraging success (Holl�en, Bell, & Radford, 2008;
Ridley, Raihani, & Bell, 2010). In general, sentinel behaviour is
known to be affected by individual factors, such as age, sex,
dominance rank and nutritional status. For instance, dominant fe-
male meerkats, Suricata suricatta, contribute less to sentinel duty
than other adults (Clutton-Brock et al., 1999), sentinel effort in
Arabian babblers, Turdoides squamiceps, is greater for males than
females, and with increasing dominance status in both sexes
(Wright et al., 2001a), and supplementary feeding resulted in
meerkats, Arabian babblers and pied babblers, Turdoides bicolor,
starting sentinel bouts sooner (Bell, Radford, Smith, Thompson, &
Ridley, 2010; Clutton-Brock et al., 1999; Wright, Maklakov, & Kka-
zin, 2001b). Previous studies have also demonstrated that both
direct indicators of greater predation risk (Clutton-Brock et al.,
1999; Radford, Bell, Holl�en, & Ridley, 2011; Ridley et al., 2010)
and changes in risk-related factors such as habitat andwind (Holl�en
et al., 2011; Santema & Clutton-Brock, 2013) can lead to general
increases in sentinel behaviour. However, sentinels must make a
series of decisions before, at the start and during a bout. Whether
and how perceived predation risk affects each of these in turn, and
the level of behavioural flexibility exhibited, have received little
consideration. Moreover, a true assessment of decision making
requires some knowledge about the choices available to the animal
(Van Moorter, Visscher, Herfindal, Basille, & Mysterud, 2013).
Apparent differences in behaviour between, for example, habitats
may simply arise because of differences in availability of a partic-
ular resource, but potential options are rarely quantified.

Here we examined how predation risk affects the decision
making of sentinels in awild population of dwarf mongooses. These
are cooperatively breeding carnivores living in groups of up to 30
individuals (Rasa, 1977). The dominant pair monopolizes repro-
duction with related and unrelated subordinates of both sexes
helping to raise young (Keane et al., 1994). Dwarf mongooses search
for their primarily invertebrate prey by digging, and so are conse-
quently unable to forage and be fully vigilant simultaneously (Rasa,
1986). They are at risk from a large number of avian and terrestrial
predators (Rasa, 1986), with sentinels often present (Kern &
Radford, 2013; Sharpe, Joustra, & Cherry, 2010). Sentinels alert
other group members to the approach of predators using alarm
calls which not only signify ‘danger’ but also indicate the type of
predator and urgency of the threat (Beynon& Rasa,1989). Although
most group members take part in sentinel duty, studies have found
variation in the investment of individual classes in different pop-
ulations: Rasa (1989) reported subordinate males investing signif-
icantly more time in sentinel bouts than other group members,
whereas no such dominance-based difference has been found at
our study site (Kern, n.d.).

In the current study, we investigated how predation risk affects
decisions at three different stages of a sentinel bout (before, start,
during): (1) when to become a sentinel; (2) what height above
ground to choose as an initial position; and (3) how long to remain
as a sentinel. As it is difficult to predict exactly when a natural
sentinel bout will start, a playback experiment was used for ques-
tion (1), increasing perceived predation risk through the use of
alarm calls. For questions (2) and (3), we analysed detailed obser-
vational data of natural behaviour and included various ecological
(e.g. habitat type, wind condition) and social (e.g. presence of pups,
occurrence of alarm calls) factors, while controlling for individual
factors such as sex, age and dominance status. A higher predation
riskmight be perceived either following direct indicators of a threat
(e.g. an alarm call) or in certain conditions, such as in denser hab-
itats (Brown, 1988) or on windier days (Hilton et al., 1999). In these
situations, we predicted that sentinels would start bouts sooner,
choose higher initial positions and stay on guard for longer. The
observational data sets also allowed a consideration of whether the
same level of behavioural flexibility is exhibited at different deci-
sion stages. Specifically, are decisions made in relation to factors
that alter predation risk in the medium term (e.g. changes in
habitat or group size that might occur across the day) or to factors
that can alter the perception of predation risk in the short term (e.g.
alarm calls, group activity), and is the same level of flexibility
exhibited both at the start and during sentinel bouts?
METHODS

Study Site and Population

The study took place on Sorabi Rock Lodge Reserve, a 4 km2

private game reserve in Limpopo Province, South Africa (24�110S,
30�460E), part of southern Africa's Savanna Biome (see Kern &
Radford, 2013 for full details). All work was conducted under
permission from the Limpopo Department of Economic Develop-
ment, Environment and Tourism (permit number: 001-CPM403-
00013), the Ethical Review Group of the University of Bristol, U.K.,
and the Ethical Committee of Pretoria University, South Africa.

At the study site, potential terrestrial predators of the dwarf
mongoose were the African wildcat, Felis lybica, black-backed
jackal, Canis mesomelas, side-striped jackal, Canis adustus, African
civet, Civettictis civetta, honey badger, Mellivora capensis, serval,
Felis serval, slender mongoose, Galerella sanguinea, rock monitor,
Varanus exanthematicus, African rock python, Python sebae, puff
adder, Bitis arietans, Mozambique spitting cobra, Naja mossambica,
snouted cobra, Naja haje, and black mamba, Dendroaspis polylepis
(Sharpe et al., 2010). The region is home to 14 species of large
diurnal raptor which prey upon mammals the size of dwarf
mongooses. Eleven are resident throughout the year, the most
commonly encountered of which are the African fish-eagle, Hal-
iaeetus vocifer, African hawk-eagle, Hieraaetus spilogaster, brown
snake-eagle, Circaetus cinereus, blackbreasted snake-eagle, Circae-
tus pectoralis, and tawny eagle, Aquila rapax. The rest occur here
during only part of the year, most notably the steppe eagle, Aquila
nipalensis, and Wahlberg's eagle, Aquila wahlbergi, which are pre-
sent during the summer months.
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Data were collected from four groups of wild dwarf mongooses
(mean group size ¼ 13.3; range 5e17), habituated to close obser-
vation (<5 m) on foot. Individuals were individually marked with
blonde hair dye applied with an elongated paintbrush while group
members were foraging (Wella UK Ltd, Weybridge, Surrey, U.K.) or
were identifiable from natural features such as scars or facial ir-
regularities. Group members were classified as either ‘dominant’
(male and female pair) or ‘subordinate’ (the remaining adults and
yearlings). The dominant pair could be identified through obser-
vations of aggression, feeding displacement, scent marking and
greeting behaviour (Rasa, 1977). Adults were individuals older than
18 months that had survived two dry seasons; yearlings were in-
dividuals born the previous summer and who had survived one dry
season. Individuals under 6 months of age were classified as pups
and are the age class most vulnerable to predation (Rasa, 1986).

Observational Data Collection

Observation sessions (N ¼ 182, total 470 h) were conducted
between November 2011 and May 2012, recording ad libitum oc-
currences of sentinel behaviour by known individuals (see also
Kern& Radford, 2013). Sentinels were defined as individuals whose
feet were at least 10 cm above ground and who were actively
scanning for predators while groupmates were engaged in other
activities, primarily but not exclusively foraging (Kern & Radford,
2013; Sharpe et al., 2010). For each bout, we recorded (1) sentinel
identity (and thus sex, dominance status and age); (2) initial height
above ground chosen as a position from which to guard (to the
nearest 10 cm); (3) whether the sentinel was accompanied (i.e.
another individual also acted as a sentinel for at least some of the
same period); (4) whether an alarm call was given during the bout;
(5) bout duration; (6) group size; (7) horizontal distance from the
sentinel to its nearest neighbour (<2 m, 2e5 m, >5 m, present but
inside day or overnight refuge); (8) location (overnight refuge e.g.
termite mound, hollow tree, log or rock cluster used for sleeping, or
elsewhere); (9) pup presence/absence; and (10) group activity.
Only bouts longer than 10 s were analysed, to ensure that an in-
dividual had adopted a fixed position (Kern & Radford, 2013). Ac-
tivities were divided into babysitting, foraging, travelling and
‘distracted’ (including grooming, play and scent marking); full de-
scriptions of behaviours are available in Rasa (1977). We also noted
wind speed (still < light breeze < strong wind) and habitat type
(open, medium, dense). Open habitats (<20% ground cover) were
sparsely vegetated sandy areas; medium habitats (20�60% ground
cover) were characterized by low-lying shrubs, mainlyHeliotropium
steudneri; and dense habitats (>60% ground cover) were charac-
terized by large numbers of thick shrubs such as Abutilon angula-
tum and Pechuel-Loeschea leubnitziae.

Ecological Surveys

To provide an assessment of potential differences in sentinel
visibility at different heights and in different habitats over the
course of the study period, surveys were carried out on a weekly
basis at six sites randomly chosen from each habitat type (open,
medium, dense). The coordinates of each sitewere recorded using a
Garmin etrex H handheld GPS device (Garmin Europe Ltd, South-
ampton, Hampshire, U.K.), to allow repeated returns to the same
location. On each occasion, the observer faced north (determined
with a compass) and assessed the distance at which objects just
above ground level were visible from heights of 10 cm, 30 cm,
50 cm and 1 m; this analysis provides an indication of the likeli-
hood of keeping groupmates in sight and of spotting terrestrial
predators. Each sentinel bout included in the analysis of bout
duration (see below) was assigned the distance visible value from
the nearest height category from the nearest survey day in the
relevant habitat type.

To assess whether there are differences between habitat types in
the heights available to sentinels, 12 sites in each habitat were
chosen using randomly generated GPS coordinates. At each site, we
measured the height of the 10 objects used by sentinels (rock, log,
tree, termite mound) and higher than 10 cm (see sentinel definition
above), not including refuges, closest to the GPS point. To deter-
mine whether a difference exists in height availability depending
on location (overnight refuge, elsewhere), the heights of all known
overnight refuges (N ¼ 59) were also measured for comparison
with heights measured as part of the habitat assessment.

Playback Experiment

To assess the influence of increased predation risk on when
individuals choose to start a bout, we conducted a playback
experiment between 28 February and 14 April 2012 (see also Kern
& Radford, 2013). The experiment involved two treatments:
conspecific alarm calls and control close calls (low-amplitude vo-
calizations given continuously by foraging individuals). Twenty-
four playback tracks were constructed using six alarm calls recor-
ded opportunistically from each of the four study groups (see Kern
& Radford, 2013 for details of recordings). Each track was 5 s in
length, comprising one alarm call by a known adult individual.
Dwarf mongooses produce two main alarm call types (Beynon &
Rasa, 1989); we used only pulsed calls given to aerial predators to
create playback tracks. As a contextual control treatment, close calls
from the same adult individuals were used to construct six 5 s
tracks per group. It is possible that any variation in behaviour
following playback of the two sound treatments is a consequence of
alarm calls being naturally more alerting or ‘plosive’ than close calls
(see Holl�en& Radford, 2009; Rendall, Owren,& Ryan, 2009), rather
than a perceived difference in risk, but this would also be true of
natural calling situations. The vocalization (alarm or close call)
began 2 s into the track with the remaining time comprising
background noise. Tracks did not include any other dwarf mon-
goose vocalizations.

Each habituated group was presented with six pairs of playback
trials, comprising an alarm call and a close call from the same group
member (as per Kern & Radford, 2013). Calls were broadcast from
an mp3 player (Apple Inc, Cupertino, CA, U.S.A.) connected to a
single speaker (Excel Audio, Guangzhou, China) positioned on a
wooden block at a height of 5 cm. The two treatments within a trial
pair were separated by a minimum of 1 h and played when the
entire group was foraging in the same habitat type. Playbacks took
place when there had been no natural sentinel present for at least
5 min and no natural alarm call for at least 10 min. Following any
major disturbances, such as an intergroup encounter or snake
mobbing, a minimum of 15 min elapsed before the next playback
took place. Subsequent pairs of trials were presented to each group
a minimum of 36 h after the previous playback. Playbacks were
balanced to ensure that each group received three trials inwhich an
alarm call was presented first and three in which a close call was
presented first, but the order of these pairs was randomized within
each group. Following a playback, we noted whether any individual
became a sentinel in the following 10 min, and the time until the
bout started (recorded as 600 s if no group member acted as a
sentinel).

Statistical Analysis

All analyses were performed using R version 2.15.1 (R
Development Core Team, 2012). All tests were two tailed and
were considered significant at P < 0.05. We used a one-way ANOVA



Table 1
Generalized linear mixed model on factors affecting whether to become a sentinel

df LRT c2 P

Full model
Treatment 1 20.05 <0.0001
Playback order 5 0.05 0.820

Minimal model Effect size SE
Constant 27.57 45.67
Treatment (Control) �15.69 47.51
Group ID 37.63 6.13
Individual ID in group 2896.60 53.82

The analysis used data from the playback experiment (N ¼ 24 playback pairs, 4
groups). Data on whether an individual became a sentinel were fitted to a binomial
distribution with logit-link function. Group identity and playback pair were
included as random terms. The significant term is highlighted in bold.
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to investigate whether the height of available positions varied be-
tween habitat types, and a two-sample t test to examine whether
the height of overnight refuges differed from the height of vege-
tation available elsewhere.

For assessments of behavioural decisions, we used mixed
models to take account of repeated measures from the same group,
individual and/or playback pair. Linear mixed models (LMMs) were
conducted, using the lme function in package ‘nlme’ (Pinheiro,
Bates, DebRoy, & Sarkar, 2012), whenever data (original or trans-
formed) fitted the relevant assumptions of normality and constant
variance; generalized linear mixed models (GLMMs) were con-
ducted, using the lmer function in package ‘lme4’ (Bates, Maechler,
& Bolker, 2012), for binomial data sets or where transformations
could not improve the data fit sufficiently. Residuals for all models
were examined visually to ensure homogeneity of variance,
normality of error and linearity.

All likely explanatory terms were included in the full model.
Model simplificationwas then conducted using stepwise backward
elimination (Crawley, 2005) with terms sequentially removed until
the minimal model contained only terms whose elimination
significantly reduced the explanatory power of the model.
Removed terms were returned to the minimal model individually
to confirm that they were not significant. Presented c2 and P values
were obtained by comparing the minimal model with models in
which the term of interest had been removed (for significant terms)
or added (for nonsignificant terms). Presented effect sizes ± SE
were obtained from the minimal model. For categorical terms,
differences in average effects are shown relative to one level of the
factor, set to zero. For categorical variables containing more than
two levels, post hoc comparisons of each pair of levels were con-
ducted with Tukey's tests using the ‘glhd’ function in package
‘multcomp’ (Hothorn, Bretz,&Westfall, 2012); Tukey's tests correct
for multiple testing and thus there is no need for additional use of
Bonferroni corrections (Ruxton & Beauchamp, 2008). Only results
of significant post hoc comparisons are presented.

When to become a sentinel
Playback data were analysed using GLMMs. Data on whether an

individual went on sentinel duty following playback were fitted to a
binomial distribution with logit-link function and binary response
terms (1 or 0). Latency data were log-transformed to allow analysis
using a GLMM with Poisson error structure and log-link function.
Both models fitted the fixed effects of treatment (alarm or control)
and playback order (1e6). Playback pair (alarm call and close call
from the same group member) was included as a random term, as
was group identity.

What height above ground to choose as an initial position
Observational data on initial height from which to guard were

analysed using an LMM following square-root transformation,
fitting the fixed effects of sentinel age, sex and dominance status,
habitat type, wind speed, location, period, nearest-neighbour dis-
tance, group size, group activity and pup presence/absence, with
individual identity nested in group identity included as random
terms.

How long to remain as a sentinel
Observational data on bout duration were analysed using an

LMM following logarithmic transformation, fitting the fixed effects
of sentinel age, sex and dominance status, habitat type, visibility,
wind speed, location, period, group size, group activity, pup pres-
ence/absence, whether an alarm call was given and whether the
sentinel was accompanied, with individual identity nested in group
identity included as random terms.
RESULTS

When to Become a Sentinel

Following playback of an alarm call, individuals were signifi-
cantly more likely to become a sentinel (Table 1, Fig. 1a) and did so
significantly faster (Table 2, Fig. 1b) than following a control call.
Playback order (1e6) did not significantly influence whether an
individual began a sentinel bout (Table 1) or latency to the start of a
bout (Table 2).

What Height above Ground to Choose as an Initial Position

Sentinels first positioned themselves at a height of 10e250 cm
(mean ± SE ¼ 83.0 ± 2.3 cm, N ¼ 439 bouts, 40 individuals). Con-
trolling for a significant effect of dominance status, with subordi-
nate individuals choosing higher positions than dominants
(Table 3), initial height was significantly influenced by wind con-
dition (Table 3). Sentinels chose lower positions when guarding in a
light breeze than when it was still (Table 3, Fig. 2a). Habitat also
significantly affected height choice: sentinels chose higher posi-
tions in dense and medium habitats than in open areas (Table 3,
Fig. 2b). This was not the consequence of a difference in available
heights in the different habitats (ANOVA: F2,33 ¼ 2.26, P ¼ 0.12).
Although location was a significant predictor of initial height in the
overall model (Table 3), positions available at a refuge were
significantly higher than those elsewhere (two-sample t test:
t59 ¼ 8.56, P < 0.0001); the use of higher positions at refuges may
not represent an active choice.

How Long to Remain as a Sentinel

Sentinel bouts lasted 11e38.1 min (mean ± SE ¼ 192.1 ± 14.3 s,
N ¼ 342 bouts, 38 individuals). Controlling for a significant effect of
age, with adults guarding for longer than yearlings (Table 4), in-
dividuals remained on guard for significantly longer if an alarm call
was given during the bout (Table 4, Fig. 3a) and if there was another
sentinel present during the bout rather than guarding alone
throughout (Table 4, Fig. 3b). The activity of groupmates signifi-
cantly affected bout duration: sentinels guarded for a shorter
period of time when the group were travelling than when baby-
sitting and foraging (Table 4, Fig. 3c). Visibility also significantly
influenced bout length: sentinels guarded for longer when able to
see further (Table 4, Fig. 3d).

DISCUSSION

Our work provides strong evidence that the decision making of
dwarf mongoose sentinels at different stages of a bout is influenced
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Figure 1. The effect of playback treatment on (a) whether an individual became a sentinel, and (b) latency to the start of a bout. Means and SEs are shown.

Table 3
Linear mixed model on factors affecting above ground height of post chosen by
sentinels

c2 df P

Full model
Location 7.78 1 0.005
Dominance status 7.48 1 0.006
Habitat 7.05 2 0.029
Wind 6.27 2 0.043
Nearest-neighbour distance 4.72 1 0.192
Age 1.15 1 0.282
Sex 0.89 1 0.344
Pups 0.50 1 0.476
Activity 2.17 3 0.537
Period 0.01 1 0.919
Group size 0.01 1 0.964
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by a range of ecological and social factors relating to predation risk.
Vigilance effort should increase during periods of higher risk (Lima
& Bednekoff, 1999), so animals are expected to adjust their
behaviour according to direct cues of predator presence (e.g. alarm
calling, predator sightings and flight behaviour). In our study,
playback of conspecific alarm calling (suggesting imminent threat)
resulted in a greater likelihood of an individual becoming a sentinel
and doing so faster. This is in line with recent experimental work in
other species showing that individuals alter their sentinel behav-
iour in response to model predators and heterospecific alarm calls
(Bell et al., 2009; Ridley et al., 2010). Animals are also expected to
make vigilance decisions in relation to indirect cues of predation
risk (Carr & Lima, 2010; Holl�en et al., 2011; Mateo, 2007;
Whittingham, Butler, Quinn, & Cresswell, 2004), and our results
from the detailed observational data set demonstrate that a range
of ecological and social factors, varying in the time frame over
which they change, affect decisions both at the start and during a
bout.

The decision aboutwhat positional height to adopt at the start of
a bout was influenced predominantly by ecological factors that vary
in the medium term (wind condition and habitat type), that is,
factors that are likely to vary across the day, but that are reasonably
stable on a short-term basis. Windy conditions are associated with
increased risk, as the ability to detect predators accurately and
rapidly using visual and olfactory cues is compromised (Carr &
Lima, 2010; Conover, 2007; Hilton et al., 1999), while attacks may
Table 2
Generalized linear mixed model on factors affecting latency to become a sentinel

df LRT c2 P

Full model
Treatment 1 4.52 0.033
Playback order 5 0.14 0.706

Minimal model Effect size SE
Constant 0.45 0.17
Treatment (Control) 0.45 0.21
Group ID 0.0 0.0
Individual ID in group 0.0 0.0

The analysis used data from the playback experiment (N ¼ 24 playback pairs, 4
groups). Latency data were log-transformed and fitted to a Poisson distribution with
log-link function. Group identity and playback pair were included as random terms.
The significant term is highlighted in bold.
occur more frequently owing to an increase in general energy
expenditure which requires avian predators to hunt more often
(Masman, Daan, & Beldhuis, 1988). The lower height chosen by
sentinels in our study during windier conditions might therefore be
because branches at such heights are sturdier and offer more pro-
tection from predators (see also Holl�en et al., 2011). Alternatively,
that decision might be made because wind lessens the likelihood of
vocalizations being detected by intended receivers (Wiley &
Richards, 1982). Sentinels might therefore guard closer to the
ground to increase the chances of foraging groupmates hearing
Minimal model Effect size SE
Constant 7.96 0.38
Location (Refuge) 0.70 0.38
Rank (Subordinate) 1.01 0.31
Habitat
Dense 0 0
Medium �0.04 0.27
Open �1.76 0.68

Wind
Light breeze 0 0
Still 0.86 0.33
Strong wind 0.08 0.39

Group ID 0.33 0.0
Individual ID in group 0.39 0.0

The analysis used observational data from 439 sentinel bouts by 40 individuals in
four groups, with individual ID nested within group ID included as random terms.
Post hoc Tukey's tests for habitat type (dense versus both other habitat categories:
P ¼ 0.026) andwind speed (light breeze versus still: P ¼ 0.008). Significant terms are
highlighted in bold.
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Figure 2. The effect of environmental variables (a) wind and (b) habitat on sentinel height choice. Means and SEs, back-transformed from predicted means of the LMM presented in
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their alarm calls (Beynon & Rasa, 1989) and, particularly, their low-
amplitude watchman's song (surveillance/close calls given during a
bout; Kern & Radford, 2013). Since there is the possibility of vocal
negotiation between sentinels and foragers about subsequent
bouts (Bell et al., 2010), sentinels might want to maximize their
own chances of hearing the close calls of foragers. As expected,
sentinel dwarf mongooses also chose different heights depending
on the habitat, adopting higher positions when guarding in denser
vegetation; pied babbler sentinels have similarly been shown to
make behavioural decisions according to habitat type (Holl�en et al.,
2011). Habitat type is likely to influence predation risk because
terrestrial predators in particular are harder to detect in denser
habitats (Lazarus & Symonds, 1992; Whittingham & Evans, 2004).
Table 4
Linear mixed model on factors affecting duration of sentinel bouts

c2 df P

Full model
Alarm call during 23.60 1 <0.0001
Accompanied during 24.96 1 <0.0001
Activity 11.90 3 0.008
Visibility 6.62 1 0.010
Age 6.66 1 0.027
Location 0.01 1 0.057
Period 2.90 1 0.088
Pups 2.16 1 0.141
Habitat 3.42 2 0.181
Dominance status 1.59 1 0.208
Wind 1.61 2 0.447
Sex 0.46 1 0.500
Height 0.48 1 0.891
Group size 0.05 1 0.986

Minimal model Effect size SE
Constant 1.96 0.09
Alarm call during (Yes) 0.29 0.06
Accompanied during (Yes) 0.25 0.05
Visibility 0.01 0.01
Age (Yearling) �0.11 0.05
Activity
Babysitting 0 0
Distracted �0.18 0.09
Foraging �0.10 0.07
Travelling �0.29 0.11

Group ID 0.00 0.00
Individual ID in group 0.00 0.04

The analysis used observational data from 342 full sentinel bouts by 40 individuals
in four groups, with individual ID nested within group ID included as random terms.
Post hoc Tukey's tests for activity (travelling versus babysitting: P ¼ 0.020, travelling
versus foraging: P ¼ 0.028). Significant terms are highlighted in bold.
Our ecological surveys to determine available positions in terms
of height demonstrate why it is crucial to have some knowledge of
potential choices when discussing decision making (Van Moorter
et al., 2013). Both location and habitat were found to be signifi-
cant predictors in the statistical model assessing height choice. In
the former case, that could simply be because positions available at
overnight refuges were higher than those elsewhere; this may not
represent active choice. In contrast, positions available in the three
habitat types did not differ significantly in their height, and thus the
finding that sentinels adopt lower positions in the open probably
reflects true decisions. We suggest that, where possible, studies on
decision making should include assessment of available options.

The decision about how long to remain as a sentinel, made
during a bout, was influenced predominantly by social factors that
can change in the short term. For instance, if an alarm call was given
by a forager, indicative of increased likelihood of predation, senti-
nels conducted longer bouts. These occurrences represent the most
up-to-date information about current conditions. However, in-
dividuals must also consider the likely reliability and relevance of
social information (Beauchamp & Ruxton, 2007; Giraldeau, Valone,
& Templeton, 2002); how sentinels integrate personal and social
information is an exciting topic for future studies. Bout duration
was also affected by group activity and visibility, with sentinels
stopping sooner when the group were travelling and lines of sight
were shorter. In both cases, the rest of the group are likely to be out
of sight sooner, and sentinels must balance the benefits of vigilance
with the risk of losing groupmates; dwarf mongoose sentinels are
particularly vulnerable when running to catch up with travelling
companions (Rasa, 1987).

In general, an appreciation of how animals respond to social
information is fundamental to our understanding of decision
making (Giraldeau et al., 2002). Foraging groupmates would clearly
benefit if information about sentinel decisions relating to starting a
bout, height and duration were readily available to them. Such in-
formation could be gathered visually, but for many species this
strategy disrupts foraging (Holl�en et al., 2008; Manser, 1999). Use of
vocal cues, such as the watchman's song (Wickler, 1985), enables
group members to coordinate vigilance more efficiently. In other
species, the watchman's song is known to provide information
about sentinel presence (Holl�en et al., 2008; Manser, 1999) and
height (Radford et al., 2009), as well as estimates of current risk
level (Bell et al., 2009), and to be used in negotiation with foragers
about bout duration (Bell et al., 2010). Dwarf mongoose sentinels
are known to produce a watchman's song, although not during
every bout (Kern & Radford, 2013), and foragers appear to use it
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when detecting the presence of a sentinel. Whether the watch-
man's song provides additional information in this species and
whether sentinels obtain social information about current condi-
tions from the vocalizations of other groupmembers are issues that
remain to be tested.

Future studies might profitably consider how the payoffs to
different classes of sentinel (those of different age or dominance
status, for example) vary across ecological and social conditions,
and how sentinels make their decisions (see Bell et al., 2010).
Moreover, the quality, as well as the quantity, of vigilance could be
considered, with visual capabilities, eye and head movements and
posture all potentially exerting an influence (e.g. Fern�andez-Juricic,
Erichsen, & Kacelnik, 2004). For now, our work highlights the
complexity of decision-making processes, demonstrating that
sentinel choices are influenced by both direct and indirect in-
dicators of likely predation risk and that sentinel behaviour is
adjusted flexibly in relation to information available on different
timescales. Such behavioural flexibility is likely to enhance survival
(Blumstein & Bouskila, 1996; Couchoux & Cresswell, 2012).
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