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Extraterritorial prospecting forays are an important route to fitness in many species, allowing the
assessment of dispersal opportunities and often extragroup mating prior to dispersal. However, few
studies have examined the factors affecting individual variation in prospecting effort and the extent to
which individuals time their forays so as to maximize the benefits and mitigate the costs of prospecting.
We used 11 years of prospecting data from a wild population of cooperatively breeding meerkats,
Suricata suricatta, to investigate how subordinate males modulate their prospecting effort according to
their social and physical environment and internal state. Prospecting effort showed strong seasonal
variation, in which peak prospecting broadly coincided with the breeding season. When we controlled
for this seasonal variation, we found that males were more likely to prospect when there were larger
numbers of females evicted from foreign groups (with whom prospecting males found new groups) and
on days when they encountered another social group (to which they could then prospect at minimal
cost). Males were also more likely to prospect when older, in stronger body condition and in years of
higher rainfall (when greater food availability may reduce prospecting costs and improve the chance of
encountering fertile females). Finally, although travelling in larger coalitions can mitigate the costs of
prospecting, males with more potential coalition partners were less likely to prospect. Together, our
results indicate that individual investment in predispersal prospecting forays is influenced by social,
environmental and state-dependent factors that may shape the benefits and mitigate the costs of
extraterritorial prospecting. Our findings suggest that males rely more on extragroup than within-group
social cues when timing their forays, and provide new insights into the likely drivers of spatiotemporal
patterns of dispersal and extragroup mating in social species.
� 2013 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
Prospecting behaviour involves gathering information on future
dispersal and breeding sites (Danchin, Heg, & Doligez, 2001;
Ponchon et al., 2013; Reed, Boulinier, Danchin, & Oring, 1999) and
can lead to settlement decisions (Haughland & Larsen, 2004; Pärt,
Arlt, Doligez, Low, & Qvarnström, 2011). Prospecting can also pro-
vide immediate access to mating opportunities (Waser, 1996;
Westneat & Stewart, 2003), and may be the primary route to
breeding for subordinate individuals in social species with high
reproductive skew (Lazaro-Perea, 2001; Young, Spong, & Clutton-
Brock, 2007). Despite the importance of prospecting behaviour in
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shaping patterns of dispersal and reproduction, remarkably few
studies have investigated the causes of individual variation in in-
vestment in prospecting forays (del Mar Delgado, Ratikainen, &
Kokko, 2011; Ponchon et al., 2013).

Investment in prospecting is likely to be influenced by its ex-
pected payoffs. Individuals can attempt to maximize the benefits of
prospecting by timing their forays appropriately, using environ-
mental or social cues that may be indicative of opportunities to
breed or obtain reliable information on dispersal options (Bowler &
Benton, 2005; Reed et al., 1999; Wingfield, 2008). For example, in
avian species for which breeding success reliably indicates habitat
quality, prospecting forays to conspecific nests are most frequent
during the nestling and fledgling phases (Doligez, Pärt, & Danchin,
2004; Ward, 2005). Prospecting can be costly, however, as it typi-
cally involves travelling alone or in reduced numbers, thus
increasing the risk of predation and having detrimental effects on
condition (Bonte et al., 2012), particularly in group-living species.
Prospectors may experience loss of body mass, chronically elevated
by Elsevier Ltd. All rights reserved.
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levels of stress, and aggression from foreign individuals (Lazaro-
Perea, 2001; Raihani, Nelson-Flower, Golabek, & Ridley, 2010;
Young, Carlson, & Clutton-Brock, 2005; Young & Monfort, 2009).
Individuals should therefore adjust their investment in prospecting
according to their condition (Bonte & De La Peña, 2009; Dufty &
Belthoff, 2001), the availability of coalition partners (Ridley,
2012), or the proximity of potential mates and dispersal opportu-
nities (Cant, Otali, & Mwanguhya, 2002).

In this study, we investigated individual variation in predis-
persal prospecting in cooperatively breeding meerkats, Suricata
suricatta, using 11 years of life history data from a wild population.
Meerkats live in groups of up to 50 individuals, in which a single
dominant pair monopolizes within-group reproduction and close
inbreeding is avoided (Griffin et al., 2003; Spong, Hodge, Young, &
Clutton-Brock, 2008). Both males and females remain in their natal
groups as subordinate helpers beyond the age of sexual maturity
(Clutton-Brock et al., 2002; Russell, Young, Spong, Jordan, &
Clutton-Brock, 2007), but males frequently conduct temporary
extraterritorial forays prior to natal dispersal (Clutton-Brock et al.,
2002; Young et al., 2007). Males conduct these forays alone or in
coalitions, with larger social groups producing larger prospecting
coalitions (up to 16 males; Young, 2003). Prospecting males
frequently approach foreign groups and mate with both dominant
and subordinate females, a tactic that, for a majority of males, may
yield most of their reproductive success (Spong et al., 2008; Young
et al., 2007). Prospectors may ultimately disperse either by seizing
dominance in an established group or by founding a new group
with evicted subordinate females from another group (Doolan &
Macdonald, 1996b; Mares, Young, & Clutton-Brock, 2012; Young,
2003). None the less, prospecting is not without its costs. While
travelling away from their natal groups, males may experience
higher predation risk (Clutton-Brock et al., 1999), condition loss
(Young et al., 2005), elevated physiological stress levels (Young &
Monfort, 2009) and aggression from foreign individuals (Mares
et al., 2012). Males should invest in prospecting, therefore, in
ways that maximize the expected payoff. Previous studies have
shown that subordinate males tend to visit neighbouring groups
(Drewe, Madden, & Pearce, 2009), benefit from reduced intrasexual
aggression and lower stress levels when prospecting in coalitions
(Young, 2003), and spend more time prospecting during months
when female fertility is high (Young et al., 2007).

Here, we provide the first comprehensive assessment of how
prospecting in male meerkats is influenced by social cues (both
from foreign groups and their own group), the physical environ-
ment and a male’s internal state. Specifically, to investigate the
effects of social cues, we established whether the timing of pro-
specting forays is affected by the availability of coalition partners
within a male’s own group, encounters with foreign groups, and
the timing of oestrus (which indicates mating opportunities) and
subordinate female evictions (which provide opportunities to form
new groups) both within a male’s own group and across the pop-
ulation. To investigate the effects of the physical environment and a
male’s internal state on prospecting effort, we also established
whether the probability of prospecting is affected by interannual
variation in rainfall (an important determinant of food availability;
Doolan & Macdonald, 1996a) and a male’s age and body mass.

METHODS

Study Site and Population

The study was conducted using data collected from 1999 to
2009 on a wild population of meerkats at the Kuruman River
Reserve (26�590S, 21�500E) and surrounding ranch land in the
southern Kalahari desert, South Africa. The climate at the study site
is characterized by low annual rainfall and extreme temperatures,
with two distinct seasons (Clutton-Brock et al., 1999; Russell et al.,
2002): a cold, dry winter (May to September) and a hot, wet
summer (October to April). The study population consisted of 13e
21 groups in any given year, and all individuals were habituated to
close observation (within 2 m) and were identifiable by unique dye
marks on their fur (applied using a small paintbrush and without
the need for capture, as described in Jordan, Cherry, & Manser,
2007). Groups were visited at least once every 3 days to record
changes in group composition, life history events, including dates
of birth, reproduction and emigration, and all encounters between
groups over a 3 h observation period (in the mornings when
meerkats were most active). All data collection protocols were
approved by the Research Ethics Committee of the University of
Pretoria, South Africa.

The effects of environmental, social and state-dependent factors
on the probability of prospecting were investigated using data
collected over 11 years for 359 males resident in 15 groups. Subor-
dinate males (determined by submissive behaviour to dominants;
Spong et al., 2008) that temporarily left their groupwere considered
to be prospecting (Young et al., 2005), with individuals returning on
the same day of departure on over 70% of forays (Mares, 2012).
Although departing males were not tracked in this study, 58% of
departures involved subsequent sightings of thesemales at a foreign
group. Given that groups were not always monitored simulta-
neously, the actual frequency with which individuals encountered
other groups is likely to be higher. Indeed, on the 27 occasions on
which departing males were tracked by an observer, 21 led to en-
counters with foreign individuals and males were seen inspecting
burrows frequently used by foreign groups on all but two forays (R.
Mares, unpublished data). This study focused on adult subordinate
males residing in their natal groups, between 1 (the age at adult-
hood; Clutton-Brock et al., 2002) and 3 years of age, as most males
disperse after their third year (Russell et al., 2007). After dispersing,
males can mate with females in their new group and markedly
reduce their investment in prospecting (Young et al., 2007).

Statistical Analysis

All statistical analyseswere conducted in R (version 2.15.3; R Core
Team, 2013) using lme4 (version 0.999999-0; Bates, Maechler, &
Bolker, 2012) for building generalized linear mixed models
(GLMMs). Model selection was based on an information-theoretic
approach, using Akaike’s information criterion values (Akaike,
1973) corrected for small sample sizes (AICc; Burnham & Anderson,
2002). For each model in our candidate set (see details below), AICc
differences (DAIC, themodel’sAICcminus theminimumAICc across all
candidate models) and weights (w, the model’s probability of being
the correct model, conditional on the set of candidate models) were
estimated, andmodels with DAIC <2 were considered to be the ‘best’
(Burnham & Anderson, 2002). A model was deemed to have strong
support for being the single best model within the set if w was
greater than 0.9 (Burnham & Anderson, 2002). The total variance
explained by a model (R2GLMM(c)) was estimated following the
method described by Nakagawa and Schielzeth (2013). Continuous
input variables were standardized by subtracting the mean and
dividing by two standard deviations, to allow the comparison of
estimated effect sizeswith those of binary predictors (Gelman &Hill,
2007). The potentially nonlinear relationships between continuous
predictor variables and the response term were inspected prior to
their inclusion in our candidate GLMMs, by building separate
generalized additive models (GAMs; mgcv version 1.7-22; Wood,
2011) for each term under consideration. Quadratic terms were
then included in the GLMMs for those predictors with evident
humped relationships (Crawley 2007).
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Candidate models
Whether or not a subordinate male departed from his group on

a prospecting foray on a given day (N ¼ 64509male days) was used
as the binary response variable in a candidate set of GLMMs with
binomial error structure and logit link function. All GLMMs
considered were fitted with year and group, litter and individual
identities as random intercept terms to account for repeated
measures. All models also included a periodic, seasonal component
(see below), eachmale’s age (Young et al., 2007) and the proportion
of days each male spent prospecting in the preceding 7 days
(termed ‘recent prospecting’) as fixed terms. Recent prospecting
was included to account for the temporal autocorrelation among
observations, and was calculated as a linearly weighted average,
giving more weight to the most recent days (see Barelli, Reichard, &
Mundry, 2011 for a similar method). By considering up to 7 days
before the focal day, recent prospecting encompassed the period
over which a previous study detected negative effects of pro-
specting on body condition (Young et al., 2005).

To assess the relative importance of the factors affecting pro-
specting decisions, 10 candidate models (Table 1) were built by
fitting, in addition to the terms described above, combinations of
the following input variables: a male’s age-corrected body mass;
the number of adult subordinate males in his group (i.e. potential
coalition partners); whether or not his group encountered
another group (termed ‘intergroup encounter’); total rainfall in
the previous 30 days; and measures of female fertility and evic-
tion, both within each male’s group and across the population
(see below for definitions and details of predictors). Only one
measure each of fertility or eviction was included per candidate
model, such that we could ascertain the best predictors among
terms that are strongly correlated in time (Clutton-Brock, Hodge,
& Flower, 2008).

Given the evident temporal correlations of rainfall, fertility and
eviction with the seasonal pattern of prospecting (Fig. 1), each of
these input variables was adjusted for day of the year (termed
‘deseasonalized’) before being incorporated into the models, as
described below. Adjusting these variables for day of the year
enabled the assessment of the effects of deviations from their
typical, seasonal patterns on the probability of prospecting, rather
than estimating less informative correlates of seasonal profiles. The
seasonality of prospecting per se was accounted for by including
the seasonal component in our models (see below).
Table 1
Candidate models of the probability of prospecting

Model Fixed terms Log(L) K AICc DAIC w

1 Ep, R, I, M, W, A, P, P2, S �8558.1 19 17 154.2 0.0 0.981
2 Og, R, I, M, W, A, P, P2, S �8562.1 19 17 162.2 8.0 0.018
3 R, I, M, W, A, P, P2, S �8566.3 18 17 168.6 14.4 0.001
4 Eg, R, I, M, W, A, P, P2, S �8566.2 19 17 170.5 16.3 0.000
5 Op, Op2, R, I, M, W, A, P, P2, S �8565.5 20 17 171.0 16.8 0.000
6 Ep, A, P, P2, S �9275.1 15 18 580.2 1426.0 0.000
7 Og, A, P, P2, S �9293.3 15 18 616.6 1462.4 0.000
8 Eg, A, P, P2, S �9297.0 15 18 624.0 1469.8 0.000
9 A, P, P2, S �9298.3 14 18 624.6 1470.4 0.000
10 Op, Op2, A, P, P2, S �9296.4 16 18 624.7 1470.6 0.000

GLMMs were fitted with whether or not males prospected on a given day as the
binary response variable and included year (N ¼ 11) and group (N ¼ 15), litter
(N ¼ 206) and individual (N ¼ 359) identities as random intercept terms. In all
models: S ¼ seasonal component; P ¼ recent prospecting; A ¼ age; W ¼ body mass
(age-corrected); M ¼ adult subordinate males in group; I ¼ intergroup encounter;
R ¼ 30-day rainfall (deseasonalized); O ¼ female fertility (oestrus, deseasonalized);
E ¼ female eviction (deseasonalized); p ¼ across population; g ¼within groups.
Log(L) ¼ log-likelihood; K ¼ number of estimated parameters; AICc ¼ Akaike’s in-
formation criterion adjusted for small sample sizes; DAIC ¼ the model’s AICc minus
the minimum AICc among candidate models; w ¼ the model’s conditional proba-
bility of being the correct model.
Data Collection and Definition of Terms

Seasonal component
Visual inspection of the data (Fig. 1) and knowledge of the

system (Clutton-Brock et al., 2008; Young et al., 2007) suggested
that prospecting followed a seasonal pattern. To account for this
seasonality, a set, S, of three sine-plus-cosine functions with peri-
odicities of 12, 6 and 3 months was included in our candidate
models (Crawley 2007; Shumway & Stoffer 2011), such that:

St ¼ b1 sin(2pt/T) þ b2 cos(2pt/T) þ b3 sin(2pt/0.5T) þ
b4 cos(2pt/0.5T) þ b5 sin(2pt/0.25T) þ b6 cos(2pt/0.25T) (1)

where b is an independent, fitted coefficient that modifies the
amplitude of the sine or cosine term and thereby allows the phase
of the function to vary; t is the time unit (day of the year); and T is
the period of the largest cycle (total days in a year).

Age-corrected body mass
Individuals were trained to step on an electronic balance for

small rewards of water or crumbs of hardboiled egg, which allowed
the recording of body mass (to an accuracy of 1 g). Predicted daily
measures of mass for each individual were obtained from a biphasic
growth model (English, Bateman, & Clutton-Brock, 2012), using
body mass records from 553 males (N ¼ 155567 records of body
mass). Predicted measures were used instead of actual mass re-
cords, as mass records were not available for every individual on
every day, and the former allowed us to obtain measures that
smoothed over seasonal fluctuations (English et al., 2012). Daily
measures of age-corrected body mass were then calculated as the
difference between the predicted mass values for each male and
the mean predicted body mass for males of the same age.

Rainfall
Measures of accumulated rainfall (mm) over 30-day periods

were incorporated in our analysis as a proxy for food availability
(Cumming & Bernard, 1997; Doolan &Macdonald, 1996a), and were
calculated using daily estimates from the Tropical Rainfall
Measuring Mission data set, for a 0.25� � 0.25� (lat-
itude � longitude) area that encompassed the study site. Data were
obtained from NASA’s Goddard Earth Sciences Data and Informa-
tion Services Center online data system (Giovanni; http://disc.sci.
gsfc.nasa.gov/giovanni). Deseasonalized estimates of 30-day rain-
fall were calculated by obtaining predicted values of 30-day rainfall
from a generalized linear model that fitted a seasonal component
(equation 1) to 11 years of rainfall data (1999e2009). These pre-
dicted values were subtracted from the unadjusted values of 30-
day rainfall and the differences divided by day-specific standard
deviations, following the method described by Hipel and McLeod
(1994) for adjusting time series data with means and standard
deviations that vary across time steps.

Female fertility
Fertility was quantified using observed and probabilistic esti-

mates of oestrus in dominant females, as subordinate females lack
access to breeding partners within their groups and their repro-
duction is less likely to reflect seasonal variation in fertility (Griffin
et al., 2003; Young et al., 2007). Observed oestrous periods included
those when dominant females were seen either mating with or
being mate-guarded by the dominant male (Jordan et al., 2007;
N ¼ 158 oestrous periods). As behavioural oestrus in meerkats is
rarely conspicuous, oestrous periods were also estimated proba-
bilistically from known pregnancies, using dates of birth, abortion
and first detection of pregnancy (N ¼ 349 estimated oestrous pe-
riods; see Appendix for details). These probabilistic estimates of

http://disc.sci.gsfc.nasa.gov/giovanni
http://disc.sci.gsfc.nasa.gov/giovanni


Day of year (Month)

0

50

100

150

200

30
−d

ay
 r

ai
n

fa
ll

 (
m

m
)

(a)

0

0.1

0.2

0.3

0.4

Fe
m

al
e 

fe
rt

il
it

y

(b)

0

0.2

0.4

0.6

Fe
m

al
e 

ev
ic

ti
on

15 76 137 198 259 320
(Jan) (Mar)(May) (Jul) (Sep)(Nov)

(c)

0

0.1

0.2

Pr
ob

ab
il

it
y 

of
 p

ro
sp

ec
ti

n
g

15 76 137 198 259 320
(Jan) (Mar) (May) (Jul) (Sep)(Nov)

(d)

Figure 1. (a) Total rainfall (mm) in the previous 30 days, (b) mean probability of oestrus in dominant females and (c) proportion of groups in which subordinate females were absent
because they had been evicted, for each day of the 11-year study period (1999e2009). Grey and black lines represent means within and across study years, respectively. (d) The
proportion of males prospecting on each day of the year (averaged across all years; grey line), estimated from the observed data; and the predicted probabilities of prospecting
(averaged across all years; black line) and the seasonal component (dashed line), estimated from the GLMM in Table 2.
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oestrus (ranging from 0, not in oestrus, toz1, in oestrus) were then
incorporated into our data set of observed dates for oestrus
(assigned probability of oestrus of 1) to yield daily estimates of the
probability that the dominant female in a given group was in
oestrus. To obtain a daily measure of oestrus across the population,
the sum of all group-level estimates was divided by the total
number of groups. Estimates of female fertility at both the group
and population level were deseasonalized following the method
described for rainfall data.

Female eviction
Evicted subordinate females were used as an indicator of the

availability of dispersal opportunities for prospecting males. Subor-
dinate females typically attempt to return to their groups after being
chased aggressively by the dominant female, but evicted females
may ultimately disperse and form new groups after associating with
prospecting males from other groups (Clutton-Brock et al., 2008). A
conservative approach was taken in classifying temporary de-
partures of subordinate females as cases of eviction by using only
those for which prior aggression by the dominant female was
observed (N ¼ 512 of 999 cases in which a female was absent). Fe-
male eviction at the group level was included as a binary variable,
indicatingwhether or not any femalewas absent fromamale’s group
because of eviction on each day. The population-level measure of
evictionwas calculated as the proportion of groups in the population
with at least one female absent because of eviction. Estimates of fe-
male eviction at both the group and population levels were desea-
sonalized following the method described for rainfall data.

RESULTS

In general, subordinate males prospected most frequently when
probabilities of oestrus and the incidence of female evictions were
high across the population andwhen rainfall was typically low (June
to December), as revealed by inspection of the seasonal patterns of
prospecting, rainfall, female fertility and eviction (Fig. 1). This broad
annual pattern of prospecting was described by the seasonal
component included in our models (Fig. 1d), and the daily proba-
bilities of prospecting, estimated fromour bestmodel (Table 1,model
1: DAIC ¼ 0.00; w¼ 1; R2GLMM(c) ¼ 0.46), closely resembled the pro-
portion of males that prospected in each day of the year (Fig. 1d).

In addition to the overall seasonal pattern, the probability of
prospecting was influenced by interannual variation in rainfall,
with marginal increases in prospecting when rainfall in the previ-
ous 30 days was higher than expected (Fig. 2a, Table 2).

The incidence of female eviction at the population level was the
best predictor of the probability of prospecting among the mea-
sures of fertility and eviction tested in our candidate set of models
(Table 1, model 1: DAIC ¼ 0.00; w ¼ 1). Subordinate males were
more likely to prospect when female eviction across the population
was high relative to its expected value for a given day of the year
(Fig. 2b, Table 2). In contrast, eviction within a focal male’s group
had no effect on prospecting and including this term in the model
did not improve the fit of a simpler model to the data (Table 1,
models 4 and 3, respectively). Althoughmodels includingmeasures
of fertility were not competitive (Table 1: DAIC > 7; w < 0.02),
within-group female fertility improved the fit of a simpler model
(models 2 and 3, respectively) and had a marginal effect on pro-
specting (estimate with 95% CI: 0.11 [0.04, 0.19]), whereas
population-wide fertility did not (model 5).

Males were also considerably more likely to prospect on days
when intergroup encounters occurred (Fig. 2c, Table 2). The num-
ber of potential coalition partners (i.e. other adult subordinate
males in the group) had a negative effect on a male’s probability of
prospecting (although the estimated effect was relatively weak;
Fig. 2d, Table 2).
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Figure 2. A subordinate male’s probabilities of prospecting in relation to: deseasonalized (a) rainfall in the previous 30 days and (b) female eviction across the population; (c)
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The probability of prospecting was also strongly influenced by
state-dependent factors. Older males and those that were heavier
for their age were more likely to prospect than younger and lighter
males (Fig. 2e, f, Table 2).

DISCUSSION

The timing of extraterritorial prospecting forays by subordinate
male meerkats broadly followed a seasonal pattern, which encom-
passed periods of high female fertility, frequent subordinate female
evictions and low rainfall. Interannual variation in rainfall and the
incidence of female eviction across the population affected the
probability of prospecting. Malesweremore likely to prospect when
their group encountered another group, yet, contrary to expectation,
maleswith a greater number of potential coalitionpartnerswere less
likely to prospect than those in groupswith fewer potential partners.
Older males and those that were heavier for their age were more
likely to prospect. Our findings therefore suggest that extraterritorial
prospecting is condition dependent and modulated by the likely
benefits and costs associated with the behaviour. Our results also
suggest a greater importance of extrinsic cues than those from an
individual’s immediate social environment in prospecting decisions,
and provide insights into the likely drivers of spatiotemporal pat-
terns of dispersal and extragroup mating in social species.
The seasonal profile of prospecting closely resembled the
population-wide seasonal patterns of female fertility and subordi-
nate female evictions. This pattern of prospecting could reflect a
response to a predictable cue such as photoperiod, which is typi-
cally associated with reproduction and migration in seasonal en-
vironments (Bradshaw & Holzapfel, 2007). As the timing of
favourable conditions for breeding and dispersal may fluctuate
among years, males would be expected to fine-tune the seasonal
pattern of prospecting to local environmental cues or more direct
social cues indicative of mating or dispersal opportunities
(Wingfield, 2008). In support of this prediction, we found that
males were more likely to prospect when rainfall and the incidence
of female eviction across the populationwere higher than expected.
A strategy involving multiple cues should increase the potential
benefits of prospecting in species such as meerkats, for which
reproduction is highly dependent on rainfall that fluctuates
considerably among years (Bateman, Ozgul, Nielsen, Coulson, &
Clutton-Brock, 2013; Doolan & Macdonald, 1997; Fig. 1a), and suc-
cessful dispersal may largely depend on the availability of extra-
group female partners (Clutton-Brock et al., 2008).

In contrast to female eviction across the population, female
fertility (as measured by oestrus) at both population and group
levels and evictions from a male’s own group were relatively poor
predictors of prospecting. If oestrus and eviction events are not



Table 2
Factors affecting the probability of prospecting

Fixed term Estimate SE 95% CI

(Intercept) �4.28 0.19 (�4.65, �3.90)
Rainfally 0.35 0.04 (0.27, 0.43)
Female eviction*,y 0.19 0.05 (0.10, 0.29)
Intergroup encounter 2.30 0.06 (2.19, 2.42)
Adult males �0.28 0.08 (�0.44, �0.13)
Age 1.19 0.06 (1.07, 1.30)
Body massz 0.61 0.11 (0.40, 0.82)
Seasonal component
sin(2p$day/365) �1.18 0.05 (�1.28, �1.09)
cos(2p$day/365) 0.14 0.03 (0.08, 0.21)
sin(2p$day/[0.5$365]) 0.05 0.04 (�0.02, 0.12)
cos(2p$day/[0.5$365]) 0.42 0.04 (0.35, 0.49)
sin(2p$day/[0.25$365]) 0.03 0.03 (�0.03, 0.09)
cos(2p$day/[0.25$365]) 0.13 0.03 (0.07, 0.19)
Recent prospecting 0.79 0.07 (0.66, 0.93)
Recent prospecting2 �0.25 0.03 (�0.31, �0.18)

Results from the best GLMM in Table 1 (model 1) with year (variance ¼ 0.07) and
group (variance ¼ 0.36), litter (variance ¼ 0.24) and individual (variance ¼ 0.21)
identities as random intercept terms. Ninety-five per cent confidence intervals (CI)
were calculated by subtracting and adding, from and to the estimated effect size,
1.96 times its standard error (SE).

* Estimated across the population.
y Adjusted for day of the year.
z Adjusted for age.
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synchronized among groups, cues fromwithin a male’s own group
may not be reliable predictors of such events in neighbouring
groups. This may be the case in meerkats in which dominant fe-
males can breedmultiple times within a single season and breeding
conditions vary between groups (Doolan & Macdonald, 1997;
Russell, Brotherton, McIlrath, Sharpe, & Clutton-Brock, 2003).
Similarly, as oestrus is typically short in meerkats (approximately 4
days; see Appendix for details), it may be unfeasible for males to
attempt to time their prospecting forays to specific oestrous pe-
riods. A final, as yet unexplored, possibility is that prospectors may
in fact trigger oestrus in subordinate females that typically lack
unrelated partners within their groups (Griffin et al., 2003). Access
to unrelated males promotes hormonal changes and sexual activity
in otherwise nonreproductive subordinate females in Damaraland
mole-rats, Cryptomys damarensis (Cooney & Bennett, 2000), a
species in which inbreeding is also strongly avoided, and a similar
mechanism may also operate in meerkats (Carlson et al., 2004). If
so, using seasonal cues broadly indicative of breeding conditions to
time frequent and short forays may ultimately increase the average
payoff of prospecting in terms of access to mating opportunities.

The importance of extrinsic cues for the timing of prospecting
forays, compared to cues fromwithin a male’s own group, was also
supported by the strong correlation between prospecting and
intergroup encounters. Fortuitous encounters between groups
presumably allow individuals to assess dispersal opportunities and
copulate with extragroup individuals in many species (Lazaro-
Perea, 2001; Teichroeb, Wikberg, & Sicotte, 2011). Males, howev-
er, may also actively lead their groups into these encounters (Cant
et al., 2002), and such behaviour has been observed in subordi-
nate male meerkats (R. Mares, personal observation; Bousquet &
Manser, 2011). Males may be able to assess a neighbouring
group’s proximity through secondary cues such as territorial scent
marks (Jordan et al., 2007), from which information on group
membershipmay be obtained (Mares, Young, Levesque, Harrison, &
Clutton-Brock, 2011). Prospecting when neighbouring groups are
close by presumably reduces the search time associated with
extraterritorial movements (Bonte et al., 2012; Bowler & Benton,
2005), thereby lowering the cost of prospecting.

That the costs associated with prospecting are likely to deter-
mine a male’s investment in extraterritorial forays was also
supported by our finding that older and heavier males were most
likely to prospect. Heavier individuals may be able to invest more in
prospecting if they are better able to cope with the energetic costs
of extraterritorial movements (Young et al., 2005) and with the
potential costs of aggressive encounters with extragroup in-
dividuals (Mares et al., 2012; Raihani et al., 2010). Similarly, older
males may enjoy greater payoffs from investing in prospecting if
age-related factors, such as experience, help mitigate the costs of
prospecting (Dittmann & Becker, 2003). The stochastic nature of the
meerkat’s environment may have led to the evolution of a positive
condition-dependent prospecting strategy, as suggested more
broadly for dispersal (Bonte & De La Peña, 2009). Indeed, although
previous studies in meerkats have reported no effect of body mass
on time spent prospecting (Young et al., 2007) or success as a
dominant breeder for males (Spong et al., 2008), our results imply
an important link between body condition and subordinate fitness.
A failure to detect the relationship between body mass and pros-
pecting in the previous study might have been the result of a
smaller sample size than in our study or the statistical approach
(focusing on P values rather than reporting effect sizes and confi-
dence intervals, as in our study).

Given the importance of mitigating the costs associated with
extraterritorial forays, it is perhaps surprising that males with
fewer potential coalition partners (i.e. other adult subordinate
males within their natal group) were more likely to prospect than
those with more partners. There are significant risks associated
with extragroup movements (Bonte et al., 2012; Waser, 1996) and
the benefits of travelling in coalitions, in terms of increased
foraging success and reduced predation risk, physiological stress
and parasite loads, have been documented in several studies
(Ridley, Raihani, & Nelson-Flower, 2008; Young, 2003). Our result
could potentially be explained in terms of a failure to detect males
that left on forays from larger groups. This is unlikely, however, as
meerkat group members tend to forage close together in open
habitat, censuses of group members were carried out several times
during each visit, and extraterritorial forays were typically long
enough (>1 h) to allow us to detect the absence of individual males.
One possibility is that the number of adult malesmay be too crude a
measure of the availability of coalition partners, which may also
depend on relative age and relatedness among male group mem-
bers (Packer, Gilbert, Pusey, & Obrien, 1991). Alternatively, a nega-
tive correlation between the number of males in a group and the
probability of prospecting could arise if males are able to obtain
information relevant to prospecting from each other (socially ac-
quired information; Dall, Giraldeau, Olsson, McNamara, & Stephens,
2005) and adjust their efforts accordingly.

Taken together, our results suggest that predispersal pro-
specting decisions in subordinate male meerkats are influenced by
environmental and social cues, as well as by state-dependent fac-
tors that may mitigate the costs of extraterritorial movements.
Investigating the factors that modulate investment in prospecting
is likely to increase our understanding not only of patterns of
subordinate dispersal and reproduction, but also of variation in
contributions to helping observed in cooperative breeders (Kokko &
Ekman, 2002; Komdeur, 2006; Young et al., 2005). As heavier males
prospect more frequently and, consequently, are more likely to
accrue direct fitness benefits through reproduction, they may
contribute less to the cooperative care of young in their group (a
route to indirect fitness benefits) than lighter males (Cant & Field,
2001). As prospecting provides mating opportunities for subordi-
nate females that lack unrelated males within their groups (Griffin
et al., 2003), identifying the factors that promote prospecting may
also provide insights into temporal changes in reproductive conflict
between dominant and subordinate females (Cooney & Bennett,
2000; Young et al., 2006, 2010). Finally, as prospecting often leads
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to extrapair mating (Double & Cockburn, 2003; Young et al., 2007)
and may inform breeding dispersal decisions (Reed et al., 1999),
understanding the drivers of prospecting behaviour may shed light
on patterns of gene flow within and among populations (Nielsen
et al., 2012; Ponchon et al., 2013).

More broadly, our results accord with the hypothesis that in-
dividuals should integrate temporally varying environmental and
social cues with long-term predictive cues, such as photoperiod,
when timing activities that may incur high fitness consequences
(McNamara, Barta, Klaassen, & Bauer, 2011; Wingfield, 2008). How
individuals respond to these predictive cues is likely to be influ-
enced by their internal state (Bonte & De La Peña, 2009; Clobert,
Le Galliard, Cote, Meylan, & Massot, 2009), as suggested by our
results showing effects of age and condition on the probability of
prospecting in meerkats. The considerable recent interest in in-
dividual variation and the role of information in dispersal de-
cisions (Clobert et al., 2009; Cote, Clobert, Brodin, Fogarty, & Sih,
2010; Travis et al., 2012) may benefit from such insights into
predispersal prospecting behaviour, which is likely to influence
each stage of the dispersal process (emigration, transfer and set-
tlement; Ponchon et al., 2013).
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APPENDIX

Female Fertility Patterns

To compile a comprehensive data set of dates of oestrus for
dominant females across our study groups, we estimated oestrous
periods for known pregnancies with no preceding behavioural
observations of oestrus, using dates of birth, abortion and first
detection of pregnancy (N ¼ 349 estimated oestrous periods).

Estimating oestrus for pregnancies ending in birth
For births with no observed oestrous periods (N ¼ 280 births),

we assumed that the length of oestrus followed a negative binomial
distribution (m ¼ 3.7 days, k ¼ 6.2), parameterized using 87
behavioural observations of oestrus with known onset and end of
dates of oestrus; and that the length of time between onset of
oestrus and birth followed a normal distribution (m ¼ 75.5 days,
s ¼ 4), parameterized using 73 pregnancies for which the onset of
oestrus was observed.

The probability that a dominant female was in oestrus Z days
before birth was then given by:
where OS is the start date of oestrus, OE is the end date of oestrus,
O is the length of oestrus (OE � OS) and B is the date of birth
(known).
Estimating oestrus for pregnancies ending in abortion
Time from oestrus to abortionwasmuchmore variable thanwas

full gestation period. In an effort to improve precision, we incor-
porated additional information, the time between detection of
pregnancy and abortion, into our probability calculations. For
abortions with no observed oestrous periods (N ¼ 69 abortions),
the probability that a dominant female was in oestrus Z days before
abortion was given by:
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where A is the date of abortion (known), D is the date of first
detection of pregnancy (known), and, using Bayes’s theorem,

PðA� OS ¼ Y jA� D ¼ WÞ

¼ P ðA� D ¼ W j A� OS ¼ YÞ , P ðA� OS ¼ YÞ
P ðA� D ¼ WÞ

(A3)

where the denominator is the sum over the event space {A � OS}
partitioned into all possible outcomes:

PðA� D ¼ WÞ ¼
X

all V

PðA� D ¼ W jA� OS

¼ VÞ,PðA� OS ¼ VÞ (A4)

Given our data on births and abortions with known oestrous
periods, it was assumed that abortion occurred a beta-distributed
proportion of the way through what would otherwise be a
normal pregnancy (i.e. ending in birth), such that:
(A5)
where Pnorm is taken to be the distribution of the length of time
between onset of oestrus and birth, and Pbeta is a beta distribution
(a ¼ 7, b ¼ 2.5), parameterized using 21 abortions for which the
onset of oestrus was observed.

To calculate the conditional probability in the numerator of
Bayes’s theorem in equation A3, we assumed that the length of time
between onset of oestrus and detection of pregnancy followed a
negative binomial distribution (m ¼ 38.4 days, k ¼ 16.4), parame-
terized using 67 pregnancies for which the onset of oestrus was
observed. This distribution was truncated and renormalized when
abortion occurred (as detection of pregnancy could not occur after
abortion), such that:

PðA� D ¼ WjA� OS ¼ YÞ ¼ Pn binðOS � D ¼ Y �WÞ
Pn binðOS � D � YÞ (A6)

Finally, for both births and abortions, if a previous reproductive
event occurred within our estimated distribution of the onset of
oestrus dates leading to a given reproductive event, the date of the
previous reproductive event was used to renormalize our distri-
bution of the probability of the onset of oestrus. The resulting data
set contained a list of dates for each dominant female in our study
population, with each date having an associated probabilistic value
of oestrus that ranged from 0 (not in oestrus) to z1 (in oestrus).
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