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Social animal groups often make consensus decisions about when to return to a sleeping site after a day
of foraging. These decisions can depend on extrinsic as well as intrinsic factors, and can range from
unshared to shared. Here we investigated how decisions of meerkats, Suricata suricatta, to return to their
burrows are coordinated, whether they are shared or monopolized by dominant individuals, and what
factors influence the timing and speed of return. Individual meerkats can initiate group movements
using ‘lead’ calls, and groups can change foraging patches using ‘move’ calls in a quorum response. We
found that both call types could be produced during the return to the burrow, with the probability of
move calls increasing as sunset approached, and the probability of lead calls increasing with greater
distance to the burrow when sunset was imminent. Dominant and subordinate individuals did not differ
significantly in move and lead call rate. Further, the time of return was better predicted by the foraging
success of all subordinates in the group (with the group returning later when success was low) than by
the foraging success of the dominant individuals. This suggests that decisions to return are shared rather
than controlled by dominants. The speed of return depended both on extrinsic factors, such as the
presence of pups, the time until sunset and the distance to the burrow, and on intrinsic factors such as
satiation. Our results indicate that both the speed and timing of the return depend on urgency, and the
higher incidence of lead calls when groups are far away from the burrow near dark suggests a possible
change in the decision process from shared to unshared as urgency increases. Our study highlights the
impact of time constraints during decision-making processes and in particular on the level of decision
sharing.

Consensus decisions are necessary when individuals within a (Chittka, Skorupski, & Raine, 2009; Franks, Dechaume-

group must synchronize their activities to maintain the benefits of
group living (Krause & Ruxton, 2002). As group members may
differ in their preferences for the type and timing of activities,
consensus decisions are typically connected to consensus costs to
individuals for whom the decision outcome is suboptimal (Conradt
& Roper, 2003, 2009). Consensus decisions can range from ‘shared’,
when all or many individuals join in the decision-making process,
to ‘unshared’ when only one or a few individuals emerge as leaders
(Conradt & Roper, 2005). Evidence from laboratory experiments
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Moncharmont, Hanmore, & Reynolds, 2009; Franks, Dornhaus,
Fitzsimmons, & Stevens, 2003; Ward, Herbert-Read, Sumpter, &
Krause, 2011) and theoretical models (Sumpter & Pratt, 2009)
shows that collective decision-making processes are greatly
affected by time constraints (Conradt, 2011) and can as a conse-
quence shift from highly shared to less shared decisions within the
same overall context (Franks et al., 2003). However, evidence from
group-living species in their natural environment on how time
constraints influence group decisions is currently lacking.

Many social mammal groups in the wild need to reach collective
decisions about when to leave on daily foraging trips, where to go,
when to return and where to spend each night. Previous analyses
have mostly examined the departure for daily foraging trips, and
have shown that in some species leadership is determined by the
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social rank of an individual (Boinski, 1993; King, Douglas, Huchard,
[saac, & Cowlishaw, 2008). Furthermore, energetic demands can
drive variation in leadership, with the hungriest individuals being
the most likely to initiate group departure (Fischhoff et al., 2007;
Furrer, Kunc, & Manser, 2012; King & Sueur, 2011). If the needs of
an individual are not entirely satisfied after a decision is taken, it
can adjust its behaviour by allocating its time differently, for
example instead of spending the time vigilant or resting it may
forage, thereby reducing consensus costs (Dunbar & Dunbar, 1988).
However, when time is the limiting factor, as for diurnal species
when dusk is approaching, individuals are often unable to
compensate for unsatisfactory decisions. This can lead to an in-
crease in the consensus costs to each individual and therefore
greater conflicts of interest over the timing of a change in group
activity. Theoretical models suggest that shared decision processes
are likely to evolve in decisions about activity synchronization
under a wide variety of circumstances, but particularly when in-
dividuals differ strongly in their requirements and consensus costs
are high (Conradt & Roper, 2007, 2009). This is because in contrast
to decisions on fixed destinations where individuals must decide
on either alternative, group members can compromise and average
the timing of decisions, thereby lowering the consensus costs to all
individuals (Conradt & Roper, 2007, 2009). Following this argument
further, we predicted that decisions about the timing of an activity
would be less shared when conflicts of interest are low and the
costs of delaying a decision are high, that is, in situations with time
constraints.

Decision making can be investigated on different levels, as in-
dividual level processes emerge into group level outcomes. In de-
cisions about the timing of an activity, the change in travel speed or
the arrival time at a destination can give insight about the under-
lying trade-offs and decision processes. For example, the timing of
return to a sleeping site is likely to be influenced by the satiation
level of group members, with groups returning later when their
members are not fully satiated due to low foraging success, and
earlier when foraging success was high. Here the differences in
foraging success by each member may explain the variation in the
type of consensus, namely whether the decision is shared or un-
shared. Specifically, we expected that if decisions are monopolized
by a high-ranking leader, the group would return earlier when this
leading individual is fully satiated, independent of the satiation
level of its group members. Furthermore, the decision-making
process can depend on the ‘urgency’ of a situation, that is, how
fast a decision needs to be taken. House-hunting ants (Leptothorax
albipennis) lowered their quorum threshold to decide between
multiple nest sites when their previous nest was destroyed,
compared to conditions when their old nest site remained intact
and the decision time was less of a concern (Franks et al., 2003).
When determining the return time to a sleeping site in groups of
diurnal species, the urgency of a situation might depend on the
distance still to be covered during the remaining daylight time.
Groups can adjust their travel speed and the directness of their
route towards their target destination, or as with the ant example,
they might adjust the decision-making process to save time.

Meerkats, Suricata suricatta, an obligate group-living and social
mongoose species, offer an ideal opportunity to study the decision-
making process underlying the timing of collective returns to
sleeping sites. Meerkat groups have a despotic social structure with
a dominant pair breeding and subordinate individuals helping to
rear the offspring (Clutton-Brock et al., 1998). While meerkats
usually change their sleeping burrow every couple of days, they
stay at the same burrow for up to 4 weeks when they have very
young pups, not yet foraging with the group (Clutton-Brock et al.,
1998). When the pups start joining the group on the daily
foraging trips, subordinate individuals, in particular, contribute to

feeding and guarding them (Clutton-Brock, Brotherton, et al.,
2001). In meerkats, a single individual can initiate group depar-
ture from the burrow (Turbé, 2006) often mediated through ‘lead
calls’, whereby lead-calling individuals are more frequently fol-
lowed than individuals that depart silently (Turbé, 2006). When
foraging, all individuals can contribute in decisions to change the
foraging patch using ‘move calls’ (Bousquet, Sumpter, & Manser,
2011). These calls are used in a quorum mechanism, whereby a
minimum number of individuals must be in favour of a change in
activity or destination in order to be followed by the rest of the
group (Bousquet et al., 2011; Ward, Sumpter, Couzin, Hart, &
Krause, 2008). Move and lead calls are part of a continuous
graded call system with move calls on one end and lead calls on the
other end of the acoustic spectrum (Kalahari Meerkat Project, 2017)
and both call types have been observed to be produced in the
evening shortly before the return of a group to its sleeping site
(G.E.C. Gall & M. B. Manser, personal observation). Groups can re-
turn to their sleeping burrow in two ways, which can be broadly
categorized as slow (foraging until they reach their sleeping
burrow) or fast (interrupting their foraging to run back to a sleeping
burrow, often producing move and lead calls; G.E.C. Gall & M. B.
Manser, personal observation).

Few studies have explored the decisions groups have to make at
the end of each foraging day, and those that have focused on the
selection of sleeping sites (Fleischmann & Kerth, 2014; Huang, Wei,
Li, Li, & Sun, 2003). Although collective returns represent critical
consensus decisions that occur daily in the lives of many social
animals, to our knowledge there have been no studies on decisions
about the timing of return to sleeping sites. Here we analysed long-
term, low-resolution (ca. 1 fix/15 min) GPS (global positioning
system) data of meerkat groups combined with high-resolution
(1 fix/s) GPS data and continuous audio recordings on specific in-
dividuals, collected over a short period of time. Specifically, we
investigated the ranging behaviour of wild meerkat groups to
identify (1) how group movements are coordinated, (2) whether
the dominant individuals or all group members control the time of
the return, and what factors affect the (3) timing, (4) speed and (5)
directness of the return.

METHODS
Study Site and Population

For this study, we used long-term data collected by the Kalahari
Meerkat Project over the 13 years from 2002 to 2015 on more than
60 groups, as well as acoustic and high-resolution tracking data
collected between January and March 2015 on six meerkat groups.
The project is situated at the Kuruman River Reserve, in the
Northern Cape of South Africa (26°58'S, 21°49’E). Details on the
habitat and population are provided elsewhere (Clutton-Brock
et al, 1998). All animals in the population could be identified
through individual dye mark combinations (Jordan, Cherry, &
Manser, 2007) and were habituated to close human handling and
observation within less than 1 m.

Data Collection

Long-term data

Data on each group, ranging from two to 49 individuals, were
collected on approximately 3 days per week in the morning, the
evening or both. Morning observation sessions started at dawn and
ended after roughly 3 h of foraging. The evening observation ses-
sion started when meerkats resumed foraging after resting during
the hottest hours of the day, and ended after 1.5—2 h, when the
group returned to their sleeping burrow at sunset. The location of



the morning and evening sleeping burrow, the number of in-
dividuals present in the group and the presence of pups (at the
sleeping burrow or joining the foraging group) were recorded
during each session. Furthermore, the observers following the
group during each session took a GPS fix from the centre of the
group every 15 min (accuracy: 95% of fixes within 5 m; eTrex H,
Garmin International Inc., Olathe, KS, U.S.A.). Each meerkat was
trained to climb onto electronic balances for a small reward of
boiled egg or water at the start and end of the morning sessions as
well as at the end of the evening sessions. This allowed us to
calculate the difference between an individual's evening and
morning weight providing a measure of an individual's daily
foraging success.

Acoustic data and high-resolution tracking data

Data were collected between January and March 2015 on six
meerkat groups, with group sizes ranging from nine to 16 individuals
(mean + SD = 12.2 + 2.9), during 17 evening sessions (described
above), with two to three sessions per group and at least 3 days
between visits to a group. The vocalizations and positions of four
individuals (the dominant pair and two subordinates) were recorded
by each of four observers. Vocalizations were recorded using a
directional microphone (Sennheiser ME66 with K6 powering mod-
ule) connected to a recorder (Marantz PMDG660, sampling frequency
44.1 kHz, 16 bit) 0.3—1.5 m from the individual. The position of each
followed individual was inferred through the location of each
observer, carrying a small device (22 g, CCD Itd) that recorded the
GPS track at 1 Hz frequency (accuracy: 99% of fixes within 5 m, 82% of
fixes within 2 m) and sound continuously (sampling frequency
48 kHz, saved in mp3: bitrate = 160 kBit/s), subsequently called GPS/
audio unit. Up to four additional meerkats (mean + SD = 1.6 + 1.4
individuals per group) were fitted with a GPS/audio collar before the
start of each session. One person distracted the meerkat with water
from a water bottle and another person attached the collar to the
outstretched neck of the drinking meerkat. The length of the collar
was adjusted in advance by measuring the neck of the meerkat
during earlier sessions, to reduce the handling time for each indi-
vidual. If a meerkat shied away from the collar, we did not attach it to
the animal in question during this session.

Ethical Note

All data collection adhered to ASAB/ABS guidelines. All research
was conducted under the permission of the ethical committee of
Pretoria University (Permit number: EC011-10) and the Northern
Cape Conservation Service, (FAUNA 1020/2016), South Africa.

Data Analysis

Long-term data

For the analysis of long-term data, we only included groups that
had been observed in both the morning and evening for a minimum
of 10 times. This left us with 34 groups (group size: mean +
SD = 14.89 + 7.01) over the full study period. For the remaining
data, we calculated the distance between GPS fixes as well as the
distance between each fix and the evening sleeping burrow, using
the packages ‘move’ (Kranstauber & Smolla, 2016) and ‘geosphere’
(Segev, Kigel, Lubin, & Tielborger, 2015) in R (version 3.3.0.; R Core
Team, 2016). From the distance between each GPS fix we calculated
the total length of the foraging route throughout the whole day,
standardized by the total time the group spent foraging. From each
GPS fix in the afternoon session we calculated the distance to the
evening sleeping burrow as well as the speed of the group during
the 15 min time intervals between each GPS fix and from that the
change in speed from one time interval to the next. If the time
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between the last GPS point before arrival at the sleeping burrow
and the time of arrival was shorter than 10 min we excluded the
distance information of this time step from the analysis. We
determined the mean daily weight gain of the group by first
calculating the difference in weight between the morning and the
evening session for each individual, and then taking the mean for
the whole group. Furthermore, we calculated the mean weight gain
of the subordinate individuals as well as the weight gain of the
dominant female and the dominant male of each group. To inves-
tigate the influence of pups (defined as dependent individuals up to
the age of 90 days) on the change in speed during as well as on the
timing of the return, we divided the presence of pups into three
subcategories: (1) no pups present, (2) pups at the sleeping burrow
and (3) pups foraging with the group. Finally, we calculated the
time of sunset for each session, as meerkats generally return to
their sleeping burrows around this time.

Acoustic data and high-resolution tracking data

For the analysis of the acoustic data, we excluded three sessions
due to the meerkats returning early because of stormy weather or
due to an intergroup interaction during the session. For the other 14
sessions, we calculated the centroid of the group (mean X, y loca-
tion of all observers and additional meerkats with GPS/audio units)
as well as the time until sunset for each time step (1 Hz). We binned
the vocalization data into 5 min time intervals, from the end of a
session until the start of the next and in relation to the time of
sunset. For each bin, we calculated the mean per capita call rates for
both move and lead calls. We further calculated the call rate for the
dominant female and the dominant male, as well as the mean call
rate of subordinate meerkats. For the same time bins we scored the
presence and absence of calls, which we used for the statistical
analysis. Furthermore, we calculated the distance of the group's
centroid to the sleeping burrow at the start of each of the time bins.

Statistical Analysis

Acoustic data and high-resolution tracking data

Statistical analysis was carried out using R (version 3.3.0.). To
investigate whether move calls and lead calls were more likely to be
produced when the group was far away from the burrow or when it
was getting late, we fitted two generalized linear mixed-effects
models (GLMM; Bates, Maechler, Bolker, & Walker, 2015) with the
presence/absence of either move calls or lead calls as the response
variable. As the data were highly zero inflated, we used presence/
absence of calls as the response variable rather than absolute
number, and assumed a binomial error distribution. This solved any
problems with overdispersion (overdispersion test (Scrucca, 2004):
observed variance/theoretical variance = 0.49, statistic = 139.43,
P=1). We included distance to the sleeping burrow, time until
sunset, and the interaction between these two predictors as fixed
effects and controlled for the session nested in group by fitting them
in the random term. The explanatory variables were checked for
collinearity and z-transformed by first calculating the mean and
standard deviation for each variable and then for each variable
subtracting the mean and dividing by the standard deviation. We
found no significant autocorrelation in the call rates of either move
or lead calls. To assess the importance of each explanatory variable,
we used multimodel inference, fitting models containing all
possible combinations of predictors (using the dredge function in
the MuMIn package in R), and then computing their weighted
Akaike information criterion (AIC) scores using the importance
function. All models were ranked based on their corrected AlCc and
we present all models within 2 delta AICc of the top-ranked model.
Models within 2 AICc units of the best model were also used to
calculate averaged effect sizes (standardized on two standard
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deviations following Gelman (2008)). We used a log likelihood ratio
test to assess the significance of each of the fixed effects in the top-
ranked model. The same process was used for all models described
below and therefore is not described in detail again.

To determine whether dominant individuals called more than
subordinate individuals we subset the data and included only time
bins when at least one call (either move or lead call) was produced.
We then log transformed the call rate and fitted a linear mixed-
effects model (LMM) with the log transformed call rate as
response variable, the dominance status and sex of an individual,
namely the dominant female, dominant male or subordinate fe-
male, subordinate male, as explanatory variable and the session
nested in group as random effects. Again, we found no collinearity
between the explanatory variables or autocorrelation in any of the
models. We used multimodel inference to assess the importance of
each explanatory variable.

Long-term movement data

To investigate whether the time of return was affected by
intrinsic or extrinsic factors as well as whether the decision on the
timing was a shared or a unshared decision, we fitted a LMM with
the time of return, i.e. the remaining time until sunset, as response
variable and after checking for collinearity, the group size, the total
length of the daily foraging route, as well as the interaction be-
tween route length and the presence of pups at the sleeping burrow
and finally the interaction between the mean weight gain of the
subordinate group members and the dominant female's and
dominant male's weight gain, respectively, as explanatory vari-
ables, with group as random term. As described above we used
multimodel inference to infer the relative importance of the
different predictors, and used model averaging to estimate the
strength and direction of each effect.

To test whether the mean speed of a meerkat group depended
on extrinsic factors such as the length of the foraging route, the
distance to the sleeping burrow, the group size and the remaining
time until dusk or on the intrinsic state of meerkats indicated by
their foraging success, we fitted an LMM with mean speed as the
response variable and the number of nonpup group members, the
mean weight gain, the interaction between the presence of pups at
the sleeping burrow and the length of the daily foraging route, as
well as the interaction between the distance to the sleeping burrow
and the time left until sunset, as explanatory variables. These two
interaction terms were added to capture the likely change in the
length of the route when pups are present in the group as well as
the urgency, namely being far away from the sleeping burrow and
late. We added the session nested within the group as random
factor to account for multiple measurements within each session.
Explanatory variables were checked for collinearity and z-trans-
formed prior to model fitting, again by first calculating the mean
and standard deviation for each variable and then for each variable
subtracting the mean and dividing by the standard deviation. Once
more we used multimodel inference to assess the importance of
each explanatory variable.

To investigate whether the trajectories of meerkat groups
become more directed depending on time until sunset and distance
from the sleeping burrow, we first extracted the turning angles
along each group trajectory, defined as the angle between
consecutive group direction vectors. Turning angles close to 0 are
associated with more directed paths, whereas turning angles that
deviate from O (in either direction) represent more tortuous paths.
To visualize how directness varied with time until sunset and dis-
tance from the sleeping burrow, we binned the data into 10 bins
along each dimension (time and distance), with bin boundaries set
by the 10% quantiles of the distributions of time until sunset and
distance from burrow, respectively. Next, we summarized the

directness by calculating the circular variance of the turning angles
for GPS data within each bin and subtracting this value from 1.
Because turning angle distributions are centred around zero, this
measure quantifies how much the turning angles deviate from 0,
with low values of directness indicating tortuous paths and high
values indicating straight paths. Finally, we fitted a linear model
with the circular variance as the response variable and the inter-
action between the binned distance to the sleeping burrow and the
binned time until sunset as the explanatory variables. The
explanatory variables were checked for collinearity.

RESULTS
Acoustic Data

Move calls were significantly more likely to be produced as the
time until sunset decreased (estimate + SE = 0.34 + 0.16, log like-
lihood ratio test: x> =7.69, P=0.02, N = 283; Fig. 1). However,
while the fitted model coefficients suggested slight trends (Fig. 2a),
the probability of producing move calls did not change significantly
based on the group's distance to the sleeping burrow
(estimate + SE = 0.13 + 0.21, log likelihood ratio test: x> = 3.24,
P=0.20, N = 283) or the interaction between the time to sunset
and the distance to the sleeping burrow
(estimate + SE = 0.06 + 0.12, log likelihood ratio test: x> = 2.16,
P=0.14, N=283; Fig. 2a). Lead calls, on the other hand, were
increasingly likely to be produced based on the interaction between
the remaining time until sunset and the distance to the sleeping
burrow, with lead call probability increasing when meerkats were
late in the foraging session and still far from their sleeping burrow
(estimate + SE = 0.63 + 0.22, log likelihood ratio test: y? = 10.36,
P =0.001, N = 283; Figs. 1 and 2b).

We found no overall difference in the number of move calls
produced by individuals of different rank (log likelihood ratio test:
¥* = 2.68, P = 0.44, N = 290; Fig. 3a). Similarly, we found no overall
difference in the number of lead calls produced by individuals of
different rank (log likelihood ratio test: x> = 5.32, P=0.15, N = 84;
Fig. 3b).

Long-term Data

The speed and timing of meerkats' return to their sleeping site
depended on the foraging success of the group as well as the
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Figure 1. Mean move call rate and lead call rate per time bin (time until sunset). Times
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and positive values indicating times after sunset. Error bars indicate the standard error
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Figure 2. The probability of producing (a) move calls and (b) lead calls in relation to
the distance to the sleeping burrow and the time left until sunset. The surface plot
shows the predictions of the full model (LMM: including coefficients fitted for time
until sunset, remaining distance to the burrow and the interaction between distance
and time).

distance to the sleeping burrow and the remaining time until sunset
(Fig. 4a). In particular, the mean speed of a group in the afternoon
session was associated with the interaction between the distance to
the evening sleeping burrow and the time until sunset (Appendix
Fig. A1, Table A1), with groups increasing their speed when they
were far away and sunset was imminent. Speed was also affected by
foraging success, with groups moving at higher speed when the
mean weight gain of the group was higher (Appendix Table A1). We
found no significant interaction between the presence of pups and
the length of the daily foraging route. Larger groups moved at
greater speed than smaller groups (Appendix Table A1).

Meerkats also arrived significantly later at their sleeping burrow
when the daily foraging route was long, when the group size was
small, when pups were present, and when the mean weight gain of
subordinate group members was low (Fig. 4b, Appendix Table A2).
We found no significant effect of the dominant female's and
dominant male's weight gain on the timing of the return (Appendix
Table A2). The circular variance of turning angles was significantly
affected by the time until sunset (log likelihood ratio test: F = 18.54,
P <0.001, N=100) and the distance to the sleeping burrow (log
likelihood ratio test: F=8.99, P<0.001, N=100), but not the
interaction between the two (log likelihood ratio test: F = 0.04,
P=0.85, N=100), with groups becoming more directed the
further they were from the burrow and the less time remaining
until sunset (Fig. 5).
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DISCUSSION

Here we investigated how the decision to return to the sleeping
burrow in meerkats was coordinated, whether it was shared among
group members, and what factors affected the timing, speed and
directness of return. Meerkats used two call types when initiating
the return to the sleeping site. We found that move calls were more
likely to be produced as dusk approached (with no significant effect
of the distance to the burrow), while the production of lead calls
depended on the interaction between the time until sunset and the
distance to the burrow, with the highest lead call rates occurring
when dusk was imminent and the meerkats were far from their
sleeping burrow. Call rate did not depend on the rank or sex of an
individual, with subordinate individuals producing similar
numbers of move and lead calls as the dominant pair, suggesting
that the decision to return is not monopolized by dominant in-
dividuals. The speed of the group at the return changed depending
on the distance of the group to the sleeping burrow, the time until
sunset, the mean daily weight gain of a group, group size, the
length of the foraging route and the presence of pups. This shows
that the type of return (slow versus fast) is affected by both intrinsic
and extrinsic factors. Furthermore, groups moving faster the
further they were from the burrow and the later it was indicates
that the type of return is based on the urgency for the group to
return. The movement of meerkat groups became more directed
(smaller turning angles) the further away they were from their
burrow, and the less time remaining until nightfall. Meerkats
returned later to their burrow when group size was small, when
pups were present (either at the sleeping burrow or foraging with
the group), when their daily foraging route was long and when the
mean weight gain of subordinates was low. The weight gain of the
dominant female and the dominant male had lower importance
(based on multimodel inference) in affecting the timing of the re-
turn compared to the weight gain of subordinates. This is in line
with our hypothesis that the return time is affected by the intrinsic
state of an individual, measured as its daily foraging success. In
addition, it suggests that the decision to return is shared among
multiple individuals rather than being monopolized by dominant
individuals.

The dominant pair are the social leaders of the group and it has
previously been shown that the dominant female is the most likely
individual to initiate group departure from the burrow when her
energetic demands are increased due to pregnancy or lactation
periods (Turbé, 2006). In contrast, our results are more in line with
the hypothesis that the decision to return to the burrow is shared. If
either of the dominant individuals controlled the decision to return,
we would expect their weight gain to be more important in pre-
dicting the group's return time than the weight gain of sub-
ordinates. However, we found that the mean weight gain of
subordinates was more important in the model predictions, with
the group returning later when the weight gain of subordinate
group members was low. In addition, the finding that subordinate
meerkats gave similar numbers of move and lead calls as the
dominant pair supports the hypothesis that the decision to return is
shared. However, this does not exclude the possibility that group
members might be more likely to follow calls given by dominant
rather than subordinate individuals. Furthermore, the current
study does not test whether individuals may still vary in their
propensity to give move and lead calls or to be followed indepen-
dent of dominance. Experiments will be necessary to confirm the
hypothesis of shared decision making. For example, move and lead
calls from different individuals within the group should be played
and the movement response of the group recorded.

For many diurnal species, predation risk increases with the
approach of dusk, as predator detection decreases (Lima & Dill,
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1990; Rand, Bridarolli, Dries, & Ryan, 1997) and dropping temper-
atures after sunset can lead to increased heat loss for each indi-
vidual (Terrien, Perret, & Aujard, 2011). These factors increase the
costs for each individual substantially as night falls, probably
leading to an increase in the urgency for the group to return to its
sleeping site. This suggests that the speed of return and the
directness of a group are urgency based, with groups increasing
their speed and moving in a more directed fashion shortly before
sunset and when they are far away from their burrow. The use of
move and lead calls may also be based on urgency, as the proba-
bility of producing move calls depended only on the remaining
time until sunset, but the probability of producing lead calls
depended on both the time and the distance to the burrow. Move
calls have been shown to be used during quorum decisions
(Bousquet et al., 2011) while lead calls were shown to be followed
when produced by a single individual (Turbé, 2006), indicating a
potential change from a shared decision to an unshared decision
(although not necessarily led by the dominant individual) with an
increase in urgency. This would be similar to house-hunting ants,
shown to adjust their decision time by decreasing their quorum
threshold when in an urgent situation (Franks et al., 2003). How-
ever, to fully understand how the decision-making process of
meerkats is affected by urgency, controlled experiments will be
needed.

Our results show that the type and the timing of the return
depend on the intrinsic state of group members, here measured
through daily weight gain. When the foraging success of the group
is low (low mean daily weight gain), individuals might compensate
by increasing the time searching for food and returning later,
thereby moving faster when returning at the last possible moment.
This is also consistent with the idea that when the daily foraging
route is very long, groups must move at greater speeds in order to
return to the burrow before dark. Similarly, when pups are at the
burrow or join the foraging group, the energetic demands of group
members increase (Brotherton et al., 2001; Clutton-Brock,

Brotherton, et al., 2001; Clutton-Brock, Russell, et al., 2001; Rus-
sell et al,, 2002) and individuals might therefore prolong their
foraging time to satisfy these energetic demands. In general,
meerkats do not change their sleeping site while they have pups at
their burrow (Clutton-Brock et al., 1998), and this will affect their
foraging success and their choice of foraging routes, for example
groups might stay closer to the babysitting burrow while foraging
patches are still available and might travel further when foraging
patches are depleted. While bigger groups seemed to generally
move faster, smaller groups returned later. This could be due to the
increased need for each individual to be vigilant in smaller groups
(Clutton-Brock et al., 1999) and the ensuing reduction in time spent
foraging.

The timing and the speed of return also depended on extrinsic
factors such as the distance to the sleeping burrow and the
remaining daylight. This is to be expected, as when the group is far
from a burrow and it is getting dark, it needs to cover larger dis-
tances in a short amount of time. If the decision about the timing of
return were solely based on the remaining distance to the burrow,
we would expect meerkats to return at the same speed indepen-
dent of distance to their burrow. This is because the decision to
return would be taken earlier when the group is far away and later
when the group is very close. It follows that the actual decision on
the timing of the return might depend mainly on intrinsic states, for
example level of satiation related to the foraging success, while the
type of return, that is, slow versus fast, might be based on extrinsic
factors, such as the remaining daylight time and the distance to the
burrow.

In conclusion, our results provide evidence that the decision
about the timing of the return is shared among multiple group
members, and suggest that the speed of the group and the use of
vocalizations are based on urgency. This raises the possibility that
the underlying decision process changes from shared to unshared
depending on time constraints, as suggested by the fact that lead
calls were given more often when the group was far from its
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Figure 4. Importance scores from the multimodel inference on (a) the speed of the
return to the burrow and (b) the time of the return to the burrow. Light grey bars
represent a negative coefficient and dark grey a positive coefficient (see Appendix
Tables Al and A2). The explanatory variables are Dist (distance to the sleeping
burrow), route (the total length of the daily foraging route), TSS (time remaining until
sunset), the interaction between Dist and TSS, Pup (presence/absence of pups at the
burrow and pups foraging with the group), GS (group size), MW (mean weight gain of
the group), the interaction between Pup and Route, SW (the mean weight gain of
subordinate group members), DFW (the dominant female's weight gain), DMW (the
dominant male's weight gain), and the interaction between DMW and DW and DFW
and SW, respectively.

burrow and when dark was falling. Furthermore, we have shown
that the timing of the return to the burrow was dependent on the
internal state of group members, whereas the travel speed at the
return was also influenced by external factors. While we find par-
allels to initiation processes from resting to foraging, the decision-
making process in the evening, which initiates a change from
foraging to resting, is more likely to be shared, whereas decisions
from resting to foraging have been shown to be unshared in
meerkats (Turbé, 2006). Our study highlights the importance of
time constraints during decision-making processes and their
impact on the level of decision sharing in natural systems. Fully
understanding how animal groups make consensus decisions will
require additional studies of the initiation of changes in group ac-
tivities under time constraints, including experimental manipula-
tions, across different contexts.
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Figure 5. Directness (i.e. 1 — circular variance in turning angles) of meerkat groups as
a function of time until sunset and distance from the sleeping burrow. Bins represent
10% quantiles of times and distances, respectively, and point sizes indicate the amount
of data in each bin (log scale). The points are plotted at the median of each bin, e.g. the
last distance bin ranges from approximately 430 m to 1000 m to the sleeping burrow,
with the median at 540 m. The red dashed line indicates the time of sunset. Negative
values give times before sunset and positive numbers times after sunset.
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Figure A1l. Mean speed of a meerkat group in relation to the distance to the sleeping
burrow and the time until sunset. Negative numbers indicate times before sunset and
positive numbers times after sunset and ‘0’ indicates the time of sunset. The surface
plot shows the predicted values based on the linear mixed-effects model (LMM).
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Table A1
Model summary statistics for the effects of different explanatory factors on mean speed of the group using data calculated from N = 1880 sessions
Intercept Dist MW  GS Pup Route TSS Dist*TSS  Pup*Route df Log likelihood AlCc AAICc w

Model 1 0.085 0.012 0.002 0.003 -+ 0.024 0.027 0.015 12 12605.64 —25187.2 0.00 0.3
Model 2 0.085 0.012 0.002 0.003 + 0.024 0.027 0.015 + 14 12607.38 —25186.7 0.52 041
Model 3 0.085 0.012 0.003 + 0.024 0.027 0.015 11 12601.66 —25181.3 5.94 0.03
Model 4 0.085 0.012 0.003 + 0.023 0.027 0.015 + 13 12603.64 -25181.2 599 0.03
Averaged parameters
Estimate 0.085 0.012 0.002 0.003 -0.009 -0.009 0.024 0.023 0.015 0.002 0.000
Unconditional SE 0.001 0.001 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.003 0.001
Upper 95% CI 0.087 0.014 0.003 0.004 -0.004 -0.006 0.026 0.028 0.016 0.007 0.003
Lower 95% CI 0.082 0.010 0.001 0.002 -0.015 -0.011 0.022 0.025 0.014 —-0.003 -0.002
Relative importance 1.00 097 1.00 1.00 1.00 1.00 1.00 0.46

The mean speed of the group was used as response variable in an LMM. Models within 2 AICc units of the best model are highlighted in bold and were used to calculate
averaged effect sizes (standardized on two standard deviations following Gelman (2008)). Factors included are: Dist (distance to the sleeping burrow), MW (mean weight gain
of the group), GS (group size), Pup (absence of pups, presence of pups at the burrow and pups foraging with the group), Route (the total length of the daily foraging route), TSS
(time until sunset) and the interactions between Dist and TSS and Pup and Route, respectively. AIC: Akaike's information criterion; w: relative model weights.

Table A2
Model summary statistics for the effects of different explanatory factors on the return time calculated on data collected during N = 739 sessions
Intercept DFW DMW SW GS Pup Route DFW*SW DMW*SW Pup*Route df Log likelihood AICc AAICc w

Model 1 —27.90 —226 —-240 + 4.00 + 10 —3146.60 6313.5 0.00 0.21
Model 2 —27.84 042 —248 -241 + 4.01 + 11 —3145.81 6314.0 047 017
Model 3 —27.90 —0.09 —2.22 -240 + 4.00 + 11 —-3145.98 63143 081 0.14
Model 4 —-27.83 046 —-0.17 -241 -241 + 4.01 + 12 —-3145.15 6314.7 122 0.12
Model 5 —27.61 —0.06 —2.23 -241 + 4.06 —0.51 + 12 —-3145.24 63149 140 0.11
Model 6 —27.67 036 —240 —-242 + 4.01 -0.36 + 12 —3144.28 6315.0 148 0.10
Model 7 —2756 042 013 -240 -242 + 4.07 —0.49 + 13 —3144.44 63154 1.87 0.08
Model 8 -2765 040 -0.22 -231 -242 + 401 -037 13 —3144.60 6315.7 2.19 0.07
Averaged parameters
Estimate -2779 021 -005 -234 -241 021 535 401 -0.04 -0.10 -1.23 -1.71
Unconditional SE 1.44 058 052 076 074 282 144 085 021 0.31 1.96 1.51
Upper 95% CI -2496 135 097 -085 -096 574 817 570 037 0.51 261 126
Lower 95% CI -30.63 -093 -1.08 -3.83 -3.86 -533 252 234 -046 -0.72 -5.07 -4.68
Relative importance 056 054 099 099 1.00 1.00 0.21 0.22 0.82

The remaining time to sunset was used as response variable in an LMM. Models within 2 AICc units of the best model are highlighted in bold and were used to calculate
averaged effect sizes (the estimate was standardized on two standard deviations following Gelman (2008)). Factors included are: DFW (the dominant female's weight gain),
DMW (the dominant male's weight gain), SW (the mean weight gain of subordinate group members), GS (group size), Pup (absence of pups, presence of pups at the burrow
and pups foraging with the group), Route (the total length of the daily foraging route), and the interaction between DFW and SW, DMW and SW and Pup and Route. AIC:

Akaike's information criterion; w: relative model weights.





