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Although the ultimate causes for variation in contributions to helping in cooperative breeders are increasingly well understood, 
the underlying physiological mechanisms remain largely unknown. Recent work has suggested that glucocorticoids may play an 
important role in the expression of cooperative behavior. Here, we present the first experimental test of the effects of glucocor-
ticoids on helper behavior in a cooperative breeder. Glucocorticoid levels of adult female and male meerkat, Suricata suricatta, 
helpers were elevated with an intramuscular injection of cortisol (hydrocortisone 21-hemisuccinate sodium salt) dissolved in 
saline, whereas matched controls simultaneously received an injection of physiological saline. The treatment successfully ele-
vated circulating glucocorticoid levels but did not result in significant changes in pup feeding or sentinel behavior. Females, how-
ever, spent less time foraging when glucocorticoid levels were elevated and appeared to spend more time in close proximity to 
pups. These results provide no evidence that glucocorticoids affect cooperative behaviors but suggest that there may be an effect 
on foraging effort and affiliation with pups.

Key words: cooperative breeding, cortisol, helpers, stress hormones, Suricata suricatta.

IntroductIon
One remaining challenge in the study of  cooperative breeding is 
to understand why individuals vary in their contributions to coop-
erative activities (Komdeur 2006). Although the ultimate causes 
underlying this variation are increasingly well understood and have 
been shown to be associated with factors such as sex, age, condition, 
and relatedness to offspring (e.g., Komdeur 2006; West et al. 2007), 
the underlying physiological mechanisms remain largely unknown. 
Initial studies examining a physiological basis for cooperative behav-
ior focused primarily on the hormones prolactin and testosterone 
(Schoech et al. 2004), but recently the role of  glucocorticoids (GCs) 
has attracted more attention (Soares et al. 2010). GCs are a class of  
hormones, produced by activation of  the hypothalamic–pituitary–
adrenal axis in response to stressors, of  which cortisol is the primary 
type in mammals (Sapolsky et al. 2000; Landys et al. 2006).

Recent work on cooperative breeders has suggested that GCs 
may be an important factor underlying individual variation in con-
tributions to cooperative activities. In subordinate male meerkats 
(Suricata suricatta), pup provisioning rates were positively correlated 

with GC levels at the start of  the breeding attempt (Carlson et al. 
2006), and meerkat males who were frequently on sentinel duty had 
higher GC levels than those who were infrequently on sentinel duty 
(Tatalovic 2008). Such increases in contributions to cooperative 
activities may result directly from the effects of  GCs on coopera-
tive behavior or indirectly from the effects of  GCs on foraging rates 
and food intake (Koch et al. 2002; Dallman et al. 2004), attention 
and vigilance (Chapotot et al. 1998), and interactions with offspring 
(Fleming et al. 1997), which may facilitate cooperative behavior. To 
date, however, no studies have experimentally tested the effects of  
GCs on behavior of  helpers in cooperative breeders, and it remains 
unclear whether previously reported correlations between GC levels 
and contributions to cooperative activities represent a causal link.

Our aim was to examine the effects of  elevated GC levels on 
contributions to pup feeding and sentinel behavior, as well as on 
foraging, vigilance, and affiliation with pups. Meerkats live in 
groups of  up to 50 individuals with a dominant breeding pair 
that largely monopolizes reproduction and helpers of  both sexes 
who do not normally breed (Griffin et  al. 2003). Litters of  up to 
7 pups are produced 2–4 times per year by the dominant pair and 
raised cooperatively by the group (Clutton-Brock, Gaynor, et  al. 
1999). Typically, the group leaves the sleeping burrow after sunrise Address correspondence to P. Santema. E-mail: ps511@cam.ac.uk.
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to forage for the day and returns to the burrow around sunset. 
During these foraging trips, helpers engage in 2 distinct forms of  
cooperative behavior. First, when dependent pups are present in the 
group, adults provision them with invertebrate and small vertebrate 
prey items, a behavior referred to as “pup feeding” (Clutton-Brock 
et  al. 2002, 2003; Santema and Clutton-Brock 2012). Second, 
group members occasionally cease foraging to scan for predators 
from an elevated position and to alert the group when detecting a 
predator, a behavior referred to as “sentinel duty” (Clutton-Brock, 
O’Riain, et al. 1999; Santema and Clutton-Brock 2013).

We first validated the use of  intramuscular injection of  cortisol 
as a method to elevate circulating GC levels in meerkats. We then 
used this method to elevate GC levels of  meerkat helpers to test its 
effects on pup feeding, sentinel behavior, foraging, vigilance, and 
association with pups by conducting 80-min observations, starting 
15 min after the injections. In addition, 2 h after the injections, an 
experiment was performed where food items were provided to the 
focal individuals, in order to specifically test the effects of  elevated 
GC levels on pup feeding behavior.

Methods
Study site and population

The study was conducted in the southern Kalahari Desert, South 
Africa (26°58′S, 21°49′E). The ecological conditions and climate 
of  the study site have been described elsewhere (Clutton-Brock, 
Gaynor, et  al. 1999; Clutton-Brock, Maccoll, et  al. 1999; Russell 
et al. 2002). All meerkats in the study population are habituated to 
human presence and can be identified by a unique pattern of  dye 
marks on their fur. Dominance status of  males and females can be 
readily identified, as subordinate helpers are behaviorally submis-
sive to the dominants (Clutton-Brock, Maccoll, et al. 1999). Groups 
are visited at least once every 3 days and the age of  all individuals 
is therefore known to within a few days. Individuals are referred to 
as pups until they reach 90 days of  age and able to forage indepen-
dently and as adults after they reach 12 months of  age and have the 
potential to reproduce (Brotherton et al. 2001).

GC treatment validation

In May 2010 and May 2011, trials were performed to examine 
the effects of  intramuscular injection of  cortisol on circulating GC 
levels. For the treatment, 3 adult male helpers and 2 adult female 
helpers received an injection of  10  mg cortisol (hydrocortisone 
21-hemisuccinate sodium salt, Sigma–Aldrich, Buchs, Switzerland) 
dissolved in 0.05 mL physiological saline solution. For the control, 4 
adult male helpers and 2 adult female helpers received an injection 
of  0.05 mL saline solution only. We administered injections intra-
muscularly in the thigh of  meerkats, using a 1-mL syringe with a 
25-G needle, which could be done when they were sunning them-
selves without the need to capture or restrain them (Madden and 
Clutton-Brock 2011). The physiological and functional effects of  
exogenous hydrocortisone 21-hemisuccinate sodium salt admin-
istration have previously been demonstrated in various mammal 
species. In common marmosets, intramuscular injection increased 
circulating GC levels and triggered changes in maternal behav-
ior (Saltzman and Abbott 2009), whereas oral administration in 
Belding’s ground squirrels (Spermophilus beldingi) resulted in elevated 
fecal GC values and reduced performance at memory tests. In 
squirrel monkeys (Saimiri sciureus), oral administration increased cir-
culating GC levels and both oral and intramuscular administration 
affected their cognitive performance (Lyons et al. 2000, 2004).

Two hours (mean: 121 min ± 4.3 standard error [SE]) after the 
injection, a blood sample was taken for subsequent analyses of  serum 
GC levels. For this, meerkats were captured by gently lifting them by 
the tail base, placing them in a cotton bag, and carrying them to a 
nearby vehicle (Jordan et  al. 2007). Anesthesia was induced imme-
diately by placing a small “gas mask” over the meerkat’s nose and 
delivering a dose of  4% isoflurane (Isofor; Safe Line Pharmaceuticals, 
Johannesburg, South Africa) from a portable, car-mounted vapor-
izer, using oxygen as a vehicle at a flow rate of  4 L/min (Jordan 
et  al. 2007). When fully sedated, anesthesia was maintained with 
a reduced isoflurane dose of  1–2% until blood sampling was com-
pleted (Jordan et al. 2007). Blood (0.5–1.5 mL) was drawn from the 
jugular vein using a 25G needle and a 2-mL syringe (Drewe 2009). 
All blood samples were collected within 5 min from the moment of  
capture (mean: 3.36 min ± 1.03 standard deviation [SD]) and 60% 
of  the samples were collected within 3 min from the moment of  cap-
ture. These are among the shortest capture-to-bleed times for free-
living mammals, therefore minimizing the potential effects of  capture 
stress on circulating GC levels (Schoech et  al. 1996; Romero and 
Reed 2005). Capture-to-bleed times were comparable for individu-
als that received an injection of  cortisol (mean: 3.40 min ± 0.54 SD) 
and individuals that received an injection of  saline (mean: 3.33 min ±  
1.37 SD). Following sampling, meerkats were placed in a recovery 
box and regained normal locomotory ability after 1–7 min, after 
which they were released back into the group (Jordan et  al. 2007). 
They invariably resumed their normal foraging behavior within 
1–3 min following release and were then observed for another 10 min 
to ensure there were no adverse effects.

Blood samples were kept cool on wet ice until they were centrifuged 
at the research station within 1 h. Serum was pipetted off and frozen 
at −20  °C. Serum samples were then shipped to the University of  
Pretoria where they were analyzed for GC levels using a coat-a-count 
cortisol kit (Diagnostic Products Corporation). A series of  known cali-
brators of  cortisol were assayed to set up a standard curve. Serum 
samples (25  µL) and 125I-labelled cortisol (1000  µL) were added 
to assay tubes in duplicate and briefly vortexed. Assay tubes were 
then incubated in a water bath (37  °C) for 45 min. Bound and free 
125I-labelled cortisol were separated by decanting the excess label from 
the assay tubes, which were then counted in a gamma counter for 
1 min. A calibration curve was used to convert the counts into corti-
sol concentrations. A serial double dilution of  a sample containing a 
high concentration of  cortisol paralleled the standard curve, validat-
ing the assay (ANCOVA, F = 1.34, P < 0.05). The sensitivity of  the 
assay was 5.5 nmol/L, and the intra-assay coefficient of  variation was 
7.0%. The assay has previously been validated for use in meerkats by 
Carlson et al. (2004).

Experimental protocol

All trials were carried out when pups between 40 and 75 days of  age 
were present in the group, between October 2011 and March 2012. 
We selected 2 same-sex adult littermates and randomly assigned 
one to receive an injection of  10 mg cortisol dissolved in 0.05 mL 
physiological saline and the other to receive an injection of  0.05 mL 
saline only. For 2 of  the trials, no 2 same-sex littermates were 
available, and 2 individuals of  the same sex and an age difference 
of  no more than 6 months were selected. Injections were performed 
while the meerkats were sunning in the morning before leaving the 
burrow to forage. The observers were blind to the treatment being 
applied, such that the person performing the injections did not know 
which treatment was being administered, and the observers did 
not know which individual had received what treatment (Madden 
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and Clutton-Brock 2011). Both focal individuals were subsequently 
observed simultaneously with 2 observers (see below) such that 
any behavioral variation due to environmental factors or diurnal 
patterns was eliminated. In total, 24 trials were performed on 12 
female pairs and 12 male pairs in 8 different groups.

Behavioral observations started 15 min after the injections, 
or, if  the group was not foraging yet after 15 min, as soon as the 
group started foraging. This resulted in an average of  26 (±2 SE) 
min between the injections and the onset of  the observations. Four 
20-min continuous focal observations (Altmann 1974) were per-
formed on both meerkats simultaneously, with 2 observers, resulting 
in a total observation time of  80 min for each individual. To avoid 
observer bias, the observers switched between focal individual after 
each 20-min observation. Behavioral data were entered directly onto 
a handheld Psion organizer (Psion Teklogix Inc., Ontario, Canada), 
programmed as a data logger that allows recording of  behaviors to 
the nearest second. During focal observations, all food items found, 
including their size category and whether or not they were fed to a 
pup, were recorded, as well as all instances of  sentinel behavior. In 
addition, the amount of  time spent foraging, the amount of  time 
spent within 2 m of  a pup, and the number of  times on bipedal vigi-
lance were recorded. An individual was regarded to be on bipedal 
vigilance when it interrupted foraging to adopt a bipedal position 
to scan the environment, typically lasting a few seconds. Following 
previous studies, food items were categorized as tiny, small, medium, 
or large. The biomass was then estimated using the average mass of  
the food items in each size category (tiny = 0.05 g, small = 0.11 g, 
medium = 0.58 g, and large = 2.86 g; Thornton 2008). Observations 
were paused if  foraging was interrupted for more than 1 min (e.g., 
by alarm calls) and continued when foraging had been resumed by 
at least 50% of  the group.

Scorpion provisioning

In order to specifically test the effects of  elevated GC levels on 
pup feeding behavior, an additional experiment was performed 
where scorpions (Opistophthalamus sp.) were supplementarily pro-
visioned. Scorpions, which are part of  the meerkat’s natural diet, 
are common in the area and frequently fed to pups (Thornton and 
McAuliffe 2006). Starting 2 h (mean: 128 min ± 3 SE) after the injec-
tions, 4 scorpions were sequentially presented (at 5-min intervals) to 
each of  the 2 focal individuals (N = 12 males and 12 females, each 
with a matched control). Scorpions were presented while meerkats 
were digging a foraging hole in order to ensure they did not see that 
it was provided by the experimenter. Presentations were performed 
when no other meerkat was within 2 m, to avoid potential inter-
ruption by other individuals, and when pups were begging within 
audible distance. For each individual, we recorded how many out 
of  the 4 presented scorpions were fed to a pup.

Ethical note

Preliminary trials of  intramuscular injections of  cortisol and saline 
were conducted on a small number of  individuals. When these tri-
als revealed no harmful effects and showed that circulating GC lev-
els were successfully elevated, we commenced the experiment on a 
larger number of  individuals. The amount of  cortisol administered 
was based on published work on common marmosets, where 40 mg 
cortisol was injected per kilogram of  body weight (Saltzman and 
Abbott 2009). Corrected for the body weight of  meerkat helpers 
(~700 g), the dosage in our study represents approximately a third 
of  the dosage used in marmosets. All injections were performed 

when meerkats were sunning themselves in the morning. Meerkats 
typically sprang away from the injections but resumed sunning 
within seconds and did not become wary toward the experiment-
ers. They responded in a similar manner to bites of  ants that they 
naturally encounter (Madden and Clutton-Brock 2011; Santema P,  
personal observation). Following the treatments, we continued 
observing the meerkats as part of  the ongoing study on the popula-
tion, and no long-term abnormalities in their behaviors or response 
to human observers were noted nor were there any infections or 
injuries.

results
GC treatment validation

Individuals that received an injection of  10 mg cortisol dissolved in 
saline (N = 3 males and 2 females) had an average of  296.6 (±187.3 
SD) ng GC/mL serum 2 h after the injection, whereas individuals 
that received an injection of  saline only (N = 4 males and 2 females) 
had an average of  28.1 (±34.0 SD) ng GC/mL serum (Figure 1). 
To test whether cortisol and saline injection led to changes in cir-
culating GC levels, we compared them against 22 untreated indi-
viduals (21 males and 1 female) that were measured as part of  
an earlier study (mean ± SD  =  51.3 ± 37.5 ng GC/mL serum; 
Santema P, unpublished data; Figure  1). GC levels of  individuals 
that received an injection of  cortisol were significantly higher than 
GC levels of  untreated individuals (Mann–Whitney U test: V = 13, 
N1 = 5, N2 = 22, P = 0.010). GC levels of  individuals that received 
an injection of  saline solution were not significantly different from 
GC levels of  untreated individuals (Mann–Whitney U test: V = 94, 
N1 = 6, N2 = 22, P = 0.12). Finally, direct comparison showed that 
individuals injected with cortisol had significantly higher GC lev-
els than those injected with saline (Mann–Whitney U test: V = 28, 
N1 = 5, N2 = 6, P = 0.022).
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Figure 1 
Serum GC levels of  untreated meerkat helpers (N = 21 males and 1 female), 
meerkat helpers that were injected with saline solution only (N  =  4 males 
and 2 females), and meerkat helpers that were injected with 10 mg cortisol 
dissolved in saline solution (N = 3 males and 2 females). Figures represent 
medians, IQ intervals, and ranges. **P < 0.01.
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Behavioral observations

Intramuscular cortisol administration had no significant effect 
on the total biomass that was fed to pups by females (exact 
Wilcoxon signed-rank test: N  =  12, V  =  36, P  =  0.41; Figure  2a) 
or by males (exact Wilcoxon signed-rank test: N  =  12, V  =  17.5, 
P  =  0.59; Figure  2a) nor on the proportion of  biomass that was 
fed to pups relative to the amount of  biomass found by females 
(exact Wilcoxon signed-rank test: N = 12, V = 42, P = 0.45) or by 
males (exact Wilcoxon signed-rank test: N = 12, V = 24, P = 0.76). 
Cortisol administration had no significant effect on the number of  
times individuals went on sentinel duty in females (exact Wilcoxon 
signed-rank test: N = 12, V = 5, P = 1; Figure 2b) or in males (exact 
Wilcoxon signed-rank test: N = 12, V = 27.5, P = 0.20; Figure 2b).

Cortisol administration resulted in a reduction in the amount 
of  time spent foraging by females (exact Wilcoxon signed-rank 
test: N = 12, V = 1, P < 0.001; Figure 2c) but not by males (exact 
Wilcoxon signed-rank test: N = 12, V = 30, P = 0.52; Figure 2c). 
Cortisol administration did not, however, affect the total bio-
mass found by females (exact Wilcoxon signed-rank test: N  =  12, 
V = 46, P = 0.62; Figure 2d) or by males (exact Wilcoxon signed-
rank test: N = 12, V = 29, P = 0.47; Figure 2d) or the frequency 
of  bipedal vigilance by females (exact Wilcoxon signed-rank test: 
N = 12, V = 29, P = 0.76; Figure 2e) or by males (exact Wilcoxon 

signed-rank test: N  =  12, V  =  31.5, P  =  0.93; Figure  2e). Finally, 
cortisol increased the amount of  time spent within 2 m of  pups 
by females (exact Wilcoxon signed-rank test: N  =  12, V  =  68, 
P = 0.021; Figure 2f), but not by males (exact Wilcoxon signed-rank 
test: N = 12, V = 43, P = 0.79; Figure 2f).

Scorpion provisioning

Female helpers that were injected with cortisol fed on average more 
scorpions to pups than female helpers that were injected with saline 
solution, though this difference was not statistically significant (exact 
Wilcoxon signed-rank test: N = 12, V = 13.5, P = 0.59; Figure 3). 
Male helpers that were injected with cortisol also fed on average 
more scorpions to pups than male helpers that were injected with 
saline solution, but this difference was also not statistically signifi-
cant (exact Wilcoxon signed-rank test: N = 12, V = 19, P = 0.44; 
Figure 3).

dIscussIon
We provide the first experimental test of  the effects of  GCs on help-
ing behavior in a cooperative breeder. Intramuscular injections of  
cortisol successfully elevated circulating GC levels in meerkat help-
ers but did not significantly affect contributions to pup feeding or 
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Figure 2 
Effects of  intramuscular cortisol administration on (a) amount of  food given to pups, (b) sentinel behavior, (c) time spent foraging, (d) amount of  food found, 
(e) bipedal vigilance, and (f) time spent near pups. Figures represent mean per 80 min observation ± SE. *P < 0.05 and ***P < 0.001. 
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sentinel behavior by either females or males. Also, when scorpions 
were experimentally provisioned, the number that was fed to pups 
was not significantly affected by cortisol administration for either 
females or males. Females did, however, show a decrease in the 
time spent foraging and an increase in the time spent close to pups 
when injected with cortisol. Males did not show changes in either 
the time spent foraging or the time spent close to pups. Finally, cor-
tisol administration did not affect the amount of  food found or the 
frequency of  bipedal vigilance by either females or males.

The longer time spent in close proximity to pups may result 
either from cortisol-treated females seeking the vicinity of  pups 
or vice versa. Previous work on meerkats suggests that pup–helper 
associations result primarily from the behavior of  pups (Hodge et al. 
2007), indicating that our result may arise from pups that actively 
seek the vicinity of  cortisol-treated females, perhaps because they 
are more easy to follow because of  their less active foraging behav-
ior. The functional significance of  the increased time spent in close 
proximity to pups by females treated with cortisol remains unclear, 
however, as cortisol-treated females do not have higher pup feed-
ing or guarding rates. Pups may nevertheless have benefited from 
this association through factors that we did not measure, such as 
increased protection from predators. However, the spacing effect 
was only marginally significant, cautioning against overinterpreta-
tion of  this result, especially in the light of  the multiple hypothesis 
tested in this study.

Our results do not confirm previous findings that GCs affect 
contributions to cooperative activities in meerkat helpers (Carlson 
et  al. 2006; Tatalovic 2008). Although there was a tendency for 
males to perform more sentinel behavior, for females to perform 
more pup feeds when injected with cortisol, and for both males 
and females to perform more pup feeds when scorpions were 
experimentally provisioned, these trends were not statistically 
significant. Previous studies on the effects of  GCs on cooperative 
and prosocial behavior have also reported diverse results. GC levels 
were unrelated to contributions to cooperative offspring care in 
the cooperatively breeding cichlid Neolamprologus pulcher (Bender 
et al. 2008) and to infant carrying by male helpers and fathers in 
the cooperatively breeding cotton top tamarin (Saguinus oedipus,  

da Silva Mota et  al. 2006). Among noncooperative breeders, 
various effects of  GC levels on offspring care have also been 
reported. For instance, human mothers with higher GC levels 
showed more affectionate behavior toward offspring and were 
more responsive to infant cries (Fleming et al. 1987, 1997), whereas 
western lowland gorilla (Gorilla gorilla) and savannah baboon (Papio 
hamadryas) mothers with higher GC levels spent less time in contact 
with their infants (Bahr et al. 1998; Bardi et al. 2004), and common 
marmoset mothers carried their infants less when GC levels were 
experimentally elevated (Saltzman and Abbott 2009). Also, in 
contrast to our finding that females spent less time foraging when 
GC levels were experimentally elevated, foraging effort and food 
intake were found to increase after experimental elevation of  GC 
levels in ring doves (Streptopelia risoria, Koch et  al. 2002), and GC 
levels were shown to be positively associated with food intake in 
humans (Dallman et al. 2004).

The most obvious conclusion from this brief  overview is that 
there is little consistency in the effects of  GCs on cooperative or 
caregiving behavior. Indeed, previous work suggests that behavioral 
responses to GC elevation may depend on a range of  factors. First, 
experiences earlier in life may affect behavioral responses to GC 
elevation. For example, female rats with reproductive experience 
showed increased maternal behavior in response to GC elevation, 
whereas virgin females showed a reduction in maternal behavior 
(Rees et al. 2004, 2006). Second, life-history characteristics of  a spe-
cies may affect behavioral responses to GC elevation. For instance, 
GC elevation may affect breeding behavior in nonseasonal species 
with flexible timing of  breeding but not in highly seasonal species 
with only a short window of  opportunity for breeding (Wingfield 
and Sapolsky 2003). Third, GC elevation may have divergent 
behavioral effects depending on the duration of  GC elevation and 
the level of  increase (Sapolsky 1992), and relations between GC 
levels and behavioral responses may be nonlinear and even inverted 
U shaped (Mateo 2008). These complexities in the relationship 
between GC levels and the expression of  behavior make it diffi-
cult to make generalizations about the behavioral effects of  GCs 
across different contexts. Future work may therefore benefit from 
more targeted experiments under controlled conditions in order to 
unravel the behavioral effects of GCs.

In summary, we successfully elevated circulating GC levels in 
meerkat helpers using intramuscular injections, but this had no sig-
nificant effect on pup feeding or sentinel behavior by either females 
or males. Females, however, spent more time in close proximity to 
pups and less time foraging when GC levels were elevated. Males 
showed no behavioral changes in response to GC elevation. These 
results suggest that affiliation with pups and foraging effort may be 
affected by GC levels but that these affects may be sex specific. The 
available evidence from different species, however, suggests that 
behavioral responses to GC elevation may be affected by a range 
of  factors, and more targeted experiments are needed to illuminate 
the complex relations between GCs and the expression of  coopera-
tive behavior.

FundIng
This work was supported by a research studentship from the 
Biotechnology and Biological Sciences Research Council to 
P.S. (Research Studentship 46672), the J.L. Dobberke Stichting, 
the Schure-Beijerink-Popping Fonds, and the Prins Bernhard 
Cultuurfonds. The Kalahari Meerkat Project study site is funded by 
the University of  Cambridge and the University of  Zurich.

N
um

be
r 

fe
d

0.
0

0.
5

1.
0

1.
5

2.
0

2.
5

Females Males

Saline
Cortisol

Figure 3 
Effects of  intramuscular cortisol administration on the number of  scorpions 
given to a pup out of  a total of  4 provisioned scorpions. Figures represent 
mean ± SE.

1126



Santema et al. • Cortisol administration in meerkats

We are grateful to the Kotze family and other neighboring farmers of  
the Kuruman River Reserve for allowing us to work on their land; to 
Christèle Borgeaud, Jamie Samson, and Nathan Thavarajah for logisti-
cal support; and to all volunteers for maintaining the habituation of  
meerkat groups. We are grateful to Ben Dantzer, Inês Gonçalves, Raff  
Mares, Michael Taborsky, and 4 anonymous reviewers for comments 
and suggestions that greatly improved the manuscript. Permission 
to carry out the research was provided by the Northern Cape 
Conservation Authority in South Africa. The research adhered to the 
Association for the Study of  Animal Behaviour Guidelines for the Use 
of  Animals in Research and the legal requirements of  the Republic of  
South Africa.

Handling editor: Ben Hatchwell

reFerences
Altmann J. 1974. Observational study of  behavior. Behaviour. 49:227–265.
Bahr NI, Pryce CR, Döbeli M, Martin RD. 1998. Evidence from urinary 

GC that maternal behavior is related to stress in gorillas. Physiol Behav. 
64:429–437.

Bardi M, French JA, Ramirez SM, Brent L. 2004. The role of  the 
endocrine system in baboon maternal behavior. Biol Psychiatry. 
55:724–732.

Bender N, Heg-Bachar Z, Oliveira RF, Canario AVM, Taborsky M. 2008. 
Hormonal control of  brood care and social status in a cichlid fish with 
brood care helpers. Physiol Behav. 94:349–358.

Brotherton PNM, Clutton-Brock TH, O’Riain MJ, Gaynor D, Sharpe L, 
Kansky R, McIlrath GM. 2001. Offspring food allocation by parents and 
helpers in a cooperative mammal. Behav Ecol. 12:590–599.

Carlson AA, Manser MB, Young AJ, Russell AF, Jordan NR, McNeilly 
AS, Clutton-Brock TH. 2006. GC levels are positively associated with 
pup feeding rates in male meerkats. Proc R Soc Lond B Biol Sci. 
273:571–577.

Carlson AA, Young AJ, Russell AF, Bennett NC, McNeilly AS, Clutton-
Brock TH. 2004. Hormonal correlates of  dominance in a cooperatively 
breeding meerkat (Suricata suricatta). Horm Behav. 46:141–150.

Chapotot F, Gronfier C, Jouny C, Muzet A, Brandenberger G. 1998. 
GC secretion is related to electroencephalographic alertness in human 
subjects during daytime wakefulness. J Clin Endocrinol Metab. 
83:4263–4268.

Clutton-Brock TH, Gaynor D, McIlrath GM, MacColl ADC, Kansky R, 
Chadwick P, Manser M, Skinner JD, Brotherton PNM. 1999. Predation, 
group size and mortality in a cooperative mongoose, Suricata suricatta. J 
Anim Ecol. 68:672–683.

Clutton-Brock TH, Maccoll A, Chadwick P, Gaynor D, Kansky R, Skinner 
JD. 1999. Reproduction and survival of  suricates (Suricata suricatta) in the 
southern Kalahari. Afr J Ecol. 37:69–80.

Clutton-Brock TH, O’Riain MJ, Brotherton PNM, Gaynor D, Kansky R, 
Griffin AS, Manser M. 1999. Selfish sentinels in cooperative mammals. 
Science. 284:1640–1644.

Clutton-Brock TH, Russell AF, Sharpe LL. 2003. Meerkat helpers do not 
specialize in particular activities. Anim Behav. 66:531–540.

Clutton-Brock TH, Russell AF, Sharpe LL, Young AJ, Balmforth Z, 
McIlrath GM. 2002. Evolution and development of  sex differences in 
cooperative behavior in meerkats. Science. 297:253–256.

Dallman MF, la Fleur SE, Pecoraro NC, Gomez F, Houshyar H, Akana SF. 
2004. Minireview: glucocorticoids—food intake, abdominal obesity, and 
wealthy nations in 2004. Endocrinology. 145:2633–2638.

Drewe JA. 2009. Social networks and infectious disease transmission: epide-
miology of  tuberculosis in wild meerkats [PhD dissertation]. [Cambridge 
(UK)]: University of  Cambridge.

Fleming AS, Steiner M, Anderson V. 1987. Hormonal and attitudinal cor-
relates of  maternal behaviour during the early postpartum period in first-
time mothers. J Reprod Infant Psychol. 5:193–205.

Fleming AS, Steiner M, Corter C. 1997. GC, hedonics, and maternal 
responsiveness in human mothers. Horm Behav. 32:85–98.

Griffin AS, Pemberton JM, Brotherton PNM, McIlrath G, Gaynor D, 
Kansky R, O’Riain J, Clutton-Brock TH. 2003. A genetic analysis of  
breeding success in the cooperative meerkat (Suricata suricatta). Behav Ecol. 
14:472–480.

Hodge SJ, Flower TP, Clutton-Brock TH. 2007. Offspring competition and 
helper associations in cooperative meerkats. Anim Behav. 74:957–964.

Jordan NR, Cherry MI, Manser MB. 2007. Latrine distribution and pat-
terns of  use by wild meerkats: implications for territory and mate defence. 
Anim Behav. 73:613–622.

Koch KA, Wingfield JC, Buntin JD. 2002. Glucocorticoids and parental 
hyperphagia in ring doves (Streptopelia risoria). Horm Behav. 41:9–21.

Komdeur J. 2006. Variation in individual investment strategies among social 
animals. Ethology. 112:729–747.

Landys MM, Ramenofsky M, Wingfield JC. 2006. Actions of  gluco-
corticoids at a seasonal baseline as compared to stress-related levels 
in the regulation of  periodic life processes. Gen Comp Endocrinol. 
148:132–149.

Lyons DM, Lopez JM, Yang C, Schatzberg AF. 2000. Stress level cortisol 
treatment impairs inhibitory control of  behavior in monkeys. J Neurosci. 
20:7816–7821.

Lyons DM, Yang C, Eliez S, Reiss AL, Schatzberg AF. 2004. Cognitive cor-
relates of  white matter growth and stress hormones in female squirrel 
monkey adults. J Neurosci. 24:3655–3662.

Madden JR, Clutton-Brock TH. 2011. Experimental peripheral administra-
tion of  oxytocin elevates a suite of  cooperative behaviours in a wild social 
mammal. Proc R Soc Lond B Biol Sci. 278:1189–1194.

Mateo JM. 2008. Inverted-U shape relationship between cortisol and learn-
ing in ground squirrels. Neurobiol Learn Mem. 89:582–590.

Rees SL, Panesar S, Steiner M, Fleming AS. 2004. The effects of  adre-
nalectomy and corticosterone replacement on maternal behavior in the 
postpartum rat. Horm Behav. 46:411–419.

Rees SL, Panesar S, Steiner M, Fleming AS. 2006. The effects of  adrenal-
ectomy and corticosterone replacement on induction of  maternal behav-
ior in the virgin female rat. Horm Behav. 49:337–345.

Romero LM, Reed JM. 2005. Collecting baseline corticosterone sam-
ples in the field: is under 3 min good enough? Comp Biochem Physiol. 
140:73–79.

Russell AF, Clutton-Brock TH, Brotherton PNM, Sharpe LL, McIlrath 
GM, Dalerum FD, Cameron EZ, Barnard JA. 2002. Factors affecting 
pup growth and survival in cooperatively breeding meerkats, Suricata suri-
catta. J Anim Ecol. 71:700–709.

Saltzman W, Abbott DH. 2009. Effects of  elevated circulating GC concen-
trations on maternal behavior in common marmoset monkeys (Callithrix 
jacchus). Psychoneuroendocrinology. 34:1222–1234.

Santema P, Clutton-Brock T. 2012. Dominant female meerkats do not use 
aggression to elevate work rates of  helpers in response to increased brood 
demand. Anim Behav. 83:827–832.

Santema P, Clutton-Brock T. 2013. Meerkat helpers increase sentinel 
behaviour and bipedal vigilance in the presence of  pups. Anim Behav. 
85:655–661.

Sapolsky RM. 1992. Neuroendocrinology of  the stress-response. In: 
Becker JB, Breedlove SM, Crews D, editors. Behavioral endocrinology. 
Cambridge (MA): The MIT Press. p. 287–324.

Sapolsky RM, Romero LM, Munck AU. 2000. How do glucocorticoids 
influence stress responses? Integrating permissive, suppressive, stimula-
tory, and preparative actions. Endocr Rev. 21:55–89.

Schoech SJ, Mumme RL, Wingfield JC. 1996. Prolactin and helping behav-
iour in the cooperatively breeding Florida scrub-jay, Aphelocoma c. coerules-
cens. Anim Behav. 52:445–456.

Schoech SJ, Reynolds SJ, Boughton RK. 2004. Endocrinology. In: Koenig 
WD, Dickinson JD, editors. Ecology and evolution of  cooperative 
breeding in birds. Cambridge (UK): Cambridge University Press. p. 
128–141.

da Silva Mota MT, Franci CR, de Sousa MBC. 2006. Hormonal changes 
related to paternal and alloparental care in common marmosets (Callithrix 
jacchus). Horm Behav. 49:293–302.

Soares MC, Bshary R, Fusani L, Goymann W, Hau M, Hirschenhauser 
K, Oliveira RF. 2010. Hormonal mechanisms of  cooperative behaviour. 
Philos Trans R Soc Lond B Biol Sci. 365:2737–2750.

Tatalovic M. 2008. Meerkat (Suricata suricatta) sentinel behaviour: variation 
in height and contribution [MSc thesis]. [Cambridge (UK)]: University 
of  Cambridge.

Thornton A. 2008. Early body condition, time budgets and the acquisition 
of  foraging skills in meerkats. Anim Behav. 75:951–962.

Thornton A, McAuliffe K. 2006. Teaching in wild meerkats. Science. 
313:227–229.

West SA, Griffin AS, Gardner A. 2007. Evolutionary explanations for coop-
eration. Curr Biol. 17:R661–R672.

Wingfield JC, Sapolsky R. 2003. Reproduction and resistance to stress: 
when and how. J Neuroendocrinol. 15:711–724.

1127


