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Sexual selection acts on traits that increase reproductive success. Variation in reproductive success is
often higher among males than females. Consequently, sexual selection has been studied extensively 
in males while its possible role in females has only recently attracted considerable attention. In some 
cooperatively breeding species females compete intensely for reproductive opportunities and may 
thereby have evolved ‘male-like’ traits such as increased intra-sexual aggression and exaggerated second- 
ary sexual traits. The expression of the latter tends to be testosterone-dependent in male vertebrates but 
whether this is also the case among females remains poorly understood. Here, we compare two cooper- 
ativel y breeding mole-rat species (Natal, Cryptomys hottentotus natalensis , and Damaraland mole-rats,
Fukomys damarensis ) in which a single female monopolises reproduction through behavioural and phys- 
iological suppression, respectively, to evaluate the effect of female intra-sexual competition. Consistent 
with the hypothesis that intra-sexual competition has shaped patterns of testosterone (T) secretion 
among females in these species, we show that (i) female T levels in both species are significantly higher 
among breeding (BFs) (who may face the highest degree of intra-sexual competition) compared to non- 
breeding females (NBFs), (ii) that T levels in both species are significantly higher when access to unre- 
lated males can be assumed to be greate st (i.e., wet season), and (iii) that the average female T levels 
are a full order of magnitude higher in the absence of a physiological mechanism of reproductive suppres- 
sion. Together, our results suggest a role for intra-sexual competition in shaping patterns of T secretion 
among females of the social mole-rats and raise the possibility of a modulatory role for the mode of
reproductive suppression on competition- related traits in females.

� 2013 Elsevier Inc. All rights reserved.
1. Introductio n

Sexual selection acts on traits that affect the reproducti ve suc- 
cess of an individual and is thought to have led to elaborate traits 
such as increased body size or ornaments observed in males of
many species (Anderson, 1994 ). The conspicuous ness of such traits 
among males may account for the marked sex bias in studies of
sexual selection (Clutton-Brock , 2007, 2009 ). Accordingly, studies 
on sexual selection in females often focus on species where fe- 
males exhibit pronounced sexual secondar y characters such as in
species with reversed sex roles (Kvarnemo et al., 2007; Kvarnemo 
and Simmons, 1999; Langmore et al., 2002 ). The compara tive lack 
of studies of sexual selection in females can partly be attributed to
the common assumpti on that females exhibit less variation in
reproductive success and should thus be less affected by sexual 
selection (Hauber and Lacey, 2005; Reeve and Pfennig, 2003 ). How- 
ever, females may compete intensely for mates in species without 
ll rights reserved.
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sex-role reversal and may exhibit a number of traits commonl y
associate d with males, such as high intra-sexual aggression, sexual 
displays and elevated testoster one levels (Clutton-Brock et al.,
2006; Langmore et al., 2002 ), suggesting that the role of sexual 
selection among females warrants closer attention (Clutton-Br ock,
2007, 2009 ). Recent work has shown that variance in female repro- 
ductive success can be very high in social vertebrates, particularly 
in cooperative breeders with high reproductive skew (in which a
small number of females monopol ize the majority of reproducti on)
(Clutton-Br ock, 2009; Hauber and Lacey, 2005 ). Indeed, in a num- 
ber of cooperativel y breeding vertebrates marked intra-sexual 
aggression among females is common, particularly in a reproduc- 
tive context (Clarke and Faulkes, 1997; Clutton-Brock et al.,
2006; Cooney and Bennett, 2000; Desjardins et al., 2008b; Kutsu- 
kake and Clutton-Brock , 2005 ). In addition, body mass or size is a
key determinan t in acquiring and/or maintaining a breeding posi- 
tion in females of various cooperatively breeding species (Faulkes
and Abbott, 1997; Heg et al., 2004; Hodge et al., 2008 ). Accordingl y,
the degree of sexual dimorph ism in traits used in intra-sexual 
competit ion appears to be reduced in some cooperati vely breeding 
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Table 1
Key life-history, environmental and physiological traits of Natal and Damaraland 
mole-rats.

Natal mole-rat Damaraland mole-rat 

Reproductive skew 1 Breeding female 1 Breeding female 
Group size 8.8 ± 3.7 8.2 ± 4.8 
Habitat Mesic Arid 
Mode of suppression Behavioural Physiological 
Reproduction Aseasonal Aseasonal 
HPG-axis in NBFs Seasonal upregulation Seasonal upregulation 

HPG: hypothalamic-pituitary-gonadal, NBF: non-breeding female.
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species (Rubenstein and Lovette, 2009 ). Thus, cooperativel y breed- 
ing species may be particular ly suitable to evaluate the effects of
sexual selection on females.

In male vertebrates the expression of traits that enhance access 
to mates such as aggression, large body size and elaborate sexual 
signals is often mediated by the androgen testosterone (T) (Clut-
ton-Brock, 1988; Hau, 2007; Wingfield et al., 1990 ). Male T levels 
frequently vary with social and environmental stimuli and tend 
to be elevated during breeding periods and in response to intra- 
sexual encounters or social instability (captured in the challenge 
hypothesis) (Goymann, 2009; Wingfield et al., 1990 ). The challenge 
hypothesis has found support in males across vertebrate taxa (Hir-
schenhause r and Oliveira, 2006 ). In contrast, the possible role of
environmental and social stimuli on patterns of T in females has 
been largely neglected (Moore, 2007 ). Evidence suggests that the 
expression of morphologi cal and behavioural traits linked to in- 
tra-sexual competition in females can be affected by T similar to
males (Staub and de Beer, 1997 ). In addition, female T levels may 
vary seasonally and in response to social interactions (Beehner
et al., 2005; Calisi and Hews, 2007; Desjardins et al., 2006; Lang- 
more et al., 2002; Sandell, 2007 ). Despite the potential significance
of T in competition among females, T is still considered to be of rel- 
atively minor importance in females and few studies have explored 
the effects of intra-sexual competition on circulating T levels in fe- 
male vertebrates (Staub and de Beer, 1997 ).

In the current study we investiga ted the extent to which intra- 
sexual competition may have shaped the patterns of T secretion 
among females in cooperatively breeding mole-rat societies. Social 
mole-rats offer a novel opportun ity for studies of this kind as,
while all species show high reproductive skew (only one female 
breeder per colony), closely-related species can differ markedly 
in the extent to which this skew arises from behavioural mecha- 
nisms (i.e., intra-sexual aggression) alone (Faulkes and Bennett,
2009). Reproductive suppressi on in mole-rats is thought to result 
from a combinati on of control by the breeding female (BF) or
queen (e.g. aggression) and self-restraint in non-breed ing females 
(NBFs) due to a lack of unrelated males (Faulkes and Bennett,
2009). Mole-rat s exploit the subterranean niche and since the dig- 
ging required for breeding dispersal is much less energetically 
costly in soft soils, access to unrelated males is assumed to be
linked to rainfall patterns and consequently, the dispersal in- 
creases strongly with precipitatio n (Bishop and Jarvis, 2004; Bur- 
land et al., 2004; Faulkes and Bennett, 2009 ). When new 
breeding opportunities arise, escalated aggression among females 
that can result in the death of competit ors has been observed in
several mole-rat species (Cooney and Bennett, 2000; Faulkes and 
Abbott, 1997; Margulis et al., 1995 ). Here we exploit the variation 
in modes of reproductive suppression among two social mole-rat 
species to investigate not only how intra-sexual competition has 
shaped T levels among females in high skew species, but to con- 
sider the possibility that the strength of selection on androgen lev- 
els in such species may depend upon the mechanisms through 
which intra-sexual reproductive conflict is resolved. Where intra- 
sexual reproductive competition is resolved solely through behav- 
ioural means (i.e., NBFs show compara ble reproductive physiology 
to BFs), selection may differentially favour the elevation of circulat- 
ing T levels to promote those traits that may favour success in
competition (e.g. aggression). Specifically, we compare and con- 
trast the patterns of circulating T among females in two closely re- 
lated mole-rat species that differ in their modes of suppression 
(the Natal mole-rat, Cryptomys hottentot us natalensis , and the 
Damaraland mole-rat, Fukomys damarensi s, Table 1). While both 
species live in colonies in which a single female monopolizes 
reproduction, in Natal mole-rats NBFs are physiologically capable 
of breeding (Oosthuizen et al., 2008 ) whereas in Damaraland 
mole-rats NBFs experience a block to ovulation attributable to
the down-regul ation of the pituitary sensitivity to gonadotrop in
releasing hormone (GnRH) (Bennett et al., 1996; Molteno and Ben- 
nett, 2002 ). This may be linked to the variation in ecological con- 
straints to dispersal and hence breeding opportunities (i.e.,
unrelated males entering a colony or NBFs leaving their natal col- 
ony) that both species experience as Natal mole-rats occur in more 
mesic habitats than Damaraland mole-rats (Faulkes and Bennett,
2009). Consequentl y, while sexual selection may have favoured 
‘androge nised’ aggressive females in both species (Cooney and 
Bennett, 2000; Faulkes and Abbott, 1997 ), selection for androgen- 
mediated traits may be substantially stronger in Natal mole-rat 
societies as intra-sexual traits could be the principal means 
through which their reproducti ve monopolies are maintained .
We therefore tested (i) whether Natal mole-rat females exhibit 
higher T levels than Damaraland mole-rat females. Both species 
breed througho ut the year, nevertheless, NBFs of both species ex- 
hibit an up-regulation of their pituitary in response to rainfall;
the baseline and response levels of luteinizing hormone (LH) and 
pituitary sensitivity are elevated during this period in Natal and 
Damaraland mole-rats , respectively (Oosthuiz en et al., 2008;
Young et al., 2010 ). Our second aim was therefore to test (ii)
whether circulating T levels would be elevated during the wet sea- 
son, when NBFs may have access to reproducti ve opportunities and 
hence, challenges to the breeding monopoly of the BF are likely to
occur. Lastly, we predicted that (iii) BFs would exhibit higher T lev- 
els than NBFs as a result of the intra-sexual challenges to their 
breeding monopoly that they may experience by NBFs. We also 
tested whether this is correlated with body mass as a proxy for 
age or linked with breeding status irrespective of size.
2. Material and methods 

2.1. Study sites and trapping methods 

We caught Natal mole-rats on a bimonthly basis from March 
2003 to January 2004 and in March and July 2006 on a golf course 
surrounded by montane grassland at Glengarry Park (1500 m alti- 
tude) in the Kamberg region of KwaZulu-Nata l (25�58’S; 21�49’E).
Damaraland mole-rats were trapped at the Tswalu Kalahari Re- 
serve in the southern Kalahari (27�13’S, 22�28’E) during March 
and October 2004 and March 2005. Captures conducted from 
May to October coincided with the dry season in both locations 
while the remainder of the year received the majority of precipita- 
tion and was thus defined as the wet season (Young et al., 2010 ). In
both locations captures were conducted by exposing mole-rat tun- 
nels close or underneath fresh molehills and setting modified Hick- 
man life-traps baited with sweet potato at the entrances of those 
tunnels. All animals were live-trap ped. Colony members were 
housed together in plastic containers until the entire colony had 
been captured. They were provided with wood shavings or soil 
as nesting and were fed on sweet potato. Group sizes were similar 
for both species (Natal mole-rats: 8.8 ± 3.7 individuals, n = 22
colonies, Damaraland mole-rats: 8.2 ± 4.8 individuals, n = 17



Fig. 1. Correlation between body mass and plasma testosterone concentrations for 
(A) Natal mole-rats and (B) Damaraland mole-rats. Open circles indicate NBFs and 
closed circles indicate BFs.
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colonies). On capture body mass was recorded for each individua l.
Animals were regarded as belonging to the same colony only if
they were collected at the same trap site. The breeding status 
was determined for all adult females. BFs could be readily identi- 
fied by their perforate vagina and prominent teats while the 
remaining females were regarded as non-breed ers.

2.2. Plasma sample collection and hormone assays 

Natal mole-rats were killed by inhalation of halothan e and 
blood was immediatel y collected from the right ventricle . The 
reproductive condition of females was evaluated by dissection of
their reproducti ve tract. For blood sampling in Damaraland mole- 
rats individuals were hand restrained while blood was taken from 
the saphenic vein in the foot. Blood samples were centrifuged,
plasma collected and frozen at �40 �C until hormone assays were 
conducted. For both species samples were collected no later than 
2 weeks after capture. Plasma samples were collected for a total 
of 101 (72 non-breeders [39 dry, 33 wet season], 29 breeders [18 
dry, 11 wet season]) Natal and 75 Damaraland mole-rat females 
(51 non-breeder s [17 dry, 34 wet season], 24 breeders [8 dry, 16
wet season]). All protocols were approved by the University of Pre- 
toria ethics committee and complied with regulations stipulated in
the Guidelines for the use of Animals in Research.

Plasma samples were assayed for testosterone using commer- 
cially available coated tube assay kit (CoaT a-Count TKTT1, Diag- 
nostic Products Corporation, Los Angeles, CA) that had previously 
been validated for the study species (Oosthuizen et al., 2008 ).
The antiserum is highly specific for testosterone and has a low 
cross-reacti vity with other naturally occurring steroids except 
dihydrotest osterone, which is 5%. All samples were assayed in
duplicate and the intra- and inter-assay coefficients of variation 
were 3.0% and 7.9% for Natal and 1.7% and 6.3% for Damaraland 
mole-rats, respectivel y.

2.3. Evaluation of the effects of pregnancy on T levels 

As some of the dominant females in our study are likely to have 
been pregnant when sampled, we used two methods to investigate 
whether pregnancy could have impacted T levels. First, as the Natal 
mole-rat females were all euthanized and dissected (for another 
study), allowing pregnancy determination , we were able to directly 
confirm that the T levels of pregnant and non-pregnant BFs did not 
significantly differ (n = 7, n = 22, Z = �0.816, p = 0.42). This was not 
possible for Damaraland mole-rats as they were not euthanized in
the field, precluding direct pregnancy determination (and thereby 
the exclusion of pregnant BFs from our analyses). To therefore 
determine whether pregnancy impacts T levels in Damaraland 
mole-rat females, we paired seven NBFs with unrelated males in
the laboratory and then collected blood samples from them for T
determination s at bi-weekly intervals for up to 18 weeks after 
pairing or until parturition. Based on the known duration of preg- 
nancies in this species of about 3 months (Bennett and Faulkes,
2000) we identified samples collected as either being from a gravid 
or non-gravi d female. Values were averaged across both periods for 
analysis. Only 3 of these females became pregnant during the col- 
lection period and plasma T levels during pregnancy were not sig- 
nificantly higher than those before they became pregnant 
(Wilcoxon-test, Z = 6.00, p = 0.109). However, the small sample size 
may have limited the probability of finding significant differences.

2.4. Statistical analyses 

The hormone data failed to satisfy the criteria for parametric 
tests and transformation s were not successful. Consequently,
the relationshi p between body mass and T was explored with 
Spearma n’s correlations. The effects of intra-sexual competition 
were further assessed with a generalized linear mixed model 
(GLMM) with T levels as dependent variable assuming a gamma 
distribut ion and a log-link function (Crawley, 2007 ) with colony 
identity as random factor. Species, breeding status and season 
were included as factors in the model. All 2 and 3-way interactio ns
were included in the model. Initially, we also included body mass 
as co-variat e. However, since body mass was not significant in the 
model we report the results without body mass here. Post-hoc 
comparis ons were carried out using the least significant difference 
(LSD).
3. Results 

Circulating levels of T increased with increasing body mass in
both Natal (Rs = 0.272, n = 92, p < 0.01, Fig. 1A) and Damaraland 
mole-rats (Rs = 0.331, n = 75, p = 0.004, Fig. 1B). However, as BFs 
in both species were significantly heavier than NBFs (p < 0.0001 
for both species), this relationship could be driven by higher 
T levels in dominan ts rather than with increasing body mass per
se. Indeed, our full statistical model of the factors affecting T levels 
suggests that this is the case. The model reveals that independen t of
body mass BFs had significantly higher T titres (1.96 ± 0.2 nmol/l)
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than NBFs (1.02 ± 0.12 nmol/l, Wald- v2 = 11.755, df = 1, p = 0.001).
Furthermore, female T levels were significantly higher during the 
wet (1.76 ± 0.20 nmol/l) compared to the dry season (1.17 ± 0.18 
nmol/l, Wald- v2 = 4.776, df = 1, p = 0.029). The model also revealed 
that females in Natal mole-rat (3.26 ± 0.31nmol/l) societies show 
significantly and markedly higher T levels than Damaraland mole- 
rats (0.40 ± 0.12 nmol/l, Wald- v2 = 100.661, df = 1, p < 0.0001).

None of the 2-way interaction terms were significant (all
p P 0.221). However , the 3-way interaction between species, sea- 
son and breeding status was of borderline significance (Wald-
v2 = 3.813, df = 1, p = 0.051, Fig. 2). The T levels of both Natal 
mole-rat NBFs and BFs were significantly greater than those of
Damaraland NBFs and BFs during both seasons (p 6 0.005). During 
the dry season, in Natal mole-rats, BFs had significantly higher T
levels than NBFs (LSD: p = 0.001, Fig. 2A), while in Damaraland 
mole-rats they did not (LSD: p = 0.649, Fig. 2B). By contrast in the 
wet season the opposite was true: in Natal mole-rats , BFs had com- 
parable T levels to NBFs (LSD: p = 0.400, Fig. 2A), while in Damar- 
aland mole-rats BFs had near-significantly higher T levels than 
NBFs (LSD: p = 0.052). This contrast arose because, in Natal mole- 
rats, the T levels of NBFs were significantly higher in the wet than 
the dry season (LSD: p = 0.013), while those of BFs were not (LSD:
p = 0.453). In contrast, in Damaraland mole-rats, the T levels of BFs 
were near-significantly higher in the wet season than the dry (LSD:
p = 0.052, Fig. 2B), while those of NBFs were not (LSD: p = 0.208).

4. Discussion 

4.1. Evidence that mechanism of reproductive skew modulate s female 
T levels 

In the current study, Natal mole-rats had markedly higher T lev- 
els than Damaraland mole-rats irrespective of breeding status. In
Fig. 2. Season and status-dependent differences in plasma testosterone concentra- 
tions of female (A) Natal and (B) Damaraland mole-rats. Open bars indicate non- 
breeders, solid bars breeders. Displayed are means ± SE.
fact, Natal mole-rat female T levels were approximately an order 
of magnitude higher than those of Damaraland mole-rat females,
and are comparable with those for Natal mole-rat males 
(5.05 ± 0.82 nmol/l, unpublished data).

This would be predicted if physiologica l suppressi on among 
NBFs eased selection for androgen-m ediated intra-sex ual competi- 
tion in the latter species. In the absence of physiological suppres- 
sion and possibly regular access to immigrating unrelated males 
Natal mole-rat BFs are likely to experience frequent challenges to
their breeding monopoly (Faulkes and Bennett, 2009 ). If such chal- 
lenges in Natal mole-rats are settled via T mediated aggression 
rather than physiologica l suppression as seen in Damaraland 
mole-rats this could lead to elevated T levels as proposed for males 
in the ‘challeng e hypothesis’ (Wingfield et al., 1990 ). Furthermore,
although we did not assess intra-sexual aggression in our study,
Natal mole-rats appear to be substantially more aggressive than 
Damaraland mole-rats and injuries as a result of intra-colony 
aggression when reuniting colony members after capture may oc- 
cur in the former but not the latter species (H. Lutermann, personal 
observati on). Further support for a role of T mediated aggression in
intra-sex ual competition among females in the absence of physio- 
logical mechanism s of reproducti ve suppression comes from other 
cooperati vely breeding species. BFs of Neolampr ologus pulcher re-
spond with elevated T levels to simulated territory intrusions 
and exhibit the strongest level of defence in the group (Desjardins
et al., 2006, 2008a ). Similarly , elevations in female androgens and 
intra-sex ual aggression have been reported for non-cooper ative 
species and strongly affect female reproductive success (Langmore
et al., 2002; Sandell, 2007 ).

4.2. Evidence that ecologica l factors affect female T levels 

Season had a significant modulatory effect on the androgen lev- 
els in both study species, with females showing significantly higher 
T levels in the wet season than in the dry season. This observation 
lends support to the hypothesis that intra-sexual competition may 
be linked to female androgen levels in the study species. Intra-sex- 
ual competition can be expected to increase during the wet season 
when NBFs of both species show an up-regulation of their pituitary 
sensitivit y and opportunities for encounter s with unrelated males 
may arise frequently (Oosthuizen et al., 2008; Young et al., 2010 ).
However , the detection of a near-significant three way interaction 
between season, species and dominance status raises the possibil- 
ity that the seasonal pattern is more complicated than this, and 
could differ markedly between the two species. While in Natal 
mole-rat T levels did not differ between BFs and NBFs during the 
wet season, in Damaraland mole-rats T levels of BFs and NBFs were 
compara ble during the dry season. Interestingl y, this resulted from 
significant increases of T levels in NBFs in the former species and in
BFs in the latter. If the observed increases were a result of agonistic 
interactio ns among females, the lack of increase in Natal mole-rat 
BFs may be indicative of a restraint on the part of dominan ts
regarding further elevations in T, given what may be prohibitive 
costs associated with increasing what are already remarkably high 
T levels. For example, elevated T levels have been shown to impair 
a females’ reproductive success and offspring care in a number of
species (Fite et al., 2005; Packer et al., 1995; Sandell, 2007 ). Damar- 
aland mole-rat BFs did clearly not exercise a similar restraint as
they showed clear increases in T levels in the wet compared to
the dry season, but there may have been comparative ly little cost 
entailed in doing so as their mean T levels were much lower. This 
wet season T increase in Damaraland mole-rat BFs may be a result 
of the reproductive activation of NBFs in response to rainfall in this 
species (Young et al., 2010 ), which may force the BF to assert her 
breeding monopoly by behavioural means. Similar elevations in T
levels of BFs have been observed in meerkats (Suricata suricatta )



64 H. Lutermann et al. / General and Comparative Endocrinology 187 (2013) 60–65
where pregnant dominant females show increased T titres and tar- 
geted aggression against subordinate females that pose the stron- 
gest threat to their reproductive success (Clutton-Brock et al.,
2006; Young and Clutton-Brock, 2006 ). Perhaps surprisin gly how- 
ever, we only found a non-significant increase of T levels during 
the wet season for Damaraland mole-rat NBFs. This may be linked 
to the increase in cortisol-leve ls in NBFs during the wet season 
(Young et al., 2010 ) as increases in corticosteroids can disrupt fe- 
male reproductive activity and suppress aggression (Woodley
and Moore, 1999; Young et al., 2006 ). The seasonal patterns of T
found in Damaraland mole-rat females correspond to those re- 
ported for common mole-rats (Cryptomys hottentotus hottentot us)
(Spinks et al., 1999 ). Although, like Natal mole-rats, common 
mole-rat NBFs are not physiologica lly suppressed, they breed sea- 
sonally. Conseque ntly, challenges to the BFs breeding monopol y
may only occur seasonally and require elevations in T levels in
accordance with these seasonal challenges .
4.3. Effect of breeding status on female T levels 

BFs of both species had higher T levels than NBFs. These find-
ings mirror patterns observed in vertebrate males and assuming 
that elevated T levels in BFs are linked to the ability to attain and 
defend the breeding monopoly they support the hypothesis that fe- 
male intra-sexual competit ion exerts selective pressures on T med- 
iated traits thought to enhance reproductive success (Clutton-
Brock, 1988; Hau, 2007; Wingfield et al., 1990 ). Our results are in
accordance with studies in naked and common mole-rats (Crypto-
mys h. h.) that found elevated T levels in BFs compared to NBFs 
(Clarke and Faulkes, 1997; Spinks et al., 1999 ). Comparable obser- 
vations have been reported from other cooperativel y breeding ver- 
tebrates. For example, BFs of the cooperatively breeding cichlid N.
pulcher exhibit a masculinisa tion in behaviour, T levels and brain 
gene expression compared to subordinate females (Aubin-Ho rth 
et al., 2007; Desjardins et al., 2006 ). These data suggest that eleva- 
tions in circulating T levels could play a crucial role in the estab- 
lishment and/or maintenance of the female breeding monopoly 
across cooperati vely breeding vertebrates with high reproductive 
skew.

In conclusion, our study provides support for a role for intra- 
sexual competition in shaping the patterns of T secretion among 
females in high skew cooperative societies. Furthermore, our data 
raise the novel and hitherto unexplored possibility that the mode 
of reproductive suppression among subordinates (whether physio- 
logical or behavioural) may modify the strength of intra-sexual 
selection in a given species, and thereby the extent of elaboration 
of those traits associated with success in competition. In addition 
to social factors, we found evidence of seasonal elevations of fe- 
male T levels during periods when intra-sexual reproductive com- 
petition among females is expected to be most acute. As such, our 
study also provides evidence consistent with the modulation of fe- 
male T levels in response to both social and seasonal factors, as
envisaged for males in the challenge hypothesis (Wingfield et al.,
1990).
Acknowledgmen ts

We are grateful to a number of voluntee rs particularly Marietjie 
Oosthuizen, who helped catching the study animals, and the own- 
ers of Glengarry and Tswalu Kalahari Reserve for access to the ani- 
mals. H.L. and N.C.B. are indebted to the University of Pretoria and 
the NRF for funding while A.J.Y. acknowledges a research Grant 
from Magdalene College, Cambridge, ASAB and NERC.
References

Anderson, M., 1994. Sexual Selection. Princeton University Press, Princeton, NJ.
Aubin-Horth, N., Desjardins, J.K., Martei, Y.M., Balshine, S., Hofmann, H.A., 2007.

Masculinized dominant females in a cooperatively breeding species. Mol. Ecol.
16, 1349–1358.

Beehner, J.C., Phillips-Conroy, J.E., Whitten, P.L., 2005. Female testosterone,
dominance rank, and aggression in an Ethiopian population of hybrid 
baboons. Am. J. Primatol. 67, 101–119.

Bennett, N.C., Faulkes, C.G., 2000. African Mole-Rats: Ecology and Eusociality.
Cambridge University Press, Cambridge, UK.

Bennett, N.C., Faulkes, C.G., Molteno, A.J., 1996. Reproductive suppression in
subordinate, non-breeding female Damaraland mole-rats: two components to
a lifetime of socially induced infertility. Proc. R. Soc. B 263, 1599–1603.

Bishop, J.M., Jarvis, J.U.M., Spinks, A.C., Bennett, N.C., O’Ryan, C., 2004. Molecular 
insight into patterns of colony composition and paternity in the common mole- 
rat Cryptomys hottentotus hottentotus . Mol. Ecol. 13, 1217–1229.

Burland, T.M., Bennett, N.C., Jarvis, J.U.M., Faulkes, C.G., 2004. Colony structure and 
parentage in wild colonies of co-operatively breeding Damaraland mole-rats 
suggest incest avoidance alone may not maintain reproductive skew. Mol. Ecol.
13, 2371–2379.

Calisi, R.M., Hews, D.K., 2007. Steroid correlates of multiple color traits in the spiny 
lizard, Sceloporus pyrocephalus . J. Comp. Physiol. B 177, 641–654.

Clarke, F.M., Faulkes, C.G., 1997. Dominance and queen succession in captive 
colonies of the eusocial naked mole-rat, Heterocephalus glaber . Proc. R. Soc. B
264, 993–1000.

Clutton-Brock, T., 2007. Sexual selection in males and females. Science 318, 1882–
1885.

Clutton-Brock, T., 2009. Sexual selection in females. Anim. Behav. 77, 3–11.
Clutton-Brock, T.H., 1988. Reproductive Success – Studies of Individual Variation in

Contrasting Breeding Systems. The University of Chicago Press, Chicago .
Clutton-Brock, T.H., Hodge, S.J., Spong, G., Russell, A.F., Jordan, N.R., Bennett, N.C.,

et al., 2006. Intrasexual competition and sexual selection in cooperative 
mammals. Nature 444, 1065–1068.

Cooney, R., Bennett, N.C., 2000. Inbreeding avoidance and reproductive skew in a
cooperative mammal. Proc. R. Soc. B 267, 801–806.

Crawley, M.J., 2007. The R Book. Wiley & Sons, Chichester, UK.
Desjardins, J.K., Hazelden, M.R., Van der Kraak, G.J., Balshine, S., 2006. Male and 

female cooperatively breeding fish provide support for the ‘‘Challenge 
Hypothesis’’. Behav. Ecol. 17, 149–154.

Desjardins, J.K., Stiver, K.A., Fitzpatrick, J.L., Balshine, S., 2008a. Differential 
responses to territory intrusions in cooperatively breeding fish. Anim. Behav.
75, 595–604.

Desjardins, J.K., Stiver, K.A., Fitzpatrick, J.L., Milligan, N., Kraak, G.J., Balshine, S.,
2008b. Sex and status in a cooperative breeding fish: behavior and androgens.
Behav. Ecol. Sociobiol. 62, 785–794.

Faulkes, C.G., Abbott, D.H., 1997. The physiology of a reproductive dictatorship:
regulation of male and female reproduction by a single breeding female in
colonies of naked mole-rats. In: Solomon, N.G., French, J.A. (Eds.), Communal 
Breeding in Mammals. Cambridge University Press, Cambridge, UK, pp. 302–
344.

Faulkes, C.G., Bennett, N.C., 2009. Reproductive skew in African mole-rats:
behavioral and physiological mechanisms to maintain high reproductive 
skew. In: Hager, R., Jones, C.B. (Eds.), Reproductive Skew in Vertebrate 
Societies: Proximate and Ultimate Causes. Cambridge University Press,
Cambridge, UK, pp. 369–396.

Fite, J.E., French, J.A., Patera, K.J., Hopkins, E.C., Rukstalis, M., Ross, C.N., 2005.
Elevated urinary testosterone excretion and decreased maternal caregiving 
effort in marmosets when conception occurs during the period of infant 
dependence. Horm. Behav. 47, 39–48.

Goymann, W., 2009. Social modulation of androgens in male birds. Gen. Comp.
Endocrinol. 163, 149–157.

Hau, M., 2007. Regulation of male traits by testosterone: implications for the 
evolution of vertebrate life histories. Bioessays 29, 133–144.

Hauber, M.E., Lacey, E.A., 2005. Bateman’s principle in cooperatively breeding 
vertebrates: the effects of non-breeding alloparents on variability in female and 
male reproductive success. Integr. Comp. Biol. 914, 903–914.

Heg, D., Bender, N., Hamilton, I., 2004. Strategic growth decisions in helper cichlids.
Proc. R. Soc. B 271 (Suppl.), S505–S508.

Hirschenhauser, K., Oliveira, R., 2006. Social modulation of androgens in male 
vertebrates: meta-analyses of the challenge hypothesis. Anim. Behav. 71, 265–
277.

Hodge, S.J., Manica, A., Flower, T.P., Clutton-Brock, T.H., 2008. Determinants of
reproductive success in dominant female meerkats. J. Anim. Ecol. 77, 92–102.

Kutsukake, N., Clutton-Brock, T.H., 2005. Aggression and submission reflect
reproductive conflict between females in cooperatively breeding meerkats 
Suricata suricatta . Behav. Ecol. Sociobiol. 59, 541–548.

Kvarnemo, C., Moore, G.I., Jones, A.G., 2007. Sexually selected females in the 
monogamous Western Australian seahorse. Proc. R. Soc. B 274, 521–525.

Kvarnemo, C., Simmons, L.W., 1999. Variance in female quality, operational sex 
ratio and male mate choice in a bushcricket. Behav. Ecol. 45, 245–252.

Langmore, N.E., Cockrem, J.F., Candy, E.J., 2002. Competition for male reproductive 
investment elevates testosterone levels in female dunnocks, Prunella modularis .
Proc. R. Soc. B 269, 2473–2478.

http://refhub.elsevier.com/S0016-6480(13)00158-5/h0005
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0010
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0010
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0010
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0015
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0015
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0015
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0020
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0020
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0025
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0025
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0025
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0030
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0030
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0030
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0035
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0035
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0035
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0035
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0040
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0040
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0045
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0045
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0045
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0050
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0050
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0055
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0060
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0060
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0065
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0065
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0065
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0070
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0070
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0075
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0080
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0080
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0080
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0085
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0085
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0085
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0090
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0090
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0090
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0095
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0095
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0095
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0095
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0095
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0100
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0100
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0100
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0100
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0100
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0220
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0220
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0220
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0220
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0105
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0105
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0110
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0110
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0115
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0115
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0115
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0120
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0120
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0125
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0125
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0125
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0130
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0130
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0135
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0135
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0135
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0140
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0140
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0145
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0145
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0150
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0150
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0150


H. Lutermann et al. / General and Comparative Endocrinology 187 (2013) 60–65 65
Margulis, S.W., Saltzman, W., Abbott, D.H., 1995. Behavioral and hormonal changes 
in female naked mole-rats (Heterocephalus glaber ) following removal of the 
breeding female from the colony. Horm. Behav. 29, 227–247.

Molteno, A.J., Bennett, N.C., 2002. Rainfall, dispersal and reproductive inhibition in
eusocial Damaraland mole-rats (Cryptomys damarensis ). J. Zool. 256, 1994–1997.

Moore, I.T., 2007. Advancing the challenge hypothesis. Horm. Behav. 51, 461–462.
Oosthuizen, M.K., Bennett, N.C., Lutermann, H., Coen, C.W., 2008. Reproductive 

suppression and the seasonality of reproduction in the social Natal mole-rat 
(Cryptomys hottentotus natalensis ). Gen. Comp. Endocrinol. 159, 236–240.

Packer, C., Collins, D.A., Sindimwo, A., Goodall, J., 1995. Reproductive constraints on
aggressive competition in female baboons. Nature 373, 60–63.

Reeve, H.K., Pfennig, D.W., 2003. Genetic biases for showy males: are some genetic 
systems especially conducive to sexual selection? Proc. Natl. Acad. Sci. 100,
1089.

Rubenstein, D.R., Lovette, I.J., 2009. Reproductive skew and selection on female 
ornamentation in social species. Nature 462, 786–789.

Sandell, M., 2007. Exogenous testosterone increases female aggression in the 
European starling (Sturnus vulgaris ). Behav. Ecol. Sociobiol., 255–262.
Spinks, A.C., Bennett, N.C., Jarvis, J.U.M., 1999. Regulation of reproduction in female 
common mole-rats (Cryptomys hottentotus hottentotus ): the effects of breeding 
season and reproductive status. J. Zool. 248, 161–168.

Staub, N.L., de Beer, M., 1997. The role of androgens in female vertebrates. Gen.
Comp. Endocrinol. 24, 1–24.

Wingfield, J.C., Hegner, R.E., Dufty, A.M., Ball, G.F., 1990. The ‘‘challenge hypothesis’’:
theoretical implications for patterns of testosterone secretion, mating systems 
and breeding strategies. Am. Nat. 136, 829–846.

Woodley, S.K., Moore, M.C., 1999. Female territorial aggression and steroid 
hormones in mountain spiny lizards. Anim. Behav., 1083–1089.

Young, A., Clutton-Brock, T., 2006. Infanticide by subordinates influences
reproductive sharing in cooperatively breeding meerkats. Biol. Lett. 2, 385–387.

Young, A.J., Carlson, A.A., Monfort, S.L., Russell, A.F., Bennett, N.C., Clutton-Brock, T.,
2006. Stress and the suppression of subordinate reproduction in cooperatively 
breeding meerkats. Proc. Natl. Acad. Sci. 103, 12005–12010.

Young, A.J., Oosthuizen, M.K., Lutermann, H., Bennett, N.C., 2010. Physiological 
suppression eases in Damaraland mole-rat societies when ecological 
constraints on dispersal are relaxed. Horm. Behav. 57, 177–183.

http://refhub.elsevier.com/S0016-6480(13)00158-5/h0155
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0155
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0155
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0160
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0160
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0165
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0170
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0170
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0170
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0175
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0175
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0180
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0180
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0180
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0185
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0185
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0225
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0225
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0190
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0190
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0190
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0195
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0195
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0200
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0200
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0200
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0230
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0230
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0205
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0205
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0210
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0210
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0210
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0215
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0215
http://refhub.elsevier.com/S0016-6480(13)00158-5/h0215

	Reproductive status and testosterone among females in cooperative  mole-rat societies
	1 Introduction
	2 Material and methods
	2.1 Study sites and trapping methods
	2.2 Plasma sample collection and hormone assays
	2.3 Evaluation of the effects of pregnancy on T levels
	2.4 Statistical analyses

	3 Results
	4 Discussion
	4.1 Evidence that mechanism of reproductive skew modulates female T levels
	4.2 Evidence that ecological factors affect female T levels
	4.3 Effect of breeding status on female T levels

	ack13
	References


