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From killer to carer: steroid hormones and paternal behaviour

Ruan de Bruin1*, Andre Ganswindt2 and Aliza le Roux1

1 Mammalian Cognition Research Group, Department of Zoology and Entomology, University of the Free State, Qwaqwa campus, 
Phuthaditjhaba, South Africa
2 Department of Anatomy and Physiology, Faculty of Veterinary Science, University of Pretoria, Onderstepoort, South Africa
* Corresponding author, email: ruandb@hotmail.com

Mammalian parental investment (i.e. care of descendant offspring) is largely biased towards maternal contributions 
due to the specific feeding needs of mammalian offspring; however, varying degrees of paternal investment have 
been reported in about 10% of all mammalian species. Within the order Carnivora, paternal contribution to rearing 
offspring is particularly high: an estimated 32% of all studied carnivore species exhibit direct paternal care. Despite 
the prominence of paternal investment in carnivores, the endocrine basis of this behaviour is not well understood. 
This review examines the current – highly constrained – state of knowledge about the endocrine basis of carnivore 
paternal investment. We attempt to link changes in androgen and glucocorticoid levels with variation in direct and 
indirect paternal care behaviour making specific predictions regarding the way forward. Well-studied species, such 
as bat-eared foxes (Otocyon megalotis), dwarf mongoose (Helogale parvula) and meerkats (Suricata suricatta), 
where social dynamics are relatively well understood, can act as ideal model systems through which we may further 
investigate the endocrine basis of paternal investment in carnivores.
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Mammalian parental investment is often heavily skewed 
towards maternal care, with young dependent on maternal 
milk for survival (Nowak et al. 2000). However, in 5–10% 
of mammal species, males also greatly invest in post-natal 
infant care (Woodroffe and Vincent 1994). The concept of 
paternal investment is by no means novel and has been 
extensively described for various taxa such as fish, amphib-
ians and birds (Ridley 1978; Schneider and Lamprecht 
1990; Ketterson and Nolan 1994; Smith and Wootton 
1995; Beck 1998; Møller and Cuervo 2000; Balshine 
2012). Over the past 30 years more work has focused on 
the role male mammals play in raising and caring for their 
offspring, predominantly in rodents, primates and carnivores 
(Kleiman and Malcolm 1981; Dewsbury 1985; Wright 1990; 
Brown 1993; Woodroffe and Vincent 1994; Jones and 
Wynne-Edwards 2001).

In contrast to maternal contribution, where the roles of 
different hormones are relatively well understood and 
defined (Zarrow et al. 1971; Bridges et al. 1990; Rosenblatt 
2002), little is known about the regulative role of hormones 
in the case of paternal contribution. The regulative 
hormones involved in paternal care have been extensively 
studied in non-mammalian taxa  (Eisner 1960; Townsend 
and Moger 1987; Wingfield et al. 1990; Buntin et al. 1991; 
Knapp et al. 1999; Páll et al. 2002; Lynn 2008) and even 
though these findings provide a basis for general predic-
tions in mammals, conclusions cannot be drawn a priori 

without supporting evidence. Some experiments have been 
conducted to unravel the role of each hormone in terms 
of paternal investment in mammals, particularly rodents 
and primates; however, reports on larger mammals – 
especially carnivores – are extremely scarce and remain 
mostly correlative with a lack of experimental support 
(Wynne-Edwards and Reburn 2000). In carnivores, the 
paucity of data on paternal hormones is further exacerbated 
by the confounding behavioural changes that most males 
undergo during the breeding season: indirect parental 
care (such as territorial defence) and direct care (such as 
grooming) are expected to have diametrically opposite 
endocrinological drivers.

The purpose of this review is not to identify paternal 
investment in carnivores (reviewed by Kleiman and 
Malcolm 1981), but rather to highlight the skewed research 
focus in carnivore studies, which undervalues the unique 
opportunity to describe paternal care from a mechanistic 
perspective (Table 1). Importantly, the need to protect 
territories and mates from rival males will allow us to 
examine the endocrine correlates of increased intraspecific 
aggression concurrently with increased demands for caring 
behaviour. For the purpose of this review, we mainly focus 
on steroid hormones (androgens and glucocorticoids) as 
these data can be obtained non-invasively through the use 
of faeces as hormone matrix. In this review it is surprising 
to see how few studies actually used faecal samples for 

Introduction
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Species Reports on endocrine response Research effort
Canidae

Canis lupus Asa and Valdespino (1998),
Sands and Creel (2004)

338

Canis latrans Asa and Valdespino (1998) 88
Canis aureus Asa and Valdespino (1998) 54
Canis mesomelas Asa and Valdespino (1998) 16
Canis simensis van Kesteren et al. (2012) 4
Lycaon pictus Creel et al. (1996) 37
Cuon alpinus – 11
Alopex lagopus – 65
Vulpes vulpes Maurel and Boissin (1981) 392
Vulpes velox – 8
Vulpes corsac – 4
Vulpes zerda – 4
Nyctereutes procyonoides – 39
Otocyon megalotis – 8
Dusicyon culpaeus – 3
Dusicyon griseus – 1
Cerdocyon thous – 23
Speothos venaticus – 10
Chrysocyon brachyurus – 22

Procyonidae –
Bassariscus astutus – 3
Ailurus fulgens – 15

Mustelidae
Mustela erminea – 28
Mustela nivalis – 18
Mustela rixosa – 1 
Mustela putorius – 139
Mustela lutreola – 17
Martes martes – 207
Martes americana – 19
Gulo gulo – 104
Eira barbara – 3
Meles meles Woodroffe et al. (1995, 1997) 248
Arctonyx collaris – 2
Lutra lutra – 82
Lutra canadensis – 4
Lutra maculicollis – 3
Lutrogale perspicillata – 2
Aonyx cinereus – 1
Pteronura brasiliensis – 5

Viverridae
Civettictis civetta – 2
Arctictis binturong – 2
Fossa fossa – 3
Galidia elegans – 0
Galidictis fasciata – 0
Mungotictis decemlineata – 0
Salanoia concolor – 0
Herpestes pulverulentus – 0 
Herpestes sanguineus – 0
Mungos mungos – 132
Helogale parvula Creel et al. (1992, 1993) 7
Suricata suricatta Young et al. (2004), 

Carlson et al. (2004, 2006a, 2006b)
51

Hyaena hyaena – 261
Hyaena brunnea – 10
Crocuta crocuta – 125
Proteles cristatus Marneweck et al. (2015) 3

Table 1: Summary of existing research reporting on endocrine changes in carnivore species with known paternal investment. All the 
literature published during the last 20 years (Research effort) indicates that it is not due to a lack of research on each species that there 
are no reports on steroid hormones for the majority of carnivore species. The table was adjusted from Kleiman and Malcolm (1981). 
ScienceDirect was used to do the literature search. Articles were chosen for the table when the name of the species appeared in the title, 
abstract and/or keywords of the scientific manuscript. ‘–’ No known reports on steroid hormone for the species
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their endocrine analysis, highlighting major opportunities 
that are not being utilised.

Kleiman and Malcolm (1981) defined paternal invest-
ment as “...any increase in a prereproductive mammal’s 
fitness attributable to the presence or action of a male.” In 
this review we use their definition of paternal investment 
and include the behaviour of all males in a social group and 
not only the breeding male, as non-paternal male group 
members are often involved in caring for the young. We 
use paternal investment, paternal care and paternal effort 
interchangeably throughout this manuscript.

Carnivore biology

In carnivores, social systems range from solitary to highly 
social, with monogamous pairs reported for most of the 
canids (Kleiman 1977; Macdonald 1983). It is difficult to 
pinpoint a shared, ancestral social system for all carnivores, 
as different foraging niches result in distinct evolutionary 
pressures. In the case of felids, a solitary existence seems 
to have given rise to the sociality observed between 
mothers and their offspring and the strong social bonds in 
lion (Panthera leo) prides (Kleiman and Eisenberg 1973). In 
contrast, the long-term pair association common in canids 
suggest that sociality might have been the ancestral trait 
for this family (Kleiman and Eisenberg 1973). Within the 
Carnivora, there is significant intraspecific variability in 
social systems, with even solitary species being temporarily 
social during the breeding season (Macdonald 1983; 
Barber and Lindzey 1986). Such a wide range of social 
systems opens the door for numerous questions on the 
mechanistic basis of male social and caring behaviour.

There are two primary ways in which male carnivores 
care for related or descendant young: the first is as part 
of a cooperatively breeding family group. A number of 
carnivore species form extended family groups, where 
young are philopatric and help raise the next genera-
tion (Harrison and Harrison 1984; Moehlman 1987; Bryan 
et al. 2006; Nichols et al. 2012). Cooperative breeding 

is an evolutionary trait found in socially monogamous 
species where most of the group members are closely 
related (Lukas and Clutton-Brock 2012). The benefits of 
family-group living are not restricted to increased offspring 
survival, but also include greater opportunities to find and 
protect food resources, and increased predator awareness 
(Hector 1986; Boesch 1994; Creel and Creel 1995; Clutton‐
Brock et al. 1999). Another advantage for staying with the 
natal group is the possibility of inheriting a territory from 
the parents, becoming the dominant breeding individual. 
In red foxes (Vulpes vulpes), philopatric offspring not only 
had higher survival rates, but they succeeded in becoming 
the dominant breeders, producing more young than their 
dispersing counterparts (Baker et al. 1998). Being allowed 
in the natal territory help individuals gain valuable experi-
ence in a well-known habitat and learn parenting skills, 
while increasing current pup survival (Moehlman 1987).

The second common strategy is where male carnivores 
care for their offspring as part of a monogamously 
bonded pair. As is the case with other taxa, monogamous 
carnivore pairs typically exhibit biparental care, and 
the need for paternal contributions is typically vital to 
successful reproduction in such species (Trivers 1972; 
Moehlman 1987; Queller 1997; Wright et al. 2010; Lukas 
and Clutton-Brock 2012). For example, in monogamous 
bat-eared foxes (Otocyon megalotis), more pups ultimately 
survive to dispersal age when the male is involved in 
the parental duties (Wright 2006); although there have 
been reports of a single female successfully raising pups 
(Maas 1993 as referenced in Wright 2006). In aardwolves 
(Proteles cristatus), another socially monogamous 
carnivore, males also rigorously protect their offspring by 
chasing away potential predators approaching their dens 
(Richardson 1987).

Reproductive fitness consequences are likely to affect 
the level of paternal investment: paternity certainty (in 
monogamous pairs), and degree of relatedness (in 
cooperative breeders) should impact the quality of male 
care. Though extra-pair copulation is rare amongst 

Species Reports on endocrine response Research effort
Felidae

Felis silvestris – 83
Felis silvestris lybica – 2
Felis nigripes – 6
Felis serval – 6
Prionailurus viverrinus – 3
Felis bengalensis – 6
Felis aurata – 1
Catopuma temminckii – 0
Felis concolor – 20
Felis geoffroyi – 3
Felis yagouaroundi – 2
Lynx lynx – 267
Panthera leo – 131
Panthera tigris – 92
Panthera pardus – 76
Uricia unicia – 0
Neofelis nebulosa – 11

Table 1: (cont.)  
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socially monogamous carnivores (Wright et al. 2010), it 
is not uncommon in solitary species and species living in 
large social groups (Sillero-Zubiri et al. 1996; Young et al. 
2007). When extra-pair copulations occur, it is not in the 
best interest of the male to invest in the young fathered by 
another male. This holds true for aardwolves, in which mate 
abandonment (by the male) was observed after a female 
mated with a neighbouring male (Richardson and Coetzee 
1988). Inclusive fitness arguments thus suggest we should 
expect to see paternal care predominantly in cooperative 
helpers and pair-bonded species.

Paternal investment

Paternal investment can take on many forms and is not 
limited to behaviour that directly involves the offspring, 
but constitutes a number of behavioural actions that 
can be interpreted as either indirect or direct male care 
(Kleiman 1977). Indirect paternal effort is any behaviour 
that is performed in the absence of the young, but 
ultimately contributes to their enhanced survival (Kleiman 
and Malcolm 1981; Rosenblatt 2002). Thus, patrolling 
territorial boundaries, defending resources and female 
provisioning are considered indirect paternal effort (Kleiman 
and Malcolm 1981; Macdonald 1983). Indirect paternal 
investment is not often considered ‘paternal care’ as it 
is challenging to quantify a specific behaviour as solely 
paternal. As a result, reports on indirect male care are 
limited, or classified together with direct male care, making 
it difficult to assess the hormones associated with this type 
of paternal investment. 

The most obvious form of indirect paternal investment is 
patrolling territory boundaries and fending off rival males 
(Macdonald 1983; Sillero‐Zubiri and Macdonald 1998; 
Müller and Manser 2007). Males who are unsuccessful in 
this venture not only forego future breeding opportunities but 
also immediately suffer reduced reproductive success as 
a result of non-parental infanticide (Bellemain et al. 2006). 
Giant river otters (Pteronura brasiliensis) are monoga-
mous breeders with frequent male investment from group 
members (Rosas et al. 2009). However, the breeding male 
is generally not very involved with his offspring immedi-
ately post-partum, but spends a substantial amount of time 
vocalising and patrolling territory boundaries in an attempt 
to deter intruders (Londoño and Muñoz 2006). Even though 
this report was based on a single, captive population it 
clearly highlights indirect male investment in a pair-bonded 
species. Larger groups (i.e. more helpers) of Ethiopian 
wolves (Canis simensis) are more successful in defending 
their territories from intruders compared to smaller packs 
(Sillero‐Zubiri and Macdonald 1998). Territorial defence is 
usually associated with aggressive interactions, which are 
not conducive to the caring (grooming or huddling) behaviour 
usually associated with paternal investment. Males might 
therefore experience a possible behavioural and endocrin-
ological trade-off between defending their territories and 
caring for their offspring.

Another important form of indirect paternal care is female 
provisioning. There are different ways in which a male can 
provide food to the female: he can either bring whole food 
items back to the den, or regurgitate ingested food that the 

female then consumes (Mech 1999, 2000). Breeding male 
wolves (C. lupus) regurgitate more food to the breeding 
female than to other group members (Mech et al. 1999). 
During the first several weeks post-partum, the dominant 
male is also continually bringing food items back to the den 
for the lactating female (Mech 1999, 2000). Naturally, while 
provisioning the female, an individual male cannot simulta-
neously feed the pups. Therefore, this form of indirect 
care is typically limited to the period while offspring are 
dependent on maternal milk for sustenance; once they can 
digest solid food, males (and/or helpers) switch to direct 
provisioning of the offspring.

In contrast to indirect investment, direct paternal care 
encompasses all behaviour that directly involves the 
offspring, affecting their immediate survival (Kleiman 
and Malcolm 1981; Balshine 2012). Given the direct 
pup–parent interactions, it is easier to recognise direct 
paternal investment as parental care, and most of the 
reports in the available literature focus on direct paternal 
investment (Kleiman and Malcolm 1981). Direct paternal 
investment, including food provisioning, teaching and 
grooming, has been reported for 22% of all carnivore 
species studied (adapted from Kleiman and Malcolm 
1981; Bekoff et al. 1984). 

Food provisioning to offspring can be considered the 
most direct and frequently observed form of paternal invest-
ment. Male free-ranging dogs (C. familiaris) frequently 
regurgitate food for pups, especially during the time when 
the female starts to reduce her contact with the young 
(Pal 2005). In group-living wolves, all members of the 
family group regurgitate more to pups than to other group 
members (Mech et al. 1999). Adults can also provide 
live prey for the young in order to learn valuable hunting 
techniques, behaviour that is frequently observed in 
carnivores (Moehlman 1987; Pauw 2000). Male bat-eared 
foxes and meerkats (Suricata suricatta) have been reported 
presenting live prey to their young (Thornton and McAuliffe 
2006; le Roux et al. 2014). During these presentations, the 
pups explore various handling techniques and learn the 
best way of ingesting several prey items (Thornton 2008). 
Provisioning of live prey does come at a cost to the adults 
involved as they might need to retrieve lost prey, reducing 
their available foraging time (Doolan and Macdonald 1999; 
Thornton and McAuliffe 2006).

Direct paternal investment also includes playing with 
young. Playing creates new learning opportunities and 
allows offspring to prepare for unexpected situations later 
in life (Biben 1982; Spinka et al. 2001). Play behaviour, 
however, is poorly understood and a functional explana-
tion for the evolution of this behaviour remains elusive 
(Sharpe 2005). Nevertheless, play is regularly observed 
in carnivores and is assumed to help with learning (Biben 
1982). Playing with the young is not restricted to the 
breeding male, but all group members can actively partake 
in playing with the offspring. Male coatis (Nasua narica), for 
example, can be very tolerant towards young, indulging in 
play behaviour such as chasing, tackling and play-fighting 
(Logan and Longino 2013). From the perspective of the 
adult, play time likely reduces foraging and resting time. 

Other direct forms of paternal investment include seeing 
to the physical needs of the young such as grooming and 
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huddling. Huddling keeps the young warm during cold 
nights when temperatures might fall below freezing (Doolan 
and Macdonald 1997). Grooming does not only have 
important hygienic benefits for the groomed individual, but 
it aids the maintenance of social bonds in family groups. 
In bat-eared foxes, the males are more actively involved in 
grooming the pups compared with the females (Lamprecht 
1979; Pauw 2000). In most carnivore species huddling and 
grooming as a form of paternal investment has not been 
reported; however, it has been described in many captive 
carnivores (Kleiman and Malcolm 1981). It thus seems 
likely that social carnivores should exhibit this behaviour in 
the wild.

Finally, males may invest energy into ensuring the safety 
of their offspring. Field observations of wild bat-eared 
foxes showed that males actively help move pups between 
different den sites if there is danger around or if the group 
moves (Lamprecht 1979). When pups are still too small 
to forage with the group, certain group members will stay 
behind and babysit the young at the den, protecting them 
from predators (Doolan and Macdonald 1997; Rosas et al. 
2009). In group-living dwarf mongoose (Helogale parvula) 
subordinate group members continuously remain at the den 
site with the young, protecting them while the rest of the 
group forages (Rood 1978).

The review by Kleiman and Malcolm (1981) of paternal 
investment in mammals was based largely on informa-
tion gleaned from captive populations, and in the 
intervening time surprisingly little data have been added 
to the literature on paternal investment in male carnivores. 
The detailed descriptions of paternal investment in wild 
carnivores have been limited to a few species, such as 
bat-eared foxes (Lamprecht 1979; Pauw 2000; Wright 
2006). Considering the relatively large number of carnivore 
species in which paternal investment is known, we are 
presented with numerous opportunities and challenges in 
the study of mammalian parenting behaviour. We propose 
that an excellent starting point will be to elucidate the 
mechanistic causes and consequence of paternal care in 
carnivores, utilising steroid hormones that can be readily 
obtained from faecal matter.

Steroid hormones and paternal investment

We were able to find only two papers explicitly investigating 
the link between carnivore paternal care and hormonal 
changes – companion studies on wild meerkats (Carlson 
et al. 2006a, 2006b). Most endocrinological studies remain 
correlative, where changes in hormone levels are related 
to periods of offspring dependence (Catling 1979; Asa 
and Valdespino 1998; Sands and Creel 2004; Creel 2005; 
Minter and DeLiberto 2008; Marneweck et al. 2015). 

Androgens
Testosterone is a key androgen predominantly secreted 
by the testes, playing a major role in the expression of 
aggressive and reproductive behaviour and the develop-
ment of secondary male sex characteristics (Baum 2002; 
Hau 2007). Androgen secretion is primarily controlled 
by the hypothalamic-pituitary-gonadal (HPG) axis. The 
pituitary gland secretes follicle-stimulating hormone and 

luteinising hormone, which in turn stimulate sperm produc-
tion and maintenance of the secondary male character-
istics such as antlers and the mane of a lion (Campbell 
and Reece 2005). It is important to note, however, the 
interacting relationship between the HPG axis and the 
hypothalamic-pituitary-adrenal (HPA) axis, controlling the 
secretion of glucocorticoids. Experimental evidence in 
male rats suggests a regulatory link between the HPG and 
HPA axes where increased HPG activity suppresses the 
HPA and vice versa (Monder et al. 1994; Viau and Meaney 
2004); however, in other species there does not seem to be 
such a strong regulatory response (Bercovitch and Clarke 
1995; Robbins and Czekala 1997; Strier et al. 1999).

Androgens and paternal investment
Across all mammalian taxa, it is suggested that males 
with comparatively higher androgen levels are more 
aggressive and subsequently triumph over males with 
lower levels during competitive interactions (Creel et al. 
1993; Cavigelli and Pereira 2000; Preston et al. 2003). 
These victories allow the dominant male to procure better 
territories and possibly more mating opportunities (Zielinski 
and Vandenbergh 1993; van Kesteren et al. 2012). This 
hypothesis has been experimentally tested in rodents, but 
for larger species the predictions are based mainly on field 
observations (Zielinski and Vandenbergh 1993).

In a system where paternal investment is essential to 
maximise reproductive fitness, androgen concentrations are 
expected to remain low. The increased level of aggression 
associated with high androgen concentrations might be 
detrimental to high quality paternal care (Wingfield et al. 
1990; Gromov and Osadchuk 2015). In carnivores, this 
idea is supported by a few studies where the dispersing 
(non-caring) males have higher androgen concentrations 
than their resident counterparts. High serum androgen levels 
have been correlated with increased dispersing behaviour 
of male European badgers (Meles meles) (Woodroffe et 
al. 1995, 1997). Immigrant males of this species showed 
higher androgen levels and fathered more offspring than 
the residential males in the territory (Woodroffe et al. 1995, 
1997). European badgers express both direct and indirect 
paternal investment (Kleiman and Malcolm 1981); however, 
Woodroffe and colleagues did not report any paternal care 
during their studies. Male dwarf mongoose floating between 
family groups also experienced higher androgen concen-
trations than residential or newly settled males (Creel et al. 
1993). Although immigration led to higher aggression rates 
between males, males who successfully entered a new 
group subsequently had lower androgen concentrations 
than floater males (Creel et al. 1993).

There are multiple challenges in correlating androgens 
with paternal behaviour. Firstly, the few studies that 
exist do not show similar seasonal changes in androgen 
concentrations. Male coyotes (C. latrans) experienced 
a peak in serum androgen concentrations coinciding with 
the height of the breeding season (Minter and DeLiberto 
2008). Similar to coyotes, male dingos (C. f. dingo) had 
the highest serum androgen concentration during the peak 
breeding season, with androgen levels decreasing after 
this period (Catling 1979). However, the breeding season 
also coincides with other behavioural changes such as 
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increased territorial defence (e.g. yellow mongoose; 
le Roux et al. 2008), which is considered indirect paternal 
care. This rise in aggressive behaviour may, therefore, be 
the more prominent driver of androgen concentrations.

Where direct care is explicitly assessed, no variation in 
androgen concentrations becomes apparent. A compar-
ison of urinary androgen levels between the dominant male 
dwarf mongoose and his subordinates revealed indistin-
guishable profiles for the two classes (Creel et al. 1992). 
Despite the absence of a seasonal change in androgen 
levels, all males were still invested in caring for the young in 
the group (Rood 1978; Creel et al. 1993). Plasma androgen 
concentration was also unaffected by the amount of time 
male meerkat helpers spend feeding offspring in their family 
groups (Carlson et al. 2006b). These reports highlight the 
possibility of direct paternal care not being under strict 
androgen control for these two mongoose species (Creel et 
al. 1992; Moss et al. 2001; Carlson et al. 2006b).

For some carnivores, the period of direct pup care is 
separate from the season when high androgen levels 
are advantageous for competitive reasons. In aardwolf, 
faecal androgen metabolite levels peaked during the dry 
season when successful mating was the main objective 
(Marneweck et al. 2015). During the wet season the male 
is involved in raising his pups (Richardson 1987); it may 
be that decreased androgen concentrations during this 
time facilitated the expression of paternal behaviour for this 
species. Marneweck et al. (2015) did not directly investigate 
the expression of paternal investment, thus further investi-
gation is necessary with a more specific research question 
pertaining to the level of paternal investment for the species.

In carnivores, androgen concentrations might be more 
critical for the expression of indirect paternal behaviour 
than for direct male investment. In most rodents, higher 
androgens are important for the expression of direct paternal 
investment (Trainor and Marler 2001; Saltzman and Ziegler 
2014; Gromov and Osadchuk 2015; Martínez et al. 2015) 
with some exceptions (Hume and Wynne-Edwards 2005; 
Gromov and Osadchuk 2015). To our knowledge, paternal 
experience has not been considered as a factor influencing 
androgen secretion in rodents. In primates, it is suggested 
that lower androgen levels are important for the expression 
of direct paternal investment, but paternal experience has 
been found to also be an important factor affecting androgen 
concentrations (Nunes et al. 2000, 2001; Rafacz et al. 
2012). Correlative findings from limited carnivore studies 
are inconclusive, as some report a positive association 
of androgens with direct paternal investment and others 
indicate a negative association

A possible method for unravelling the regulatory role of 
androgens in the expression of the two forms of paternal 
investment is to study males who vary in direct investment, 
but have similar roles in terms of indirect investment. Such 
conditions could be present in cooperative breeders. For 
example, both breeding and non-breeding male meerkats 
are involved in defending the territory from intruders, but 
the breeding male does not associate with, or provision 
his offspring as much as the non-breeding group members 
(Doolan and Macdonald 1999; Kutsukake and Clutton-
Brock 2010). Such an approach could, theoretically, 
help determine the endocrine changes associated with 

the different forms of paternal investment by comparing 
androgen concentrations between the different male 
classes within the same family group. If androgen levels 
were indeed not a major factor regulating direct paternal 
investment, it would set carnivores apart from their rodent 
and primate counterparts and also suggest a more powerful 
regulatory role of other hormones (e.g. prolactin) in the 
expression of direct paternal behaviour for this family.

Glucocorticoids
Glucocorticoids are another vital class of steroid hormones 
that may regulate paternal care, as paternal investment 
could be altered in males perceiving stressors over a 
prolonged period of time. Animals experience stress when 
there is a disruption of homeostasis; this is then followed 
by a series of adaptive mechanisms aimed at protecting the 
individual and restoring homeostasis (Tilbrook et al. 2000; 
Nelson 2005). Stressors can be anything from environ-
mental alterations, e.g. extreme temperatures (Nelson 
2005; Gesquiere et al. 2008); physiological changes, such 
as limited water intake (Millspaugh et al. 2001; Nelson 
2005); or social factors, which includes competitive interac-
tions between individuals (Nelson 2005; Zav’ialov et al. 
2012). A stress stimulus causes increased secretion of 
corticotropin-releasing hormone, which in turn stimulates 
the secretion of adrenocorticotropic hormone (ACTH). 
Increased ACTH levels stimulate the secretion of gluco-
corticoids, changing the metabolic activity of the target cells 
as part of the stress response. Cortisol and corticosterone 
are the primary glucocorticoids secreted by the mammalian 
adrenal glands. Whereas a regulated temporary stress 
response might save an individual from a potentially 
harmful situation, chronically elevated glucocorticoid levels 
can have a negative effect on survival and reproduction 
processes (Creel 2001; Carlson et al. 2004; Sands and 
Creel 2004; Barja et al. 2008; van Kesteren et al. 2012; 
Creel et al. 2013a, 2013b).

One of the major draw-backs of the current literature 
reporting on glucocorticoid concentrations in carnivores 
is the bias towards socially-gregarious species. In these 
species social status is a major driving force influencing 
changes in glucocorticoid levels, whereas the relation-
ship between these hormones and the expression of 
paternal behaviour is seldom considered. Social instability 
is often thought to be responsible for variation in gluco-
corticoid levels, as higher ranking males might encounter 
more aggressive interactions to maintain their status 
and breeding opportunities (Creel et al. 1996; McLeod 
et al. 1996). This is evident in African wild dogs (Lycaon 
pictus) where dominant animals are involved in signifi-
cantly more aggressive encounters during the breeding 
season compared to subordinates (Creel 2005). Given 
that many species use aggressive encounters to assert 
their dominance it is suggested that glucocorticoid concen-
trations are higher in the dominant breeding animals 
(meerkats – Carlson et al. 2004; wolves – Sands and Creel 
2004; Iberian wolves [C. l. signatus] – Barja et al. 2008; 
Ethiopian wolves – van Kesteren et al. 2012; reviewed in 
Creel et al. 2013b). In light of the different social dynamics, 
when considering paternal care a more complex picture 
regarding glucocorticoid concentration emerges. 
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Glucocorticoids and paternal investment
In cooperative breeding meerkats, all group members are 
invested in caring and providing for the pups in the group 
(Carlson et al. 2006a, 2006b). Helper males often stay 
behind at the den babysitting rather than going out to forage 
with the group (Carlson et al. 2006a). During this study, 
Carlson and colleagues concluded that males who babysat 
had lower serum glucocorticoid levels than males who set 
off to forage for the day. Conversely, a companion study 
investigating pup provisioning and associated endocrine 
changes suggested that serum glucocorticoid levels were 
positively associated with pup provisioning (Carlson et al. 
2006b). Such detailed investigations into the endocrinology 
of paternal care in wild carnivores are rare, however.

We may cautiously use season as a proxy for changes 
in paternal investment, and gauge how glucocorticoids 
change with the presence of dependent young. Results 
from such studies are somewhat contradictory. Breeding 
male wolves had higher faecal glucocorticoid metabolite 
concentrations during the breeding season than the 
non-breeding season, when there are no pups present 
(Sands and Creel 2004). Unlike wolves, male aardwolves 
exhibited no differences in faecal glucocorticoid metabolite 
concentrations between the breeding and non-breeding 
seasons (Marneweck et al. 2015). Male aardwolves are 
heavily involved in raising their pups and further investi-
gation into their paternal investment might yield valuable 
insight into the endocrine correlates of this behaviour 
(Richardson 1987).

From the very limited existing evidence, it appears as if 
male carnivores may experience elevated glucocorticoids 
while rearing offspring. In rodents, the general trend 
appears to be that glucocorticoid levels do not have an 
adverse effect on the expression of paternal behaviour 
(Bales et al. 2006; Chauke et al. 2011; Harris et al. 2011, 
2013; Saltzman and Ziegler 2014). In primates, the picture 
is more complicated, with glucocorticoids being either 
higher (common marmosets [Callithrix jacchus] – da Silva 
Mota et al. 2006) or lower (tufted-ear marmosets [C. kuhlii] 
– Nunes et al. 2001) in males involved in paternal care. 
Even though there was no difference in glucocorticoid 
levels for experienced and inexperienced cotton-top 
tamarin (Saguinus oedipus) fathers pre-partum, both male 
classes experienced an increase in glucocorticoid concen-
tration following cues from their mate (Ziegler and Snowdon 
2000; Ziegler et al. 2004). We were unable to find studies 
reporting the effect of paternal experience on glucocorticoid 
levels for rodents.

Conclusion

Based on the limited data currently available, we highlight 
some ways in which carnivores share endocrine responses 
with other paternal mammals, and also a few ways in 
which they appear to be distinct. We predict a similar 
trend in carnivore paternal investment to that reported 
for primates (Nunes et al. 2000, 2001). Specifically, 
lower androgen concentrations will be an important 
predictor for the expression of direct parental investment 
in male carnivores. This could be confirmed by looking at 
paternal care in species where the degree of investment 

differs between the sire and helper males. Comparing 
androgen levels between each social class and relating 
the endocrine difference to differences in paternal care 
will give us a better understanding of the role androgens 
play in the expression of carnivore paternal care. In terms 
of glucocorticoid concentrations, we predict that unlike 
rodents, glucocorticoid levels might be an important factor 
in regulating direct paternal investment in carnivores. It is 
important to consider the social structure of the species 
when assessing paternal care. Other factors that need to 
be considered when investigating the endocrine basis of 
paternal investment are prior experience and the interaction 
between the HPG and HPA axes. Reproductive experience 
might be especially important in species where a single 
male produces offspring across many breeding seasons, a 
phenomenon commonly seen amongst carnivores.

In order to fully understand the endocrine basis of 
paternal investment, we suggest focusing on well-studied 
species such as wolves, African wild dogs and coopera-
tively breeding mongoose species. However, this may 
only offer the opportunity to contrast sires with male 
helpers, within a cooperatively breeding social system. 
Monogamous species with high levels of paternal invest-
ment, such as aardwolves and bat-eared foxes, offer 
further opportunities for study, offering contrasting points 
to cooperative breeders. Offspring demands on these 
monogamous males are probably significantly higher, 
skewing their behavioural efforts towards care rather 
than territory defence or maintenance of dominance rank. 
Long-term research projects on these species could make 
it easier to collect behavioural data on the expression of 
paternal investment by both the sires and helper males.

It is relatively easy to conduct endocrine comparisons 
between breeding and non-breeding males by using faecal 
samples, a technique that can be used for captive and wild 
populations and present relatively low risk to the animals 
and scientists (Monfort et al. 1998; Young et al. 2004; 
Schwarzenberger 2007). Being completely non-invasive, 
any hormone fluctuations associated with trapping 
and handling of study animals in order to collect blood 
samples will be eliminated. Carnivores exhibiting signifi-
cant inter- and intraspecific variation in social systems, 
yet a high degree of male parental investment provide an 
ideal opportunity for investigating male behaviour in the 
context of caring for offspring. Carnivores also provide 
the opportunity to compare the possible trade-off between 
direct and indirect paternal investment, particularly from the 
mechanistic point of view.
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