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Abstract

Naked mole-rats are small, fossorial, cooperatively breeding rodents with a 
high reproductive skew. Wild colonies contain around 80 individuals and 
reproduction is monopolised by a single female, the 'queen', and one to three males. 
This study investigates the hormonal, behavioural, and genetic correlates of 
dominance and breeding status in captive colonies. I examine the relationship 
between dominance rank, reproductive status, and urinary testosterone and cortisol 
levels, and try to determine whether physiological and behavioural parameters can be 
used as predictors of succession by experimentally removing breeders. Additionally, 
Y-maze choice tests were used to investigate kin recognition and female mate choice. 
Colony social structure is characterised by a linear dominance hierarchy with male 
and female rank correlated with body weight, age, and testosterone levels. Rank 
appears the most important determinant of reproductive status. Queens are generally 
the highest ranking colony member and breeding males the highest ranking males. 
Both are succeeded by the next highest ranking individuals. Queen succession results 
in an increase in body weight of colony members, the reproductive activation of one 
or more females, and often intense dominance-related aggression by females. In 
contrast, male-male competition over breeding rights is low. This result is interpreted 
in terms of 'skew theory' and female mate choice. No evidence for a simple 
relationship between social status and the 'stress' hormone cortisol was found. 
Furthermore, cortisol does not appear to be causally implicated in suppression of 
subordinate reproduction. Females discriminate between conspecifics on the basis of 
familiarity, not through detection of genetic similarity, and discrimination is 
dependant on their reproductive status. Whereas queens prefer unfamiliar males as 
mates, reproductively inactive females fail to discriminate. Preferences are interpreted 
as inbreeding avoidance. Thus, the genetic relationship of males to queens is an 
important determinant of reproductive status in males.
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Chapter 1: General Introduction

1.1 PHYLOGENY
The order Rodentia is divided up into three sub-orders and 32 families 

containing almost half of all living species of mammals. The primary characteristics 
uniting the Rodentia as a monophyletic group reflect specialisations in the incisors, 
cheek teeth, and musculskeletal features of the jaw and skull. The naked mole-rat, 
Heterocephalus glaber, belongs to the family Bathyergidae: a monophyletic group of 
subterranean rodents (Allard & Honeycutt., 1992; Faulkes et al., 1997a), endemic to 
sub-saharan Africa (De Graaff, 1981). Although there is debate over their 
classification, the Bathyergidae has been placed in the sub-order Hystricomorpha on 
the basis of two anatomical features, the angle of the jaw relative to the plane of the 
incisors, and the origin of the masseter muscles and their points of insertion 
(Honeycutt et a l., 1991), and by their molecular phylogeny (Allard & Honeycutt, 
1992). The hystricomorpha also includes the Hystricidae (Old world porcupines), the 
Thryonomidae (cane rats), and the Caviomorpha (cavylike rodents, e.g., New World 
porcupines, guinea pigs, and chinchillas).

Five genera of mole-rats are currently recognised and are divided into two 
subfamilies, the Bathyerginae and Georychinae on the basis of anatomical features 
associated with their method of digging, skull and incisor morphology, and body size 
(De Graaff, 1981; Jarvis, 1991), and sequence differences in the 12S rRNA 
mitochondrial gene (Allard & Honeycutt, 1992). The subfamily Bathyerginae 
contains a single genus, Bathyergus, with two species, and the Georychinae comprises 
four genera, Cryptomys, Heliophobius, Georychus, and Heterocephalus (De Graaff, 
1981; Allard & Honeycutt, 1992). The Georychinae appears to contain at least 
seventeen species with Heterocephalus being the most basal member of the taxon 
(Allard & Honeycutt, 1992; Faulkes etal., 1997a).

1.2 MORPHOLOGY
It has been suggested that many morphological features of the Bathyergidae 

are a consequence of their subterranean lifestyle (Jarvis & Bennett, 1991). All species 
have cylindrically shaped bodies, loose skin, and short limbs which may facilitate 
moving and turning within the narrow tunnels of their burrow systems (Jarvis & 
Bennett, 1991). The prominent extrabuccal incisors of mole-rats are effectively 
separated from the oral cavity by the lips which meet behind the incisors, an
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adaptation for keeping out dirt from being ingested while digging (Jarvis & Bennett, 
1991). A subterranean niche may present a simple sensory or perceptual niche and 
may explain why mole-rats have the smallest relative brain size of any group of small 
mammals (Mace et al., 1981). For example, the visual centers of their brains are 
reduced as are their eyes, they cannot see images, and whether or not all species can 
perceive light is unclear (Jarvis & Bennett, 1991). However their sense of smell and 
touch is well developed and although their ear pinnae are reduced, their hearing is 
acute (Jarvis & Bennett, 1991).

Naked mole-rats are the smallest of the bathyergids (mean mass 35g) and of 
all the family they show the most extreme specialisations for a fossorial existence. 
Their skin is almost naked, except for a few sensory vibrissae on the face and tail, 
they posses a low basal metabolic rate and are poikilothermic (Buffenstein & Yahav,
1991). The burrow microclimate (characterised by low oxygen levels and high carbon 
dioxide levels), high metabolic cost of burrowing, and resource patchiness (Jarvis & 
Bennett, 1991), are all thought to be factors leading to the evolution of poikilothermy 
in this species. They do, however, exhibit behavioural regulation of body temperature 
by huddling in groups (Brett, 1986; Jarvis & Bennett, 1991), or by "basking" in the 
early morning in shallow burrows lying directly under warm patches of soil (Brett, 
1986; Jarvis & Bennett, 1991).

1.3 ECOLOGY & DEMOGRAPHY
Naked mole-rats are endemic to East Africa, inhabiting the arid belt of land 

which stretches from the Tsavo national park in Kenya northwards through the 
eastern half of Kenya and Ethiopia and which covers most of Somalia (Brett, 1986; 
Brett, 1991a; Honeycutt et al., 1991a). They appear to favour fine, sandy soil in areas 
characterised by low altitude (<1000m), low annual rainfall (<400 mm), little diurnal 
fluctuation and high radiation and evaporative water loss (Brett, 1986; Brett, 1991a; 
Jarvis & Bennett, 1991). Colonies are usually spaced 400 to 1,000 meters apart 
(Jarvis, 1985; Brett, 1986; 1991a). Burrow systems may be extensive, up to 3-4 km in 
length, with the length of burrow systems being correlated with the availability of 
food, their diet, and the biomass of the mole-rats occupying the system (Brett, 1986; 
1991a). On average colonies contain around 80 individuals, but several colonies of 
almost 300 individuals have been captured (Brett, 1991; Braude pers. comm.). Mean 
colony size varies between years, suggesting that demography is influenced by 
population-level phenomena such as annual variation in rainfall (Braude pers. com.). 
The sex ratio of wild colonies is male biased (Brett, 1991b; Jarvis, 1991), yet in 
captive colonies the sex ratio of pups at birth is close to parity (Jarvis, 1991). This 
disparity between wild and captive colonies is not likely to be due to dispersal, as
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dispersal events are very rare and are male biased (O'Riain, 1996; Braude pers. 
comm.). A more likely explanation is that females are more likely to be killed than 
males in contests over breeding rights, leading to a male skew in the sex ratio of wild 
colonies over time (Brett, 1991b; Jarvis, 1991; Lacey & Sherman, 1991)..

As with other bathyergids, naked mole-rats are herbivorous, feeding on the 
swollen roots, tubers, and corms of geophytic plants, which tend to be patchily or 
randomly distributed (Brett, 1986; 1991a; Jarvis & Bennett, 1991). Burrow systems 
are expanded in an effort to locate food, with most foraging and hence burrow system 
expansion occurring after rains when the soils are softest and most easily worked and 
when excavation is least energetically costly. It appears that naked mole-rats cannot 
detect tubers using sensory cues, and searching for food appears to be conducted by 
burrowing in a blind but unidirectional manner at different levels (Brett, 1986; 
1991a). Naked mole-rats will die of starvation if they consume all available food 
resources and are unable to locate new sources, and it is proposed that a critical 
minimum number of individuals is required to locate and exploit a given distribution 
of food resources (Lovegrove, 1987; Brett, 1991a). This may place a lower limit on 
the minimum number of animals required to ensure survival of a newly formed 
colony, and may result in the whole colony starving if mortality lowers the number of 
animals below the critical threshold (Brett, 1991b). On average approximately one 
third of the animals in a colony disappears each year, yet few have been captured 
outside their colony of origin, suggesting that mortality may be high in wild colonies 
(Braude pers. comm.). Significant causes of mortality for naked mole-rats include 
predators such as snakes and birds of prey, and perhaps also disease (Brett, 1986; 
Jarvis & Bennett, 1991).

1.4 SOCIAL ORGANISATION

1.4.1 The eusociality continuum
The original definition of eusociality was derived from studies on insects 

(Wilson, 1971). However, it has become increasingly clear that eusociality is 
taxonomically more widespread than first thought (Ito, 1989, Crespi, 1992), and it 
could be argued that several species of vertebrates could be classified as eusocial e.g. 
dwarf mongooses (Rood, 1980; 1986) and naked mole-rats (Jarvis, 1981). Difficulty 
has arisen not only from applying terminology from studies of insect societies to those 
of vertebrates, but also from attempts to classify and define exactly the level or degree 
of sociality in animal societies (Crespi & Yanega, 1995; Sherman et al., 1995; Keller 
& Perin, 1995). It has been argued that eusociality is also not a discrete phenomenon
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but instead represents a continuum along which societies of cooperative breeding 
vertebrates can be arrayed according to the degree in reproductive skew within social 
groups (Sherman e ta l., 1995). At one end of the continuum are "joint-nesting plural 
breeders" (Brown, 1987) with multiple reproductive individuals per group e.g. banded 
mongooses Mungos mungo (Rood, 1986), and spotted hyenas Crocuta crocuta 
(Frank, 1986). Near the centre of the continuum are "singular breeders" in which 
reproductive opportunities are severely limited and only a few individuals will 
reproduce directly e.g. dwarf mongooses Helogale parvula (Rood, 1986; Creel et al.,
1992), Damaraland mole-rats Cryptomys damarensis (Bennett & Jarvis, 1988b; Jarvis 
& Bennett, 1993), and the naked mole-rat (Jarvis, 1981). Finally, at the upper end of 
the continuum are societies where there is an absence of direct reproduction by most 
group members. These individuals are usually sterile or semi-sterile e.g. honeybees 
Apis mellifera and termites (Wilson, 1971). To quantify the degree of eusociality, an 
index of reproductive skew can be determined by calculating the variance in lifetime 
reproductive success among the members of a social group (Keller & Vargo, 1993; 
Reeve & Ratnieks, 1993). Keller & Perrin (1995) have attempted to refine the 
reproductive skew approach to quantify eusociality, and propose a "eusociality index" 
which attempts to quantify "the degree to which some members of a society are 
specialised as helpers".

The family Bathyergidae is of particular interest in studies of eusociality as it 
contains solitary genera (Bathyergus, Heliophobus, Georychus) and social genera 
(iCryptomys and Heterocephalus). The degree of sociality in Cryptomys ranges from 
pairs of animals in C.h.natalensis (Hickman, 1978; 1982) and Mashona mole-rat C. 
darlingi (Bennett, Jarvis & Cotterill, 1994) to the Damaraland mole-rat C. damarensis 
where colonies may occasionally number 41 animals (Bennett & Jarvis, 1988b; 
Bennett, 1990; Jarvis & Bennett, 1993). The naked mole-rat and the Damaraland 
mole-rat perhaps exhibit the greatest degree of eusociality found in vertebrates (Jarvis 
et al., 1994). Each colony typically contains a single reproductive female and one to 
three reproductive males who breed throughout the year (Brett, 1991; Jarvis, 1991). 
Non-breeders are typically the offspring of the breeders or their close relatives (Jarvis, 
1991; Sherman et al., 1992; Jarvis et al., 1994), and remain in the natal colony acting 
as 'alloparents' or ’helpers' by foraging, maintaining and defending the colony, and 
assisting both directly and indirectly in caring for pups (Lacey & Sherman, 1991; 
Jarvis, 1981; Bennett & Jarvis, 1988; Sherman et al., 1992). The evolution of 
eusociality in vertebrates can be seen as a two step process (Jennions & Macdonald, 
1994; Lacey & Sherman, 1997). The first step is formation of social groups, generally 
by natal philopatry. The second step is the elaboration of helping or alloparental care.
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Before discussing the evolution of eusociality and cooperative breeding in mole-rats, I 
will review in detail the eusocial traits exhibited by mole-rats.

1.4.2 Reproductive division of labour
Naked mole-rat colonies typically contain a single reproductive female (the 

'queen') and one to three reproductive males who breed throughout the year (Brett, 
1991; Jarvis, 1991; Lacey & Sherman, 1991). Queens are easily identified by their 
large size, elongate body, and perforate vagina (Jarvis, 1991). Reproductive 
differences among females are associated with pronounced behavioural differences. 
The queen is aggressively dominant over other colony members (Reeve & Sherman, 
1991; Reeve, 1992; Schieffelin & Sherman, 1995), and is the only female to exhibit 
behavioural estrus or to engage in sexual behaviour (Jarvis, 1991; Lacey & Sherman, 
1991). A strong behavioural bond exists between the queen and the breeding male(s). 
They are frequently in close contact with each other when in the nest, and often 
engage in bouts of mutual ano-genital nuzzling and sniffing (Jarvis, 1991; Lacey et al 
1991; Lacey & Sherman, 1991). During behavioural estrus, which may last 24 hours 
or more, the queen solicits the breeding male(s) and not vice versa (Jarvis, 1991; 
Lacey & Sherman, 1991). There is no evidence for mate-guarding of the queen and 
little evidence for male-male aggression around the day of mating (Jarvis, 1991; 
Lacey & Sherman, 1991). In captivity, gestation lasts between 66 and 77 days (Jarvis, 
1991; Lacey & Sherman, 1991). Towards the end of pregnancy the queen is less 
mobile and her control over other females in the colony weakens, evidenced by 
changes in the vaginal closure membrane of other females and by nipple development 
in all other colony members (Jarvis, 1991; Wesdin et al., 1994).

Naked mole-rats breed throughout the year, and up to five litters may be 
produced each year in captive colonies (Jarvis, 1991). Litter sizes average between 
eight and twelve pups, although litter size ranges up to 27 pups (Jarvis, 1991; Lacey 
& Sherman, 1991). Large litter sizes are possible because the queen is not burdened 
with the energetic stresses of colony maintenance activities and foraging, leaving her 
to concentrate her energetic resources into reproduction (Jarvis, 1991; Lacey & 
Sherman, 1991). Pups are nursed exclusively by the queen (Lacey & Sherman, 1991), 
and breeders are the primary participants in pup care behaviours (Jarvis, 1991; Lacey 
& Sherman, 1991), although small non-breeders also show a higher per capita 
involvement in pup care behaviours (Jarvis, 1991). Among breeding males, direct 
participation in pup care behaviours appears to be influenced by whether or not a 
male has mated (Lacey & Sherman, 1991). During the first two weeks following 
parturition, the nutritional contribution of the queen is highest, thereafter it is rapidly
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replaced by allocoprophagy, a nutritional burden carried out largely by breeding 
male(s) and older colony members (O'Riain, 1997).

1.4.3 Reproductive suppression
In social mammals various degrees of reproductive suppression are found, from 
species where nearly all group members are suppressed (e.g. African wild dog, 
Lyacon pictus; Malcolm & Marten, 1982), to a few group members (e.g. banded 
mongoose, Mungos mongo; Creel & Waser, 1997), to no suppression (e.g. lion, 
Panthera led). I use the term "reproductive suppression" but emphasise that this 
choice of terminology does not imply anything about which individual controls 
reproduction by subordinates. Although suppression suggests that control is in the 
hand of the dominant reproductive, it is equally possible that the subordinate non- 
reproductive may be assessing its options and refraining from reproduction when it 
detects the presence of certain individuals or cues from these individuals (Solomon & 
French, 1997).

Naked mole-rat colonies exhibit the most profound example of social 
regulation of reproduction among mammals. Non-breeders are not sterile (Faulkes et 
al.y 1991a; Jarvis, 1991; 1991b), although captive studies indicate that the vast 
majority are destined to a life of chronic infertility (Faulkes et al., 1991a). This is the 
result of a physiological block to reproduction which is apparent in non-breeders of 
both sexes (Faulkes & Abbott, 1997). Reproductive suppression in non-breeding 
males and females is thought to be mediated via changes in the secretion of 
hypothalamic gonadotrophic releasing hormone (GnRH), which results in inadequate 
hormonal stimulation of the gonads by pituitary gonadotrophins (Faulkes & Abbott, 
1997). In females this ultimately results in a block to ovulation (Faulkes et al., 1990a; 
1991a), and in non-breeding males a lower concentration of urinary testosterone than 
in breeding males (Faulkes et al., 1991b). Although levels of testosterone among non
breeding males are sufficient to support some spermatogenesis, and non-breeding 
males produce spermatozoa (Faulkes etal., 1991b; 1994; Jarvis, 1991), most produce 
significantly fewer than do breeding males, and in most non-breeders the sperm is 
non-motile (Faulkes et al., 1994).

Both environmental and social cues may serve to regulate breeding and ensure 
that reproduction occurs when conditions are right for both parents and offspring, 
thereby increasing the chance of young surviving (Bronson & Heidman, 1994; 
Faulkes & Abbott, 1997). Social cues may be particularly important in suppressing 
reproduction in subordinates. Reproductive suppression in naked mole-rats is easily 
reversed if socially suppressive cues are removed, for example, when individuals are 
removed from their natal colonies and either housed singly or with a partner of the
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opposite sex (Faulkes et al., 1991a; Jarvis, 1991), or following the removal or death 
of the queen (Faulkes et al., 1991a; Jarvis, 1991; Lacey & Sherman, 1991). These 
studies provide evidence that the queen plays a central role in bringing about 
suppression of reproduction in both male and female colony members. Odour transfer 
experiments suggest that primer pheromones are not involved in reproductive 
suppression (Faulkes & Abbott, 1993; Smith et al., 1997). Alternatively, it is 
hypothesised that subtle and overt agonistic interactions between the queens and non
breeders results in the inhibition of gonadal function and infertility in the latter 
(Faulkes & Abbott, 1997). There are differences among individuals in the extent of 
their suppression. Westlin et al. (1994) demonstrated that when the queen is very 
close to parturition and less mobile, there was not uniformity in the degree of 
suppression of the non-breeding females. Recently, van der Westhuizen (1997) found 
considerable variation in the basal LH concentrations of non-breeding males and 
females which was partly related to age: older non-breeders exhibited higher basal LH 
levels.

1.4.4 Overlap of generations
One of the definitive features of eusocial animals is that there is an overlap of 

generations (Wilson, 1971). Field data from a longitudinal study of wild colonies of 
naked mole-rats in northern Kenya prove conclusively that there is an overlap of 
generations (Braude, 1991). For example, in six colonies studied for four years, 21- 
80% of the animals were recaptured in the colony for a year, 15% for a maximum of 
two years and 2% for more than three years. Mark and recapture studies show 
conclusively that recruitment to colonies arises from the absorption of young into the 
natal colony rather from unrelated animals joining the colony (Braude, 1991)

1.4.5 Cooperative care of young
Cooperative breeding in which group members assist in rearing young that are 

not their own offspring, is exhibited by species from a wide variety of mammalian 
taxa including primates, canids, viverrids, and rodents (Jennions & Macdonald, 1997; 
Solomon & French, 1997). Non-breeding prairie voles (Solomon & Getz, 1997), 
Damaraland mole-rats (Jarvis & Bennett, 1993), dwarf mongooses (Creel & Waser, 
1997), and callitrichid primates (Tardiff, 1997) all groom, tend, and transport the 
young of breeders. Provisioning and defense of young by non-breeding helpers also 
occurs in many cooperatively breeding carnivores, including African wild dogs 
(Malcolm & Marten, 1982) and silver-backed jackals (Moehlman, 1983).

Among naked mole-rats, non-breeding males and females contribute to the 
reproductive efforts of breeders both directly and indirectly. While in the nest, non
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breeders frequently handle and groom young (O'Riain, 1997). Non-breeders retrieve 
pups that fall out of the nest, transport pups when the colony moves to a new nest, 
evacuate pups from the nest during disturbances, and provision pups greater than two 
weeks old with caecotrophes (partially digested faecal pellets) (O'Riain, 1997). Non- 
breeders also contribute indirectly to pup production by foraging for breeders and by 
defending, maintaining, and extending the colony's burrow system.

Helping is assumed to be beneficial for breeders. A positive relationship 
between the number of helpers and reproductive success has been recorded for some 
mammals e.g. dwarf mongoose (Rood, 1990), African wild dog (Malcolm & Martin, 
1982), and silver-backed and golden-backed jackal (Moehlman, 1989). However in 
some species group-size effects may be responsible for any increased reproductive 
success of breeders (e.g. enhanced predator detection and foraging efficiency), rather 
than helping. The contribution of non-breeders to pup production and survival has not 
been quantified for naked mole-rats, although presumably helping increases the 
number of young that can be reared by a colony (Lacey & Sherman, 1997). However, 
helping by non-breeders is not always required for pup survival, as a breeding pair 
can rear young to weaning in both the laboratory (pers. obs.) and the field (Braude, 
1991).

Helpers are also assumed to accrue fitness benefits. Helpers may benefit by 
increasing (1) the survival of breeders and their offspring (i.e. inclusive fitness), (2) 
the probability of being allowed to remain in the safety of the natal burrow system, 
(3) the likelihood of achieving direct reproduction when breeders die or by "budding 
o f f  a portion of the parental burrow system, or (4) the probability that, if they get a 
chance to breed, they will be more successful in rearing young as a result of increased 
parental experience (Lacey & Sherman, 1997). The limited chance of direct 
reproduction and high intra-colony relatedness suggests that inclusive fitness benefits 
are important in maintaining helping behaviour in naked mole-rats and because naked 
mole-rats reproduce all year round, opportunities to augment inclusive fitness are 
nearly continuous.

1.4.6 Division of labour among helpers
Non-breeding naked mole-rats of both sexes perform a wide variety of colony 

maintenance behaviours, including transportation of nesting material and food, tunnel 
cleaning, and obstruction removal that indirectly contribute to the reproductive efforts 
of breeders (Lacey et al., 1991). There is debate over whether a true division of 
labour, resembling the caste system in social insects, operates in mole-rat colonies. 
Wilson (1971) defined a caste as "a particular morphological type or age group, or 
both, that performs a specialised labour in a colony". Unlike advanced eusocial
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insects, mole-rats are not morphologically differentiated into a worker caste and a 
breeder caste. Lack of morphological specialisation in individual mole-rats may be 
due to the potential all individuals have to become breeders. In advanced eusocial 
insects morphological specialisation is often accompanied by sterility (Keller & 
Vargo, 1993).

Several studies have found that the frequency with which non-breeders 
performed burrow maintenance behaviours to be correlated with body weight (Jarvis, 
1981; Lacey and Sherman, 1991; Faulkes et a l., 1991a). Small non-breeders work 
more frequently than larger non-breeders. Further to this, Lacey & Sherman (1991) 
found that labour in colonies was organised according to the age of colony members 
and that age was related to size. Small non-breeders were involved in colony 
maintenance activities and larger non-breeders in defense against snakes and 
neighbouring mole-rat colonies. They used the term age/size polyethism, in which 
colony members change behavioural roles as they age and grow, to describe the 
organisation of the division of labour in mole-rat colonies.

A recent longitudinal study of the ontogeny of behaviour in naked mole-rats 
has found no evidence for a clear cut division of labour among non-breeders or 
evidence for any age/size relationship with respect to the frequency with which mole- 
rats performed behaviours (O'Riain, 1997). More importantly, it found little evidence 
to support a temporal shift in the frequency of task performance and no changes in the 
type of tasks (behavioural roles) performed by members of different age cohorts 
(O'Riain, 1997). Although there is still much debate, it may be that an important 
distinction between insect and mole-rat societies is that non-reproductive mole-rats do 
not perform different roles, they only perform different amounts of the same tasks 
(increased or decreased frequencies of the same behaviours).

1.4.7 Inbreeding & inbreeding avoidance
A number of independent studies have examined genetic variation of nuclear 

genes both within and between naked mole-rat colonies using multilocus minisatellite 
DNA "fingerprinting" (Faulkes et al., 1990b; Reeve et al., 1990; Faulkes et al., 
1997b), restriction fragment length polymorphism analysis (RFLP) using mouse 
MHC class 1 probes (Faulkes et al., 1990b), and a standard gel electrophoresis 
(Honeycutt et al., 1991). Mitochondrial DNA (mtDNA) variation within and between 
colonies has also been analysed (Honeycutt eta l., 1991; Faulkes etal., 1997b).

Studies reveal genetic variation within colonies to be extremely low (Faulkes 
etal., 1990b; Faulkes etal., 1997b; Reeve etal., 1990; Honeycutt etal., 1991). Reeve 
etal (1990) estimated the mean coefficient of relatedness among colony members as 
0.81. Coefficients of band sharing estimated from DNA fingerprints range from 0.93
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to 0.99 (Faulkes et al., 1997b). With an inbreeding coefficient (F) of 0.45, naked 
mole-rats exhibit the highest inbreeding coefficient yet recorded for a free living 
animal (Reeve et al., 1990). Genetic studies indicate close inbreeding, which is 
supported from the studies of captive (Jarvis, 1991) and wild colonies (Braude, 1991) 
which shown that new breeders are recruited from within colonies. It has been 
estimated that in nature >80% of matings occur between siblings or between parents 
and offspring (Reeve et al., 1990). As ecological constraints on the option of 
independent breeding become increasingly severe, a point is reached where it is better 
to breed incestuously than to risk not breeding at all.

In naked mole-rats multiple paternity has been revealed through the use of 
multilocus DNA fingerprinting (Faulkes etal., 1997b). In species without any male- 
provided resource benefits two genetic benefits of female multiple mating have been 
proposed. These are (1) acquisition of good genes and (2) increased genetic diversity 
within litters (Yasui, 1998). As yet, it remains unclear what the adaptive significance 
is of multiple parentage in naked mole-rats, given the high genetic similarity of 
colony members. However, there is a small amount of genetic variation within 
colonies and the queen may maintain some variability in her offspring and reduce the 
effects of inbreeding by mating with more than one male (Faulkes et al., 1997b). 
Alternatively as naked mole-rats are so highly inbred, it may be that mating with more 
than one male increases conception rates (Faulkes et al., 1997b). The sperm of naked 
mole-rats is highly polymorphic in size and shape, and inbreeding, a high incidence of 
structurally abnormal sperm, and reduced fertility have been linked (e.g. lions: Wildt 
etal., 1987).

Although genetic variation is higher between neighbouring colonies compared 
to variation within them, early genetic studies have shown that variation between 
neighbouring colonies is extremely low (Faulkes et al., 1990b; Reeve et al., 1990; 
Honeycutt et al., 1991). However recently, Faulkes et al. (1997b) examined the 
genetic structure of six neighbouring colonies in southern Kenya and four 
neighbouring colonies in northern Kenya, using mtDNA cytochrome-& sequence 
analysis. In agreement with early studies, intercolony genetic variability between 
southern Kenyan colonies was low, with all colonies sharing the same mitochondrial 
control region haplotype. In contrast, three haplotypes were identified out of four 
neighbouring colonies in north Kenya, suggesting that this area may be a zone where 
two distinct lineages are in close proximity. Naked mole-rat population genetic 
structure is indicative of colony genesis through fissioning of highly inbred colonies 
coupled with rare male dispersal events (Faulkes etal., 1997b).

There is strong evidence from field studies of colony genesis by the fissioning 
of existing colonies and it has been proposed that colony genesis takes place through
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a number of main routes (Brett, 1986; 1991b). Removal of the queen's suppressive 
influence occurs following her death or as a result of less frequent contact between 
her and the non-breeding colony members following over-expansion of the burrow 
system (Brett, 1991b). As observed in captive colonies, this may result in one or more 
females coming into estrus and fighting for the opportunity to breed (Jarvis, 1981; 
1991; Lacey & Sherman, 1991). Potential reproductives may seal themselves within a 
portion of the burrow system rather than fight (Brett, 1991). Alternatively, some 
animals may become sealed off from colony mates as a result of external factors such 
as burrow collapse, flood, erosion, or blocking-off behaviour which is a common anti
predator behaviour (Brett, 1986; 1991b).

Naked mole-rats may occasionally disperse. However, other than the small 
amount of intra-colony genetic heterogeneity detected from genetic studies (Reeve et 
al., 1990; Honeycutt et al., 1991; Faulkes et al., 1997b), evidence for dispersal in 
naked mole-rats has proved elusive. This can be explained in part by the paucity of 
field studies in this species (only one field study is currently operational), but 
primarily because dispersal is rare. For naked mole-rats, the ecological constraints 
which increase the energetic costs of burrowing and the risk of not finding food, are 
higher for single or small groups of animals (Lovegrove & Wissel, 1988; Brett, 1991; 
Jarvis & Bennett, 1991). This, coupled with their extreme specialisation to a fossorial 
existence (e.g.. blindness and poikilothermy), and their xenophobic response to most 
conspecifics from neighbouring colonies, may limit successful dispersal under most 
environmental conditions, and make incestuous breeding a relatively secure fitness 
option (Sherman etal., 1992; Jarvis & Bennett, 1991; Jarvis etal., 1994).

Only recently has a long-term field study in East Africa discovered dispersing 
mole-rats (Braude, 1991). Rates of successful dispersal and colony formation appear 
very low: fewer than 10 marked individuals recaptured outside their natal colony 
during more than two years of field research, and of seven nascent colonies detected 
during the study, none have persisted for more than one year (Braude, 1991). 
Dispersers have also recently been discovered in captive colonies (O'Riain et al.,
1996). Both morphological and physiological evidence suggests that these 'disperser' 
mole-rats are adapted for dispersal. A significantly higher percentage of body fat in 
'disperser' phenotypes compared to non-dispersers may function as a nutritional 
safeguard against starvation during dispersal, and the significantly higher luteinising 
hormone (LH) levels of dispersers indicates that they are sexually primed before 
dispersing from their natal colony (O'Riain et al., 1996). Dispersers do not appear to 
be subjected to heightened parental or sibling aggression, suggesting that they leave 
of their own accord and are not forced to do so (O'Riain et al., 1996). It has been 
hypothesised that dispersing naked mole-rats may form nascent colonies with a few
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foreign individuals or invade established colonies. In captive colonies 'dispersers1 
were with one exception male: indicating a sex bias in dispersal tendencies.

The reduced genetic variation in natural populations of naked mole-rats, a 
facultative inbreeder with only rare dispersal events (Faulkes et al., 1990b; 1997b; 
Reeve et al., 1990; O'Riain et al., 1996), is also in complete contrast to the eusocial C. 
damarensis where inbreeding is avoided and the chances of dispersal and outbreeding 
are greater (Jarvis & Bennett, 1993; Jarvis et al., 1994). Field observations of 
outbreeding have been confirmed genetically (Faulkes et al., 1997a). Of five breeding 
pairs of Cryptomys damarensis caught, each pair had different mitochondrial 
haplotypes and were therefore derived from different maternal lineages. All other 
bathyergid mole-rats, including the highly social common mole-rat, Cryptomys h. 
hottentotus, appear to be obligate outbreeders (Jarvis etal., 1994; Burda, 1995).

1.4.8 Evolution of eusociality and cooperative breeding in mole-rats
The key to understanding the evolution of eusociality in vertebrates is 

understanding the causes of delayed dispersal (Emlen, 1995). Two seemingly 
opposing schools of thought have emerged to explain delayed dispersal. These are 
benefits of philopatry models and ecological constraints models (Emlen, 1995).

Benefits of philopatry models emphasise the fitness benefit gained by staying 
with parents, such as the possibility of sharing or inheriting the breeding position and 
indirect benefits gained by helping kin. Evolutionary analyses of insect eusociality 
have traditionally focused primarily on "intrinsic" (genetic) selective factors ie. kin 
selection (Lacey & Sherman, 1997). In contrast, analysis of vertebrate sociality and 
cooperative breeding have more frequently emphasised the role of "extrinsic" 
(ecological) selective factors (Alexander et al., 1991; Lacey & Sherman, 1997). 
Ecological constraints models emphasise the scarcity of acceptable reproductive 
vacancies available to mature offspring, as well as the low success often associated 
with dispersal and outbreeding (Emlen, 1995). However, Emlen (1995) regards 
ecological constraints models and benefits of philopatry models "to be two sides of a 
semantic coin since having poor options for independent breeding is part and parcel of 
what makes a good situation at home, and vice versa". Both assume that offspring 
assess the profitability of two options: dispersal and breeding independently (B ) vs. 
delaying dispersal and staying at home (S), and both assume that offspring remain at 
home only when the expected inclusive fitness benefit of doing so exceeds that of 
leaving (i.e.., when S - B > 0).

The Bathyergidae have proved a unique mammalian taxonomic group to test 
the ecological influences on sociality because they occur in a wide variety of habitats 
and display levels of sociality ranging from solitary to eusocial. mtDNA studies
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indicate that naked mole-rats are ancestral and divergent from the Damaraland mole- 
rat. Assuming that the common ancestor of all bathyergids was solitary, it appears that 
eusociality has evolved twice within the Bathyergidae (Allard & Honeycutt, 1992; 
Faulkes et al., 1997a). The current hypothesis for the evolution of sociality in the 
Bathyergidae, known as the food-aridity hypothesis, correlates sociality with habitat 
aridity and food distribution (Lovegrove & Wissel, 1988; Jarvis, 1985; Jarvis et al., 
1994). Solitary species tend to inhabit mesic areas, while the two eusocial species are 
found in arid regions with unpredictable rainfall (Jarvis et al., 1994). In the latter kind 
of habitat, reduced rainfall leads to harder soil and elevates the energetic cost of 
burrowing. Patchy food resources in the form of underground roots and tubers of arid 
-adapted plants leads to an increased risk of unsuccessful foraging (Bennett, 1988; 
Jarvis et al., 1994). Consequently, selection for group living, cooperative foraging and 
communal care of offspring might be expected because of the high cost of dispersal 
for individuals. This hypothesis has recently received strong empirical support from a 
study investigating the relationship between phylogeny, ecology, and sociality within 
the Bathyergidae by using mtDNA sequence analysis and comparative analysis by 
independent contrasts (CAIC) (Faulkes et al., 1997a). In this study three ecological 
variables related to habitat aridity and food distribution were significantly correlated 
with group size: geophyte density, mean months per year of rainfall greater than 25 
mm, and the coefficient of rainfall variation.

To summarise the current understanding of bathergid cooperative breeding, it 
is suggested that extrinsic factors set the stage for social evolution by constraining 
dispersal and reproductive options, thereby leading to natal philopatry and sociality. 
Intrinsic factors, in turn, shape the nature of social interactions among colony 
members by determining how and to what extent individuals benefit from specific 
competitive and cooperative behaviours, including attempts at direct reproduction 
(Reeve & Keller, 1995; Lacey & Sherman, 1997). The high intra-colony relatedness 
in naked mole-rat colonies does not appear to be an important factor per se in the 
evolution of eusociality in mole-rats. Inbreeding is a derived trait peculiar to naked 
mole-rats, and studies of the Damaraland mole-rat, an obligate outbreeder and 
eusocial, suggest that given a high enough level of ecological constraint, cooperative 
care of outbred siblings is sufficient for high skew eusocial societies to evolve 
(Faulkes etal., 1997a).
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1.4.9 Reproductive skew
The distribution of direct reproduction among individuals is reproductive 

skew. In group living animals reproductive skew can vary from where direct 
reproduction is concentrated in one or a small subset of same-sexed individuals (’high 
skew'), to where reproduction is distributed evenly among same-sexed group 
members ('low skew')(Keller & Reeve, 1994). Models constructed to explain variation 
in reproductive skew were pioneered by Vehrencamp (1983). The assumption of all 
skew models is that dominants control reproduction of subordinates (Keller & Reeve,
1994). Although dominants usually monopolise reproduction, subordinates sometimes 
breed. A useful distinction is between adjustable and non-adjustable skew (Reeve & 
Ratnieks, 1993). Non-adjustable skew is the direct reproduction achieved by 
subordinates outside the queen’s control (e.g. as group sizes increase dominants may 
lose control). Adjustable skew is the amount of skew that results from the control of 
reproduction by dominants (reproductive incentives).
Skew models have been adapted ('adaptive skew' models) to take into account this 
intra-specific variability in the partitioning of reproduction that arises from adjustable 
skew (Reeve & Ratnieks, 1993). If the dominant benefits from retention of 
subordinates it may pay the dominant to yield some reproduction to subordinates as 
an inducement for subordinates to stay. These inducements are known as "staying 
incentives" (Reeve & Ratnieks, 1993; Keller & Reeve, 1994). Dominants may yield 
some reproduction to subordinates to prevent them fighting for complete reproductive 
control. Known as "peace incentives", they are particularly likely to be offered if 
dominant-subordinate relatedness is low and subordinates have a relatively high 
fighting ability (Reeve & Ratnieks, 1993; Keller & Reeve, 1994). All else being 
equal, the benefits of challenging for breeding rights for a subordinate, as well as the 
risks for a dominant, will be greatest when the disparity in their fighting abilities is 
less.

Adaptive skew models identify four factors that specify the conditions under 
which reproductive sharing should occur (Reeve & Ratnieks, 1993; Keller & Reeve, 
1994; Emlen, 1995). These are (1) the magnitude of any benefit realised by the 
dominant if the subordinate should stay, (2) the expected success of the subordinate if 
it should leave, (3) the relative asymmetry in dominance between the dominant and 
subordinate, and (4) the genetic relatedness between them. The interaction of these 
four parameters determine s the outcome of reproductive competition within social 
groups.

These models predict that the reproductive 'incentives' given to subordinates 
should be smallest and skew should be greatest where (1) subordinates are closely 
related to dominant breeders and will consequently gain substantial indirect fitness
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benefits from helping (2) the costs of dispersal are high, reducing the net benefits of 
dispersing to subordinates (3) the probability that subordinates will be successful in 
gaining control of the group is low (ie. low fighting ability) and (4) the number of 
subordinate helpers already present is large so that dominant animals do not require 
further helpers(Vehrencamp, 1983; Reeve & Ratnieks, 1993; Keller & Reeve, 1994). 
Complete reproductive skew is expected only when ecological constraints are strong 
and the subordinates have a relatively low fighting ability (Reeve & Ratnieks, 1993).

The 'flip-side' of prediction (1) is that reproduction will be shared most with 
those subordinates to whom the dominant breeders are least closely related (Emlen,
1995). Although counter intuitive, as relatedness between dominant breeders and 
subordinates decreases, so does the indirect fitness benefits subordinates accrue from 
staying and helping, and thus they require a greater amount of reproductive incentives 
to remain. Empirical support for staying incentives comes from research on dwarf 
mongooses (Creel & Waser, 1997). Indirect fitness benefits of helping decline as 
female dwarf mongooses’ age and relatedness to breeders decreases, while the 
likelihood of dispersing and breeding independently increases with female age owing 
to greater dominance. They found more subordinate pregnancies in older subordinate 
females and subordinate females less related to breeders, suggesting that as helping 
became less beneficial for subordinate females, additional incentives were required to 
induce them to remain in the group (Reeve & Ratnieks, 1993; Keller & Reeve, 1994).

The degree of reproductive skew is also predicted to influence other key 
societal attributes such as the frequency and intensity of dominance interactions 
within the social group (Reeve & Ratnieks, 1993; Keller & Reeve, 1994). As skew 
increases there is a greater payoff to the subordinate for aggressively testing the 
fighting ability of the dominant, since the subordinate stands to inherit the large skew 
if it wins. Thus, the intensity and frequency of dominance interactions should increase 
with reproductive skew. Empirical support comes from studies of Japanese paper 
wasps, Polistes spp, where skew is weak and dominance interactions infrequent or 
absent (Reeve, 1991) This is in contrast to other polistine species where there is a 
high skew and frequent dominance interactions (Reeve, 1991). Intense dominance- 
related aggression is predicted to be restricted to high ranking subordinates since they 
are likely to depose breeders, and be low or absent among medium or low ranked 
colony members (Reeve & Ratnieks, 1993).

Models in which it is assumed that dominants control reproduction in 
subordinates, and where reproductive incentives may be offered, have been termed, 
by Clutton-Brock, "reproductive concession models" (Clutton-Brock, 1998). Clutton- 
Brock suggests that many of the trends that these models predict are consistent with 
the simpler suggestion that there is a struggle for reproduction between dominants and
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subordinates, whose outcome depends on the potential costs and benefits to both 
parties, and that many of the results cited as examples of reproductive concessions 
can be interpreted in other ways. New models have been developed which consider 
situations in which subordinate reproduction is decided by a struggle between 
dominants and subordinates (Reeve et al., 1997). In contrast to concession theory, 
these models predict that reproductive skew should either decline or be unaffected by 
increasing genetic relatedness between dominants and subordinates, and that skew 
should be insensitive to the magnitude of ecological constraints.

Naked mole-rat and Damaraland mole-rat colonies are characterised by a high 
reproductive skew. Estimates of the number of individuals within a colony that never 
attained breeding status were 99.9% for the naked mole-rat (n > 4000 animals), and 
92% for the Damaraland mole-rat (n > 403 animals; Jarvis et al., 1994). The 
reproductive skew index (S) has been estimated for the naked mole-rat as 0.96 (Keller 
& Perrin, 1995). The naked mole-rat scores highly, even in comparison to social 
insects (honey bee: S = 1.00; Halictid bee: S = 0.93 - 1.00; Keller & Perrin, 1995). In 
contrast, in many other cooperatively breeding mammals such as dwarf mongooses 
(Creel & Wasser, 1997) and wolves (Mech, 1983), a number of mature subordinates 
acting as helpers eventually reproduce directly by (1) mating with dominants, (2) 
becoming breeders within their natal group, or (3) dispersing to groups lacking 
breeders. Correspondingly the reproductive skew index for dwarf mongoose has been 
estimated as 0.61 (Keller & Perrin, 1995). Reliable and accurate estimates of dispersal 
are not yet available for naked mole-rats or Damaraland mole-rats, although field 
studies suggest that dispersal may be more common in the latter (Jarvis et al., 1997).

Naked mole-rats exhibit intra-specific variation in reproductive skew. 
Although reproduction is typically restricted to one breeding female, wild and captive 
colonies occasionally contain two breeding females: 11% of 53 captive colonies 
studied and 7% of 26 wild colonies studied (Braude, 1991; Sherman et al., 1992). 
Often two queens may live together for several years suggesting that this condition is 
not simply a transition between breeders (Sherman et al., 1992; Lacey & Sherman,
1997). It is unclear whether this intra-specific variability in skew is due to 
reproductive incentives offered by queens (adjustable skew) or reproduction achieved 
by subordinates outside the queen’s control (non-adjustable skew). Social vertebrates 
are of particular interest to reproductive skew models because groups can be 
composed of both multiple-female and multiple-male breeders, allowing questions to 
be asked about whether males and females are affected differently by the ecological 
and behavioural factors affecting reproductive skew. There is also variation in male 
reproductive skew and it appears that male reproductive skew is lower than female 
skew. Up to three breeding males may be present within colonies at any given time
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* (Jarvis, 1981; 1991; Lacey & Sherman, 1991), and although dispersal is rare, it 
appears to be primarily male biased (O'Riain et al., 1996).

As predicted by skew models (Reeve & Ratnieks, 1993; Keller & Reeve, 
1994), despite high intra-colony relatedness, agonistic behaviours such as incisor 
fencing, batting, tugging, and shoving are not uncommon in naked mole-rat colonies 
(Reeve & Sherman, 1991) and occasionally more serious aggression erupts such as 
gaping and biting (Faulkes et al., 1991a; Jarvis et al., 1991; Lacey & Sherman, 1991; 
Reeve & Sherman, 1991). It has been suggested that shoving by the queen may be 
functionally related to the maintenance of reproductive dominance (threat reduction 
hypothesis) or the stimulation of colony activity (colony incitation hypothesis), 
although these two hypotheses are not mutually exclusive (Reeve & Sherman, 1991). 
Empirical data lend support for both hypotheses, although it has been suggested that 
the complete lack of sex bias in shoving by the queen makes the activity-incitation 
hypothesis the more parsimonious explanation (Reeve & Sherman, 1991).

In high skew societies, non-breeding subordinates may achieve direct 
reproduction by dispersal and breeding independently, inheriting the breeding 
position once a reproductive dies, or by challenging and ousting the dominant 
reproductive. Reproductive conflicts have been intensively studied in primitively 
eusocial insects (Keller & Vargo, 1993). They exhibit only slight caste differentiation, 
all colony members have the potential to reproduce directly, and even workers can 
become replacement queens resulting in a high potential for reproductive conflict. 
These studies may, therefore, be comparable to studies of reproductive conflict among 
cooperatively breeding mammals. The most intensively studied are paperwasps cf the 
genus Polistes (Reeve, 1991; Roseler, 1991). In multiple foundress associations of 
Polistes, each female attempts to become an egg layer and to prevent direct 
reproduction by other females (Reeve, 1991; Roseler, 1991). Overt physical 
dominance behaviour characterises early encounters among foundresses, from 
relatively mild confrontations to extremes of physical combat whose violence can 
lead to the death of competing queens (Spradbery, 1991). After a reproductive 
dominance has become established a divergent development between foundresses 
takes place: endocrine activity and oogenesis in the dominant become elevated, while 
in subordinates these become increasingly diminished. Reproductively dominant 
foundresses maintain their position primarily by physical domination (Roseler, 1991).

In naked mole-rats the response of colony members to the removal or de£th of 
other colony members varies considerably. Colony members are sensitive to the 
presence of the queen, and following her death or removal, succession usually occurs 
rapidly (Jarvis, 1991). Many colony members, particularly females, exhibit a sharp 
increase in body weight following her removal (Jarvis, 1991; Lacey & Sherman,
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1991). Several females (often littermates) may show signs of reproductive activity, 
such as enlarged teats and a perforate vagina, and compete aggressively for the vacant 
breeding position (Jarvis, 1991; Lacey & Sherman, 1991). Sometimes females are 
killed in such contests, but once a breeding female has established herself, levels of 
intra-colony aggression are low (Jarvis, 1991). The colony structure may also be 
severely dismpted by the removal of the breeding female and male(s) or the removal 
of the breeding female and male(s) and other large non-breeders (Lacey & Sherman, 
1991; Jarvis, 1991). In such colonies intense aggression typically follows with both 
female-female and female-male fighting, often leading to the death of several males 
and females (Lacey & Sherman, 1991; Jarvis, 1991). The evolution of fatal fighting in 
animals has been investigated using evolutionary game theory (Enquist & Leimar,
1990). As observation of naked mole-rats colonies suggests, fatal fighting concerns 
opportunities for reproduction. Fighting for other resources such as food and shelter is 
seldom fierce. The probability that fighting has a fatal outcome appears to be roughly 
determined by the balance between the contested resource and the value of the future 
(Enquist & Leimar, 1990).

No systematic studies on breeding male succession have been undertaken. 
However in males, breeder succession also appears to be influenced by the females 
competing for reproductive dominance. Following the death of the queen, females 
competing for reproductive dominance often attack certain males sometimes killing 
them (Jarvis, 1991; Lacey & Sherman, 1991).

1.5 DETERMINANTS OF REPRODUCTIVE STATUS
Five phenotypic characteristics are often cited as being commonly correlated 

with reproductive success; they are dominance rank, body size, age, early 
development and mate choice (Clutton-Brock, 1988). These traits may be inter-related 
e.g. dominance rank is often based on body weight and/or age. In species with a high 
reproductive skew, such as naked mole-rats, it is possible these characteristics may 
ultimately determine whether individuals accrue any direct fitness benefits. Four 
possible determinants of reproductive status in naked mole-rats are investigated in this 
study. They are dominance rank, body size, age and mate choice.

1.5.1 Dominance rank, size, and age
There are a great variety of definitions of dominance (reviewed by Carlos,

1993). The original definition of dominance by Schjeldrupp-Ebbe (1922) described a 
distinct phenomenon (pecking-order) in chickens. Here I follow Carlos's (1993) 
definition of dominance as "an attribute of the pattern of repeated, agonistic 
interactions between two individuals, characterised by a consistent outcome in favour
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of the same dyad member and a default yielding response of its opponent rather than 
escalation. The status of the consistent winner is dominant and that of the loser 
subordinate". Agonistic interactions between individuals are often settled according to 
asymmetries in size, strength or fighting ability (resource holding power: RHP) 
between contestants (Pusey & Packer, 1997). Individuals learn from encounters and 
the experience of winning or losing agonistic encounters (winner-loser effects) may 
affect subsequent interactions (Clutton-Brock & Parker, 1995). Winner-loser effects 
have been demonstrated in many species (Huntingford & Turner, 1987) and may 
explain why in some species dominance correlates with age or seniority rather than 
with differences in RHP (Pusey & Packer, 1997). Once dominance relationships are 
established, subordinates may avoid contests with dominants and mild aggression or 
threats by dominants may be sufficient to prevent subordinate challenges. However, 
from time to time, subordinates may test dominants, probably because this allows 
them to check for changes in the dominant’s fighting ability, which would allow them 
to reverse the relationship (Clutton-Brock & Parker, 1995).

In many species size and age are important determinants of dominance rank 
e.g. ungulates (Fournier & Festa-Bianchet, 1995). In Polistes, dominant queens are 
often, but not always, larger than subordinate queens (Reeve, 1991; Rossler, 1991). 
Age is a more important correlate of rank than body weight in workers of some 
species of paper wasps (Hughes & Strassman, 1988) and ants (Higashi et al., 1991). 
Dominance rank may change with age according to a bell-shaped function reflecting 
the greater RHP of prime-aged animals (e.g. baboons; Packer, 1979) or increase 
continuously with age (e.g. dwarf mongoose; Creel & Waser, 1997).

Studies by Dewsbury (1990) and Moore (1990) suggest that "inheritance of an 
aptitude to dominate or of dominance ability" is possible. Although there is debate 
over their findings (Capitanio, 1991; Barrette, 1993), most objections arise from a 
misunderstanding of the concept of inheritance, confusion surrounding the level of 
analysis, and from the fact that dominance itself is not the trait of an individual but 
rather is the property of a relationship (dyad) and an emergent property (Dewsbury, 
1991; Moore, 1991; 1993), and do not negate their findings.

1.5.2 Dominance hierarchies
The three major types of social hierarchies are despotic, linear and non-linear 

(Bekoff, 1977). A despotic hierarchy is where one individual dominates all other 
group members with no rank distinction. In contrast in a linear hierarchy the alpha 
animal dominates all others, the beta animal dominates all others except the alpha 
animal, and so on i.e. relationships are transitive. A non-linear hierarchy occurs when 
there are a number of non-transitive (circular) relationships. In Polistes all three types
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of hierarchies can be found, although linear hierarchies are most common (Spradbery, 
1991). Once a stable hierarchy has been formed, aggressive interactions among 
foundresses occur rarely or become ritualised, and it appears that they recognise each 
individual's rank in the hierarchy relative to their own (Roseler, 1991).

For true linearity, several conditions must be met (Bekoff, 1977). Dominance 
relationships must be asymmetric and transitive and there must be completeness i.e. a 
relationship between all pairs of animals. Strict linearity of hierarchies is difficult to 
explain on the basis of pairwise contests unless individual differences in RHP are 
extreme and linearity should decline rapidly with increasing group size (Chase, 1974). 
However Mesterton-Gibbons and Dugatkin (1995) have shown that the probability of 
linearity increases where individuals assess their relative RHP and fight only if this 
exceeds an evolutionary stable threshold. Nevertheless their model still predicts that 
linearity should decrease with group size, becoming highly unlikely in groups larger 
than about nine individuals (Mesterton-Gibbons and Dugatkin, 1995). When the 
observed degree of linearity is greater than predicted by these models, dyadic 
dominance relationships are likely to be ordered by additional factors besides 
differences in RHP. These may include psychological reinforcement of 'losing status' 
through winner-loser effects as well as ordering of relationships through alliances 
(e.g. spotted hyenas) or rank inheritance (many primates).

1.5.3 Dominance, aggression and androgens
In all the vertebrate classes, males show some form of competition, either for 

access to females, a territory, or social status within a group. Testosterone, produced 
by the Leydig cells of the testis (Keele et al., 1992), regulates spermatogenesis and 
mating behaviour in males but also mediates male-male aggression, presumably due 
to its aromatization to oestrogen in the brain (Barfield, 1984; Brain, 1983; Wingfield 
et al., 1994). In particular there is often a high correlation between aggression and 
elevated testosterone levels during periods of male-male competition over 
reproduction (Zielinski & Vandenbergh, 1993; Wingfield et al., 1994). Socially 
dominant males are often the most aggressive animals, yet a simple relationship 
between social dominance and plasma testosterone has been difficult to establish 
(Wingfield et al., 1994). The complex hormone-behaviour interrelationships involved 
in such interactions are still poorly understood. However it is important to note than 
while testosterone promotes aggression, aggression does not necessarily facilitate 
dominance. Also the relationship s between dominance, aggression and testosterone 
levels are dependent to a great extent not only on taxonomic class, but also age, 
experience, social context, and other environmental influences of various kinds. In 
particular higher mammals, such as primates, appear to be less dependent on
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androgens for the maintenance of aggressive and sexual behaviour, than for example, 
do rodents (Barfield, 1984; Bouissou, 1983; Dixon, 1980). Another problem is that 
investigators often define and measure dominance in different ways, and therefore 
results may not be comparable.

Despite the complexity of hormonal-behavioural inter-relationships, a positive 
relationship between testosterone and male dominance rank has been reported in 
species as diverse as guinea pig (Sachser & Prove, 1986, Sachser, 1987), sugar glider 
Petaurus breviceps: Marsupialia (Mallick et al., 1994), rhesus monkeys (Rose et al., 
1971), and talapoin monkeys (Eberhart et al., 1980). While it is possible that a simple 
relationship between male dominance and testosterone levels in many species does 
not exist, this conclusion may be premature since most studies occur during periods of 
relative social stability. Several studies of testosterone levels in free-living mammals 
have found a relationship between testosterone and dominance during periods of 
instability that was absent during social equilibrium (Sapolsky, 1983; Sachser & 
Prove, 1986; Wingfield etal., 1994).

Experiential factors play an important role in establishing the outcome of 
aggressive encounters between males (Wingfield et al., 1994). It is established that 
neural mechanisms governing the production of a wide range of hormones are 
susceptible to influence by aggressive defeat and subordination (Bronson & 
Desjardins, 1971). Plasma testosterone levels often increase after winning, and 
decline after losing an agonistic encounter. Thus hormonal mechanisms serve to 
polarise the direction of agonistic encounters, either toward domination or 
submission, encouraging the emergence of basically stable dominance relationships 
(Wingfield etal., 1994).

Among vertebrates, it is generally thought that males of the species are more 
aggressive than females (Bouissou, 1983). However, there are numerous exceptions to 
this generalisation and differences in aggression between the sexes are likely to be 
dependent on the mating system (Barfield, 1984). High ranking female spotted hyenas 
have elevated androgen levels, pronounced masculinisation of the genitalia (van 
Jaarsveld & Skinner, 1991), are extremely aggressive, and tend to be dominant over 
males (Frank et al., 1995). Generally comparisons between males and females in 
aggression are not appropriate due to differences in life history characteristics.

The relationship between female aggression, dominance and testosterone is 
poorly understood. In females testosterone is produced by the conversion, in the 
ovary, of a weak androgen (androstenedione) released from the adrenal cortex (Keele 
et al., 1992). Female house mice treated with testosterone survive longer and fight 
more than control females in "natural conditions" and win more fights in laboratory 
trials (Zielinski & Vandenbergh, 1991). Thus, testosterone-treated female mice
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resemble males in their intra-sexual aggression. Furthermore, in the female rat, 
testosterone and oestradiol appear to form the foundation of hormone-dependent 
aggression (Albert etal., 1991; 1992; 1993). In rodents a phenomenon known as the 
'intra-uterine effect1 can occur in which masculinisation of female behaviour occurs in 
utero through the leaking of androgens from the testes of sibling males (vom Saal, 
1981).

1.5.4 Benefits of being dominant
The prevalence of dominant-subordinate relationships in animals suggests that 

there are substantial benefits to high rank when one lives in a group (Huntingford & 
Turner, 1987). It is argued that social dominance has evolved by sexual selection, 
individuals of high social rank enjoying reproductive success by having priority of 
access to limiting resources, such as fertile sexual consorts (Wilson, 1975). Other 
benefits to being dominant may include access to limiting resources such as 
territories, food and water (Huntingford & Turner, 1987).

The reproductive benefit of being dominant has been extensively researched 
through a number of studies on different taxa. However, generally definitive evidence 
for a positive relationship between dominance and reproductive success has been hard 
to obtain (Clutton-Brock, 1988; Cowlishaw & Dunbar, 1991; Bercovitch, 1991). Also 
research has taken many different forms so that studies are often not directly 
comparable and they have tended to concentrate on short-term benefits of being 
dominant (Huntingford & Turner, 1987). Consideration of lifetime benefits, and 
possible costs, of being dominant and of being subordinate are necessary for a full 
understanding of the adaptive significance of dominance (Huntingford & Turner, 
1987). Definitive evidence for a positive association between dominance rank and 
reproductive success has been particularly hard to obtain for males, due to the 
problem of accurately assigning paternity. This is particularly true in species where 
multiple paternity can occur. However, accurate assignment of paternity has recently 
become possible with the advent of molecular genetics and genetic typing (Avise,
1994).

The relationship between dominance and reproductive success has recently 
been reviewed by Ellis (1995). Outside the primate order, evidence largely supports 
the hypothesis that high ranking males enjoy greater reproductive success than do 
subordinates. For females, studies are more evenly divided between those supporting 
the hypothesis that high rank and reproductive success are positively correlated and 
those indicating no significant relationship between rank and reproductive success. It 
is suggested that this may reflect both the lower saliency of hierarchical relationships 
among females, as well as the lower variability in reproductive success among
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females, relative to males (Ellis, 1995). Among primates, a more complex picture 
emerges. Nevertheless, the majority of studies suggest that high- to middle ranking 
males have at least a slight lifetime reproductive advantage over the lowest ranking 
males (Ellis, 1995). In particular a clear relationship between social and reproductive 
dominance is found in species where there is a high reproductive skew e.g.. dwarf 
mongooses (Rood, 1980; Creel et al., 1992), African wild dogs, paper wasps of the 
genus Polistes (Spradbery, 1991; Keller & Reeve, 1993).

1.5.5 Dominance, social stress and reproduction
There is still considerable debate over the definition and use of the term 

"stress” in biological science (Broom & Johnson, 1993). I intend not to get bogged 
down in semantics and the arguments surrounding the use of the term stress, and 
instead refer the reader to Broom & Johnson (1993) for a discussion of the issue and 
the various definitions of stress. Nevertheless there is extensive evidence that social 
environments can be stressful (Sapolsky, 1990; Wingfield et al., 1994; Davies, 1996). 
Social stress may lead to stimulation of the hypothalamic pituitary 
adrenocorticotrophin axis (HPA) and/or the sympathetic adrenomedullary system 
(Lee & McDonald, 1985; Kaplan, 1986). Most research has focused on HPA axis, 
which is discussed here. Social stress results in increased adrenocorticotrophin 
(ACTH) secretion from the anterior pituitary resulting in an increase in the release of 
glucocorticoids from the adrenal cortex (Kaplan, 1986; Wingfield et al., 1994). In 
primates, dogs, cats and most ungulates the predominant glucocorticoid produced is 
cortisol; in rodents and chickens, it is corticosterone (Broom & Johnson, 1993). The 
stress response enables animals to withstand threats to its homeostatic balance, or 
physiological equilibrium. Both the HPA system and the sympathetic-adrenal 
medullary system causes changes in the body which alter the range of substrates 
available for emergency action: more glucose after adrenomedullary hormones and 
more amino acids and fatty acids after cortisol (Sapolsky, 1990; Broom & Johnson, 
1993). These have the effect of making energy available for emergency action more 
readily available. In essence they prepare the body for "fight" or "flight".

Changes in adrenocortical activity in response to social stress are often related 
to dominance status. Several studies have concluded that low ranking individuals are 
more stressed than high ranking animals, evidenced by increased adrenocortical 
activity e.g. sugar gliders (Mallick et al., 1994), male olive baboons (Sapolsky, 1982;
1990), and female cynomolgous monkeys (Shively et al., 1997) Others studies are 
challenging the belief that life is more stressful at the bottom of the dominance 
hierarchy (Davies, 1996). Basal corticosterone levels of African wild dogs are 
significantly higher in dominant males and females than in subordinates (Creel etal.,
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1997), dominant female yellow-bellied marmots, Marmota flaviventris, have higher 
plasma corticosteroid levels than subordinates (Armitage, 1990) and in dwarf 
mongoose, urinary cortisol levels are significantly higher in dominants than 
subordinates (Davies, 1996). It has been suggested that the disparity between studies 
may reflect the fact that research on dwarf mongoose, African wild dogs, and yellow- 
bellied marmots has been carried out in the wild. It is suggested that in captivity 
subordinates may suffer more stress than wild conspecifics because they cannot 
escape the aggression of dominants (Davies, 1996). However studies of olive baboons 
have found that both wild and captive subordinate males have higher cortisol levels 
than dominants (Sapolsky, 1990).

Evidence for a simple relationship between dominance and adrenocortical 
activity is equivocal. Adrenocortical differences between dominants and subordinates 
are often only seen during periods of social stress, and associations between rank and 
adrenocortical activity in stable environments are often not consistent (Kaplan, 1986; 
Sachser & Lick, 1989). During periods of hierarchy formation and social instability, 
elevated plasma corticosteroid levels are often found in both dominant and 
subordinate individuals (Mendoza etal., 1979; Sapolsky, 1983; Saltzman et al., 1994; 
Johnson et al., 1996). The relationship between dominance rank and adrenocortical 
function is further complicated by findings from primate studies that stress responses 
may not merely be related to dominance status per se, but also to the demands 
associated with dominant and subordinate status under particular social conditions, 
i.e., high and low dominance status may be stressful in different ways and under 
different social contexts (e.g., stable versus disrupted social groups)(Kaplan, 1986). 
Finally some of the inconsistencies between studies no doubt relate to the large 
number of adrenocortical indices of stress arise that are used (plasma cortisol and 
corticosterone, ACTH challenge, adrenal weight), and also due to taxonomic 
differences in responses to stress (Kaplan, 1986; Lee & McDonald, 1985). At present 
it is unclear if there is an association between dominance rank and adrenocortical 
activity in naked mole-rats.

There is growing evidence from studies on rodents, monkeys, baboons, and 
humans that the reproductive function of females can de disrupted by social stress 
(Dunbar, 1985; Wingfield et al., 1994). Increased adrenocortical activity, resulting 
from social stress, specifically the release of glucocorticoids, is often associated with 
decreased gonadotrophin and sex steroid secretion (Lee & McDonald, 1985; Dunbar, 
1985; Wingfield et al., 1994). For example, in lesser mouse lemurs Microcebus 
murinus and cynomolgous monkeys Macaca fascucularis, suppression of fertility 
appears to be a consequence of socially induced activation of the adrenal axis, and the 
resulting elevation of cortisol concentration (Wingfield et al., 1994). Cortisol may
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directly inhibit the secretion of luteinising hormone (LH) leading to a decrease in 
reproductive function (Dubey & Plant, 1985; Sapolsky, 1990). This may result in a 
decrease in testicular activity and testosterone secretion in males (Dunbar, 1985; 
Sapolsky, 1990). Conversely, gonadal steroids are known to modulate activity of the 
HPA axis (Kitay, 1963). Oestrogen, in particular, acts at multiple sites within the 
HPA axis to elevate plasma glucocorticoid levels. In rodents, oestrogen can stimulate 
pituitary synthesis of ACTH, increase adrenocortical release of corticosterone, and 
modulate hepatic metabolism of glucocorticoids (Kime et al., 1980).

Although evidence for an association between chronic adrenocortical activity 
and reproductive inhibition has been found in many rodent and primate taxa, in other 
closely related species no such relationship has been found (Lee & McDonald, 1985; 
Kaplan, 1986). For example the mechanism regulating reproductive status appears to 
be different in marmosets and tamarins, compared to other primates. Infertile females 
of these species do not have elevated cortisol concentrations, and suppression appears 
to originate from the hypothalamic control of gonadotropin releasing hormone 
(Wingfield et al., 1994). Additionally, basal corticosterone levels are higher in 
breeding African wild dogs than in reproductively suppressed subordinates (Creel et 
al., 1997), breeding dwarf mongooses have higher urinary cortisol titres than non- 
breeders (Davies, 1996), and breeding female common marmosets posses higher 
plasma cortisol levels than anovulatory females (Saltzman et al., 1994). Studies on 
naked mole-rats so far have ruled out a causal link between elevated levels of cortisol 
and a decrease in reproductive function (Faulkes, 1990). Although non-breeding 
female naked mole-rats have significantly higher urinary cortisol titres than queens, 
when separated from their colonies, their concentrations of urinary cortisol remained 
high yet they become reproductively active (Faulkes, 1990). In males, too, non- 
breeders have significantly higher urinary cortisol levels than breeders, but when 
separated from their colonies, they become reproductively active even though their 
urinary cortisol levels increased (Faulkes, 1990). Naked mole-rats, unlike all 
mammals so far studied, do not exhibit cyclicity in baseline cortisol secretion 
(Stirland & Loudon, unpublished data).

1.6 KIN RECOGNITION
The widespread occurrence of nepotism and the rarity of close inbreeding 

imply that mechanisms exist whereby relatives can be identified. Although there is a 
proliferation of papers, on a wide variety of vertebrates and invertebrates, purporting 
to demonstrate discrimination through kin recognition (Waldman, et al., 1988; 
Hepper, 1991), great care is needed in inferring kin recognition from kinship effects
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on behaviour (Barnard, 1991). Grafen (1990) suggests that many of the cited 
examples of kin recognition can be explained in other ways and defines true kin 
recognition as 'recognition of relatedness per se (through the perception of genetic 
similarity) with the object of biasing responses with respect to perceived relatedness 
(kin discrimination)'. However, it is argued that if, in the natural environment, 
mechanisms exist which allow for the successful differentiation of kin and non-kin, 
then these mechanisms should be considered as examples of kin recognition 
(Hamilton, 1964a, 1970; Hepper, 1991). Before discussing kin recognition, it is 
necessary to make the important distinction between kin recognition and kin 
discrimination. Kin recognition is the process of classifying conspecifics to produce a 
degree of relatedness (i.e. a neural process). Kin discrimination on the other hand 
refers to the observed consequences of kin recognition i.e. differential responsiveness 
to kin and non-kin. Whereas kin discrimination is used to infer that individuals can 
recognise their kin, evidence that individuals show no kin discrimination does not 
logically mean that individuals are unable to recognise their kin (Hepper, 1991).

1.6.1 Recognition cues
Cues used in kin recognition can be of genetic or environmental origin, and 

may be produced endogenously by the actors (direct cues) or acquired from the 
environment (indirect cues) (Halpin, 1991; Sherman et al., 1997). Chemical cues are 
widely used (Sherman et al., 1997). Organisms may use a combination of both direct 
and indirect cues to recognise kin (Halpin, 1991) e.g. paper wasps at eclosion absorb 
hydrocarbons from their nest into their epicuticle which serve as recognition cues 
(Gamboa et al., 1996). The relative importance of genetic versus environmental cues 
in kin recognition theoretically should optimize the balance of recognition errors. 
Relying solely on cues acquired from the environment might increase acceptance 
errors (mistakenly assisting non-relatives that share the same environment), whereas 
relying solely on genetic endogenous labels cues might increase rejection errors, 
because genetic recombination and multiple mating by females ensures that non- 
clonal family members will not be genetically identical for segregating alleles 
(Gamboa et al., 1986; Pfennig & Sherman, 1995). The costs of recognition errors, and 
thus the optimal cue system, should depend upon the species' genetic system and 
ecology. Endogenous genetic labels are most useful when organisms inhabit a fairly 
uniform chemical environment and in communities where kin and non-kin frequently 
mix (Sherman etal., 1997).

Genetic endogenous cues have been implicated in parent-offspring recognition 
in various birds and mammals (Halpin, 1991; Sherman et al., 1997). Probably the 
clearest example of recognition cues known to be under genetic control are the
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individually distinctive odours produced by the major histocompatibility complex 
(MHC) which are discussed later. However, assessing the relative importance of 
different kinds of cues in kin recognition can be difficult because whenever 
experimental subjects are reared in uniform environments, where the only detectable 
differences are in the gene products, investigators may erroneously conclude that they 
use only genetic labels to recognise kin (Sherman et al., 1997).

1.6.2 Recognition mechanisms
Four basic mechanisms have been proposed to explain how individuals 

recognise kin. These are spatial location, association/familiarity, phenotype matching, 
and mechanisms involving a recognition allele(s) (Holmes & Sherman, 1982; Hepper, 
1991). A spatial location mechanism operates where the individual recognises kin not 
on the basis of any cues presented by its conspecifics but rather on the basis of cues in 
its environment (Hepper, 1991). Individuals encountered either physically in, or 
within a certain distance of, the particular environmental cue are responded to as kin 
whereas those encountered outside are responded to as non-kin. It is important to 
realise that kin recognition mechanisms are not mutually exclusive and may operate 
in conjunction with one another.

A mechanism by associationlfamiliarity depends upon the ability of animals 
to treat as kin those conspecifics with whom they have associated during certain 
periods of their lives (Holmes & Sherman, 1982; Hepper, 1991). Correct 
identification of kin occurs because, under natural conditions, there is normally a 
reliable correlation between genetic relatedness and the spatiotemporal component of 
association. For example, for most species, all conspecifics of a similar age sharing a 
nest or natal burrow can be expected to be siblings. Although a potential for error 
exists with both the spatial location and association/familiarity mechanisms (non-kin 
who mistakenly end up in the 'correct' locality may be regarded as kin), such an error 
occurs so rarely as to be evolutionarily insignificant.

Kin recognition may occur through phenotype-matching (Hepper, 1991). Kin 
recognition by phenotype matching relies on conspecific cues which are reliably 
correlated with genetic relatedness, although not necessarily with previous association 
(Haplin, 1991). Phenotype matching will be most effective and reliable in recognising 
kin when the cues used are a direct expression of the genome (Haldin, 1991). Learned 
cues are assimilated to form a single template (Hepper, 1991). Upon encountering 
another conspecific, individuals match the cues presented by that individual to that of 
their template, the degree of matching determining the coefficient of relatedness.

Templates are internal representations of the characteristics of desirable or 
undesirable recipients (Sherman et al., 1997). In many species, templates are learned
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('imprinted') during a short sensitive period early iin life (Bateson, 1979). Learning of 
cues may occur in utero or postnatal. The miammalian uterus is an excellent 
environment to learn about kin, as there is no lilkelihood of encountering non-kin 
(Hepper, 1991). Postnatal learning presents the imdividual with greater problems in 
ensuring that information is acquired from geneticcally related conspecifics since the 
chances of encountering unrelated individuals are greatly increased.

Phenotype matching may also occur withcout the use of a template via self
inspection (Hepper, 1991; Sherman et al., 19*97). Upon encountering another 
conspecific the individual compares its own c;ue(s) with that presented by its 
conspecific The degree of matching between the; two determines relatedness. Self
inspection is favoured when template learning is desirable, but opportunities to 
directly assess relatives' phenotypes are limited. Mnally, self-inspection may enable 
kin recognition when available relatives would jyield error-prone templates as, for 
example, when nestmates are full and half-siblingss due to multiple mating by females 
e.g. honeybees (Estoup et al., 1994) and Beldimg’s ground squirrels (Holmes & 
Sherman, 1983; Sherman etal., 1997).

While recognition by association and recognition by phenotype matching are 
often presented as distinct alternatives to one anothier, these two mechanisms aie quite 
similar (Halpin, 1991; Hepper, 1991). Both miechanisms are dependent on the 
learning of cues that identify kin, and both are dependent on association. The only 
meaningful difference between them is the type; of cue that is learned during the 
association. In recognition by association the aniimal learns the unique, individually 
distinctive phenotypes of those kin with which itt associates; in future encounters it 
recognises as kin only those specific individuals. EBy contrast, in phenotype matching 
the animal learns the family-specific characteristiics of its own phenotype or of the 
phenotypes of close kin with which it associates; iit then assesses genetic relatedness 
by comparing those phenotypes of strangers to those of self or known kin. 
Furthermore, cues used in recognition by association and by phenotype-matching may 
be either of genotypic or environmental origin.. Hepper (1991) goes as far as to 
suggest that both may be regarded as a single recognition process.

Finally, a mechanism involving recognitioni allele(s) could operate, sometimes 
termed the 'green beard' effect (Dawkins, 1982). Im this mechanism recognition of kin 
is encoded directly by an individual's genes and! requires no experience (Hepper,
1991). There are no clear examples of genetically encoded kin-recognition templates 
(Pfennig & Sherman, 1995; Sherman et al., 199^7). This is probably because, as a 
result of meiotic shuffling of genetic cues tand spatiotemporal variation in 
environmental cues, genetically encoded templattes are unreliable (Sherman et al., 
1997).
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1.6.3 MHC and kin recognition
It has been argued that ideally, a genetically based system of kin recognition 

would involve many polymorphic loci scattered throughout the genome since the 
chance of error is inversely related to the number of loci (genetic cues) evaluated 
(Getz, 1981). However, while discrimination on the basis of overall phenotype (and 
thus potentially genetic similarity) seems an obvious mechanism of achieving 
complementarity, there are good reasons for caution in suggesting that matching 
across large numbers of loci might be used (Barnard & Aldhous, 1991). A more 
feasible alternative is to match for rare alleles at one or a few loci which are likely to 
be shared only by close kin (Grafen, 1990).

The major histocompatibility complex, called the H-2 locus in the mouse (Mus 
musculus) and the HLA  locus in humans, occupies a small segment of a single 
chromosome. This segment contains many genes coding for functions concerned with 
the immune response (Klein, 1986). The Class I and II genes of the MHC are the most 
polymorphic coding loci known for vertebrates with over 100 alleles described for 
some species, the codons for the antigen binding site (ABS) containing the majority 
of polymorphic loci (Klein, 1986). The gene products of the MHC play a critical role 
in immune recognition, serving as antigen receptors which bind peptide fragments for 
cell-surface presentation to T-lymphocytes (Babbit et al., 1985; Bjorkman et al., 
1987).

The olfactory ability to discriminate MHC-mediated odour types in those 
mammals that have been tested, for example Mus (Yamaguchi et al., 1981, Yamazaki 
etal., 1979; 1983; Beauchamp, etal., 1985a; 1988)Rattus (Brown, 1987; Singh etal, 
1987) and Homo sapiens (Gilbert et al., 1986; Wedekind et al., 1995) coupled with 
the extreme genetic diversity of the MHC makes it a potentially useful system for 
recognising kin (Getz, 1981; Brown, 1983; Partridge, 1988; Alberts & Ober, 1993; 
Potts & Wakeland, 1993; Brown & Eklund, 1994). For example, genetic 
polymorphism in the H-2:Qa:Tla region of chromosome 17 in mice is associated with 
constitutive variation in bodily odour types which permit individual olfactory 
recognition among mice (Yamazaki et al., 1983). Indeed mutations in a single MHC 
gene (Yamazaki et al., 1983, 1990) and recombination mutations of the MHC 
(Yamazaki et al., 1991) alter the odour of those individuals carrying the mutation and 
are discriminable by odour (Yamazaki et al., 1983). Even mouse pups can be 
discriminated by trained mice using MHC cues in the pup's urine (Yamazaki et al., 
1992a). The relatively small H-2 region (< 0.5% of the genome) is therefore 
remarkably potent in its effect on characteristic urine odour, reflecting the extreme 
importance of this region in genetically determined chemosensory individuality 
(Beauchamp etal., 1990).
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A genetic basis for individual and kin recognition provides scope for altruistic 
behaviour (Blaustein, 1983; Waldman, 1987). Whereas many animals can identify 
their relatives and bias altruistic behaviour in their favour, recent studies of social 
insects have also uncovered cases where nepotism might be expected but is weak or 
absent within social groups (Keller, 1997). It has been suggested that differential 
treatment of kin classes incurs costs that out-weigh the benefit to the altruistic 
individual (Keller, 1997). Time wasted in assessment of kinship may invariably lead 
to losses in colony efficiency. If nepotism is associated with a decrease in colony 
efficiency, all individuals may experience a net decrease in fitness, and kin 
discrimination may be selectively disfavoured. In general, smaller differences in 
relatedness between altruists and classes of individuals receiving help results in 
smaller potential benefits for nepotistic behaviours, and should tend to select against 
nepotism.

1.7 MATE-CHOICE
There are many different kinds of benefit that can be accrued by choosing 

certain mates rather than others. Whereas males generally increase their fitness by 
mating with many females, females maximise their fitness through a choice for male 
'quality' (Andersson, 1994). Fitness benefits that choosy females may accrue include 
higher fecundity (highly fertile males); increased offspring survival (the result of a 
choice for male parental abilities); immediate gains (if males contribute or hold access 
to limiting resources); and increased fitness benefits from choosing mates whose 
genotypes are complementary. Breeding male naked mole-rats do not appear to care 
for pups any more than do non-breeders nor do they hold access to or contribute 
limiting resources. I shall therefore restrict the discussion of mate-choice to choice for 
genetic benefits and increased fecundity.

1.7.1 Choice for genetic benefits
The ability to learn genetic distinctions, allows animals to make decisions 

based on them in different contexts. One of the proposed functions of kin recognition 
is the avoidance of extreme inbreeding and/or outbreeding (Bateson, 1983; Hepper,
1991). Inbreeding is the mating of individuals related by ancestry. Since all animals 
are related if their ancestry is traced back far enough, in general practice, inbreeding 
is used to describe matings between close relatives (first cousins or closer).

Inbreeding tends to increase homozygosity in an originally outbred population 
and maintains homozygosity in a continuously inbred population, although mutation, 
gene flow and selection can modify the outcome of a particular pattern of inbreeding
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(Falconer, 1981; Charlesworth & Charlesworth, 1987). In many laboratory studies an 
artificially imposed increase in the extent of inbreeding often results in a decline in 
many aspects of offspring fitness (Falconer, 1981); and in natural populations; inbred 
matings have been shown to have a similar effect (Packer, 1979; Greenwood, Harvey 
& Perrins, 1978). This decline in fitness is known as inbreeding depression. There are 
two classical rival theories proposed to account for inbreeding depression 
(Charlesworth & Charlesworth, 1987). One theory proposes that a decline in fitness 
associated with inbreeding depression is a result of inbred lines becoming fixed for 
recessive or partially recessive deleterious alleles (Charlesworth & Charlesworth, 
1987). The other theory argues that inbreeding depression is due to the superiority of 
heterozygotes (heterosis or overdominance) over homozygotes (Patridge, 1983; 
Charlesworth & Charlesworth, 1987). A review of theoretical and empirical evidence 
suggests inbreeding depression results mainly from the unmasking of deleterious 
recessive alleles and, to some extent, the loss of heterosis (Charlesworth & 
Charlesworth, 1987; Pusey & Wolf, 1996). Another consequence of inbreeding is that 
heterozygosity is reduced and with it the opportunity for recombination. It has been 
suggested that recombination is an adaptation for life in saturated and/or heterogenous 
environments known as Bell's Tangled bank hypothesis (Bell, 1982) or temporally 
heterogenous environments, known as the Red Queen hypothesis (Jaenike, 1978). 
Outbreeding counteracts the effects of inbreeding depression by increasing genetic 
variability in a population. Even in predominantly inbreeding species, the loss of 
evolutionary potential may be alleviated to some extent even if they outcross 
occasionally (Maynard Smith, 1978). However there may be costs associated with 
outbreeding, other than outbreeding depression, which include the cost of finding a 
mate, dispersal from the natal area and establishment of a new one (Bengtsson, 1978).

1.7.2 Dissasortative mating in mammals
In rodents, two lines of evidence indicate that mate choice is influenced by kin 

recognition and that individuals typically avoid inbreeding. Firstly, non-sibling 
mating pairs are usually found to reproduce at higher rates that full-siblings (e.g.. 
Microtus spp.: McGuire & Getz, 1981; Boyd & Blaustein, 1985; Peromyscus spp.: 
Dewsbury, 1982). Secondly, adult animals prefer opposite-sex animals (or their urine 
odours) according to kinship in several choice situations (e.g.. Microtus spp.: Bolhuis 
et al., 1988; Peromyscus leucopus; Grau, 1982). In laboratory strains of house mice, 
preference tests yield conflicting results. Preference tests using wild house mice 
appear to yield more consistent results, with individuals avoiding close inbreeding 
(Winn & Vestal, 1986; Krackow & Matuschak, 1991).
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Perhaps the strongest evidence for dissassortative matting with respect to 
genotype comes from studies of the MHC in rodents and the f-complex in mice. The 
results of several lines of direct evidence suggest that selective neutrality is not 
responsible for the high levels of polymorphism exhibited by some MHC loci (Hughs 
& Nei, 1988; 1989). It is argued that the avoidance of inbreeding is one function of 
MHC-based disassortative mating (Brown, 1983; Partridge, 1988; Uyenoyama, 1988; 
Alberts & Ober, 1993; Brown & Eklund, 1994), if not the main function (Potts & 
Wakeland, 1990; 1993; Potts et al., 1994; reviewed by Jordan & Bruford, 1998). 
Inbreeding depression is a strong and persuasive phenomenon in living systems 
(Charlesworth & Charlesworth, 1987), and many specific mechanisms have evolved 
throughout the plant and animal kingdoms to avoid inbreeding (Uyenoyama, 1988; 
Blouin & Blouin, 1988). Inbred mice and rats in some cases express mating 
preferences only on genetic difference at the MHC (Yamazaki etal., 1976; Singh et 
al., 1987; Beauchamp et al., 1988). Extending the previous work by Boyse (1987) by 
employing a different genetic background and using MHC haplotypes recently 
isolated from wild populations, Egid and Brown (1989) demonstrated that female 
mice of two congenic mice strains prefer to mate with males of a different MHC type 
than their own. In contrast males of the same congenic strains showed no such odour 
nor mate choice preference for MHC dissimilar haplotypes (Eklund et al., 1991). 
Their work supports the findings of Beauchamp et al. (1988) that the expression of a 
preference within a congenic strain may vary between the sexes. Laboratory studies 
should however be treated with caution. The results obtained may be an artifact of the 
artificial social conditions and the use of inbred strains of mice, thus making it 
impossible to draws strong conclusions about wild mice (Manning etal., 1992).

The most convincing evidence for MHC-disassortative mating preferences in 
mice comes from studies of wild-derived mice in semi-natural enclosures. In such a 
study Potts et al. (1991) found that 27% fewer offspring were homozygous for the 
MHC than expected from random mating and that this value was not the result of 
neonatal mortality suggesting that mating preferences alone could result in the 
observed deficiency in H-2 homozygosity. Hedrick (1992) developed a theoretical 
model to determine whether this observed deficiency in H-2 homozygosity in semi
natural populations of mice could be the result of female mating preferences and 
concluded that female preferences for MHC-dissimilar mates could alone, rather than 
disease, account for the observed deficiency of H-2 homozygotes. This supports Potts 
et al. (1991) argument that mating preferences alone are strong enough to account for 
most of the MHC genetic diversity found in natural populations of mice. Finally, Penn 
& Potts (1998) have demonstrated that female wild-derived mice in semi-natural 
enclosures avoid mating with males carrying familial genes and that the MHC-related
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mating preferences of mice are the result of familial chemosensory imprinting. Mice 
learn the MHC identity of their parents and avoid mating with individuals carrying 
familial MHC genes (Beauchamp et al., 1985; Penn & Potts, 1998). Although most 
research on the role of the MHC in mate choice has focused on rodents, it has also 
been found that humans prefer the odour of MHC-dissimilar individuals (Wedekind et 
al., 1995; Wedekind & Furi, 1997). There is also evidence that humans have MHC- 
disassortative mating preferences (Ober etal., 1997).

Mate choice studies in mice carrying the f-complex also provide strong 
evidence for dissassortative mating. The f-complex is a well known, highly 
polymorphic genetic system in mice that has been implicated in mate-choice. The 
allelic variants are referred to as either wild type (+) or 'f-' haplotype (0; there are at 
least 15 f-haplotypes. Around 10-20% of wild mice carry the f-complex inversion on 
chromosome 17 (Baker & Pomiankowski, 1995). Animals that are homozygous for 
the same f-haplotype die before birth. Animals that have two different f-haplotypes 
have more or less decreased survival and males are sterile. Lenington et al. (1994) 
showed that females mate disassortatively by haplotype and their degree of 
discrimination is related to the fitness advantage of disassortative mating.

1.8 RESEARCH AIMS
As the title of the thesis “determinants of reproductive status and mate 

choice....” suggests, the main aim of this study was to investigate the behavioural, 
hormonal and genetic correlates of the attainment and maintenance of breeding status 
in colonies of naked mole-rats. Of great importance is the elucidation of those factors 
that determine dominance and reproductive status in both sexes and how conflicts 
over reproduction are resolved. Although female reproductive succession has been 
documented, no systematic studies have been undertaken and breeding male 
succession has not been examined. One major aim of this study was therefore to 
examine breeding female and male succession in captive colonies. Specifically I set 
out to determine whether physiological and behavioural parameters can be used as 
predictors of reproductive status by examining the relationship between dominance 
rank, reproductive status, and urinary testosterone and cortisol titers.

Another key area of naked mole-rat research that remains largely unresolved, 
is the elucidation of the social factors that are involved in reproductive suppression. A 
mechanism involving primer pheromones produced by the queen does not appear to 
be implicated. Instead, suppression may be mediated by a system based on 
behavioural interactions between the queen and the other colony members whereby 
the stress induced by social contact inhibits reproductive physiology. One such
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behaviour which may be implicated in suppression is shoving. Shoves are vigorous 
prolonged pushes initiated primarily by queens and it has been suggested that shoving 
functions to reduce the threat that colony mates will challenge the queen for breeding 
rights. It has also been proposed that shoving serves primarily to incite activity in 
“lazy” workers. In this study I investigate intra-colony aggression in detail and try to 
empirically distinguish between the two hypotheses for the function of shoving.

There is some evidence that queens may ultimately determine the reproductive 
status of males. The queen forms strong social bonds with a small subset of males and 
the rest are reproductively suppressed. Queens may even attack and kill some males, 
particularly the mates of former queens. To elucidate those factors which determine 
the reproductive status of males, therefore, requires not only an examination of male- 
male competition over reproduction but also of female mate choice. Genetic and 
behavioural studies indicate close inbreeding, indicating that naked mole-rats lack an 
incest avoidance mechanism. Although the effects of inbreeding depression can be 
counteracted by occasional outbreeding, strong ecological constraints suggest that 
dispersal often is not a sound fitness option for naked mole-rats. The recent discovery 
of dispersers in the wild and in captive colonies raises new possibilities for the mating 
system of naked mole-rats. Consequendy a major aim of this study was to examine 
the mate choice of females. Specifically I address three main questions. First, do 
females discriminate between male conspecifics or their odours on the basis of 
familiarity or relatedness? Discrimination mechanisms are of paramount importance 
to an animal’s biological fitness and the ability to discriminate kin from non-kin has 
been demonstrated in a wide range of taxa. Secondly, what is the effect of context and 
female reproductive status on female preferences and mate choice? Finally, do 
reproductively active females outbreed or inbreed when given the choice? From the 
results of these experiments I hope to determine whether naked mole-rats possess a 
kin recognition mechanism, the type of mechanism, and the recognition cues 
employed.

Finally, I examine colony member recognition and dispersal. Colony members 
are typically xenophobic towards foreign mole-rats. However, disperser males are 
known to exhibit distinct morphological, physiological, and behavioural differences 
from non-dispersers which may aid dispersal, and there is some evidence that 
dispersers may join neighbouring colonies. Specifically, I set out to determine if 
dispersers, and other males, are accepted into foreign colonies and whether colony 
members discriminate between transferred mole-rats on the basis of familiarity, 
relatedness, or reproductive status. To accomplish these aims, a series of transfer 
experiments were carried out in which foreign males were introduced singly into
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captive colonies and the behavioural responses of transferred males and resident 
colony members were quantified.
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Plate 1. Passing behaviour in tunnels. Animals moving through the tunnel system may 
pass side by side, or more commonly, as pictured, one may pass over the other. This 
photograph shows the queen passing over a subordinate colony member in the tunnel 
system of a captive colony. Photograph courtesy of C.G. Faulkes.

Plate 2. Mutual ano-genital nuzzling between the queen and a breeding male. This 
behaviour only occurs between the queen and breeding males. Photograph courtesy of 
J.U.M. Jarvis.
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Plate 3. Incisor fencing between two females competing for reproductive dominance. 
Animals stand face to face with their mouths at right angles and their incisors locked 
together. They may then shove back and forth and rock their heads from side to side 
with their incisors locked together. Photograph courtesy of R. Mendez.

Plate 4. Close up of incisor fencing between two females competing for reproductive 
dominance. Photograph courtesy of R. Mendez.
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Chapter 2: General methods

2.1 HOUSING AND HUSBANDRY
All captive colonies at the Institute of Zoology are derived from wild/genetic 

stock originating from Lerata and Mtito Andei, Kenya. Colonies examined in this 
study were formed several years (range: 3 - 7  years) before the start of investigations 
by pairing a male and female. Colony Nl, NN, and N2 are of the same wild/genetic 
stock. Colony 2200 and colony O mole-rats are both of the same wild/genetic stock, 
but are genetically divergent from animals in colonies Nl, N N , and N2. Naked mole- 
rat colonies were housed in separate artificial tunnel systems comprising inter
connecting transparent perspex tubing (47mm ID x 50mm OD) linking separate 
perspex boxes (30 x 15 x 15cm). The transparent perspex allowed easy observation of 
animals at all times. Each colony comprised at least three perspex boxes and 
approximately 15m of tubing. Perspex boxes functioned either as a nest chamber, 
food chamber, or toilet chamber. All boxes had multiple entrances/exits except the 
toilet chamber which always had one entrance/exit forming a blind ending to the 
tunnel to which it was connected. Blind ending areas are favoured for urination and 
defecation in both wild and captive colonies. Singly housed or small groups of 
animals were housed in smaller tunnel systems linking three chambers (15 x 15 x 
15cm). Typical colony layouts are illustrated in figure 2.1.

Animals were individually marked using toe-clipping. Although toe-clipping 
is as controversial procedure for marking animals, tattooing, the other method used by 
researchers to permanently mark this hairless species, was considered a more painful 
and distressing alternative. Transponders/micro-chips have been used by some 
researchers to mark wild mole-rats but this method resulted in several fatalities (S.H. 
Braude, pers. comm.). This study was covered by Home Office project license PPL 
70/3897.

Fresh fruit and vegetables were provided ad libitum, on a daily basis. Staple 
food items for captive colonies included sweet potato, potato, sweet com (including 
leaves which are used as bedding), apple, banana, carrot, cucumber, and lettuce 
leaves. As a nutritional supplement, colonies were provided once a week with Farleys 
First Timers' (H.J. Heinz Co. Ltd.), a baby food consisting of rice with added vitamins 
and minerals. In order to prevent introduction of pathogenic bacteria into colonies, all 
fresh food items were washed in a disinfectant solution of sodium hypochlorite and 
thoroughly rinsed in water taken from the main water supply. It was not necessary to
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(a) Normal colonies.

N

F

(b) Singly housed animals and mate choice colonies.

Figure 2.1 Typical colony layout for captive colonies. N = nest chamber, F = food 
chamber, T = toilet chamber.
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Colony size
Identity of colony members 
observed in investigations

Colony
No. of 
males

No. of 
females

Queen 
succession 
(chapter 3)

Breeding 
male 

succession 
(chapter 4)

Intra-colony 
aggression 
(chapter 5)

Nl 16 12 All colony 
members

- All colony 
members

0 8 7 All colony 
members

- All colony 
members

NN 9 10 All colony 
members

- All colony 
members

N2 21 24 - Queen & 
all males

Queen & 
all males

2200 19 14 - Queen & 
all males

Queen & 
all males

Table 2.1 Number of males and females in study colonies and the identity of colony members 
observed in various investigations.

provide drinking water since naked mole-rats are arid-adapted, obtaining their fluid 
requirements from food (Hill et al., 1957). Colonies were housed in rooms maintained

at a temperature of 28.7 °C, a relative humidity of 40%, and with a light:dark

schedule of 12:12 hours. 'Bloat' a gastro-intestinal infection resulting from an 
overgrowth of Escherichia coli, affected one captive colony resulting in a few deaths. 
Other than bloat the most obvious cause of death in captivity was through fighting. 
All dead mole-rats were sent for post-mortem examination to establish the cause of 
death. However, post-mortem results were generally inconclusive into the cause of 
death of those animals not involved in fighting.

2.2 BEHAVIOURAL RECORDING
2.2.1 Sampling method

Sampling methods (Altmann, 1974; Martin & Bateson, 1993) employed in this 
study were:

focal observation - one or more subjects were observed for a specific amount 
of time while recording all instances of behaviour on a checksheet or an event 
recorder;
scan sampling - one or more subjects are scanned at regular intervals and the 
behavioural state of each individual at the sampling point is recorded. In this 
study all colony members were scanned at one hour intervals and the relevant 
behaviours recorded on a checksheet;
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ad libitum sampling - recording as much as possible of all relevant behaviours 
of a group of subjects. In this study rare but important events, such as sexual 
behaviour, were recorded using this method.

2.2.2 Ethogram
Lacey and colleagues have constructed an ethogram for naked mole-rats 

(Lacey et al., 1991). They described 72 non-vocal behaviours grouped into 17 
categories based upon presumed functional similarity. What follows is not a complete 
ethogram, but instead a subset of behaviours from the full behavioural repertoire 
which were recorded during this study. Behavioural labels defined by Lacey et al., 
(1991) are italicised and are followed by a description of the behaviour. Behaviours 
are grouped according to presumed functional similarity.

Seven types of agonistic behaviours were recorded. I have additionally 
included passing behaviour here, as it is essentially a contest over right of way. The 
agonistic behaviours recorded were:

open-mouth gaping - animals stand face to face with muzzles almost touching 
and top and bottom incisors separated, and air rapidly inhaled and exhaled to 
produce a hissing sound (Pepper etal., 1991).
incisor fencing - animals stand face to face with their mouths at right angles 
and their incisors locked together. The animals may then shove back and forth 
and rock their heads from side to side with the incisors locked together (see 
Plates 3 & 4).
batting - animals simultaneously swat at each other's muzzles with their 
forepaws.
biting - the jaws of one animal close around the body of another.
shoving - animals stand face to face with their muzzles pressed together. One
animal then moves forward pushing the other backward.
tugging - one animal grabs the skin of another with its incisors and pulls
backward.
tetany - an individual doubles up and lies still, often with its feet in the air.
This behaviour is usually a response to being shoved or gaped at by the 
breeding female.
passing - animals moving through the tunnel system may pass side by side, or 
more commonly, one over the other. Individuals may pass one another while 
moving forward or backwards (Plate 1).
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Naked mole-rats transport a wide variety of materials (eg food, debris, nesting 
material). All four transport behaviours were recorded in this study:

mouth carrying - item is held with the incisors and carried of the floor. 
dragging - an item is held with the incisors and dragged along the floor, 
usually backwards.
sweeping - while moving backwards, loose items (substrate, food etc) are 
kicked backwards.
backward kicking - back legs are synchronously lifted and kicked upward 
while the animal remains stationary. In contrast to sweeping, material is 
propelled both vertically and horizontally while the animal remains stationary.

Digging behaviours are frequently observed in captive colonies whether 
appropriate substrate (soil, sand, etc) is available or not. Three digging behaviours 
were recorded:

gnawing - the incisors are scraped along the substrate.
backshoveling - forelegs are synchronously lifted, moved forward and down
onto the substrate. This behaviour propels material underneath and behind the
animal.
foreleg digging - one foreleg is brought forward and scraped against the 
substrate then returned to its initial position. This action is repeated rapidly 
using alternate forelegs.

Naked mole-rats exhibit behaviours associated with grooming their own 
bodies. Three auto grooming behaviours were recorded:

- cleaning the incisors with the forefeet.
- wiping the face and muzzle with both forefeet.
- scratching the face and muzzle with both forefeet.

All sexual behaviours were recorded whenever observed. The three mating 
behaviours recorded were:

backing - queen backs up to a male, exhibiting a lordosis-like posture that 
exposes her genitalia.
mounting - approaching the queen from behind, the male typically braces his 
front legs against the sides of the tunnel system and exhibits a peddling-like 
motion of the hind legs he attempts to bring his genitals into contact with the 
queens.
copulating - pelvic thrusting by the male after contact between his genitals 
and the queens.
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2.2.3 Recording method
Behaviours were recorded either on a checksheet or using a computer as an 

event recorder. A checksheet was used to record behaviour during breeding female 
and breeding male removal experiments. On each checksheet the frequency of 
agonistic behaviours initiated or received by the focal animal was recorded, as well as 
the identity of interactors. In addition to seven agonistic behaviours recorded (see 
ethogram, below), the frequency that the focal animal passed over, or under, other 
colony members was recorded on checksheets. Ad libitum observations of unexpected 
events were recorded on checksheets as narratives.

A desktop PC and a hand-held Psion Organiser were used as event recorders 
to record the behavior of individuals during odour and social preference trials, 
respectively. Computers have many advantages over checksheets in recording 
behavioural events. Behaviours can be scored on a more accurate time base and, due 
to the efficient way of recording, more rapidly occurring streams of events can be 
recorded than with checksheets. More importantly for odour and social preference 
trials, durations as well as frequencies of behaviours can be recorded. The

ObserverA^TA™ a software package for Video Tape Analysis of behaviour for

Windows (Noldus Information Technology, Utrecht, Holland), was installed on a 33 
MHz 486 desktop personal computer (PC). The software was then configured by 
specifying the research design, independent variables, the subjects under 
investigation, the events to be scored and the keys they will be linked to on the 
computer. All odour and social preference trials were filmed and recorded with a 
time-code onto VHS format video tapes. To achieve this, a video camera mounted on 
a tripod, positioned above the test apparatus, was connected to a video recorder 
(VCR) by a A.E.C. 8/18/28 VITC time-code generator (Adrienne Electronics 
Corporation, Las Vegas, USA). The VITC is a video time code generator which 
writes time codes to the video tape in a Vertical Interval Time Code format, allowing 
the time code to be read at any playback speed. The advantage of video tape analysis 
using a time-code generator is that coding behaviour can be carried out at different 
VCR playback speeds while maintaining a proper time reference. Behavioural 
sequences can thus be registered at a speed adjusted to the particular behaviour 
studied. Video recordings of trials were replayed on a jog/shuttle VCR connected to a 
PC and the frequency and duration of relevant behaviours were recorded using The 
Observer/VTA. The advantage of using a jog/shuttle VCR is that videos could be 
analysed frame by frame if necessary while maintaining a proper time reference. 
Behaviours were recorded by clicking on the appropriate Observer Windows icon 
when the behaviour was observed.
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A Psion Organiser IILZ64 (R.S. Components, Corby, England) was used as a 
hand-held event recorder (8 x 14 x 3cm) for social preference trials. The Organiser 
was fitted with a 32Kb rampak (allowing extra data storage) and a datapak containing 
the event-recording software for the Psion Organiser. Configurations designed for 
social preference trials were exported via the Comms Link from the desktop PC to the 
Psion Organiser. During trials the frequencies and durations of relevant behaviours 
were recorded by pressing the appropriate keys on the keypad. After trials, 
observation data files were exported from the Psion Organiser to the desktop PC using 
the Comms link for data storage and analysis.

2.3 COLLECTION OF BODY FLUIDS
2.3.1 Urine sampling

Urine was chosen in preference over blood for hormone determination, as it 
allows for repeated sampling to be carried out over the same period as the behavioural 
observations with minimum disturbance to the colonies. Urine sampling involved the 
removal of wood shavings from the toilet chamber of the colony, and wiping the 
chamber clean with damp tissue paper. Immediately after each urination, the 
deposited urine was collected in a glass Pasteur pipette, and the toilet chamber wiped 
clean with tissue paper. Urine samples were put on ice immediately, then stored at

-20 °C until hormone determination. Prior to hormone determination, all urine

samples were subjected to a determination of creatinine as described by Bonney et al. 
(1982), to correct for differing dilutions. All urinary hormone concentrations were 
expressed as mass per mg creatinine (mg/Cr).

2.3.2 Blood sampling
Collection took place at the same time of day to control for possible circadian

secretion of hormones. 300 to 400 pi blood samples were obtained from each animal

by pricking the tip of the tail with a scalpel and collecting the blood in heparinized 
micro haematocrit tubes by capillary action. The wound was then treated with an 
antibiotic powder (Aureomycin). Samples were placed on ice immediately, then

centrifuged at 2400 rpm for 15 minutes, and the plasma collected and stored at -20 °C

until hormone determination. A new method of blood collection developed at Cape 
Town University (pers. comm.) was also occaisonally employed. This method 
involves pricking a foot vein. Blood flow is more rapid using this technique but has 
the disadvantage that a haemotoma can occur at the site hindering further blood 
collection. Warming of the animal and the site of blood collection is required 
beforehand in some specimens of H. glaber, and in all other bathyergid species, to
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stimulate adequate blood flow. Both methods have the disadvantage that damage to 
the veins and scar tissue build up restricts the number of samples that can be obtained.

2.4 HORMONE DETERMINATION
2.4.1 Creatinine determination

Prior to hormone assay all urine samples were subjected to a determination of 
creatinine (Bonney et al., 1982). Creatinine (Cr) is a breakdown product of tissue 
proteins and as such is presumed to be excreted at a constant rate. Creatinine therefore 
provides an index by which urinary hormone concentrations can be measured. 
Expressing urine hormone concentrations as per mg Cr, takes account of the differing 
dilutions of urine which may be produced by animals according to their fluid intake.

Materials and methods
The assay was carried out in Nunc Immuno I plates for use in a Dynatech MR 

7400 plate reader. The following solutions were prepared fresh prior to each assay:
(i) Alkaline triton solution

4.2 ml triton X-100 
12.5 ml NaOH IN (AVS)
66.0 ml de-ionised distilled water (DIDW)

The above components were added to a 100 ml beaker in the following order, 
triton X-100, NaOH, and DIDW, and stirred at room temperature until homogeneous.

(ii) Picric reagent
1 volume of saturated picric acid solution 
1 volume alkaline triton 
10 volume DIDW

The above components were added to a 250 ml beaker and mixed thoroughly. 
Fresh picric reagent was always made just before use.

(iii) Standards
A creatinine stock solution of 3 mg/ml was prepared by dissolving 300 mg of 

creatinine (Sigma) in 100 ml of 1 N HCL.
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This was then diluted as follows:
mg/ml creatinine mis of 3mg/ml stock mis of 0.1NHCL
0 0 30
0.5 5 25
1.0 10 20
1.5 15 15
2.0 20 10
2.5 25 5
3.0 30 0

This gave the following range of standards: 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 

mg/ml. 100 fil aliqouts of each standard were dispensed into labelled tubes and stored

at -25 °C until required.

Assay protocol
Samples, standards and low and high quality control (QC) samples were

thawed and vortex mixed. 5 |il lof standards, samples and QC's were added to the

wells of a Nunc Immuno I plate in the following order, leaving two wells empty fo 
blank:

Row A 1 and 2 Blank Row A 3 and 4 QC Low
RowB 1 and 2 Standard 0 RowB 3 and 4 QC High
RowC 1 and 2 Standard 0.5 RowC 3 and 4 Sample 1
RowD 1 and 2 Standard 1.0 RowD 3 and 4 Sample 2
RowE 1 and 2 Standard 1.5 RowE 3 and 4 Sample 3
RowF 1 and 2 Standard 2.0 RowF 3 and 4 Sample 4
RowG 1 and 2 Standard 2.5 RowG 3 and 4 Sample 5
RowH 1 and 2 Standard 3.0 RowH 3 and 4 Sample 6

Using a multi-pipette 300 |il of working picrate reagent was added to each

well including blanks, and the Nunc Immuno I plate left in the dark at room 
temperature. Colour develops progressively 1 1/2 hours and is fairly constant until 
around 4 hours after, when it begins to decline slowly. After 2 to 3 hours in the dark 
the optical density of the samples, standards, and QC's were measured at an OPD of

490 nm on a Dynatech MR 7400 Microplate® reader.
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Inter-assav variation
Inter-assay coefficients of variation for repeated measures of low (0.88 mg/ml) 

and high (1.88 mg/ml) quality control samples were 11 % and 9 % (n = 26), 
respectively.

2.4.2 Testosterone assay
Testosterone was determined by radioimmunoassay of extracted urine samples

(50 - 100 |il) or plasma samples (5-20 fil). This assay has previously been validated

for use in the naked mole-rat by tests of accuracy and parallelism (Faulkes, 1990). 
Testosterone was determined as follows:

Materials and reagents
(i) Assay buffer: phosphate buffered saline with gelation was made from the

following components:
Na2HP04 17.20 g
NaH2P04.2H20 12.16 g
NaCl 18.00 g
Thimerosal 0.20 g
Gelatin 2.00 g

The gelatin was dissolved in approximately 1.0 1 of deionised distilled water 

by heating to 80 °C. The other components were then dissolved, then the solution

made up to 2.01 with deionised distilled water.
(ii) Standard: 4-androsten-17B-ol-3-one (Sigma, T-1500), made up as a stock

solution of 1 mg/ml in toluene/ethanol (9:1) and stored at - 30 °C, was diluted at 1:50, 

then 1:1000 in buffer to give a 20 ng/ml solution, which was stored in 400|il aliquot's 

at -30 °C until required. A working solution was obtained by adding 4.6 ml of buffer 

to a 400 |il aliquot to give a top standard of 1600 pg/ml. Double dilution of 1 ml

volumes gave the working range of 320 - 0.625 pg/200 |il (ie. per tube).

(iii) Antiserum: Biogenesis rabbit anti-human (no. 8680-6004), supplied as a 

diluted serum in TRIS pH 7.6, and stored at -30 °C as a 1:10 solution was used. A

working solution was obtained by adding 40 ml of buffer to each 100 |il aliquot to

give a final dilution of 1:4000 (1:400 dilution of stock).
(iv) Second antibody: donkey anti-rabbit serum (SAPU), was used at a

dilution of 1:50 by making 500 |il aliquot's up to 25 ml with buffer. Normal rabbit
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serum (NRS) stock was made up to a final dilution of 1:500, ie. 40 j l l I  NRS in 20 ml 

buffer.
(v) Tracer: testosterone-3CMO-histamine-125l (MRC Reproductive 

Physiology Unit, Edinburgh) was stored at -20 °C in a lead box. For assay, the tracer

was diluted with assay buffer to give a solution of approximately 10,000 cpm/100 pi.

This was usually obtained by adding 30- 40 pi of tracer to 20 ml of buffer.

(vi) Quality controls: testosterone standard in assay buffer. QCL was 

approximately 5 pg/200 pi, while QCH was approximately 50pg/200 pi.

Assay protocol

(i) Extraction of urine and plasma: Samples of 50-100 p i urine or 5-20 pi 

plasma and quality controls were pipetted into labelled glass assay tubes together with 

a buffer blank. To calculate recovery efficiencies, 20 p i of 3H-Test tracer solution

(-13,000 cpm/lOOpl) and 80 pi of buffer was added to four separate tubes ({1,2,6,7-

3H}testosterone; Amersham International pic). After addition of the tracer, 1.0 ml of

diethyl ether was added to each tube. At the same time, three "total” recoveries were

prepared by adding 20 pi of tracer to scintillation vials, followed by 80 pi of buffer to

correct for quenching and 2 ml of scintillation fluid.
The sample tubes were mixed on a multi-tube vortexer for one minute, left for 

5 minutes to allow the phases to separate, the lower aqueous phase snap frozen by 
placing the tubes in a bath of liquid nitrogen/acetone. The upper organic phase for 
each sample was then decanted into clean glass tubes andplaced in a Gyrovap GL 
centrifugal evaporator (V. A. Howe & Co. Ltd.) attatched to a RCT 90 refrigerator trap

(JOUAN, Herts., England). The tubes were then spun for 30 minutes at 37 °C. When

dry, the samples were reconstituted in 1.0 ml of assay buffer, mixed on a multi-tube

vortexer, then allowed to stand for one hour at room temperature, or overnight at 4 °C

prior to assay.

To calculate extraction recoveries, 100 pi aliqouts from each of the four tubes

containing tracer were pipetted into scintilation vials and 2 ml of scintillation fluid 
added. The vials were counted together with the "totals" for 5 minutes, recoveries for 
each sample were calculated as a % of the mean of the totals.
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Assay procedure
Plastic LP4 tubes were labelled and set up in the following order:

No. tubes & 

contents

Sample Buffer
ft

Tracer Antiserum

3 x Total counts - - 100 -

3 xNSB - 700 100 -

3 x Zero - 600 100 100
3 x Standards 200 400 100 100
2 x QC low & high 200 400 100 100
2 x Samples 200 400 100 100
2 x Zero - 600 100 100
2 x Total counts 100

All volumes are in pi

The samples, standards and QC's were added to the tubes, followed by, in order, the 
buffer, tracer, and antiserum. After vortex mixing, the tubes were covered and

incubated at room temperature for 2-3 hours. Next, 100 pi of diluted normal sheep 

serum and lOOpl of diluted donkey anti-sheep serum is added to all the tubes except 

the totals, and after vortex mixing the assay incubated at 4 °C overnight

Separation of unbound label
After overnight incubation, 1.0 ml of 0.9 % saline/0.01 % triton X-100 was 

added to all tubes except totals. The tubes were then centrifuged for 30 minutes at

2400 rpm (1720 x g) in a centrifuge pre-cooled to 4 °C, then placed on ice while the

supernatant's from each were carefully aspirated.

Radioactivity counting
Radioactivity in the pellets in each assay tube were counted for 2 minutes 

using a gamma radiation counter (Hewlett Packard Cobra Auto-Gamma counter), 
using protocol 33. Final results were expressed as ng/mg Cr.
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2.4.3 Progesterone assay
Progesterone concentrations were determined in petroleum ether-extracted

urine samples (50 - lOOjil) by radioimmunoassay without chromatography. This assay

has previously been validated for use in the naked mole-rat by tests of accuracy and 
parallelism (Faulkes, 1990). Progesterone was determined as follows:

Materials and reagents
(i) Assay buffer: no salt buffer, pH 7.0 (0.1M Phosphate buffer) was made 

from the following components:

The gelatin was dissolved in approximately 1.5 1 of deionised distilled water 

by heating to 80 °C. The other components were then dissolved, the pH checked, then 

the solution made up to 5.01 with deionised distilled water.

(ii) Standard: a stock solution of 1 (il/ml 4-pregnene-3,20-dione (Sigma,

PO130) in toluene was made up and stored at - 30 °C. This solution was then dried 

down and reconstituted in 100 ml assay buffer, then aliquoted out into 100 x 1 ml 

portions, each having a concentration of 4 ng/ml, and stored at -30 °C. A working 

solution was obtained by adding 4 ml of buffer to a 1 ml aliquot to give 800 pg/ml. 

Double dilution of 2 ml volumes gave the working range of 6.25 - 400 pg/500 fil.

(iii) Antiserum: World Health Organisation, WHO CHW1B antiserum at 

1/100 dilution was stored in 100 |il aliqouts at -30 °C until required.. A working

solution was obtained by adding 4 ml of buffer to a 100 |il aliquot to give a final 

dilution of 1:4,000.

(iv) Tracer: {l,2,6,7-3H}-progesterone (Amersham, TRK 413) was stored in

9:1 toluene:ethanol at -5 °C in a lead box. For assay, 30-40 |il was dried down under a 

stream of nitrogen gas, and reconstituted in 20 ml assay buffer to give a solution of 

approximately 10,000 cpm/100 |il.

(v) Quality controls: pooled marmoset monkey samples were diluted with 

buffer to give two concentrations of ~ 40 and ~ 10 ng/ml. These were stored in 30 fil 

aliqouts until required.

NaH2 P04.2H20 
Na2 HP04. 12H20 
NaN3 
Gelatin

30.44 g 
109.25 g 
0.50 g 
5.00 g
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(vi) Charcoal suspension: 0.625% charcoal, 0.0625% dextran T-70 in buffer. 
A working solution was made by dissolving 0.125 g dextran T-70 in 200 ml of assay 
buffer, then adding 1.25 g washed activated charcoal. Before use the suspension was 
stirred for a minimum of 15 minutes.

(vii) Scintillation fluid: Pico-fluor 15 high efficiency scintillation fluid for 
aqueous solutions (Packard, U.K.) was used.

Assay protocol

(i) Extraction of urine: Samples of 50-100 (il urine and quality controls were 

pipetted into labelled glass assay tubes together with a buffer blank. To calculate 

recovery efficiencies, 20 fil tracer solution was added to four separate tubes, and 1.0

ml of freshly distilled petroleum spirit (40-60 °C boiling range) was added to all

tubes. At the same time, three "total" recoveries were prepared by adding 20 jxl cf

tracer to scintillation vials, followed by 80 |il of buffer to correct for quenching and 2

ml of scintillation fluid.
The sample tubes were mixed on a multi-tube vortexer for one minute, left for 

5 minutes to allow the phases to separate, the lower aqueous phase snap frozen by 
placing the tubes in a bath of liquid nitrogen/acetone, the upper organic phase for each 
sample was then decanted into clean glass The upper organic phase for each sample 
was then decanted into clean glass tubes and placed in a Gyrovap GL centrifugal 
evaporator (V.A. Howe & Co. Ltd.) attatched to a RCT 90 refrigerator trap (JOUAN,

Herts., England). The tubes were then spun for 30 minutes at 37 °C. When dry, the

samples are reconstituted in 1.0 ml of assay buffer, mixed on a multi-tube vortexer,

then allowed to stand for one hour at room temperature, or overnight at 4 °C prior to

assay.

To calculate extraction recoveries, 100 |il aliqouts from each of the four tubes

containing tracer were pipetted into scintillation vials and 2 ml of scintillation fluid 
added. The vials were counted together with the "totals" for 5 minutes, recoveries for 
each sample were calculated as a % of the mean of the totals. Chromatographic 
separation of progesterone from the samples was not necessary (Faulkes, 1990).
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Assay procedure
Glass assay tubes were labelled and set up in the following order:

No. Tubes & 

contents

Sample Buffer Tracer Antiserum Dextran - 

charcoal

3 xNSB _ 600 100 200
3 x Total counts - 800 100 - -

3 x Zero - 500 100 100 200
3 x Standard 500 - 100 100 200
2xQC 5 495 100 100 200
2 x Samples/blank 400 100 100 100 200
2xQC 5 495 100 100 200

All volumes are in pi

The samples, standards and QC's are added to the tubes, followed by, in order, 
the buffer, tracer, and antiserum. After vortex mixing, the tubes were covered and

incubated at either 4 °C overnight or at 37 °C for one hour.

Separation of unbound label

If the assay was incubated at 37 °C, then the tubes were removed from the 

incubator and cooled on ice for 15 minutes prior to charcoal addition. The charcoal 

suspension was stirred for at least 15 minutes, then 200 p i was added to each tube

accept the totals. After vortex mixing the assay was incubated at 4 °C for 15 minutes, 

timed after addition of charccoal to the last tube, the tubes were than centrifuged for 

10 minutes at 2400 rpm (1720 x g) in a centrifuge pre-cooled to 4 °C, then placed on 

ice while the supernatants form each were deacanted into scintillation tubes.

Scintillation counting
4 ml of picofluor scintillant was added to each of the vials, which were than 

capped, labelled, and shaken before being loaded into the scintillation counter 
(Hewlett Packard 1900CA Tri-carb Liquid Scintillation Analyser), and counted for 3 
minutes. Final results are expressed as ng/mg Cr.
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2.4.4 Cortisol assay
Cortisol concentrations were determined in diethyl-extracted urine samples

(50 - lOOpl) by radioimmunoassay without chromatography. This assay has

previously been validated for use in the naked mole-rat by tests of accuracy and 
parallelism (Faulkes, 1990). Cortisol concentrations were determined as follows:

Materials and reagents
(i) Assay buffer: WHO buffer, pH 7.2 was made from the following 

components:

NaH2P04.2H20 15.30 g
Na2 HP04.12H20 146.25 g
NaCl 44.00 g
NaN3 0.50 g
Gelatin 5.00 g

The gelatin was dissolved in approximately 1.5 1 of deionised distilled water 

by heating to 80 °C. The other components were then dissolved, the pH checked, and

the solution made up to 5.01 with deionised distilled water.
(ii) Standard: a stock solution of 5000 ng/ml hydrocortisone (Sigma, H2755)

in toluene was made up and stored in 1 ml aliquot's at - 30 °C. This solution was

diluted 1/250 to produce 1ml aliquot’s of 20 ng/ml which was stores at -30 °C. A

working solution was obtained by adding 4 ml of buffer to a 1 ml aliquot to give 4000 
pg/ml. Double dilution of 2 ml volumes gave the working range of 31.3 - 2000 pg/500

\&
(iii) Antiserum: Scottish Antibody Production Unit, S004-201 antiserum was 

stored in 100 pi aliquot's at -30 °C until required.. A working solution was obtained

by adding 20 ml of buffer to a 100 p i aliquot to give a final dilution of 1:200.

(iv) Tracer: { l,2,6,7-3H}-cortisol (Amersham, TRK 407) was stored in 9:1

toluene:ethanol at - 5  °C in a lead box. For assay, 30-40 j l l I  was dried down under a 

stream of nitrogen gas, and reconstituted in 20 ml assay buffer to give a solution of 

approximately 10,000 cpm/100 pi.

(v) Quality controls: human plasma Q.C. high was stored in 250 pi aliquot's at 
-30 °C until required.
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(vi) Charcoal suspension: 1.00% charcoal, 0.0625% dextran T-70 in buffer. A 
working solution was made by dissolving 0.125 g dextran T-70 in 200 ml of assay 
buffer, then adding 2.0 g washed activated charcoal. Before use the suspension was 
stirred for a minimum of 15 minutes.

(vii) Scintillation fluid: Pico-fluor 15 high efficiency scintillation fluid for 
aqueous solutions (Packard, U.K.) was used.

Assay protocol

(i) Extraction of urine: Samples of 50-100 p. 1 urine and quality controls were 

pipetted into labelled glass assay tubes together with a buffer blank. To calculate 

recovery efficiencies, 20 p.1 tracer solution was added to four separate tubes. After 

addition of the tracer, 1.0 ml of freshly re-distilled diethyl ether was added to each 

tube. At the same time, three "total" recoveries were prepared by adding 20 fil of

tracer to scintillation vials, followed by 80 fil of buffer to correct for quenching and 2

ml of scintillation fluid.
The sample tubes were mixed on a multi-tube vortexer for one minute, left for 

5 minutes to allow the phases to separate, the lower aqueous phase snap frozen by 
placing the tubes in a bath of liquid nitrogen/acetone. The upper organic phase for 
each sample was then decanted into clean glass tubes The upper organic phase for 
each sample was then decanted into clean glass tubes and placed in a Gyrovap GL 
centrifugal evaporator (V.A. Howe & Co. Ltd.) attatched to a RCT 90 refrigerator trap

(JOUAN, Herts., England). The tubes were then spun for 30 minutes at 37 °C. When

dry, the samples are reconstituted in 1.0 ml of assay buffer, mixed on a multi-tube

vortexer, then allowed to stand for one hour at room temperature, or overnight at 4 °C

prior to assay.

To calculate extraction recoveries, 100 |il aliquot's from each of the four tubes

containing tracer were pipetted into scintillation vials and 2 ml of scintillation fluid 
added. The vials were counted together with the "totals" for 5 minutes, recoveries for 
each sample were calculated as a % of the mean of the totals.
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Assay procedure
Glass assay tubes were labelled and set up in the following order:

No. Tubes & 

contents

Sample Buffer Tracer Antiserum Dextran - 

charcoal

3 xNSB _ 600 100 200
3 x Total counts - 800 100 - -

3 x Zero - 500 100 100 200
3 x Standard 500 - 100 100 200
2xQC 200 300 100 100 200
2 x Samples/blank 200 300 100 100 200
2xQC 200 300 100 100 200

All volumes are in pi

The samples, standards and QC's are added to the tubes, followed by, in order, 
the buffer, tracer, and antiserum. After vortex mixing, the tubes were covered and

incubated at either 4 °C overnight or at 37 °C for one hour.

Separation of unbound label

If the assay was incubated at 37 °C, then the tubes were removed from the 

incubator and cooled on ice for 15 minutes prior to charcoal addition. The charcoal 

suspension was stirred for at least 15 minutes, then 200 p i was added to each tube

except the totals, after vortex mixing the assay was incubated at 4 °C for 15 minutes, 

timed after addition of charcoal to the last tube, the tubes were than centrifuged for 10 

minutes at 2400 rpm (1720 x g) in a centrifuge pre-cooled to 4 °C, then placed on ice 

while the supernatant form each were decanted into scintillation tubes.

Scintillation counting
4 ml of picofluor scintillant was added to each of the vials, which were than 

capped, labelled, and shaken before being loaded into the scintillation counter 
(Hewlett Packard 1900CA Tri-carb Liquid Scintillation Analyser), and counted for 3 
minutes. Final results are expressed as ng/mg Cr.

This assay was validated for use in the naked mole-rat by tests of accuracy and 
parallelism (Faulkes, 1990).
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2.5.5 Luteinising hormone assay
Luteinizing hormone (LH) was measured using an in-vitro bioassay based on 

the production of testosterone by dispersed mouse Leydig cells (van Damme et al., 
1974). This assay has previously been validated for use in the naked mole-rat 
(Faulkes, 1990). Luteinising hormone levels were determined as follows:

Materials and reagents
(i) Assay buffer

0.296 gNaH2P0 4.MH 20  
2.900 g Na2HP04.12H20  
4.385 g NaCl

The above components were dissolved in 11 of deionised water and stored at 
4 oq. Prior to use, bovine serum albumin (BSA) was added at a concentration of 0.1%

w/v.
(ii) Leydig cell incubation medium

12.0 ml BME 10X (Earles salts without NaHCO^, with L-gluatamine)

2.1 ml NaHCC>3
2.0 ml calf serum
100.0 ml distilled water

The above components were added to a 500 ml conical flask, then placed on 
ice and gasses slowly for 10 minutres with 95% 0 2: 5% C 02 prior to use.

(iii) Standard: the standard used was tha rat LH antigen preparation r-LH-1-7 
(NIDDKD, Baltimore, USA) over the range 2.0000-0.0625 mlU/ml. the lyophilized 
standard was dissolved in assay buffer and stored in aliquots of 50 mlU/ml

concentration at -20 °C. For assay, 80 ul of the stock aliquot diluted in 1920 Jil of 

assay buffer gave the top standard of 200 fiIU/100 ul, 500 |il of this was then serially

diluted with assay buffer to give 100, 50,25,12.5 and 6.25 fi.IU/100 p.1 solutions.

(iv) Quality controls: pooled marmoset monkey samples, having a 

concentration of approximately 153 mlU/ml were stored in 50 Jil aliquots at -20 °C 

until required. Serial dilutions of 1/100 to 1/800 were taken to assay.

Assay protocol
(i) Preparation of Leydig cells

A male mouse aged 6 weeks ± 3 days was killed by decapitation and the testes

removed and placed in a few ml of incubation medium, in a clean petri dish. The 
capsule surrounding each testis was then removed using forceps and fine scissors, and
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the remaining testicular tissue homogenised gently by sucking up and blowing out 
from a plastic pipette several times. The homogenate was then transferred to a 100 ml

plastic beaker containing 10 ml of incubation medium and stirred slowly at 4 °C for

10 minutes. This suspension was then filtered through fine nylon mesh into a 100 ml

plastic conical flask, placed into a water bath at 34 °C with an atmosphere of 95%

0 2 :5% CO2, and pre-incubated for 1 hour, after this time, the cell suspension was 
centrifuged at 1000 x g for 10 minutes in plastic 4 ml tubes, then the incubation 
medium was tipped off the resulting pellet cells, fresh medium added and the cell 
resuspended. This process of centrifugation and washing was repeated, and this time

the cells resuspended in 10 ml of incubation medium. After stirring at 4 °C to

thoroughly mix the suspension, the cells were counted in a Cristalite BS748 counting 
chamber (Hawkley, Sussex), using a phase contrast microscope, the cell suspension 
was diluted accordingly to give 500,000 cells per ml.

(ii) Sample preparation for Leydig cell incubation. Plasma samples were

assayed in duplicate at two dilutions, either 1:10 and 1:20 (from 50 p.1 of plasma), but

more usually at 1: 20 and 1:40 (from 25 |il  of plasma). Dilutions were made with

assay buffer.
(iii) Assay procedure
Glass assay tubes were labelled and set up in appropriate metal assay racks in 

the following order:

Zero triplicate
Standards triplicate
Quality controls triplicate
Samples triplicate
Zero triplicate

100 |il of each diluted standard, quality control, and sample, or assay buffer

(zero), was pipetted into the respective assay tube, then 200 |il of diluted Leydig cell

suspension added to each. The assay tubes were then incubated for 3 hours at 34 °C in 

95% 0 2 :5% CO2, in a shaking water bath.

After the incubation period, the assay racks were removed from the 34 °C

water bath and placed in a 100 °C water bath for 15 minutes to kill the Leydig cells.
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The assay tubes were then cooled on ice and 1.4 ml of testosterone assay buffer added 
(see below).

Testosterone assay
Testosterone produced by the action of LH in the samples, standards, and 

quality controls, on the mouse Leydig cells was determined by radioimmunoassay as 
follows:

Materials and reagents
(i) Assay buffer: phosphate buffered saline with gelatin.

Na2 HPO4 17.20 g
NaH2 PO4. 2H20  12.16 g
NaCl 18.00 g
Methiolate 0.20 g
Gelatin 2.00 g

The gelatin was dissolved in approximately 1.0 1 of deionised distilled water 

by heating to 80 °C. The other components were then dissolved, then the solution

made up to 2.01 with deionised distilled water.
(ii) Antiserum: anti-testsoterone no. 505 (MRC Reproductive Physiology Unit,

Edinburgh), supplied as a diluted serum in TRIS pH 7.6 and stored at -30 °C as a 

1:3,500 solution, was used. A working solution was obtained by adding 14 ml of 

buffer to each 20 pi aliquot to give a final dilution of 1:2,450,000.

(iii) Second antibody: donkey anti-sheep serum (SAPU), was used at a 

dilution of 1:32 by adding 625 pi to 19.375 ml of buffer. Normal sheep serum (NSS)

stock was made up to a final dilution of 1:500, ie. 30 pi NSS in 15 ml buffer.

(iv) Tracer: testosterone-3CMO-histamine-125l (MRC Reproductive 

Physiology Unit, Edinburgh) was stored at -20 °C in a lead box. For assay, the tracer

was diluted with assay buffer to give a solution of approximately 10,000 cpm/100 pi.

This was usually obtained by adding 30- 40 pi of tracer to 20 ml of buffer.

(v) Quality controls: testosterone standard in assay buffer.
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Assay procedure

No. tubes & 

contents

Sample Buffer Tracer Antiserum

3 x Total counts - - 100 -

3 xNSB - 700 100 -

3 x Zero - 600 100 100
2 x QC low & high 200 400 100 100
1 x Bioassay tube 100 500 100 100
2 x Zero - 600 100 100
3 x Total counts 100

All volumes are in pi

The samples, standards and QC's were added to plastic LP4 tubes, followed 
by, in order, the buffer, tracer, and antiserum. After vortex mixing, the tubes were

covered and incubated at room temperature for 2 hours. Next, 100 fil of diluted 

normal sheep serum and 100 |il of diluted donkey anti-sheep serum is added to all the 

tubes except the totals, and after vortex mixing the assay incubated at 4 °C overnight.

Separation of unbound label
After overnight incubation, 1.0 ml of 0.9 % saline/0.01 % triton X-100 was 

added to all tubes except totals. The tubes were then centrifuged for 30 minutes at 
2400 rpm (1720 x g) in a centrifuge pre-cooled to 4°C, then placed on ice while the 
supernatant's from each were carefully aspirated.

Radioactivity counting
Radioactivity in the pellets in each assay tube were counted for 2 minutes 

using a gamma radiation counter (Hewlett Packard Cobra Auto-Gamma counter). 
Final results are expressed as mlU/ml plasma.
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Chapter 3: Hormonal and behavioural correlates of female 
dominance and reproductive status

3.1 INTRODUCTION
Within colonies of naked mole-rats, a clear cut and extreme reproductive 

division of labour exists. Reproductive opportunities are severely limited and only a 
few individuals will reproduce directly. Most colonies contain only one breeding 
female (Brett, 1991b; Jarvis, 1981; 1991; Lacey & Sherman, 1991), known as the 
'queen', who mates with one to three specific breeding males (Jarvis, 1991). The rest 
of the colony members of both sexes are reproductively suppressed. Non-breeders are 
not sterile (Faulkes et a l, 1991a; Faulkes & Abbott, 1991; 1997), although captive 
studies indicate that the vast majority are destined to a life of chronic infertility 
(Faulkes et al., 1991a). Studies so far indicate that the queen is the most aggressive 
colony member (Reeve & Sherman, 1991; Reeve, 1992; Schieffelin & Sherman, 
1995), and that behavioural contact with the queen, rather than a primer pheromone in 
her urine, is critical for the maintenance of reproductive suppression in non-breeders 
(Faulkes & Abbott, 1993; Smith et al., 1997). Suppression may be mediated by 
behavioural interactions between the queen and the other colony members whereby 
the stress induced by social contact inhibits reproductive physiology (Faulkes & 
Abbott, 1997) as in the dwarf mongoose Helogale parvula (Creel et al., 1992; 1997) 
and common marmoset Callithrix jacchus (Abbott, 1993). Reproductive suppression 
can be reversed if socially suppressive cues are removed, for example following the 
removal or death of the queen (Faulkes et al., 1991a; Jarvis, 1991; Lacey & Sherman, 
1991). An incest avoidance mechanism appears to be absent (Jarvis et al., 1994) and 
new reproductive individuals generally arise from within colonies, resulting in high 
levels of inbreeding and low levels of genetic variation within colonies (Reeve et al., 
1990; Honeycutt etal., 1991; Faulkes etal., 1997b).

The social system of naked mole-rats raises a number of questions, one of the 
most important being which factors in their social environment regulate reproductive 
success. Dominance status, age, body weight, or genetic relationship to the former 
queen, may all be factors. The relationship between dominance and reproductive 
success has been reviewed by Ellis (1995). Studies of females are divided between 
those supporting the hypothesis that rank and reproductive success are positively 
correlated and those indicating no relationship. However a clear relationship between 
social and reproductive dominance is often found in species with a high reproductive 
skew e.g. dwarf mongoose (Rood, 1980; Creel & Waser,1997) and African wild dogs 
(Creel et a l, 1997). In naked mole-rats it is possible that dominance status, body size,
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age, and mate choice, may ultimately determine whether individuals accrue any direct 
fitness benefits.

Here queen succession is studied in detail and the relationship between 
dominance and reproductive status is investigated. Specifically I examine the 
relationship between urinary testosterone and cortisol levels, and dominance rank and 
reproductive status, and try to determine whether physiological and behavioural 
parameters can be used as predictors of succession. I also examine passing behaviour. 
When two mole-rats meet face to face in tunnels, brief mutual sniffing of the facial 
area almost always occurs , then one individual passes over the top of the other (Plate 
1). In contrast to overt agonistic behaviour, passing is exhibited at a high frequency 
by all colony members and I set out to determine whether it can be used as a metric of 
dominance behaviour. Alternatively, it has been suggested that larger individuals pass 
over smaller individuals and do so because it is mechanically easier for larger 
individuals to pass over smaller individuals in the narrow confines of the tunnel 
system (Lacey etal., 1991). To achieve these aims, focal observation of individuals 
from three captive colonies was carried out, and urine collected from each individual 
to allow hormone determination. After several weeks of observation, the queen was 
removed from each of the captive colonies (simulating natural death or predation), 
and focal observation and urine collection continued in order to determine which 
female succeeded as the new queen.
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3.2 METHODS & MATERIALS
Captive colonies of naked mole-rats were maintained at the Institute of 

Zoology, in Perspex burrow systems comprising nest, food and toilet (chapter 2.1). 
Animals were numbered and identified by a system of toe clipping. During periods of 
behavioural observation, all the animals in the study colonies were caught once 
weekly, weighed, and their unique toe clip number drawn on their back with an 
indelible marker pen, to facilitate easy recognition of individuals. The three colonies 
selected (N l, O, and NN), contained 28, 15, and 19 animals, respectively. 
Reproductively active females were identified using a number of criteria: elevated 
progesterone titres (> 2ng/mg Cr) with profiles indicative of an ovarian cycle (Faulkes 
et a l, 1990a), and observation of sexual behaviours such as copulations and ano
genital nuzzling. Reproductively active males were identified from observation of 
sexual behaviour such as copulations and ano-genital nuzzling.

Focal animal observation (Martin & Bateson, 1986) was used to quantify 
behavioural interactions between individuals within the study colonies both before 
and after removal of the queen. Individual mole-rats were observed for a ten minute 
period and the frequency of the following interactions recorded, together with the 
identities of the animals involved: open-mouth gaping, incisor fencing, batting, biting, 
shoving, and tugging. These behaviours have previously been defined by Lacey et al. 
(1991) as agonistic behaviours in naked mole-rat colonies. Duration of observations 
for colony N l, O, and NN pre-queen removal were 112, 56 and 145 days, 
respectively. This corresponds to 45, 27, and 120 hours of focal observation for 
colonies N 1, O, and NN, respectively. Colonies N 1 and O were both observed for 55 
days, and Colony NN for 238 days post-queen removal, corresponding to 45, 27, and 
122 hours of focal observation, respectively. Behavioural observations were divided 
into two equal time periods before, and two equal time periods after, queen removal, 
to allow analysis of changes in dominance rank over time.

Within the context of competition over breeding status, two agonistic 
behaviours, shoving and biting, were the most frequently observed agonistic 
behaviours, and are described in this paper. To minimise trauma, when possible 
injured animals were removed and housed separately. However, the unpredictability 
of severe aggression meant that early intervention was not always possible. In 
addition to the behaviours listed above, passing behaviour was also recorded. When 
two mole-rats meet face to face in tunnels, brief mutual sniffing of the facial area 
almost always occurs, then one individual passes over the top of the other. In this 
study only passes following face to face encounters that were preceded by sniffing 
(implying recognition) were recorded. Passes over the top were classed as dominant 
behaviour and the respective animal received a score of one. Rare but important 
behaviours such as sexual behaviours, were recorded whenever observed.

62



From behavioural observations a "sociometric matrix" (Martin & Bateson, 
1986) was constructed for all three colonies using the frequency of passing over 
between interacting mole-rat dyads as cell entries. The proportion of times that one 
animal passed over another individual in dyadic encounters was obtained, and 
summed for each individual encountered to provide a rank score which was used to 
assign a dominance rank. To test Lacey et al.'s hypothesis, body weight was 
controlled for by comparing the frequency that individuals passed over others in

dyads of similar body weight (±0.4 g) in pairwise comparisons (n = 8), to the

frequency expected by chance using the Chi-squared test for homogeneity. The

probabilities calculated for each dyad were combined using Fisher's test (-2  Z  In p) to

create an overall test for significance (d.f. = 2n). In contrast to colonies N1 and O, 
overt agonistic behaviour was exhibited by all members of colony NN and at a high 
enough frequency to allow determination of all dominance relationships within the 
colony. In colony NN, therefore, dominance rank was calculated twice using the 
above method but using either passing behaviour or the frequency of agonistic 
behaviour initiated as cell entries. This allowed us to test if passing dominance is 
correlated with agonistic dominance in colony NN. Appelby's (1983) index of 
linearity (K) was used to measure the degree of linearity of the hierarchy, and 
linearity tested for statistical significance using Appelby's (1983) test for 
transitiveness of dominance.

Urine was chosen in preference over blood for hormone determination, as it 
allows for repeated sampling to be carried out over the same period as the behavioural 
observations with minimum disturbance to the colonies. Urine sampling involved the 
removal of wood shavings from the toilet chamber of the colony, and wiping the 
chamber clean with damp tissue paper. Immediately after each urination, the 
deposited urine was collected in a glass Pasteur pipette, and the toilet chamber wiped 
clean with tissue paper. Urine samples were put on ice immediately, then stored at 
-2 °C until hormone determination. Prior to hormone determination, all urine samples 
were subjected to a determination of creatinine as described by Bonney et al., (1982), 
to correct for differing dilutions. All urinary hormone concentrations were expressed 
as mass per mg creatinine (mg Cr'1).

Progesterone in female urine was measured in petroleum-ether extracted 
samples (50-100 \x\) by radioimmunoassay as previously described and validated for 
the naked mole-rat (Faulkes, 1990; Faulkes etaL, 1990a). The sensitivity limit of the 
assay (determined as values with 90% binding) was 3 pg/tube. At an average dilution 
of urine, this was equivalent to 1.5 ng/mg Cr. Intra- and inter-assay precision, 
expressed as the coefficient of variation for repeated determinations of a quality 
control, was 9.1% (n = 8) and 9.6%, (n = 5), respectively.
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Testosterone concentrations were determined in diethyl ether-extracted urine 
(50-100 pi) by radioimmunoassay following celite chromatography, using sheep anti
testosterone antibody no. 505 (MRC Reproductive Physiology Unit, Edinburgh) or 
without chromatography using biogenesis rabbit anti-testosterone antibody no. 8680- 
6004, as previously described and validated for the naked mole-rat (Faulkes, 1990; 
Faulkes et al., 1991b). The limit of sensitivity of the assay (90% binding) was 2.0 
pg/tube for samples (equivalent to 2.22 ng/mg Cr). Inter-assay variation was 13.7% (n 
= 17). Intra-assay coefficient of variation for one assay was 5.8% (n = 10).

Cortisol concentrations were determined in diethyl ether extracted urine (50 
|il) using antiserum no. 5004-201 (Scottish Antibody Production Unit) as previously 
described and validated for the naked mole-rat (Faulkes, 1990). The sensitivity of the 
assay (90 % binding) was equivalent to 35 pg/tube. At an average dilution of urine 
this was equivalent to 2.5 ng/mg Cr. Inter assay precision, was 11.3 % (n = 13). Intra
assay variation for one assay was 9.7 % (n = 7).

Statistical correlations were made using Spearman rank tests. Mann-Whitney 
U-tests were used to determine if there was a relationship between dominance rank 
and sex. Wilcoxon matched-pairs test was used to determine whether significant 
changes in body weight had occurred in the period before, and after, the removal of 
the breeding female, and to compare testosterone and cortisol levels before and after 
queen removal. In colony N l, which contained four reproductively active males, 
testosterone titres were compared both between breeding males and non-breeding 
males, and before versus after queen removal using two way analysis of variance 
(two-way ANOVA) for repeated measures. All statistical analysis was two-tailed and 
the cut off point for statistical significance was p  = 0.05.
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3.3 RESULTS
3.3.1 Pre-queen removal

Asymmetry in passing behaviour between mole-rat dyads was not entirely due 
to differences in body weight between the interactors. When body weight was
controlled for in dyadic interactions, one animal still passed over the other more often

2
than expected by chance (Fisher’s test: % = 29.7, p < 0.02, d.f. = 16). Dominance

rank calculated from passing behaviour showed a strong and highly significant 
correlation with dominance rank calculated using agonistic behaviour (rs = 0.85, p  < 
0.001). From this point onwards dominance rank refers to rank calculated using 
passing behaviour.

Before queen removal, there was a strong and highly significant negative 
correlation between mean body weight and dominance rank of all colony members in 
all three colonies (figure 3.1). In colony N1 (the only colony with enough age classes 
to allow statistical analysis), age showed a strong and highly significant negative 
correlation with dominance rank (rs = - 0.75, p < 0.0001). In colony N l, male 
dominance rank was significantly higher than that of females (Mann-Whitney U = 52, 
n = 16 males, n = 12 females, p < 0.05), whereas in both other colonies there was no 
relationship between dominance rank and sex (colony O: Mann-Whitney U = 18, n = 
8 males, n = 7 females; colony NN: U = 44, n = 9 males, n = 10 females). In two 
colonies, urinary testosterone titres were strongly and significantly negatively 
correlated with the dominance rank of females (figure 3.2), and males (colony NN: r s 
= - 0.83; p  < 0.02; colony O: r s = - 0.91, p < 0.01). In colony NN there was modest 
but highly significant negative correlation between urinary cortisol titres and 
dominance rank in colony members of both sexes (rs = - 0.67, p -  0.003). There were 
few (colony O & NN) or no (colony N) rank reversals and all colonies were 
characterised by a highly significant and linear dominance hierarchy (colony Nl: K =

0.69, x 2 = 210.8, p = < 0.01; colony O: K = 0.82, %2 = 87.5, p < 0.01; colony NN: K

= 0.87, x 2 = 135.3, p = 0.01).

Resident queens were always the highest ranking colony females, and 
generally the highest ranking colony members (figures 3.1 and 3.2). Queens were also 
the heaviest and oldest animals (from the oldest surviving litter) in their colonies 
(figure 3.1), exhibited the highest or second highest urinary testosterone titres of 
colony females (figure 3.2), and were, by far, the most aggressive colony animals 
(figure 3.3). Resident queens were the only colony females to show elevated 
progesterone titres with peaks, indicative of an ovarian cycle (figure 3.4). Other 
females exhibited low or undetectable progesterone levels and were anovulatory, in
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the presence of the queen (figure 3.4). Although not shown, the progesterone profiles 
of non-breeding females in colony Nl and colony O were similar to those of the 
female in figure 3.4c i.e. low or undetectable progesterone titres. Females in colony 
NN showed a significant increase in body weight in the seven weeks preceding queen

removal (Z = 2.3, p  < 0.02), whereas females in colony Nl and O, and males in all

three colonies, exhibited no significant change in body weight.

3.3.2 Post-queen removal
In the first seven weeks after queen removal, both males and females showed

a significant increase in body weight in colony N l (males: Z = 3.35, p  < 0.0005;

females: Z = 2.28, p  = 0.005) and colony O (males: Z = 2.37, p < 0.02; females: Z=

2.3, p  < 0.02). In colony NN, only females exhibited a significant increase in body 
weight (Z = 2.52, p  = 0.01). The percentage increase in body weight following queen 
removal was 18.7% for females succeeding as new queens (n = 4), 9 % for all other 
females (n = 22) and 9.7 % for males (n = 33). Following queen removal, non
breeding males exhibited a significant increase in urinary testosterone levels in colony 
Nl (Z = 2.20, p < 0.03), and colony O (Z = 2.0p < 0.03), whereas among breeding 
males and non-breeding females in all colonies there was no significant change in 
urinary testosterone titres, nor were urinary testosterone or cortisol titres correlated 
with dominance rank. In colony NN, urinary cortisol levels of colony members 
showed a significant increase following queen removal (Z = 2.06, p  < 0.05).

On removal of the queen from colonies, one (colonies Nl and O) or several 
females (colony NN) from each colony exhibited elevated progesterone titres 
indicative of the onset of reproductive activity (figure 3.4) and developed perforate 
vaginas. These females were the next most dominant, heaviest (figure 3.1 and 3.2) 
and oldest females in their colonies. Following queen removal, dominance hierarchies

became more linear (colony N l: K = 0.74, = 158.1,/? = 0.01; colony O: K = 0.86,

y l  = 50.96, p  < 0.01; colony NN: K = 0.97, = 137.0, p  < 0.01). There were many

rank reversals with those females succeeding as new queens becoming the highest 
ranking colony animals. In addition, these females also exhibited among the highest 
urinary testosterone levels of colony females (figure 3.2). Accompanying this period 
of social instability was a marked increase in aggression within colonies (figure 3.3). 
Before queen removal those females which were to succeed as new queens were no 
more aggressive than other non-breeders or breeding males (figure 3.3), and did not 
appear to challenge the reproductive hegemony of resident queens. Vice versa, these 
females were rarely shoved by the resident queen in two colonies, although in one
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colony the female succeeding the resident queen was the prime subject of the queen's 
aggression. Following queen removal, those dominant colony females becoming 
reproductively active began to exhibit shoving behaviour for the first time (Colony 
N l & O), or increased their rate of shoving (colony NN) (figure 3.3).

There was a highly significant negative correlation between sh oves received 
from the new queen and the dominance rank of colony members in colony N 1 (rs = - 
0.61, p < 0.001) and NN (rs = - 0.65, p  < 0.005) (figure 3.5). In colony O, shoving 
by the new queen was also directed primarily towards the next highest ranking colony 
members, although the relationship was not significant (rs = - 0.53, p  = 0.06) (figure 
3.5). In colonies N 1 and O, there was one clearly dominant and aggressive female and 
reproductive succession was rapid. In colony N l, four of the highest ranking males 
died as a result of fighting with the new queen 67,120, 185 days, and 11 months after 
queen removal. Two of these males were the only animals, other than the new queen, 
to exhibit shoving behaviour, and post mortem examination revealed reproductive 
tracts full of sperm, indicating that they may have been reproductively active. The 
new queen in colony N l gave birth 131 days post-queen removal. With a gestation 
length of between 66 and 77 days (Jarvis, 1991), conception took place around 54 to 
65 days post-queen removal. The new queen in colony N l gave birth to fourteen 
litters over the following four years until she was killed by her daughter: the next 
largest colony female from the oldest surviving litter. In colony O serious aggression 
(biting) by the new queen was directed towards all female littermates and three high 
ranking males resulting in the death of two of these males: male 8 (the father of all 
colony members) and male 78 (a littermate of the new queen). In contrast, in colony 
NN, several large dominant females became reproductively active at the same time 
and fought intensively for reproductive dominance (figure 3.3). In this colony 
aggression was initiated by, and directed towards, those other high ranking females 
competing for reproductive dominance (figure 3.5). One of these high ranking 
females was attacked eight weeks after queen removal and died. In colony NN 20 
months after queen removal, there are still two reproductively active females. These 
queens and the queen in colony O have so far not reproduced.
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3.4 DISCUSSION
When controlling for body weight, one individual still significantly passes 

over the other more than expected by chance. This suggests that passing dominance is 
not purely because it is mechanically easier for larger individuals to pass over smaller 
ones in the tunnel system, as previously hypothesised (Lacey et al., 1991), and that 
other factors are involved. In Norway rats (Rattus norvegicus) passing and crawl-over 
behaviours are good indicators of social dominance with passing dominance being 
associated with agonistic dominance and perhaps also implicated in the maintenance 
or establishment of dominance relationships (Ziporyn & McClintock, 1991). 
Dominance rank calculated using passing behaviour also appears to be a good 
indicator of dominance relationships among naked mole-rats. Passing dominance was 
associated with agonistic dominance, and correlated with body weight, age, and 
urinary testosterone levels, all implicated as important factors in the attainment of 
high dominance rank in other mammals (Clutton-Brock, 1988).

Schieffelin & Sherman (1995) also found a dominance hierarchy in naked 
mole-rat colonies with a dominance rank based on body weight but not age or sex, 
using tugging contests over food to determine dominance relationships. Body weight 
in naked mole-rats is labile (perhaps responding to colony needs), and does not 
necessarily co-vary with age (Jarvis, et al., 1991; O’Riain, 1997), perhaps explaining 
why Tank was correlated with weight but not age in their study. However, O'Riain 
(1997) found that in naked mole-rat colonies formed from pairs, individuals in the 
first bom litter receive little aggression from littermates, whereas individuals in later 
litters receive aggression from animals in all older litters, providing some support for 
the correlation between dominance and age in this study.

Dominance hierarchies in all three colonies were highly linear. It has been 
suggested that, for large group sizes strict linearity is unlikely unless differences in 
the resource holding power (size, strength or fighting ability) of contestants are 
extreme (Chase, 1974; Pusey & Packer, 1997). The large variation in adult body size 
and urinary testosterone levels of colony members, even within litters, may explain 
the high linearity of naked mole-rat hierarchies. It remains unclear how large 
phenotypic variation can arise between littermates in highly inbred species such as 
naked mole-rats. Although multiple paternity within a litter has been recorded and 
colony members are not genetically identical (Faulkes et al., 1997), it is not yet clear 
if those traits that contribute to the attainment of dominance relationships in naked 
mole-rats are heritable. Phenotypic variation could arise as a result of a stochastic 
developmental process: in other rodents it has been shown that the intra-uterine 
position of a fetus can have an effect on its future reproductive success and sexual 
behaviour (vom Saal, 1989; Clarke et al., 1992). Additionally, the probability of strict 
linearity in large group sizes is expected to increase where individuals assess their
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relative resource holding power and fight if this exceeds an evolutionary stable 
threshold and/or where there is psychological reinforcement of ‘losing status’ through 
winner-loser effects (Mesterton-Gibbons & Dugatkin, 1995).

Dominance rank appears to be the most reliable predictor of reproductive 
status: queens are the highest ranking females and are succeeded by the next highest 
ranking females. In field studies, body weight may be the most useful predictor, since 
behavioural observation of colony members is not usually possible. Colony O was 
formed by pairing a non-breeding male and a female at random, in contrast to colony 
N l and NN, where resident queens had attained their breeding status naturally 
through competition in long established colonies, perhaps explaining why the queen 
in colony O was not the highest ranking colony member.

In this study dominance rank was correlated with the urinary testosterone titres 
of males and females. In males, testosterone regulates spermatogenesis and mating 
behaviour but also mediates aggression (Barfield, 1984; Wingfield et al., 1994). 
Among females the relationship between aggression, dominance and testosterone is 
poorly understood. Nevertheless, at least in female mice and rats, testosterone appears 
to form the foundation of hormone-dependent aggression (mice: Zielinski & 
Vandenbergh, 1991; Rats: Albert et al., 1991; 1992; 1993). Although socially 
dominant animals are often the most aggressive animals, a simple relationship 
between dominance and testosterone levels has been difficult to establish. Such 
correlations are to an extent dependent on factors such as taxonomic class, age, social 
context and experience (Wingfield et al., 1994). It is important to realise that while 
testosterone promotes aggression, aggression does not necessarily facilitate 
dominance.

There is extensive evidence that social environments can be stressful 
(Sapolsky, 1990; Wingfield et al., 1994; Davies, 1996). Social stress often leads to an 
increase in the release of glucocorticoids, such as cortisol, from the adrenal cortex 
(Kaplan, 1986; Broom & Johnson, 1993; Wingfield et al., 1994). In this study urinary 
cortisol levels of colony members increased during the period of social instability 
following removal of the queen. Such changes in adrenocortical activity in response 
to social stress are often related to dominance status (Davies, 1996). Whereas several 
studies have concluded that low ranking animals are more stressed than high ranking 
individuals, evidenced by increased adrenocortical activity (sugar gliders: Mallick et 
al., 1994; female cynomolgous monkeys: Shively et al., 1997; male olive baboons: 
Sapolsky, 1982; 1990), others have found the opposite to be true (dwarf mongoose: 
Davies, 1996; African wild dogs: Creel e ta l., 1997; female yellow-bellied marmots: 
Armitage, 1990). There is also evidence that an increase in glucocorticoid secretion, 
resulting from social stress, can suppress reproductive function (Dunbar, 1985; 
Wingfield et al., 1994). In this study dominance rank was correlated with urinary
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cortisol levels: high ranking colony members had higher cortisol levels than low 
ranking individuals. Although urinary cortisol titres of individuals in only one study 
colony were determined, this finding suggests that high ranking naked mole-rats are 
more ‘stressed* than low ranking individuals. That the dominant breeding female in 
colony NN exhibited one of the highest urinary cortisol titres of colony members, 
suggests that there does not appear to be a causal link between cortisol levels and 
reproductive suppression in naked mole-rats (Faulkes, 1990; Faulkes & Abbott, 1997; 
Davies, 1996). Finally, in this study correlations between dominance and both 
androgens and glucocorticoids disappeared under periods of social instability. This is 
in contrast to several studies which have found that adrenocortical differences 
between dominants and subordinates are only seen during periods of social stress 
(Kaplan, 1986; Sachser & Lick, 1989) and studies which found a relationship between 
testosterone and dominance that was absent during social equilibrium (Sapolsky, 
1983; Sachser & Prove, 1986; Wingfield etal., 1994).

The reproductive activation of one or several females and increase in intra- 
colony aggression, social instability and body weight, following queen removal, 
confirms the results of previous studies that the presence of the queen in colonies has 
a suppressive influence on all colony members of both sexes (Faulkes, 1990; Faulkes 
& Abbott, 1993, Jarvis, 1991; Jarvis et al., 1991). An increase in body weight by both 
males and females following queen removal has also been reported by other 
researchers (Jarvis, 1991; Jarvis et al., 1991; Lacey & Sherman. 1991). Field studies 
also suggest a similar pattern of weight gain (Braude, 1991). These authors also 
reported that removal of both the queen and the breeding male(s) or several other 
large non-breeders, results in severe colony disruption and an increase in intra-colony 
aggression and the death of colony members (Jarvis, 1991, Lacey & Sherman, 1991). 
We report here that removal of only the queen is sufficient to cause colony social 
instability and severe aggression leading to the death of some of colony members. 
Social order is restored when a new female has taken over, and agonistic interactions 
become relatively rare and subtle events. In contrast, other social bathyergids such as 
the Damaraland mole-rat Cryptomys damarensis and the common mole-rat Cryptomys 
h. hottentotus, appear to show strong incest avoidance. In these species the death of a 
breeder results in either a cessation of reproduction until a foreign animal joins the 
colony or colony fissioning and outbreeding (Bennett et al., 1996; Burda, 1995; 
Jarvis & Bennett, 1993; Jarvis etal., 1994;).

Following Hamilton’s rule (Hamilton, 1964), the high level of inbreeding in 
naked mole-rat colonies due to strong ecological constraints on dispersal (Jarvis et al., 
1994), should promote altruistic behaviour among colony members. However, despite 
high intra-colony relatedness (Reeve etal., 1990; Honeycutt, etal., 1991; Faulkes et 
al., 1997b), this and other studies have shown that colonies are not perfectly
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harmonious societies (Reeve & Sherman, 1991). There is underlying competition over 
resources such as food (Schieffelin & Sherman, 1995; O'Riain, 1997) or breeding 
opportunities (Jarvis, 1991; Lacey & Sherman, 1991). The increase in linearity of 
dominance hierarchies following queen removal may be due to increased competition 
between colony members which reinforces dominance relationships through winner- 
loser effects. Optimal skew theory predicts intense dominance-related aggression in 
high skew societies (Keller & Reeve, 1994) such as naked mole-rats where, despite 
high intra-colony relatedness, the payoffs from becoming a breeder are large relative 
to a single helper’s effect on colony reproduction (Reeve & Sherman, 1991). The 
death of colony members following queen removal may be an extreme attempt by 
new queens to establish their dominance and re-impose reproductive suppression on 
subordinates. High ranking males, who are often reproductively active, may be killed 
because they are a threat to new queens if they mate with other females who have 
become reproductively active. That dominance rank appears to be the most important 
determinant of reproductive status in female naked mole-rats, may explain why 
intense aggression is limited to the highest ranking colony members.
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Chapter 4: Hormonal and behavioural correlates of male 
dominance and reproductive status.

4.1 INTRODUCTION
As with female naked mole-rats, reproduction among males is highly skewed. 

Colonies typically contain one to three breeding males (Brett, 1991b; Jarvis, 1991; 
Lacey & Sherman, 1991). A strong behavioural bond exists between the queen and 
breeding males evidenced by frequent bouts of mutual ano-genital nuzzling (Plate
2)(Jarvis, 1991; Lacey & Sherman, 1991; Lacey et al. 1991). Other colony males are 
reproductively suppressed. Non-breeding males have lower plasma luteinising 
hormone (LH) and urinary testosterone levels than breeding males (Faulkes et al., 
1991b). Testosterone levels of non-breeding males are sufficient to support 
spermatogenesis and some spermatozoa are present in the epididymis and vas 
deferens (Faulkes et al., 1994). However, reproductively inactive males produce 
significantly fewer mature spermatozoa than breeding males, and the majority are 
non-motile (Faulkes et al., 1994; Faulkes & Abbott, 1997). As with females, non- 
breeding male naked mole-rats rapidly become reproductively active when socially 
suppressive cues are removed. When separated from their colonies and either housed 
singly, or paired with a female, concentrations of plasma LH and urinary testosterone 
in non-breeding males increase to concentrations comparable to those of breeding 
males (Faulkes & Abbott, 1991). Unlike other bathyergid mole-rats, an incest 
avoidance mechanism appears to be absent (Jarvis et al., 1994; Bennett et al., 1996; 
Bennett et al., 1997) and most breeding males are recruited from within colonies, 
resulting in high levels of inbreeding and low levels of genetic variation within 
colonies (Reeve etal., 1990; Honeycutt etal., 1991; Faulkes etal., 1997). In contrast 
to females, males may also achieve direct reproduction out with their natal colony by 
dispersing (O’Riain etal., 1996).

The results of chapter three implicated dominance rank, body weight, age, and 
urinary testosterone levels as important determinants of reproductive status in 
females, with rank, in particular, being a reliable predictor of reproductive status. In 
females reproductive succession is characterised by the reproductive activation of one 
or several high ranking females and often, but not always, intense dominance-related 
aggression, until one high ranking female establishes her dominance and re-imposes 
reproductive suppression on subordinates (chapter 3). Whereas queen succession has
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been well documented (chapter 3; Jarvis, 1991; Lacey & Sherman, 1991), 
reproductive succession among males has not.

The aim of this study was to examine breeding male succession in captive 
colonies. Specifically I set out to investigate the relationship between urinary 
testosterone, cortisol levels, dominance rank, and male reproductive status, and to 
determine whether physiological and behavioural parameters can be used as 
predictors of succession. To achieve these aims, focal observation of queens and all 
males from two large captive colonies was carried out, and urine collected from each 
individual to allow hormone determination. After several weeks of observation, the 
breeding male(s) were removed from each of the captive colonies (simulating natural 
death or predation), and focal observation and urine collection continued in order to 
determine which males attained breeding status (breeding male removal 1). The 
experiment was then repeated by removing the new breeding male(s) from both 
colonies and continuing observation and urine collection in order to determine which 
males attained breeding status (breeding male removal 2).
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4.2 METHODS & MATERIALS
Captive colonies of naked mole-rats were maintained at the Institute of 

Zoology, in artificial perspex burrow systems comprising nest, food and toilet 
chambers as described in chapter two. Animals were numbered and identified by a 
system of toe clipping. During periods of behavioural observation, all the animals in 
the study colony were caught weekly, weighed, and to facilitate easy recognition of 
individuals during observations their unique toe clip number was drawn on their back 
with an indelible marker pen. Two colonies were selected for this study. Colony N2 
comprised 21 males and 24 females, and colony 2200, 19 males and 14 females. 
Breeding males were identified from observation of sexual behaviours such as 
copulation and mutual ano-genital nuzzling. Anogenital nuzzling is a behaviour that 
most frequently occurs between the queen and breeding males (Jarvis, 1991; Lacey et 
al., 1991; Lacey & Sherman, 1991).

Focal animal observation (Martin & Bateson, 1986) was used to quantify 
behavioural interactions between males within the study colonies both before and 
after removal of the breeding males. The behaviour of queens was also recorded using 
focal sampling. Individual mole-rats were observed for a ten minute period and the 
frequency of the following interactions recorded, together with the identities of the 
animals involved, previously defined by Lacey et al. (1991) as agonistic behaviours in 
naked mole-rat colonies: open-mouth gaping, incisor fencing, batting, biting, shoving, 
and tugging. A minimum of six focal samples (range: 6-11) were carried out on each 
colony member both before and after removal of the breeding male(s). Prior to 
breeding male removal colony N and colony 2200 were observed for 87 days. This 
corresponded to 27 hours of focal observation for colony N2 and 25 hours for colony 
2200. After removal of the resident breeding male(s), both colonies were observed 
until new breeding males were identifiable (breeding male removal 1). This 
corresponded to 92 days and 26.5 hours of focal observation for colony N2 and 58 
days and 17 hours of focal observation for colony 2200. These new breeding males in 
colony N and 2200 were then removed and observations continued until new breeding 
males were identifiable (breeding male removal 2). This corresponded to a further 39 
days and 11 hours focal observation and 40 days and 14 hours focal observation for 
colony N2 and 2200, respectively.

In addition to the behaviours listed above, passing behaviour was also 
recorded. Passing dominance has been shown to be a good metric of dominance rank 
and may also be involved in the establishment and maintenance of dominance 
relationships in naked mole-rats (chapter 3). Passing occurs when animals meet in a 
tunnel either face to face or face to tail. When two mole-rats meet face to face, brief 
mutual sniffing of the facial area almost always occurs, then one passes over the top 
of the other. In this study only passes following face to face encounters that were
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preceded by sniffing (implying recognition) were recorded. Passes over the top were 
classed as dominant behaviour and the respective animal received a score of one. Rare 
but important behaviours such as sexual behaviours, were recorded whenever 
observed. To minimise stress or injury, harassed or injured individuals were removed 
and housed separately.

A "sociometric matrix" (Altmann, 1974) was constructed using the frequency 
of passing over between interacting mole-rat dyads as cell entries, and the order re
arranged until the minimum number of supplants appeared on the left hand side of the 
matrix diagonal. The proportion of times that one animal passed over another 
individual in dyadic encounters was obtained, and summed for each individual 
encountered to provide a rank score which was used to assign a dominance rank. 
Appelby’s (1983) index of linearity (K) was used to measure the degree of linearity of 
the hierarchy, and then linearity tested for statistical significance using Appelby's 
(1983) test for transitiveness of dominance. K can have values from 0, indicating the 
complete absence of linearity, to 1, indicating a perfectly linear hierarchy.

Urine was chosen in preference over blood for hormone determination, as it 
allows for repeated sampling to be carried out over the same period as the behavioural 
observations with minimum disturbance to the colonies. Urine sampling involved the 
removal of wood shavings from the toilet chamber of the colony, and wiping the 
chamber clean with damp tissue paper. Immediately after each urination, the 
deposited urine was collected in a glass Pasteur pipette, and the toilet chamber wiped 
clean with tissue paper. Urine samples were put on ice immediately, then stored at -20 
OC until hormone determination. Prior to hormone determination, all urine samples 
were subjected to a determination of creatinine as described by Bonney etal. (1982), 
to correct for differing dilutions. All urinary hormone concentrations are expressed as 
mass per mg creatinine (mg/Cr).

Testosterone concentrations were determined in diethyl ether-extracted urine 
(50fil) by radioimmunoassay without chromatography using biogenesis rabbit anti
testosterone antibody no. 8680-6004, as previously described and validated for the 
naked mole-rat (Faulkes et al., 1990). The limit of sensitivity of the assay (determined 
as values with greater than 90% binding) was 2.0 pg/tube for samples (equivalent to 
2.22 ng/mg Cr). Inter-assay coefficients of variation for repeated determinations of a 
quality control sample , was 12.5% (n = 14). Intra-assay coefficient of variation for 
one assay was 9.8% (n = 10).

Cortisol concentrations were determined in diethyl ether extracted urine (50 
111) using antiserum no. 5004-201 (Scottish Antibody Production Unit) as previously 
described and validated for the naked mole-rat (Faulkes, 1990). The sensitivity of the 
assay (determined as 90 % binding) was equivalent to 35 pg/tube. At an average
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dilution of urine this was equivalent to 2.5 ng/mg Cr. Inter assay precision, was 10.3 
% (n = 10). Intra-assay variation for one assay was 7.2 % (n = 8).

Statistical correlations were made using Spearman rank correlation tests (rs). 
Breeding males were excluded from correlation analysis of testosterone levels and 
dominance rank in order to control for the dual function of testosterone in dominance 
and sexual behaviour. Wilcoxon matched-pairs test was used to determine whether 
significant changes in body weight had occurred in the period before, and after, the 
removal of the breeding male(s), and to compare hormone levels before and after 
breeding male removal. Unless otherwise stated all statistical analysis was two-tailed 
and the cut off point for statistical significance was p = 0.05.
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4.3 RESULTS
4.3.1 Before breeding male removal

Each colony contained one breeding male at the start of the study. These 
males were the only males to be observed copulating and engaging in mutual ano
genital nuzzling with the queen. Before breeding male removal, there was a strong 
and highly significant correlation between body weight and dominance rank in colony 
N2 males (figure 4.1a) and colony 2200 males (figure 4.2a). In colony N2 the 
breeding male was one of the highest ranking and heaviest colony males (figure 4.1a). 
Colony 2200's breeding male was the highest ranking and heaviest colony male 
(figure 4.2a). There was no significant change in the body weight of colony members 
from colony N2 (males: Z = - 1.76, p  = 0.08, n = 21; females: Z = - 1.05, p  = 0.29, n 
=23) or colony 2200 (males: Z = - 0.77, p  = 0.44, n = 19; females: Z = - 1.61, p  = 
0.11, n =14), prior to breeding male removal. Age was also strongly correlated with 
male dominance rank in both colony N2 (figure 4.1c) and colony 2200 (figure 4.2c). 
Breeding males were from the oldest (colony 2200; figure 4.2c) or second oldest 
(colony N2; figure 4.1c) surviving litters in their respective colonies.

In both colony N2 (figure 4.3a) and colony 2200 (figure 4.4a), dominance 
rank of non-breeding males was moderately correlated with urinary testosterone 
concentrations. The breeding male in both colony N2 (figure 4.3a) and colony 2200 
(figure 4.4a) exhibited the highest mean urinary testosterone titres of colony males. 
However, there was considerable variation in individual male testosterone levels, 
particularly in high ranking males (figures 4.3a & 4.4a). There was also considerable 
individual variation in male urinary cortisol levels. Urinary cortisol levels were not 
significantly correlated with male dominance rank in either colony (colony N2: rs = 
0.25, p > 0.05, n = 15; colony 2200: r s = - 0.46, p  > 0.05, n = 11), and breeding males 
exhibited similar urinary cortisol levels to those of non-breeding males.

Prior to breeding male removal both colonies were characterised by a linear 
dominance hierarchy (colony N2: K = 0.91 X = 167.7, p < 0.01; colony 2200: K = 
0.82, X = 159.4, p < 0.01). Queens were by far the most aggressive colony members, 
exhibiting the highest shoving rate of colony members in both colonies (figures 4.5a 
& 4.5b). Several males in colony N2 also exhibited shoving behaviour with the 
breeding male shoving at the highest rate (figure 4.5a). In contrast colony 2200's 
breeding male was the only colony member other than the queen to exhibit shoving 
behaviour (figure 4.5b). After 89 days of colony observation the breeding males from 
colony N2 and colony 2200 were removed from their colonies and housed singly.

4.3.2 Breeding male removal (1)
Following removal of the breeding male from colony N2, both males and 

females showed a significant increase in body weight (males: Z = - 3.60, p < 0.001,
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Figure 4.1 Male body weight (mean + s.d.) as a function of dominance rank (a) 
before breeding male removal (b), following breeding male removal and (c), 
male age as a function of dominance rank before breeding male removal, in 
colony N2. Filled circles indicates breeding males, filled sqaures indicate males 
which were to become new breeding males. Numerical values refer to Spearman 
rank correlation coefficient values (rs) and levels of statistical significance.
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n = 20; females: Z = - 4.20, p < 0.001, n = 23). Males in colony 2200 exhibited a 
significant increase in body weight following removal of the breeding male (males: Z 
= - 2.90, p  < 0.005, n = 18), whereas females did not (Z = - 1.60, p  = 0.11, n = 14). In 
colony N2 over a period of 13 weeks, two males (male 198 and male 188), became 
breeders. In colony 2200 only one male, male 215, attained breeding status, and did 
so over a period of 8 weeks. The percentage increase in body weight in colony N2 
was 11.5% for females (n = 23), 8.5% for non-breeding males (n = 18), and 6% for 
males attaining breeding status (n = 2).The percentage increase in body weight in 
colony 2200 was 2.1% for females (n = 14), 1.9% for non-breeding males (n = 17), 
and 2.5% for the male attaining breeding status. Body weight remained strongly 
correlated with rank both in colony N2 males (figure 4.1b) and colony 2200 males 
(figure 4.2b). Prior to breeding male removal in both colonies, non-breeding males 
which were to become breeders were among the highest ranking and heaviest colony 
males (figures 4.1a & 4.2a). In colony N2, male 198 was the highest ranking and 
heaviest colony male before removal of the breeding male (figure 4.1a) and remained 
so after breeding male removal (figure 4.1b), whereas male 188, previously ranked 
third (figure 4.1a), increased to become the second highest ranking male (figure 4.1b). 
In colony 2200 prior to breeding male removal, male 215 was the third highest 
ranking male (figure 4.2a), and following breeding male removal, became the highest 
ranking male (figure 4.2b).

There was no significant change in male urinary testosterone (colony N2: Z = 
1.71, p > 0.05; colony 2200: Z = 0, p > 0.05) or urinary cortisol titres (colony N2: Z = 
1.29, p  > 0.05; colony 2200: Z = 1.78, p > 0.05) compared to before breeding male 
removal. In colony N2 (figure 4.3b) and colony 2200 (figure 4.4b) male urinary 
testosterone titres remained strongly correlated with rank. In both colonies before 
breeding male removal, those non-breeding males which were to become breeders 
exhibited among the highest testosterone titres of colony males (figures 4.3a & 4.4a). 
Following breeding male removal, their testosterone levels remained among the 
highest of colony males (colony N2: figure 4.3b; colony 2200: figure 4.4b). Male 
urinary cortisol levels were not correlated with rank in either colony (colony N2: r s = 
0.01, p  > 0.05, n = 16; colony 2200: r s = 0.06, p > 0.05, n = 15) and urinary cortisol 
levels of breeding males were similar those of non-breeding males. In both colonies 
males exhibited large individual variation in urinary testosterone and cortisol levels.

Dominance hierarchies in both colonies showed a slight increase in linearity 
following breeding male removal (colony N2: K = 0.93 X = 157.7, p < 0.01; colony 
2200: K = 0.96, X = 136.6, p < 0.01). The two new breeding males in colony N2 
exhibited shoving at a low rate both before and after breeding male removal, with 
their shoving rate increasing slightly in the latter period (figure 4.5a). No other colony 
members, other than the queen, exhibited agonistic behaviour following breeding
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male removal. In colony 2200 following removal of the original breeding male, two 
males started shoving for the first time with the male attaining breeding status shoving 
at the higher rate (figure 4.5b). No other colony members, other than the queen, 
exhibited agonistic behaviour during this period. The prime recipient of aggression by 
colony 2200's queen was a high ranking male, male 154. Breeding status was 
achieved without any observable male-male aggression within colonies (figures 4.5a 
& 4.5b).In both colonies shoving by the new breeding males was not directed towards 
one another (colony N2) or towards other high ranking males. Shoving and other 
agonistic behaviours were instead directed equally towards high and low ranking 
colony members of both sexes (figures 4.5a & 4.5b). Once the breeding status of all 
colony males had been correctly determined (colony N2: 92 days; and colony 2200: 
58 days), the breeding males were removed from each colony and housed singly.

4.3.3 Breeding male removal (2)
Following removal of the new breeding males, rank remained strongly 

correlated with body weight among males in both colonies (colony N2: r s = - 0.91, p 
< 0.01, n = 18; colony 2200: r s = - 0.80, p < 0.001, n = 17). In colony 2200 rank was 
not significantly correlated with male urinary testosterone (rs = - 0.64, p  > 0.05, n 
=10) or urinary cortisol titres (rs = 0.3, p  > 0.05, n = 9). No such analysis could be 
carried out for colony N2 males as urine samples were not available during this period 
for hormone determination. In both colony N2 (figure 4.1c) and colony 2200 (figure 
4.2c), new breeding males were generally recruited from the oldest surviving colony 
litters. However in colony N2, one of the males attaining breeding status was a 
medium aged (35 months) colony male (figure 4.1c).

Dominance hierarchies remained highly linear in both colonies (colony N2: K 
= 0.88, X = 125,/? < 0.01; colony 2200: K = 0.94, X = 121.9, p  < 0.01). In colony 
2200 over a period of 40 days, one male, male 160, became the new breeding male. 
This male was the heaviest and highest ranking male, and exhibited the highest mean 
urinary testosterone titre of colony males both as a non-breeder (figure 4.4b), and on 
becoming a breeder. Male 160 was the only colony member other than the queen to 
initiate shoves during this period (figure 4.5b). Male 154 remained the prime recipient 
of aggression from colony 2200's queen and died from injuries sustained in fighting 
with the queen. In colony N2 two males and one non-breeding female, female 153, 
began to shove (figure 4.5a). In both colonies shoves by males were directed towards 
high and low ranking colony members of both sexes. Shoving and other agonistic 
behaviours exhibited by female 153 and the queen were directed primarily at one 
another and several weeks after removal of the breeding males, the queen was killed 
by female 153. The loss of colony N2's queen and the resulting increase in social
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instability within the colony meant that it was not possible to determine the breeding 
status of colony males during this period.

4.4 DISCUSSION
Social structure in colonies was characterised by highly linear dominance 

hierarchies with male dominance rank strongly correlated with body weight and age, 
both before and after the removal of breeding males. In chapter three and one other 
study by Schieffelin & Sherman (1995), dominance interactions in captive colonies of 
naked mole-rats were examined. Direct comparisons with this experiment may not be 
wholly appropriate because previous studies included both sexes in statistical 
correlations. Nevertheless the results are in agreement with results presented here. 
Both studies revealed colony social structure to be characterised by a dominance 
hierarchy with rank based on body weight but not sex (chapter 3; Schieffelin & 
Sherman, 1995). A strong correlation between dominance rank and age was found in 
this experiment, and also previously (chapter 3). Evidence from a study on the 
ontogeny of dominance also suggests an association between dominance and age 
(O'Riain, 1997 X

Dominance rank was correlated with the urinary testosterone concentrations of 
non-breeding males in colonies before and after breeding male removal. A strong 
correlation between rank and urinary testosterone levels in males and in females was 
also found in the study of queen succession during periods of social stability, but 
disappeared following the social instability that resulted from the experimental 
removal of queens ( chapter 3). Experiential factors may be particularly important in 
determining the outcome of social interactions and may influence hormone 
concentrations: the production of a wide range of hormones is susceptible to influence 
by aggressive defeat and subordination (Bronson & Desjardins, 1971; Wingfield et 
al., 1994). However, it is unclear whether differences in testosterone concentrations 
among males caused the dominance patterns observed in this study or resulted from it.

There is considerable variation in individual male urinary testosterone 
concentrations, particularly in high ranking and breeding males. Testosterone not only 
mediates male-male aggression and can facilitate dominance, but also regulates 
spermatogenesis and reproductive behaviour (Brain, 1983; Wingfield et al., 1994). 
Among breeding males variation in urinary testosterone levels may be partly 
explained by their breeding status: the queen exerts control over the reproductive 
physiology of the breeding male(s) suppressing their testosterone levels except during 
the early follicular phase of the queen's ovarian cycle, prior to oestrus and mating 
(Faulkes et al., 1991; Faulkes & Abbott, 1997). High variation in individual male
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testosterone levels may be partly explained by the sampling method: urine samples 
were collected ad libatum over many weeks.

Urinary testosterone levels of breeding males in this study were among the 
highest of colony males. However many high ranking non-breeding males had 
testosterone levels equivalent to those of breeding males, suggesting that some males 
may be reproductively active in a colony, yet fail to breed because they are not 
solicited by the queen, and not as a result of a physiological suppression of 
reproduction. However the dual function of testosterone in reproduction and 
aggressive dominance (Wingfield et al., 1994) and the high variation in individual 
testosterone levels in male naked mole-rats means that it is unsafe to draw any 
conclusions on the importance of testosterone in determining male breeding status.

Social environments can be stressful (Sapolsky, 1990; Davies, 1996), and 
increased adrenocortical activity, specifically the release of glucocorticoids such as 
cortisol, can result from aggressive activities and may suppress reproductive function 
(Dunbar, 1985; Wingfield et al., 1994). Breeding males in this study displayed similar 
mean urinary cortisol levels to those of non-breeding males which is consistent with 
previous research which has so far ruled out a causal link between elevated urinary 
cortisol concentrations and reproductive suppression in naked mole-rats (chapter 3; 
Faulkes & Abbott, 1997). Evidence for a simple relationship between social status 
and urinary cortisol levels in naked mole-rats is lacking. Whereas a correlation 
between rank and cortisol levels in one colony was demonstrated previously (chapter
3), no significant correlation between these two variables was evident in this 
experiment. Such correlations are dependent to a great extent on many environmental 
influences, including experience, age, and social context (Wingfield etal., 1994).

Dominance rank, body weight, and age all appear to be important factors in 
determining which males will breed. Resident breeding males were among the highest 
ranking, heaviest, and oldest males in their respective colonies and new breeding 
males were recruited from among the highest ranking, heaviest, and oldest males in 
their respective colonies. These same factors are important determinants of 
reproductive status in female naked mole-rats (chapter 3) and other mammals 
(Clutton-Brock, 1988). In particular, social and reproductive dominance are often 
closely associated in cooperatively breeding mammals with a high reproductive skew 
(French, 1997; Creel & Waser, 1997).

The queen’s presence has a suppressive influence on colony reproduction 
(Faulkes & Abbott, 1997; Smith et al., 1997) and is necessary to maintain social order 
(chapter 3). The experimental removal in captivity of the queen alone may result in 
the reproductive activation of other females and an increase in intra-colony 
aggression, urinary cortisol levels, and body weight, by colony members of both 
sexes (chapter 3). Non-breeding males also exhibit a rise in urinary testosterone
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levels. This study suggests that the presence of breeding males may have little effect 
upon the reproduction of other colony members or in maintaining social order. 
Following their experimental removal, other high ranking males, whose testosterone 
levels suggest they may already be reproductively active, become breeders without 
any increase in urinary testosterone levels or male-male aggression. There was no 
increase in male urinary cortisol levels and intra-colony aggression generally 
remained low. There is some evidence that the removal of breeding male(s) is not 
entirely without effect on captive colonies. In both colonies males showed a 
significant increase in body weight following removal of the breeding males and in 
both colonies the subsequent removal of new breeding males coincided with fighting 
between resident queens and other high ranking males and females. In one colony the 
queen was killed by another female leading to a further increase in intra-colony 
aggression and the deaths of several other colony members. In contrast other social 
bathyergids such as the highly social common mole-rat, Cryptomys h. hottentotus, and 
the eusocial Damaraland mole-rat, Cryptomys damarensis, show strong incest 
avoidance and the death of a breeder results in colony fissioning and outbreeding or 
cessation of colony reproduction until a foreign animal joins the colony (Jarvis & 
Bennett, 1993; Burda, 1995; Bennett, et al., 1996; Rickard & Bennett, 1997 X

In all vertebrate classes, males show some form of competition, either for 
social status within a group, over territory, or for access to females (Wingfield et al., 
1994). There appears to be no observable male-male competition over direct 
reproduction in naked mole-rat colonies. Breeding males and those males attaining 
breeding status were generally the only colony members, other than the queen, 
exhibiting shoving behaviour. However, shoving and other agonistic behaviours by 
these males were not specifically directed towards other high ranking males or 
reproductively active males, but instead were equally directed at high and low ranking 
colony members of both sexes. No evidence of mate-guarding of the queen or for 
male-male aggression on or around the day of mating was found in this study or by 
other researchers (Lacey & Sheiman, 1991; Jarvis, 1991). Lacey & Sherman (1991) 
did, however, observe some aggression between breeding males in one colony during 
the week preceding the queen’s receptive period. In contrast to males, female naked 
mole-rats often compete intensely over breeding vacancies (chapter 3).

Two hypotheses, although not mutually exclusive, may be put forward to 
explain why males compete less strongly than females for breeding opportunities. 
Males may compete less intensely than females because on average males have a 
higher probability of breeding than do females. The reproductive skew is lower for 
males than for females. Captive colonies generally contain only one queen but may 
contain up to three breeding males (Jarvis, 1991) and multiple paternity has been 
demonstrated (Faulkes et a l, 1997b). The degree of reproductive skew is predicted to
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influence the frequency and intensity of dominance interactions within a social group. 
As skew increases, there is a greater payoff to subordinates for aggressively 'testing' 
the fighting ability of the dominant reproductive because they stand to inherit the 
large skew if they win (Keller & Reeve, 1994). Additionally, the breeding tenure of 
males is generally shorter than that of females (Jarvis, 1991) with breeding males 
often exhibiting a marked loss in body weight and condition (Jarvis et al., 1991; 
Lacey & Sherman, 1997). Loss of body condition by breeding males may be due to 
their elevated testosterone levels which may result in chronic immune suppression 
(Faulkes & Abbott, 1997). Males may also accrue direct fitness benefits by 
dispersing. Evidence for a small level of male-biased dispersal comes from studies on 
both wild (Braude, unpublished) and captive colonies (O'Riain et al., 1996). The 
above evidence suggests that males have a greater probability of breeding in their 
lifetime than females, perhaps explaining why males compete less intensely over 
breeding opportunities than females.

A more parsimonious explanation is that males may not compete intensely 
over direct reproduction because female mate choice may be more important than 
male-male aggression in determining which males breed. Queens exert considerable 
control over the reproductive physiology of colony males (Faulkes & Abbott, 1997), 
and are known to solicit males but not vice versa (Jarvis, 1991). It appears from this 
study that queens select mates from among the highest ranking and heaviest colony 
males, yet reject similar males and all low ranking males. It is unclear what fitness 
gains are accrued by females exhibiting a preference for high ranking, large colony 
males. Furthermore, it is known that following removal of queens from captive 
colonies, new queens often direct aggression at some high ranking and reproductively 
active males, yet solicit others (chapter 3). Newly established queens may even kill 
former breeding males and other high ranking males (chapter 3; Lacey & Sherman, 
1997). Therefore, male-male agonism may not directly determine breeding status, but 
rather indirectly through a breeding female preference for dominant males.
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Chapter 5: Function of shoving

5.1 INTRODUCTION
As the results of chapters three and four indicate, despite high levels of 

relatedness within naked mole-rat colonies (Reeve et al., 1990; Honeycutt, et al., 
1991b; Faulkes et al., 1997b), they are not perfectly harmonious societies. Even 
without experimental manipulation of colonies (during periods of presumed social 
stability), agonistic behaviours such as incisor fencing, batting, tugging, and shoving 
are not uncommon (Lacey et al., 1991; Reeve & Sherman, 1991). The most frequently 
observed agonistic behaviour in captive colonies is shoving. Shoves are vigorous, 
prolonged head to head pushes between two individuals which result in one animal 
being pushed backwards along the tunnel system (Lacey etal., 1991). Queens initiate 
shoves significantly more often than other colony members (Reeve & Sherman, 1991; 
Reeve, 1992; Jacobs & Jarvis, 1996), and there is some evidence that the shoving rate 
of queens varies with their reproductive status (Reeve & Sherman, 1991). Most of the 
remaining shoving in colonies is carried out by breeding male(s), and to a lesser 
extent by large non-breeders.

Various hypotheses, although not mutually exclusive, for the function of 
shoving by the queen have been proposed (Reeve & Sherman; 1991; Faulkes & 
Abbott, 1997). The ‘work-conflict’ hypothesis proposes that there is a conflict of 
interest between the queen and other colony members over the extent of aid they 
provide in support of her reproduction, and that shoving serves primarily to incite 
activity in "lazy" workers (Reeve & Sherman, 1991; Reeve, 1992). The ’threat- 
reduction hypothesis' suggests that the queen shoves colony mates to reduce the threat 
that they will challenge her for breeding rights (Reeve & Sherman, 1991). This 
second hypothesis predicts that queens should primarily shove those individuals 
which are the greatest threat to their reproductive dominance. There is strong 
empirical evidence that a conflict of interest exists between breeders and non
breeding animals over direct reproduction, which appears to be more intense among 
females than among males (chapters 3 & 4). Similarly, it is hypothesised that both 
subtle and overt agonistic interactions between the queen and non-breeders result in 
an inhibition of gonadal function in the latter, and that shoving may be a key 
behaviour facilitating suppression (Faulkes & Abbott, 1997). In naked mole-rats, it 
has been demonstrated that behavioural contact with the queen, rather than a primer 
pheromone in her urine, is necessary for reproductive suppression of non-breeders
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(Faulkes & Abbott, 1993; Smith et al., 1997. However, empirical tests designed to 
discriminate between the competing hypothesis have so far proved equivocal (Reeve 
& Sherman, 1991; Reeve, 1992; Jacobs & Jarvis, 1996).

In order to test the predictions of the hypotheses for the function of shoving, 
focal sampling of colony members from five captive colonies was carried out in 
which the identity of individuals initiating and receiving shoves, as well as the 
frequency of shoving, was recorded. Scan sampling was also employed to determine 
the ‘work’ levels of colony members from three colonies. Whereas Reeve & 
Sherman’s study (1991) relied upon theoretical predictions about which colony 
members posed the greatest threat to the reproductive dominance of breeders, the 
experimental removal of breeders in this study allowed us to empirically determine 
the identity of such individuals (chapter 3 & 4). These individuals are the colony 
members which became reproductively active following removal of breeders. The 
'threat-reduction' hypothesis predicts that these 'replacement1 breeders should be the 
main recipients of shoving by resident breeders. Specifically a number of questions 
were addressed in this study. How does the shove rate of reproductively active colony 
members compare with that of reproductively inactive colony members? How is 
shoving by the queen influenced by the rank, weight, age, sex, and reproductive

i
status, of recipients? What is the relationship between the rate of shoving by queens 
and the urinary testosterone and cortisol levels of recipients?
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5.2 METHODS & MATERIALS
Captive colonies of naked mole-rats were maintained in Perspex burrow 

systems comprising nest, food and toilet chambers (chapter 2). Three colonies N l, O, 
and NN, were observed as part of a study on dominance and reproductive succession 
among females (chapter 3), and contained 28, 15, and 19 animals, respectively. 
Colony members of both sexes were subject to behavioural observation and hormone 
determination. Another two colonies, colony 2200 and N2, were observed as part of a 
study on dominance and reproductive succession among males (chapter 4), and 
contained 33 and 45 animals, respectively. No hormonal or behavioural data was 
available for non-breeding females in colonies 2200 and N2. The sex ratio in each 
colony was close to unity.

Animals were numbered and identified by a system of toe clipping. During 
periods of behavioural observation, all the animals in the study colony were caught 
once weekly, weighed, and their unique toe clip number drawn on their back with an 
indelible marker pen, to facilitate easy recognition of individuals. Focal animal 
observation (Martin & Bateson, 1986) was used to quantify behavioural interactions 
between individuals within the study colonies. Individual mole-rats were observed for 
a ten minute period and the frequency of shoving recorded, together with the 
identities of the animals involved. Passing behaviour was also recorded using focal 
sampling. Passing has been shown to be a good metric of dominance relationships 
among both male and female naked mole-rats (see chapter 3). From behavioural 
observations a "sociometric matrix" (Altmann, 1974) was constructed for males and 
females in each colony using the frequency of passing over between interacting mole- 
rat dyads as cell entries. The proportion of times that one animal passed over another 
individual in dyadic encounters was obtained, and summed for each individual 
encountered to provide a rank score which was used to assign a dominance rank. Rare 
but important events, such as sexual behaviours, were recorded whenever observed.

Scan sampling (Martin & Bateson, 1986) was used to record work behaviours 
at 30 minute intervals in colony NN, colony 2200, and colony N2. Work behaviours 
were digging (which included foreleg digging, gnawing, and backshovelling), mouth 
carrying, dragging, and sweeping. A complete description of these behaviours is 
given in chapter two. A total of 108, 79, and 83 scans were carried out before breeder 
removal in colonies NN, 2200, and N2, respectively. Additionally, a total of 68 scans 
were carried out in colony NN over a period of four weeks after queen removal. Work 
level is the proportion of scans in which an individual was in a worker state.

Urine samples were collected from all colony members in colonies Nl, O, and 
NN, but not from non-breeding females in colonies 2200 and N2. Prior to hormone 
determination, all urine samples were subjected to a determination of creatinine as 
described by Bonney et al., (1982), to correct for differing dilutions. All urinary
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hormone concentrations were expressed as mass per mg creatinine (mg/Cr). 
Progesterone in female urine was measured in petroleum-ether extracted samples (50- 
100 fil) by radioimmunoassay. Testosterone and cortisol concentrations were 
determined in diethyl ether-extracted urine (50-100 |il) by radioimmunoassay. 
Reproductively active females in each colony were identified using a number of 
criteria: elevated progesterone titres (> 2ng/mg Cr) with profiles indicative of an 
ovarian cycle (Faulkes et al., 1990a), and observation of sexual behaviours such as 
copulations and ano-genital nuzzling. Reproductively active males in each colony 
were identified from observation of sexual behaviour such as copulations and ano
genital nuzzling. For a detailed account of behavioural recording and hormone 
determination, refer to chapter 3.2 and chapter 4.2.

All statistical correlations were carried out using Spearman rank tests (rg). To 
control for the possible confounding effect of male reproductive status on shoving, all 
correlation tests were carried out twice, once including, and then again, excluding 
breeding males from the statistical analysis. Correlations held whether breeding males 
were included or excluded from statistical analysis and correlation coefficient values 
(rs) and probability levels ip) given in the results are exclusive of breeding male data. 
To test for an effect of sex on shoving, shoving data for non-breeding males and non- 
breeding females were compared in colonies Nl, O and NN. To test for an effect of 
reproductive status on shoving, within all five study colonies shoving data was 
partitioned out into the following groups: breeding females, breeding males, non
breeding males, non-breeding females, and those colony members which became new 
breeders. Shoving rates and hormone levels were compared between groups (k) using 
Mann-Whitney U-tests (U) where k = 2, or using Kruskal-Wallis tests (KW) followed

by multiple comparison tests, where k > 3. All statistical analysis was two-tailed and

the cut off point for statistical significance was p = 0.05.
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5.3 RESULTS

5.3.1 BEFORE BREEDER REMOVAL 
Queen shove-initiation rates

In colony N l, O, and NN, where quantitative data on shoving was available 
for all colony members, the queen initiated significantly more shoves per unit time 
than did any other colony member (colony Nl: U = 17.5, p  < 0.001; colony O: KW = 
34.8, df=  4 ,p  < 0.001, multiple comparisons test All p  < 0.01; colony NN: KW  = 
321.0, df=  3, p < 0.001, multiple comparisons test All p < 0.01). Only groups that 
exhibited shoving behaviour were included in the statistical analysis. The rate of 
shoving by colony members in colony Nl, colony O, and colony NN is shown in 
figure 5.1a, figure 5.1b, and figure 5.1c, respectively. In colony 2200 and colony N2, 
focal observation of non-breeding females was not undertaken and therefore, 
quantitative data on shoving is only available for queens, breeding males, and non
breeding males. Colony 2200's queen was the only colony member observed shoving 
(figure 5.2a), whereas in colony N2, the queen initiated significantly more shoves per 
unit time than both breeding and non-breeding males (KW = 22.4, df =3 t p <  0.001, 
multiple comparison test All p < 0.01; figure 2b). In all colonies, queens never 
received shoves.

Breeding male shove-initiation rates
Other than queens, breeding males in colony Nl and colony O initiated the 

majority of shoves. No breeding males were identified in colony NN (figure 5.1c; 
chapter 4). In colony Nl the breeding males were the only colony members other than 
the queen to exhibit shoving behaviour (figure 5.1a), whereas in colony O, the 
breeding male initiated significantly more shoves per unit time than other colony 
members (KW -  34.8, d f =4 , p  < 0.001, multiple comparison test All p  < 0.05), 
shoving at over five times the rate for an average non-breeding male or non-breeding 
female (figure 5.1b). Similarly, colony N2’s breeding male shoved at a significantly 
higher rate than non-breeding colony males (KW = 22.4, d f =3, p  < 0.001, multiple 
comparison test p < 0.05), shoving at over 20 times the rate for an average non
breeding male (figure 2b). In contrast to the other colonies, colony 2200’s breeding 
male never shoved (figure 5.2a).

Non-breeder shove-initiation rates
Non-breeding colony members of both sexes initiated shoves at a low rate 

relative to breeders (colony O and colony NN), or did not shove at all (colony Nl). 
Non-breeding females initiated shoves at a significantly higher rate than non-breeding 
males in colony NN (KW = 321.0, d f= 3, p < 0.001, multiple comparison test
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Figure 5.1 Mean shoves initiated in colony Nl (a), colony O (b), and colony NN (c); 
and received from the queen in colony Nl (d), colony O (e), and colony NN (f); 
before experimental removal of resident queens. Q = queen, BrM = breeding male(s), 
Non-BrM = non-breeding males, Non-BrF = non-breeding females, and New Q = 
females which became reproductively active following experimental removal of 
queens.
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p  < 0.05; figure 5.1c), but not in colony O where both sexes shoved at a similar rate 
(figure 5.1b). In both colony N l and colony O, the female which became 
reproductively active following removal of the resident queen (colony Nl: F102; 
colony O: F73), did not shove (figure 5.1a & 5.1b). In contrast, the three females in 
colony NN which became reproductively active following removal of the queen 
(F158, F159, and F 161), shoved at a significantly higher rate than other non-breeding 
females and non-breeding males {KW = 321.0, df= 3, p  < 0.001, multiple comparison 
test Allp < 0.05; figure 5.1c).

Non-breeding males in colony 2200, including the male which was to become 
the new breeding male (M218), were not observed shoving. In contrast, colony N2’s 
non-breeding males shoved at a low rate relative to breeders, with the two males 
which were to become breeders (M98 and M88) shoving at a significantly higher rate 
than other non-breeding males {KW = 22.4, d f =3, p < 0.001, multiple comparison 
test p  < 0.05). Qualitative data suggest that non-breeding females shoved at similar 
rates to non-breeding males in colony 2200 and colony N2.

In colony NN and colony N2, an appreciable number of shoves were initiated 
by several non-breeders (colony NN: 42% of the total; colony N2: 39% of the total), 
allowing correlation analysis. The rate of shoving by non-breeders in colony NN was 
positively correlated with their dominance rank (rs = 0.61, p  < 0.05, n = 18): high 
ranking individuals shoved at a higher rate than low ranking animals. The rate of 
shoving by non-breeding males in colony N2 was positively correlated with their rank 
(rs = 0.53, p  < 0.05, n = 20); weight (rs = 0.52, p < 0.05, n = 20); and urinary 
testosterone titres (rs = 0.65, p < 0.05, n = 15).

Effect of body weight and rank on work level
In colony NN the work level of both males and females was determined. For 

colony 2200 and colony N2, the work level of males was calculated. In colony NN the 
work level of colony members was negatively correlated with their body weight (rs = 
- 0.46, p  = 0.05, n = 18). Work level was negatively correlated with the body weight 
of males in colony 2200 (rs = - 0.43, p  = 0.05, n = 19), but no such correlation was 
evident in colony N2. In all three colonies the work level of colony members was not 
correlated with their dominance rank.

Effect of recipients sex on queen shoving
No significant difference was found between non-breeding males and non

breeding females in the rate that they received shoves from the queen in colony Nl 
{U = 63.5, p > 0.05, n = 13 males, n = 10 females), colony O {U = 20.5, p > 0.05, n = 
7 males, n = 6 females), and colony NN {U = 34.5, p > 0.05, n = 9 males, n = 9 
females).
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Effect of recipient’s reproductive status on queen shoving
The recipients of shoving from colony N l’s queen were breeding males, non

breeding males and females, and F 102, the female which was to become the new 
queen (figure 5. Id). No significant difference was found between these groups in the 
rate they received shoves from the queen. In colony O the breeding male and F73, 
which was to become the new queen, were subject to similar rates of shoving from the 
queen. Both were shoved at a significantly higher rate than non-breeding males (KW 
= 6.9, d f  = 3, p < 0.001, multiple comparison tests All p  < 0.05). Non-breeding 
females were not shoved by the queen (figure 5.1e). Non-breeding females were the 
prime recipients of queen shoving in colony NN, followed by breeding males, and 
lastly, the three females which were to become reproductively active following 
removal of the queen. Differences in the rate groups were shoved by the queen were 
significant (KW = 9.6, d f -  2, p < 0.001, multiple comparison tests All p  < 0.05; 
figure 5.1f).

In colony 2200 non-breeding male 218, which was to become the new 
breeding male, was shoved by the queen at a significantly higher rate than other non- 
breeding males and the resident breeding male (KW -  37.8, d f  = 2, p < 0.001, 
multiple comparison tests All p  < 0.05; figure 5.2c). The breeding male and non- 
breeding males were shoved at similar rates by the queen. In colony N2, the two non- 
breeding males which were to become breeders (M98 & M88) were shoved by the 
queen at a significantly higher rate than other non-breeding males (U = 4268 , p < 
0.001; figure 5.2d). In contrast, the queen did not shove the current breeding male. 
Although focal observation of non-breeding females was not undertaken, qualitative 
data suggests that the queen in colony 2200 and colony N2 shoved non-breeding 
females at a similar rate to non-breeding males.

Effect o f recipient's rank and body weight on queen shoving
In three out of the five colonies (colonies O, 2200 & N2), the rate of shoving 

by queens was positively correlated with the dominance rank and body weight of non
breeding male recipients (tables 5.1 & 5.2). In contrast, in colony NN the rate of 
shoving by the queen was negatively correlated with the rank and weight of non
breeding male recipients (table 5.1). No significant correlations between these 
variables were found for non-breeding males in colony Nl. All correlations held when 
breeding males were included in statistical analysis. In each colony where focal 
observation of non-breeding females was undertaken (colonies N l, O, & NN), no 
correlation was found between the rate of shoving by queens and the rank or body 
weight of non-breeding female recipients (table 5.1).
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Nl- •• :'
COLONY

0 . NN .

+0.04, + 0.79, - 0.69,
Males n.s. p < 0.05 p = 0.06

Dominance
rank

Females - 0.42, + 0.66, -0.38,
n.s. n.s. n.s.

- 0.05, + 0.71, -0.88,
Males ns. p < 0.05 p < 0.005

Body weight
Females -0.38, + 0.66, -0.54,

n.s. n.s. n.s.

- 0.13, + 0.80, - 0.82,
Males n.s. d < 0.05 p < 0.05

Testosterone
Females - 0.43, + 0.13, -0.21,

n.s. n.s. n.s.

Table 5.1. Correlations between the rate of shoving by the breeding female and recipients' dominance 
rank, body weight, age, and urinary testosterone titres, in each study colony before removal of the 
breeding female. Numerical values are Spearman rank correlation coefficient values (rf) and levels of 
statistical significance (/?); n.s. indicates where correlations were not statistically significant (i.e. p > 
0.05).

Effect o f recipient’s work level on queen shoving

Work levels were determined for males in colony NN, colony 2200, and 
colony N2, and also for colony NN females. In all three colonies, no correlation was 
found between the rate of shoving by queens and the work levels of recipients.

Urinary testosterone and cortisol titres

The rate of shoving by colony O ’s queen showed a strong positive correlation 

with the urinary testosterone titres of non-breeding male recipients (table 5.1). In 

contrast, the shove rate of colony NN’s queen showed a strong negative correlation 
with the urinary testosterone levels of non-breeding male recipients (table 5.1). For 
non-breeding males in the other three study colonies, no significant correlations 
between these variables were found (tables 5.1 & 5.2). In three colonies the urinary 
cortisol levels of non-breeding males were determined and no correlation was found 

between their cortisol levels and the rate they were shoved by queens (colony NN: 

males (rs = - 0.66, p  > 0.05, n = 6; colony 2200 & colony N2: table 5.2).
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Before
2200

removal
N2

After
2200

removal
N2.

Dominance + 0.54, + 0.64, + 0.58 + 0.75
rank p < 0.05 p < 0.005 p < 0.05 p < 0.001

Body weight + 0.49, + 0.65, + 0.60 + 0.73
p < 0.05 p < 0.005 p<0.01 p < 0.001

Urinary - 0.20, + 0.43, + 0.71 + 0.39
testosterone n.s. n.s. p < 0.005 (n.s.)

Urinary + 0.23, -0.24, + 0.08 -0.13
cortisol ns. n.s. n.s. n.s.

Table 5.2. Correlations between the rate of shoving by breeding female(s) and male recipients' 
dominance rank, body weight, urinary testosterone, and urinary cortisol titres, in each study colony 
before and after removal of the colony breeding males. Numerical values are Spearman rank 
correlation coefficient values (r,) and levels of statistical significance (p); n.s. indicates where 
correlations were not significant (i.e. p  > 0.05).

Only in colony NN were the urinary cortisol titres o f non-breeding females 
determined and no correlation was found between their cortisol levels and the rate 
they were shoved by the queen (rs = - 0.38, p  > 0.05, n = 9).

5.3.2 AFTER QUEEN REMOVAL 
Shoves initiated

Following removal of the queen from colony N l and colony O, one female in 
each colony became reproductively active (see chapter 3). The onset of reproductive 
activity coincided with the onset of shoving behaviour by each of these females 

(figures 5.3a & 5.3b). In contrast, in colony NN three females became reproductively 
active following removal of the queen. These three females initiated shoves before 
(figure lc), and increased their rate of shoving following (figure 5.3c), removal of the 
queen. In each colony, reproductively active females shoved at a significantly higher 

rate than any other colony member (colony N l: KW  = 130.1, d f  = 3, p  < 0.001, 

multiple comparison test All p  < 0.05; colony O: KW = 48.4, d f  = 3, p < 0.001, 

multiple comparisons test All p  < 0.05; colony NN: K W  = 113.5, d f  =2, p  < 0.001, 

multiple comparisons test All p  < 0.05). Only groups that exhibited shoving behaviour 
were included in the statistical analysis. Other individuals in colony N l and colony 

NN shoved at similar low rates. In contrast, in colony O the former breeding male 
shoved at a significantly higher rate than non-breeding males, which in turn shoved at 
a higher rate than non-breeding females {KW = 48.4, d f  = 2, p  < 0.001, multiple 
comparisons test All p  < 0.05).
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• NL
COLONY

O m
+ 0.69, + 0.75, + 0.35,

Males p < 0.005 p < 0.05 n.s.
Dominance

rank
Females + 0.37, + 0.22, + 0.79,

n.s. D.S. p < 0.05

+ 0.67, + 0.50, + 0.47,
Males p < 0.005 n.s. n.s.

Body weight
Females + 0.71, + 0.44, + 0.67,

p < 0.05 n.s. n.s.

+ 0.85, -0.11, + 0.48,
Males p < 0.05 n.s. n.s.

Testosterone
Females -0.27, + 0.11, + 0.28,

n.s. ns. n.s.

Table 5.3. Correlations between the rate of shoving by new breeding female(s) and recipients' 
dominance rank, body weight, and urinary testosterone titres, in each study colony after removal of the 
original breeding female. Numerical values are Spearman rank correlation coefficient values (rf) and 
levels of statistical significance (p)\ n.s. indicates where correlations were not significant (i.e. p  > 0.05).

Shoves received

The former breeding males in both colony N l and colony O were the prime 

recipients of shoves from reproductively active females (figure 5.3d & 5.3e). In 
colony N l the new queen, female 102, shoved the former breeding male at a 

significantly higher rate than non-breeding males or reproductively inactive females 

(KW = 36.1, d f  = 2, p  < 0.001, multiple comparisons test All p  < 0.05; figure 5.3d). 
Correspondingly, non-breeding males were shoved by female 102 at a significantly 
higher rate than non-breeding females (KW  = 36.1, d f  = 2, p  < 0.001, multiple 
comparisons test p  < 0.05). Two of the former breeding males and two other high 

ranking males were killed by female 102 during this period.

Similarly the new reproductively active female in colony O, female 73, shoved 
the former breeding male at a significantly higher rate than non-breeding males, and 

non-breeding males were shoved at a significantly higher rate than reproductively 

active females (KW  = 5.9, d f  = 2, p  < 0.01, multiple comparisons test All p  < 0.5; 

figure 5.3e). The former breeding male and one other high ranking male was killed by 

female 73 during this period. In both colonies, the rate of shoving by reproductively 
active females showed a strong positive correlation with male recipient’s dominance 
rank (table 5.3). In colony N l, but not colony O, the rate of shoving by reproductively
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Figure 5.5 Urinary testosterone concentrations (mean + 95% C.I.) of females (a) 
and males (b); and urinary cortisol titres (mean + 95% C.I.) of colony members of 
both sexes (c). (n = number of animals). Queen = reproductively active females, 
Non-BrF = reproductively inactive females, BrM = breeding males, and 
Non-BrM = non-breeding males. * p < 0.005, ** p < 0.001; Mann-Whitney U 
-test. No significant difference was found between the urinary cortisol titres of 
breeding and non-breeding males or females, Kruskal-Wallis test p  > 0.05.
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active females was also correlated with recipient’s body weight and urinary 
testosterone levels (table 5.3). In both colonies, the rate of shoving by reproductively 
active females was not correlated with the rank, weight, or urinary testosterone titres 
of female recipients (table 5.3).

In colony NN the rate of shoving by females showed a strong positive 
correlation with the rate they received shoves from other females (rs = 1.0, p < 0.01, n 
= 8) and also their dominance rank (table 5.3) i.e. shoving was primarily initiated by, 
and directed towards, those high ranking reproductively active females competing for 
reproductive dominance. One of these females was killed during this period. The rate 
of shoving by reproductively active females was not correlated with the urinary 
testosterone titres (table 5.3) or urinary cortisol titres of male and female recipients 
(males: rs = - 0.27, p > 0.05, n = 7; females: r s = 0.18, p  > 0.05, n = 7).

Work levels
Following removal of colony NN’s queen, there was a small but significant 

decrease in the work levels of colony members (before: mean = 0.39, after: mean = 
0.30; Z = 2.22, p < 0.05). There was no significant difference in the rate at which 
shoves were received from the queen for mole-rats that increased (0.28 shoves/10 
minutes, n = 5), and those that decreased their work level (0.19 shoves/10 minutes, n 
= 10) after queen removal {U = 26.5, p > 0.5). Nor was there a significant difference 
in the weight of mole-rats that increased their work levels (mean = 36.1, n = 5), and 
those that decreased their work levels (mean = 30.1, n = 10), after queen removal (U 
= 17.0, p > 0.10). Females which became reproductively active after queen removal 
were not included in the above statistical analysis.

5.3.3 AFTER BREEDING MALE REMOVAL 
Shoves initiated

Following removal of the breeding male from colony 2200 and colony N2, the 
queen in each colony continued to shove at a similar rate, initiating shoves at a 
significantly higher rate than new breeding males and non-breeding males (colony 
2200: KW = 29.0, df= 2 p < 0.001, multiple comparison test Allp  < 0.05, figure 5.4a; 
colony N2: KW = 79.1, d f = 2, p < 0.001, multiple comparisons test All p < 0.05; 
figure 5.4b). In colony 2200 the new breeding male began to shove for the first time, 
shoving at a significantly higher rate than non-breeding males {KW = 29.0, d f = 2 p <  
0.001, multiple comparison test p < 0.05; figure 5.4a). The two new breeding males 
in colony N2 (male 98 and male 88) initiated shoves at similar rates both as non
breeders (figure 2b), and on attaining breeding status (figure 5.4b). As breeders they 
initiated shoves at a significantly higher rate than non-breeding males (fCW =79.1, df
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= 3 p < 0.001, multiple comparison test p < 0.05), shoving at approximately 25 times 
the rate for an average non-breeding colony male (figure 5.4b).

Shoves received
Colony 2200’s queen shoved non-breeding males but was not observed 

shoving the new breeding male (figure 5.4c). One high ranking male was killed by the 
queen during this period. The rate of shoving by colony 2200’s queen was positively 
correlated with the rank, weight, and urinary testosterone titres of recipients (table 
5.2). Colony N2’s queen shoved the two new breeding males at a significantly higher 
rate than non-breeding colony males (U = 6.3, p  < 0.001; figure 5.4d). The rate of 
shoving by colony N2’s queen was positively correlated with recipients' rank and 
weight, but not urinary testosterone levels (table 5.2). Colony N2’s queen also 
directed a large number of shoves at female 153, a high ranking female. Visa versa, 
the queen was the prime recipient of shoving from this female and after several weeks 
was killed by female 153. In both colonies no correlation was found between the rate 
of shoving by queens and recipients urinary cortisol titres (table 5.2).

5.3.4 URINARY HORMONE LEVELS
Urinary testosterone titres of reproductively active females were significantly 

higher than those of reproductively inactive females (U = 25.0, p  < 0.005; figure 
5.5a). Breeding male testosterone levels were significantly higher than those of non
breeding males (U -  64.0, p < 0.001; figure 5.5b). No significant difference was 
found between the urinary cortisol titres of reproductively active females, 
reproductively inactive females, breeding males, and non-breeding males {KW = 
1.92, df = 3, p > 0.60; figure 5.5c).
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5.4 DISCUSSION
It appears that for females and males their rate of shoving is strongly 

associated with their dominance and reproductive status. Queens are generally the 
highest ranking colony members (chapter 3), and initiated far more shoves than any 
other colony members. Breeding males are among the highest ranking colony males 
(chapter 4), and accounted for the majority of remaining shoves observed within the 
study colonies. Furthermore, for both males and females in our colonies, the onset of 
reproductive activity coincided with the onset, or greatly increased rates, of shoving. 
Other researchers have reported a similar relationship between male and female 
reproductive status and shoving in their colonies, but had no information on the 
dominance status of their animals (Reeve & Sherman, 1991; Reeve, 1992; Jacobs & 
Jarvis, 1996). In agreement with these studies, non-breeders of both sexes in this 
study, shoved at low rates relative to breeders, or did not shove at all (Reeve & 
Sherman, 1991; Reeve, 1992; Jacobs & Jarvis, 1996). Where a significant number of 
non-breeding colony members initiated shoves, I found a tendency for higher ranking 
and larger individuals to shove more than low ranking and small colony members. 
Reeve & Sherman (1991) also found a correlation between body size and shoving for 
non-breeders.

That testosterone enhances aggression in mammals, particularly in rodents, is 
well established (Barfield, 1984; Wingfield et al., 1994). We found some evidence for 
an association between shoving and urinary testosterone levels. In one out of two 
colonies where a significant number of non-breeders shoved, their rates of shoving 
were correlated with their urinary testosterone titres. Additionally, breeders exhibited 
significantly higher urinary testosterone levels than same-sexed non-breeders, and 
shoved far more often than non-breeders. There is extensive evidence that social 
stress can increase glucocorticoid secretion and suppress reproductive function 
(Wingfield et al., 1994). However there is no evidence that this occurs in naked mole- 
rats. The rate of queen shoving was not correlated with recipient’s urinary cortisol 
levels and breeders and non-breeders of both sexes displayed similar urinary cortisol 
titres.

In this study both quantitative and qualitative data suggests that overall there 
is no sex bias in shoving. The exception is colony NN, where among non-breeders, 
females shoved more than males. However, reproductive suppression of non-breeding 
females in this colony was not complete. Three non-breeding females in colony NN 
shoved at a higher rate than other non-breeders of both sexes, and had elevated 
progesterone titres relative to other non-breeding females, although no sign of ovarian 
cyclicity was found. In contrast, in the other two colonies, non-breeding females 
which were to become queens did not shove at all and exhibited progesterone levels 
similar to other non-breeding colony females i.e. low or undetectable. Further
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evidence for an association between shoving and female reproductive status comes 
from Reeve & Sherman’s study (1991) who found that in one colony, the queen had a 
significantly higher shove rate during a period of regular cycles of reproduction 
compared to a period of reproductive quiescence, and a higher rate during pregnancy 
than during post-partum.

Low levels of shoving by breeding males, relative to breeding females, meant 
that in this study it was impossible to examine the function of breeding male shoving. 
Qualitative data on shoving indicates that there is no sex bias in the recipients of 
shoving, and that high and low ranking colony members are equally likely to be 
recipients of shoving by breeding males.

Reeve & Sherman (1991) and Reeve (1992) observed six captive colonies, and 
Jacobs & Jarvis (1996) two captive colonies, to examine the function of queen 
shoving. They found that larger colony members are shoved more, independently of 
their relatedness to queens. Reeve (1992) additionally demonstrated a kin bias in 
queen shoving. Similarly in this study I found that high ranking and large colony 
members were shoved more than low ranking and small colony members. These 
findings, however, do not allow discrimination between the hypotheses. This is 
because the ‘activity-incitation’ and ‘threat-reduction’ hypotheses both predict that 
high ranking and/or large individuals and also individuals less related should be 
shoved most (Reeve & Sherman, 1991; Reeve, 1992). High ranking and/or large 
individuals are more likely to attain breeding status (chapters 3 & 4) and less related 
individuals have more to gain if they breed rather than closely related colony 
members, and therefore pose the greatest threat to a queens reproductive dominance, 
and should be shoved most according to the ‘threat-reduction’ hypothesis (Reeve & 
Sherman, 1991). These same individuals which are likely to become breeders should 
be lazy, thereby reducing their energy expenditure and risk of predation, and hence 
increasing the probability that they, rather than other colony members, will replace 
the breeders and hence should be shoved most according to the ‘activity-incitation’ 
hypothesis (Reeve, 1992). This is because queens benefit maximally if all her workers 
are active, and hence should preferentially direct shoves at ‘lazy’ individuals. In this 
study, work levels of colony members were not correlated with their rank, but were 
with body weight in two colonies, with smaller individuals working more. Other 
studies have also reported a correlation between work levels and weight suggesting 
that large individuals are indeed lazier (Lacey & Sherman, 1991; Faulkes et al., 
1991a; Reeve, 1992; Jacobs & Jarvis, 1996).

Individuals less related to the breeder are also expected to be relatively ‘lazy’, 
since they accrue less indirect fitness benefits through helping breeders. Evidence for 
a correlation between a queen’s relatedness to a worker and that worker’s work level 
is equivocal. Reeve (1992) found that a queen’s relatedness to a worker was
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positively correlated with that worker’s work level, whereas Jacobs & Jarvis (1996) 
found no such correlation. One explanation for the disagreement between the two 
studies is that Reeve’s (1992) colonies were formed by the mixing of separate 
colonies, whereas Jacobs & Jarvis (1996) colonies were not. It has not been 
demonstrated that mole-rats have the ability to discriminate between individuals of 
differing degrees of relatedness within colonies. On the contrary evidence suggests 
that recognition is based on familiarity rather than through detection of genetic 
similarity, and as such discrimination occurs at the level of colony/non-colony 
member (chapter 6). This would suggest that kin discrimination was possible within 
Reeve’s colonies, but not in our study colonies or those of Jacobs & Jarvis (1996).

Demonstration that shoving increases the work rate of recipients would 
provide strong evidence for the ‘activity-incitation’ hypothesis, but again is equivocal. 
Whereas Reeve (1991) found that queen shoving increased the work rate of recipients, 
Jacobs & Jarvis did not (Jacob & Jarvis, 1996). In fact in the latter study, colony 
members were more likely to be shoved when active in the tunnel system than resting 
in the nest, suggesting that shove rate is, in part, a function of how often the recipient 
is encountered when the queen is patrolling the tunnel system (Jacobs & Jarvis, 1996). 
Another prediction of the ‘activity-incitation’ hypothesis is that frequent recipients of 
shoving should work less, at least in the absence of the queen (Reeve, 1992). Reeve 
(1992) found that when queens were experimentally removed from their colonies for 
a short period (4 hours) frequent recipients of queen shoving did indeed work at a 
lower rate. Although, in one of my study colonies work levels decreased following 
queen removal, those individuals that decreased their work rate most were not the 
most frequently shoved colony members, as predicted by the ‘activity-incitation’ 
hypothesis. Additionally, our results are in agreement with those of Jacobs & Jarvis 
(1996), who found that those mole-rats that decreased their work levels following 
queen removal were not the largest colony members, as predicted by the ‘activity- 
incitation’ hypothesis.

What evidence is there for the ‘threat-reduction’ hypothesis? The lack of sex 
bias in queen shoving found in this study, and by other researchers (Reeve & 
Sherman, 1991; Reeve, 1992; Jacobs & Jarvis, 1996), could been interpreted as 
evidence against the ‘threat-reduction’ hypothesis. This is because females are 
suggested to pose the greatest threat to the queen’s reproductive dominance (Reeve & 
Sherman, 191). However, the ‘threat-reduction’ hypothesis does not necessarily 
predict a sex bias in queen shoving. Both non-breeding males and females are 
reproductively suppressed (Faulkes et al., 1991a; Faulkes & Abbott, 1997), and there 
is considerable evidence that behavioural contact with the queen is a key factor in the 
imposition of reproductive suppression in both non-breeding males and females 
(chapter 3; Faulkes, 1993; Margulis et al., 1995; Smith et al., 1997). The
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physiological suppression of male reproduction by queens may occur because they are 
a threat to a queen’s reproductive dominance if they mate with other reproductively 
active colony females. Naked mole-rats appear to lack an incest-avoidance 
mechanism (Jarvis et al., 1994). There is evidence that within colonies there is not 
uniformity in the degree of suppression among non-breeding females (Westlin et al., 
1994; van der Westhuizen, 1997). Older non-breeding females tend to exhibit higher 
bioactive luteinising hormone concentrations and show a greater response to an 
exogenous GnRH challenge, and additionally non-breeding females with perforate 
vaginas have been found within colonies (Jarvis, 1991). In this study three high 
ranking non-breeding females from one colony showed elevated urinary progesterone 
titres indicative of reproductive activity. The lack of an incest-avoidance mechanism 
and the occurrence of non-breeding females showing signs of reproductive activity, 
may mean that males, if they are not suppressed, would pose a significant threat to a 
queen’s reproductive hegemony.

In two colonies where the identity of those non-breeding males who were to 
become breeders were known, these males were shoved by queens at a far higher rate 
than other non-breeding males and breeding males. This finding appears to support 
the ‘threat-reduction’ hypothesis, as it is reasonable to assume that among males, 
those individuals who were to become breeders, would pose the greatest threat to a 
queens reproductive dominance if they were not suppressed. Evidence from this study 
that queens target those females which pose the greatest threat to their reproductive 
dominance is equivocal. In only one out of three colonies was the non-breeding 
female which was to become the new colony queen shoved more than other non- 
breeding females. In contrast, the three non-breeding females in colony NN showing 
signs of reproductive activity which were to succeed the queen, were shoved far less 
than other non-breeding females, despite being the prime initiators of shoving among 
non-breeders.

If the ‘threat-reduction’ hypothesis is correct, and queen shoving functions 
primarily to suppress reproduction in colony mates, the question arises of why are 
breeding males often recipients of queen shoving? In this study we found that 
breeding males were either shoved more than, or at similar levels to non-breeding 
males, although, in one colony the breeding male was not shoved. That breeding 
males are frequently recipients of queen shoving does not necessarily negate the 
‘threat-reduction’ hypothesis. In addition to non-breeders, there appears to be control 
exerted over the reproductive physiology of breeding males. Testosterone 
concentrations in breeding males peak during the follicular phase of the queens cycle, 
just prior to estrus and ovulation, and are low at other times (Faulkes et al., 1991b). 
Reproductive control by the queen over breeding males may minimize the chance that 
they will mate with other colony females, or may help reduce levels of aggression
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associated with elevated testosterone titres, which may cause social instability if they 
were not to be suppressed (Faulkes & Abbott, 1997). Alternatively, suppression of 
male testosterone levels out with the queen’s estrus period, may benefit males by 
reducing the potentially harmful effects of sustained, elevated testosterone titres, such 
as immune suppression. However, as yet, it has not been empirically demonstrated 
that there is a causal link between shoving by queens and the changes in testosterone 
titres of breeding males observed over the queen’s ovarian cycle. Interestingly, 
disperser males have higher basal levels of plasma LH than non-dispersers and are not 
the focus of shoving by the queen, a finding which lends support for the ‘threat- 
reduction’ hypothesis (O’Riain, et al., 1996).

In two colonies where the queen was removed and new females rapidly 
assumed reproductive control, new queens primarily directed shoves and bites at the 
mates of the former queen and other high ranking males, resulting in the death of 
several of these males. This behaviour appears to support the ‘threat-reduction’ 
hypothesis, as it may represent an extreme attempt by queens to suppress reproduction 
in these dominant and reproductively active males.

In conclusion, rates of shoving are strongly associated with dominance and 
reproductive status, and urinary testosterone levels of colony males and females. The 
vast majority of shoves are carried out by the queen, and to a lesser extent breeding 
males. I found no evidence for the ‘activity-incitation’ hypothesis, other than that high 
ranking and large colony members were shoved most, a finding which supports both 
hypotheses. We found some evidence for the ‘threat-reduction’ hypothesis. Those 
males which pose the greatest threat to queen’s reproductive dominance were shoved 
most, although evidence that queens target those females which pose the greatest 
threat was equivocal. Non-breeding females on becoming reproductively active, direct 
most shoves and bites at other high ranking individuals showing signs of reproductive 
activity, until their reproductive dominance is established. It is possible that shoving 
is used to establish reproductive dominance, and once achieved, other cues may 
maintain suppression in subordinates. Naked mole-rats display several other non
vocal (Lacey et al., 1991) as well as vocal agonistic behaviours (Pepper et al., 1991) 
which may be involved in suppression, perhaps in conjunction with more subtle 
behavioural cues. Cortisol does not appear to be directly involved in the reproductive 
suppression of subordinates, nor does it appear to be associated with social stress. The 
disparity between different studies examining queen shoving may reflect differences 
in the composition of the colonies studied e.g. sex ratios, age, size, and dominance 
structure. Social context at the time of observation may be important e.g. periods of 
reproductive quiescence or activity, social stability or competition over breeding 
opportunities or food (satiated versus unsatiated colonies). We suggest that the most 
parsimonious explanation for queen shoving is that it serves several functions, in
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inhibiting reproduction in subordinates of both sexes, maintaining social order, and 
also in inciting work related behaviours in colony members, all of which ultimately 
increase the reproductive success of queens.
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Chapter 6: Kin recognition and female mate choice.

6.1 INTRODUCTION
Discrimination mechanisms are of paramount importance to an animal's 

biological fitness. The ability to discriminate kin from non-kin is essential for the 
maximisation of both fitness accrued through the production of one's own offspring 
(direct fitness) and that accrued indirectly (Hamilton, 1964). To maximise indirect 
fitness, cooperative or altruistic behaviour must be directed towards kin. To maximise 
direct fitness, it has been suggested that animals should chose a mate to whom they 
are neither too closely (Shields, 1982) nor too distantly related (Bateson, 1983). Kin 
bias is a feature of social organisation in many species (Fletcher & Michener, 1986; 
Hepper; 1991; Pfennig & Sherman, 1995) and close inbreeding in nature is rare 
(Shields, 1982; Bateson, 1982; Blouin & Blouin, 1988) suggesting that mechanisms 
exist that allow discrimination between kin and non-kin.

The ability to discriminate kin from non-kin has been demonstrated in a wide 
range of taxa (Fletcher & Michener, 1986; Hepper, 1991). However, there is debate 
over the occurrence of kin recognition in animals (Grafen, 1990; 1991a,b,c; Blaustein 
et al., 1991; Byers & Bekoff, 1991; Stuart; 1991). If one follows Grafen's (1990) 
narrow definition of true kin recognition as 'recognition of relatedness per se (through 
the perception of genetic similarity) with the object of biasing responses with respect 
to perceived relatedness (kin discrimination)', then few examples of kin recognition 
have been found. One is the non-random settlement of ascidian (Botryllus schlosseri) 
larvae on the basis of sharing alleles at a single histocompatibility locus (Grosberg & 
Quinn, 1986) and another, the MHC dissasortative mating preferences in mice (Potts 
et al., 1991; Manning et al., 1992; Penn & Potts, 1998). However most researchers 
agree that if, in the natural environment, mechanism exist that allow for the successful 
differentiation of kin and non-kin, then these mechanisms should be regarded as 
examples of kin recognition (Blaustein etal., 1991; Hepper, 1991).

Genetic studies of naked mole-rats indicate high levels of inbreeding. Genetic 
variation within colonies is extremely low (Faulkes & Abbott, 1990; Faulkes et al., 
1997b; Reeve et al., 1990; Honeycutt et al., 1991) with the mean coefficient of 
relatedness among colony members estimated at 0.81 (Reeve et al., 1990). In nature it 
is estimated that >80% of matings occur between siblings or between parents and 
offspring (Reeve et al., 1990). Genetic evidence for inbreeding is supported from 
'field' studies (Braude, 1991) and observation of captive colonies (chapters 3 & 4; 
Jarvis, 1991; Lacey & Sherman, 1991).
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Both inbreeding and outbreeding entail costs, and natural selection is 
presumed to operate on mechanisms involved in mate choice to minimise both sets of 
costs (Bateson, 1983). Persistent inbreeding in animals often results in a substantial 
decline in fitness due to inbreeding depression (Falconer, 1981; Charlesworth & 
Charlesworth, 1987). Dispersal and a preference for unfamiliar conspecifics are 
common outbreeding mechanism (Chesser & Ryman, 1986; Blouin & Blouin, 1988). 
Although strong ecological constraints mean that successful dispersal by naked mole- 
rats is rare (Jarvis et al., 1994), evidence has recendy been found (Braude pers comm; 
O'Riain et al., 1996). Dispersers are primarily male and show both morphological and 
physiological adaptations which may aid dispersal (O'Riain et al., 1996). In particular 
they are sexually primed before dispersal and prefer unfamiliar unrelated conspecifics 
over familiar related conspecifics in choice tests. Dispersers are assumed to form new 
colonies with opposite-sexed animals or join foreign colonies.

Dispersal and a preference by disperser males for unfamiliar unrelated 
conspecifics has been interpreted as evidence for outbreeding (O'Riain et al., 1996). 
However, female preferences have not previously been tested and several lines of 
evidence suggest a female preference for unrelated mates would be a more convincing 
demonstration of outbreeding. First, in most taxa females are typically choosier about 
mates than males: the former maximising quality and the latter quantity (Shields, 
1982; Yasui, 1998). Secondly, reproductively active females (queens) are extremely 
aggressive and dominant animals (chapter three; Jarvis, 1991) and appear to control 
all aspects of male reproduction, soliciting some and killing others (chapter four). 
Given the suggestion that the main dispersal strategy is to join foreign colonies 
(O'Riain et a l., 1996), it is of particular importance that a preference for 
reproductively active males (dispersers) by reproductively active females (queens) be 
demonstrated.

The aim of this study was to investigate odour, social preference and mate 
choice of females. Specifically I address three main questions. First, do females 
discriminate between male conspecifics or their odours on the basis of familiarity or 
relatedness? Secondly, what is the effect of context and female reproductive status on 
female preferences and mate-choice? Finally, do reproductively active females 
outbreed or inbreed when given the choice? From the results of such tests I hope to 
determine whether naked mole-rats posses a kin recognition mechanism, the type of 
mechanism, and the recognition cues employed.
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6.2 METHODS & MATERIALS

Females
Eight reproductively active females and eight reproductively inactive females 

were used in odour and social preference trials. All females were selected from 
colony 800. Reproductively active and inactive females were matched for both age 
(active: 78.4 months, inactive: 75.4 months) and weight (active: x = 36.4g, inactive: x 
= 34.9g). This was confirmed by statistical comparison between the groups (t-test for 
independent samples; age: t = 0.67, p > 0.50; weight: t = 0.51, p > 0.50). 
Reproductively active females were obtained by removing adult females (>2 years) 
from their natal colonies 14 days before the start of trials and housing them singly. 
Females removed from the suppressive influences of their natal colony show 
physiological signs of ovarian cyclicity after approximately eight days (Faulkes etal., 
1990). Reproductively inactive females were obtained by removing non-breeding 
females from their natal colonies for only the short time for which they were used in 
experimental trials (< 20 minutes) before being returned. Non-breeding females are 
anovulatory when maintained in their natal colonies in the presence of the queen 
(Faulkes et al., 1990; 1991). To confirm reproductive status, three to four blood 
samples were collected from each female in order to determine luteinizing hormone 
(LH) levels.

Males
Eight 'familiar kin', 'unfamiliar kin', and 'unfamiliar non-kin' males were used 

in both odour and social preference trials. Familiar related males were obtained by 
selecting non-breeding males from colony 800, the same colony as the females used 
in trials. These males were therefore familiar and closely related to the females used 
in trials, relative to other males. Unfamiliar related males were obtained by selecting 
non-breeding males from colony N2. This colony was formed by the removal and 
pairing of one male and female from colony 800, eight years before the start of the 
experiment. Males from this colony were therefore closely related to the females used 
in trials, although unfamiliar to them. To obtain unfamiliar unrelated males, non
breeding males were selected from colony Lerata 3. Animals from this colony were 
known to be genetically divergent from colony 800 animals (Faulkes et a l, 1997b), 
and were therefore unrelated and unfamiliar to females used in trials. All males were 
matched for age and weight. This was confirmed by statistical comparison between 
the groups (one-way ANOVA: age, F2 21 = 2.96, p  > 0.05; weight, ^ 2 1  = 0.18, p > 
0.05). The mean age of and weight of males was 77 months, and 43. lg, respectively. 
All males were removed from their natal colony 10 days before the start of trials, and 
housed singly throughout. Concentrations of plasma luteinising hormone (LH) and
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urinary testosterone titres increase significantly in non-breeding males that are singly 
housed, with urinary testosterone reaching levels comparable to breeding males after 
approximately 5 days (Faulkes & Abbott, 1991). Males in this study can therefore be 
regarded as being reproductively active.

Odour sampling
Once weekly, all wood shavings were removed from male cages. Shavings 

from each male’s cage were mixed thoroughly, and divided into six 5g samples (wet 
weight) and stored in plastic bags at -20°C. Cages were then cleaned with a 
bactericidal detergent 32G Nonidet ™ (Teepol Products, Surrey, England), rinsed in 
water, and 40g of fresh wood shavings added. Odour samples were stored for no more 
than one week before use in trials. Before being used in trials, samples were allowed 
to thaw at 27°C for 30 minutes.

Blood sampling
Animals were hand-held, the tip of the tail was cut with a sterile blade and 

blood (~200 ul) was collected by capillary action using microhaematocrit tubes. 
Blood samples were collected within 2-4 minutes of animal capture, and afterwards 
the wound was treated with an antibiotic powder (Aureomycin) and the animal 
returned to its colony. The samples were stored on ice for a maximum of two hours 
before being centrifuged at 2400 rpm for 15 minutes, and the plasma stored at -20°C 
before luteinizing hormone (LH) determination. A total of three to four blood samples 
were collected from each female, with a three week interval between the collection of 
each sample.

Luteinizing hormone assay
LH was measured using an in-vitro bioassay based on the production of 

testosterone by dispersed mouse Leydig cells (Van Damme et al., 1974). The method 
and validation for the naked mole-rat has been described previously (Faulkes, 1990; 
Faulkes et al., 1990a, b). Plasma samples were assayed in duplicate at two dilutions of 
1:20 and 1:40, as a routine check of parallelism, and compared with a rat LH standard 
(the rLH antigen preparation: rLH-1-7) over the range 2 - 0.0625 milli-intemational 
units (mi.u.)/ml. The testosterone produced was measured by RIA. The sensitivity of 
the assay (determined at 90% binding) was 0.2 miu per tube. Intra- and inter-assay 
coefficients of variation were 11% (n = 8) and 15% (n = 2), respectively.
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Y-maze apparatus
Females were placed in a Y-maze choice apparatus constructed of perspex and 

consisting of a central tunnel section linking two side chambers radiating from 
opposite sides of the tunnel. Choice chambers were separated from the arms of the Y- 
maze by a steel partition preventing females directly accessing the odour samples or 
males. A 12 volt DC cooling fan (40 x 40 x 10mm; R.S. Components, Corby, 
England) run at 4 volts served to circulate odours down each arm of the Y-maze.

Odour preference protocol
Odour samples from related and unrelated males or from familiar and 

unfamiliar males were each placed in a different choice chamber. Placing of odour 
samples in each of the choice chambers was randomised to control for any directional 
bias. Each female was tested with the same odour sample or male only once, so that 
familiarity and learning effects did not influence their choice. Each female was tested 
in eight familiarity trials and eight relatedness trials, resulting in a total of 64 
familiarity trials and 64 relatedness trials for reproductively active and inactive 
females, respectively. All odour trials were filmed using a video camera mounted on a 
tripod positioned directly above the Y-maze. In order to write a time code to the video 
tape, the video recorder (VCR) was connected to the video camera via a VITC time- 
code generator (Adrienne Electronics Corporation, Las Vegas, USA). A 33 MHz 486

desktop personal computer (PC) installed with The O b serv er/V T A ™  (a windows 
operated software package for Video tape Analysis of behaviour) served as an event 
recorder. Video tapes of trials were replayed on a jog/shuttle VCR connected to the 
PC, and the relevant behaviours recorded using The O b s e rv e r /V T A . The 
O b se rv e r /V T A  reads time codes from video tapes allowing both duration and 
frequencies of behaviours to be recorded on an accurate time-base. An advantage of 
this system is that by using a jog/shuttle VCR, behavioural sequencies were, when 
necessary, analysed frame by frame while maintaining a proper time reference.

Each female was placed in the entrance chamber 10 minutes after starting the 
fan in order to allow the odours to circulate through the Y-maze. Each trial lasted 10 
minutes, beginning when the female entered the decision zone. Typically females 
would stop at the decision zone and sniff the air before advancing up one arm, 
implying a choice had been made. The frequency and duration that each female spent 
in the decision zone, entrance chamber, and each arm of the Y-maze was recorded. In 
pre-experimental trials, females were often observed attempting to access the 
chamber(s) containing the odour sample or male by gnawing and digging at the 
partition. Therefore, for each location the duration and frequency of gnawing and 
digging by females was recorded. Additionally, in pre-experimental trials females
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exhibited three 'autogrooming' behaviours, wiping muzzle, scratching, and wallowing, 
at a high enough frequency, to warrant further investigation. For each location, the 
frequency of the above three behaviours were recorded. Between each trial the entire 
apparatus was cleaned with Nonidet ™ and then rinsed with water to remove residual 
odours from the previous trial.

Social preference protocol
The same protocol used for odour preference tests was followed except that 

live males were used in trials instead of odour samples. A Psion Organiser IILZ64 
(R.S. Components, Corby, England) fitted with The Observer datapak, was used as a 
hand-held event recorder for social preference trials. After trials, data files were 
exported via the Comms link onto a desktop PC for storage and analysis using The 
Observer. As a backup social preference trial were also filmed and recorded on VHS 
format video tapes.

Mate choice protocol
Using odours or males in Y-maze arenas does not test mate choice directly, 

only odour or social preference. In order to examine if social preferences correlate 
with mate choice, once social preference trials were completed, all eight females used 
in trials were housed long term with one familiar related male and one unfamiliar, 
unrelated male. In order to increase the sample size, two other females were also 
housed long term with a familiar related and unfamiliar unrelated male. These 
additional males and females were housed singly for 14 days to ensure that they were 
reproductively active before being housed together. Males housed together were 
matched for age and weight. This was confirmed by statistical comparison using t- 
tests for independent samples (age: t = 0.21, p > 0.05; weight: t = 0.18; p > 0.05). The 
mean age of familiar related and unfamiliar unrelated males was 79.6 months and
83.4 months’ respectively. The mean weight of familiar related and unfamiliar 
unrelated males was 42.9g and 43.5g, respectively. Animals were caught once 
weekly and their unique toe clip number drawn on their back with an indelible marker 
pen to facilitate easy identification of individuals. Colonies were observed for 
approximately 10 hours a week over the first two months following colony formation. 
Observations of agonistic and sexual behaviours were recorded whenever observed. 
Young bom were toe clipped for later identification and the tissue stored at -70° C to 
allow future determination of paternity by DNA fingerprinting.
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Data analysis
Female preference is defined as the odour or male with which she spent most 

of her time. The strength of preference of females was estimated by calculating the 
amount of time females spent near the familiar odour/male divided by the amount of 
time they spent near the unfamiliar odour/male. Correspondingly, female preferences 
for relatedness were estimated by calculating the amount of time females spent near 
the related odour/male divided by the amount of time they spent near the unrelated 
odour/male. Statistical analysis was carried out on a natural log transformation of this 
ratio, to correct for both skew and heteroscedasticity. Chi-squared goodness of fit 
tests were carried out to see if the transformed data fit a normal distribution. A 
negative ratio in the log transformed data indicates a preference for the familiar or 
related odour/male, whereas a positive ratio indicates a preference for the unfamiliar 
or unrelated odour/male. Natural log of female preferences were compared against 0 
(random) using one sample t-tests. The time that mole-rats spent attempting to access 
odours or males (duration of digging behaviours) were compared using Wilcoxon 
matched-pairs tests. Wilcoxon matched-pairs tests were also used to compare the rate 
that mole-rats performed 'autogrooming' behaviours in each arm of the Y-maze. 
Unless otherwise stated, all statistical analyses were two tailed and the cut off point 
for statistical significance was p = 0.05.
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6.3 RESULTS

Reproductively active Reproductively inactive

Female Mean ± (s.d.) t Female Mean ± (s.d.) t

A 0.02 (0.71) 0.86 I - 0.06 (0.47) 0.32
B 0.64 (0.65) 2.60* J 0.46 (0.65) 2.00
C 0.20 (0.49) 1.17 K 0.46 (0.18) 7.30 **
D 0.36 (0.57) 1.79 L 0.56 (0.52) 3.04*
E 0.80 (0.66) 3.34* M - 0.56 (0.39) 4.11 **
F - 0.003 (0.47) 0.02 N 0.61 (0.55) 2.90*
G - 0.26 (0.47) 1.56 O - 0.02 (0.25) 0.18
H - 0.48 (0.50) 2.55* P - 0.63 (0.63) 2.84*
AH All

females 0.16 (0.67) 1.04 females 0.10 (0.50) 0.58

Table 6.1 Mean (± s.d.) of log ratio of preference for reproductively active (A-H) and reproductively 
inactive females (I-P) tested with the urinary odours of familiar and unfamiliar males, t indicates the 
one sample /-test statistic, * indicates where the preference is significantly different from 0 at p < 0.05, 
**atp<0.01,d.f. = 7

6.3.1 Female reproductive status
The reproductive status of singly and colony housed females was determined 

by measuring plasma LH. As expected plasma LH concentrations of singly housed 
females were significantly higher than plasma LH concentrations of females 
remaining in their natal colony (student's t-test t = 4.64, p < 0.001). Plasma LH 
concentrations of singly housed females (6.0 ± 2.2 mi.u./ml) were higher than 
concentrations previously reported for breeding females (3.0 ± 0.2 mi.u./ml) by 
Faulkes et al. (1990), indicating that these females are indeed reproductively active. 
Plasma LH concentrations of females remaining in their natal colony (2.1 ± 1 .0  
mi.u./ml) are comparable to those demonstrated by Faulkes et al. (1990) for non
breeding females (1.6 ± 0.6 mi.u./ml), suggesting they are reproductively inactive.
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ACTIVE INACTIVE

Familiar Unfamiliar 
Behaviour odour odour Z

Familiar Unfamiliar 
odour odour Z

Digging 60.8 (155.2) 41.7(81.4) 1.12 45.5 (92.7) 48.8 (105.6) 0.10

Wipe-face 0.23 (0.30)) 0.27 (0.35) 0.70 0.37 (0.05) 0.33 (0.33) 0.14

Scratch 0.23(0.23) 0.45(0.46) 0.84 0.83(0.91) 0.76(0.98) 0.42

Wallow 0.42(0.17) 1.53 (2.3) 2.10 * 0.75(0.71) 0.69(0.67) 0.42

Table 6.2. Mean (± s.d.) duration of digging (seconds) and rate of ’autogrooming' behaviours (wipe- 
face, scratch, wallow per minute) exhibited by reproductively active and reproductively inactive 
females when in the familiar or unfamiliar Y-maze arm. * p  < 0.05, ** p  < 0.01, Wilcoxon matched- 
pairs test (Z).

6.3.2 Odour preference fo r familiarity
Females were given the choice between the odour of a familiar and the odour 

of an unfamiliar male. Odour samples were from males related to the females. Three 
reproductively active females showed a statistically significant odour preference 
(table 6.1). Two of these females preferred the odour of familiar males, and the other 
preferred the odour of unfamiliar males. When female preferences were combined, 
reproductively active females did not discriminate between odours. The duration 
females spent digging at the partition separating odours from each aim of the Y-maze 
gives a further indication of female preference. Again reproductively active females 
did not discriminate, spending approximately equal amounts of time attempting to 
access familiar and unfamiliar male odours (table 6.2).

Four reproductively inactive females exhibited a statistically significant odour 
preference, two for the odour of familiar males and the others for the odour of 
unfamiliar males (table 6.1). When female preferences were combined, reproductively 
inactive females did not discriminate between odours. They also spent similar 
amounts of time attempting to access familiar and unfamiliar male odours (table 6.2).

Reproductively active females wallowed at a significantly higher rate while in 
the 'unfamiliar Y-maze arm' compared to the 'familiar Y-maze arm' (table 6.2) but 
wiped their muzzle and scratched at similar rates in each arm. Reproductively inactive 
females exhibited all three 'autogrooming' behaviours at similar rates in each arm of 
the Y-maze.
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Reproductively active Reproductively inactive

Female Mean ± (s.d.) t Female Mean ± (s.d.) t

A - 0.28 (0.62) 1.26 I - 0.12 (0.42) 0.80
B 0.16(0.61) 0.73 J 0.15 (0.65) 0.67
C - 0.16 (0.65) 0.51 K 0.80 (0.65) 3.46*
D 0.26 (0.41) 1.67 L 0.24 (0.54) 1.27
E 0.007 (0.84) 0.02 M - 0.69 (0.26) 7.00**
F 0.62 (0.63) 2.60* N 0.31 (0.74) 1.20
G 0.16 (0.55) 0.81 O - 0.04 (0.32) 0.41
H - 0.52 (0.44) 3.30* P -0.35 (0.84) 1.02
All All

females 0.03 (0.35) 0.25 females 0.04 (0.45) 0.24

Table 6. 3 Mean (± s.d.) of log ratio of preference for reproductively active (A-H) and reproductively 
inactive females (I-P) tested with the urinary odours of related and unrelated males, t indicates the t- 
test statistic, * indicates where the preference is significantly different from 0 at p  < 0.05, ** at p < 
0.01, d.f. = 7.

6.3.3 Odour preference for relatedness
Females were given the choice between the odour of a Telated male and the 

odour of an unrelated male. Odour samples were from males unfamiliar to the 
females. Two reproductively active and two reproductively inactive females showed 
statistically significant odour preferences (table 6.3). Within each reproductive group, 
one female showed a preference for the odour of related males, and the other for the 
odour of unrelated males. Combining female preferences within each group, neither 
reproductively active nor reproductively inactive females discriminated between 
odours.

Reproductively active females spent a similar amount of time attempting to 
access the odour of familiar and unfamiliar males (table 6.4). The same was true for 
reproductively inactive females. Reproductively active females scratched and 
wallowed at a significantly higher rate while in the 'unrelated' Y-maze arm compared 
to the 'related' Y-maze arm, but wiped their face at a similar rate while in each arm 
(table 6.4). Reproductively inactive females performed all three 'autogrooming' 
behaviours at similar rates in each arm of the Y-maze.
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Behaviour

ACTIVE INACTIVE

Related
odour

Unrelated
odour Z

Related
odour

Unrelated
odour Z

Digging 64.6 (104.8) 33.3 (70.4) 1.69 53.7 (99.5) 50.1 (107.9) 0.33

Wipe-face 0 3 1  (0.39) 0.44(0.55) 0.84 0 3 1  (0.38) 0.28 (0.33) 0.17

Scratch 0.34(0.36) 0.61 (0.56) 2.24* 0.61 (0.72) 0.56 (0.66) 0.11

Wallow 0.50 (0.39) 0.87 (0.60) 2.10* 0.66 (0.66) 0.80 (0.78) 0.98

Table 6.4. Mean (± s.d.) duration of digging (seconds) and rate of 'autogrooming' behaviours (wipe- 
face, scratch, wallow per minute) exhibited by reproductively active and reproductively inactive 
females when in the related or unrelated Y-maze arm. * p  < 0.05; ** p  < 0.01, Wilcoxon matched-pairs 
test(Z).

6.3.4 Social preference fo r familiarity
Females were given the choice between a familiar and an unfamiliar male. 

Males were related to the females. Two reproductively active females displayed a 
statistically significant preference for unfamiliar males (table 6.5). However there was 
clearly a trend: seven out of the eight reproductively active females spent more time 
in the 'unfamiliar Y-maze arm'. Combining female preferences, reproductively active 
females discriminated between males exhibiting a significant preference for 
unfamiliar males. Reproductively active females also spent significantly more time 
attempting to access unfamiliar males than familiar males (table 6.6).

In contrast, six out of the eight reproductively inactive females spent most of 
their time in the 'familiar' Y-maze arm. Only two females displayed statistically 
significant preferences, both for familiar males (table 6.5). However, when female 
preferences were combined reproductively inactive females did not discriminate 
between males. In addition, they spent a similar amount of time attempting to access 
familiar and unfamiliar males (table 6.6).

Reproductively inactive females performed all three 'autogrooming' 
behaviours at similar rates in each arm of the Y-maze (table 6.6). Reproductively 
inactive females also scratched and wallowed at similar rates in each arm of the Y- 
maze, but wiped their face at a significantly higher rate in the 'familiar Y-maze arm'.

6.3.5 Social preference fo r relatedness

Females were given the choice between a related and an unrelated male. Males 
were unfamiliar to the females. One reproductively active and one reproductively
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Reproductively active Reproductively inactive
Female Mean ± (s.d.) t Female Mean ± (s.d.) t

A 0.05 (0.52) 0.28 I 0.007 (0.16) 0.15
B - 0.20 (0.32) 1.72 J 0.06 (0.51) 0.32
C - 0.25 (0.50) 1.41 K 0.28 (0.25) 3.10*
D - 0.14 (0.63) 0.61 L - 0.23 (0.65) 0.99
E - 0.35 (0.50) 2.00 M 0.33 (0.26) 3.60*
F - 0.14 (0.32) 1.23 N 0.006 (0.39) 0.04
G - 0.36 (0.38) 2.61* O - 0.18 (0.60) 0.85
H - 0.76 (0.59) 3.10* P 0.12 (0.25) 1.41

AH
females - 0.27 (0.24) 3.20*

AH
females 0.05 (0.20) 0.71

Table 6.5 Mean (± s.d.) of log ratio of preference for reproductively active (A-H) and reproductively 
inactive females (I-P) tested with familiar and unfamiliar males, t  indicates the f-test statistic, * 
indicates where the preference is significantly different from 0 atp < 0.05, ** at p <  0.01, d.f. = 7.

inactive female displayed a significant preference (table 6.7). Both females preferred 
related males. Combining preferences within each group, both reproductively active 
females and reproductively inactive females did not discriminate between males. 
Reproductively active females also spent a similar amount of time attempting to 
access related males and unrelated males (table 6.8). The same was true for 
reproductively inactive females.

Reproductively active females displayed all three 'autogrooming' behaviours at 
similar rates in each arm of the Y-maze (table 6.8). Reproductively inactive females 
wallowed at a significantly higher rate while in the 'unrelated' Y-maze arm compared 
to the 'related Y-maze arm' but scratched and wiped their face at similar rates in each 
arm.

6.3.6 Mate choice

Immediately following social preference trials females were allowed to access 
both males to interpret the motivational context of their choice (eg xenophobia, 
nepotism, mate choice). This was accomplished by placing the female and two males 
into a perspex arena (40 x 40 x 20cm) and recording any agonistic and sexual 
behaviours observed during a ten minute period. These trials were also filmed and 
recorded on video tapes. Unfortunately the motivational context of female choice
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Behaviour

ACTIVE INACTIVE

Familiar
male

Unfamiliar
male Z

Familiar
male

Unfamiliar
male Z

Digging 91.5 (95.0) 218.8 (152) 4.64*** 54.8 (59.7) 46.5 (77.8) 1.67

Wipe-face 0.01 (0.02) 0.02(0.17) 0.81 0.14 (0.09) 0.06 (0.05) 2.37*

Scratch 0.21 (0.20) 0.18 (0.17) 1.62 0.41 (0.24) 0.35 (0.12) 0.84

Wallow 0.25 (0.23) 0.17 (0.15) 0.94 0.65 (0.05) 0.35 (0.12) 0.42

Table 6.6. Mean (± s.d.) duration of digging and rate of 'autogrooming' behaviours (wipe-face, scratch, 
wallow per minute) exhibited by reproductively active and reproductively inactive females when in the 
familiar and unfamiliar Y-maze arm. * p <  0.05,** p  < 0.01, *** p  < 0.001, Wilcoxon matched-pairs 
test (Z).

could not be determined from these trials. No agonistic or sexual behaviours were 
observed. Mole-rats interacted rarely, most interactive behaviours comprising brief 
mutual sniffing or, rarely, gentle nudging. Typically mole-rats spent most of their 
time attempting to escape from the arena which obviously proved unsuitable for 
mole-rats.

After completion of the above trials females were housed long term with one 
familiar related male and one unfamiliar unrelated male. Table 6.9 summarises 
relevant aspects of colony reproduction. After 47 days the female in colony D escaped 
and died ruling this colony out of further analysis. Mating was never observed in any 
of the remaining mate choice colonies. However in at least seven out of the nine 
colonies females must have mated: females in five out of the nine colonies gave birth 
to litters and in one colony the female is pregnant and in another the female's vaginal 
closure membrane was perforate. Given the short behavioural estrus of naked mole- 
rats, two to twenty four hours (Jarvis, 1991), it is not suprising that mating was not 
observed. Of those colonies that reproduced, pup mortality was low and recruitment 
high at a mean of 73.9%. Young bom were toe clipped for later identification and the 
tissue stored at -70° C to allow future determination of paternity by DNA 
fingerprinting. Additionally all dead pups were also removed and tissue stored for 
determination of paternity. Furthermore it was decided that behavioural analysis of 
the video tapes would not elucidate female motivation, which instead would be 
inferred from behavioural interactions once females and males were housed together.
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Reproductively active Reproductively inactive

Female Mean ± (s.d.) t Female Mean ± (s.d.) t

A 0.26 (0.51) 1.45 I 0.21 (0.21) 2.92*
B - 0.36 (0.61) 1.69 J - 0.12 (0.66) 0.49
C 0.14 (0.72) 0.53 K - 0.17 (0.45) 1.00
D 0.44 (0.27) 4.52 ** L 0.15 (0.69) 0.64
E 0.13 (0.68) 0.55 M 0.17 (0.40) 1.15
F - 0.19 (0.58) 0.93 N 0.05 (0.61) 0.25
G 0.06 (0.44) 0.37 O 0.12 (0.62) 0.51
H 0.19 (0.43) 1.17 P - 0.09 (0.67) 0.34

All
females 0.08 (0.25) 0.94

All
females 0.04 (0.15) 0.77

Table 6.7 Mean (± s.d.) of log ratio of preference for reproductively active (A-H) and reproductively 
inactive females (I-P) tested with related and unrelated males, t indicates the f-test statistic, * indicates 
where the preference is significantly different from 0 at p  < 0.05, ** at p <  0.01, d.f. = 7.

No serious female-male agonistic interactions, such as biting and gaping, were 
observed in any of the colonies. Towards the end of the period that they were housed 
together females were sometimes observed shoving males. Shoving by females 
occurred too infrequently to analyse quantitatively. However where females shoved, 
both males appeared to be equal recipients. Male-male agonism was observed in only 
one colony. In colony C, 190 days after being housed together, both males were 
observed shoving each other. Of both males, the familiar related male initiated shoves 
more frequently and intensely. The following day the unfamiliar unrelated male was 
found severely injured and was euthanased. In three other colonies one of the males 
died (table 6.9). In colony J the unfamiliar unrelated male died after 39 days and in 
colony I the unfamilar unrelated male died after 48 days, in colony E the familiar 
related male died after 220 days. No evidence of fighting was found eg scarring. In all 
instances post mortem examination failed to reveal the cause of death.
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ACTIVE INACTIVE

Related Unrelated Related Unrelated
Behaviour male male______ Z________ male_______ male______ Z

D igging 113.2(137) 118.9 (130) 0.30 83.0(118.4) 58.8(80.7) 0.74

Wipe-face 0.23(0.58) 0.46(1.22) 1.15 0.09 (0.08) 0.28(0.41) 1.69

Scratch 0.27(0.41) 037(0.60) 1.57 0.25(0.20) 1.56(3.4) 1.82

Wallow 034(0.41) 0.77(1.40) 1.57 0.05(0.04) 3.77(8.8) 2.10*

Table 6.8. Mean (± s.d.) duration of digging (seconds) and rate of 'autogrooming’ behaviours (wipe- 
face, scratch, wallow per minute) exhibited by reproductively active and reproductively inactive 
females when in the related or unrelated Y-maze arm. * p  < 0.05; ** p  < 0.01, Wilcoxon matched-pairs 
test (Z).

6.4 DISCUSSION
Females did not discriminate between related and unrelated males suggesting 

that the criterion for recognition is not detection of genetic similarity per se. However 
an absence of discrimination does not logically imply the absence of recognition, and 
this study does not rule out the possibility that naked mole-rats possess a true kin 
recognition mechanism, as defined by Grafen (1990). Reproductively active females 
discriminated between males. They exhibited a preference for unfamiliar over familiar 
males, spending significantly more time in the Y-maze arm(s) adjoining the 
‘unfamiliar’ male(s) and attempting to access unfamiliar males. A mechanism 
involving familiarity is often proposed to be the most common mechanism used in the 
recognition of kin (Holmes & Sherman, 1982; Hepper, 1991). This mechanism 
depends upon the ability of animals to treat as kin those conspecifics with whom they 
have associated during certain periods of their lives (Holmes & Sherman, 1982; 
Hepper, 1991). Correct identification of kin occurs because, under natural conditions, 
there is normally a reliable correlation between genetic relatedness and the 
spatiotemporal component of association. Holmes and Sherman (1982) suggest that 
species displaying kin recognition through familiarisation (social learning) are those 
with a low probability of mixing with relatives of varying degrees of relatedness or 
non-relatives during development. Naked mole-rats occupy discrete burrow systems 
and high levels of inbreeding and low levels of dispersal means that colony members 
rarely encounter unrelated conspecifics. Thus recognition by familiarity would 
function as a simple yet highly efficient kin recognition mechanism in naked mole- 
rats.
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The motivation underlying a preference for unfamiliar males could be 
interpreted as mate choice or xenophobia. A xenophobic response towards 'foreign' 
conspecifics by colony members is well documented (Jarvis, 1991; Lacey & Sherman, 
1991; O'Riain et al., 1997). However, when females were allowed to access males 
after trials or were housed long term with males, no serious aggressive interactions 
between females and males were observed. That only reproductively active females 
exhibited a preference for unfamiliar males suggests that the motivation underlying 
such a preference is mate choice.

Inbreeding depression is a strong and persuasive phenomenon in living 
systems (Charlesworth & Charlesworth, 1987), and many specific mechanisms have 
evolved throughout the plant and animals kingdoms to prevent inbreeding 
(Uyenoyama, 1988; Blouin & Blouin, 1988). Dispersal and a preference for 
unfamiliar conspecifics as mates are two commonly occurring inbreeding avoidance 
mechanisms (Packer & Pusey, 1986; Blouin & Blouin, 1988). This is because under 
natural conditions there is normally a reliable correlation between relatedness and 
familiarity (Holmes & Sherman, 1982; Hepper, 1991). Although neighbouring 
colonies of naked mole-rats are often closely related due to colony fissioning, inter- 
colony relatedness is always lower than intra-colony relatedness (Reeve et al., 1990; 
Honeycutt et al., 1991). Dispersers, although rare, have been identified in the wild 
and in captive colonies (Braude, pers. comm.; O'Riain et al., 1996). A preference by 
reproductively active females for unfamiliar males would under natural conditions 
result in outbreeding. Paterinity analysis, using DNA fingerprinting, of young bom in 
mate choice colonies is underway and will ultimately reveal the mate choice of 
females. Similarly O'Riain et al. (1996) found that disperser males exhibited a 
preference for unfamiliar unrelated conspecifics over familiar related conspecifics. 
Whereas a mechanism which prevents incestuous matings within colonies may be 
absent, dispersal and a preference for unfamiliar conspecifics can be seen as two 
mechanisms which promote outbreeding in naked mole-rats.

Dispersal appears to be strongly male biased (O'Riain et al., 1996). That males 
do not compete intensely for breeding vacancies within colonies (chapter four), 
whereas reproductively active females frequently fight to the death (chapter three, 
Jarvis, 1991) may predispose males to disperse (O'Riain et al., 1996). Dispersers are 
known to form colonies with opposite-sexed animals. However rates of successful 
colony formation and survival of nascent colonies are extremely low (Braude pers. 
comm.). An alternative behavioural strategy by dispersers may be to join foreign 
colonies. Despite the marked xenophobia typically displayed by colony members 
there are instances of males being accepted into foreign colonies (Jarvis pers comm; 
Braude pers comm, Clarke unpublished results). The low survival of nascent colonies 
and a strong male biased dispersal suggests that joining foreign colonies may be the

133



most common dispersal strategy. The demonstration in this study of a consistent 
preference for unfamiliar males by reproductively active females (queens) suggests 
that despite the problems of being accepted into foreign colonies, and the large 
number of potential reproductive competitors for a few breeding vacancies, disperser 
males have a high probability of breeding. Indeed there are at least two instances 
where foreign males have not only been accepted into captive colonies but have 
become the breeding male (Jarvis pers. comm.). Furthermore in a field study Braude 
(pers. comm.) found a marked naked mole-rat moving between different colonies. 
These may be examples of the 'rare male advantage' in which females actively chose 
males bearing the most uncommon phenotype (Partridge, 1988). Given that 
reproduction is highly skewed in colonies, even a small number of dispersal events 
may have a large impact on the genetic structure of naked mole-rat colonies.
It is not clear to what extent, if any, naked mole-rats are affected by inbreeding 
depression. Inbreeding depression results mainly from the unmasking of deleterious 
recessive alleles and, to some extent, the loss of heterosis (Charlesworth & 
Charlesworth, 1987; Pusey & Wolf, 1996). It could be argued that extant colonies of 
naked mole-rats do not suffer greatly from the problems resulting from inbreeding 
depression since the more a population inbreeds the less costly inbreeding is likely to 
become (McGregor, 1989; Pusey & Wolf, 1996). This is because most deleterious 
recessive alleles are likely to have been lost over the cost of their evolutionary history 
and the genetic differences between mates (and thus the differences in fitness 
consequences of choosing one individual rather than another) is reduced (Barnard & 
Aldhous, 1991). However, it is unlikely that purging can be so complete that 
inbreeding depression is only a temporary phenomenon. Purging of slightly 
deleterious mutations under moderate selection through inbreeding is less effective 
and fixation of such alleles is likely to occur through Muller's ratchet (Charlesworth 
& Charleswoth, 1987; Barrett & Charlesworth, 1991). In some verbal models it has 
been proposed that a moderate level of inbreeding is advantageous because it 
maintains favourable interacting alleles that would be genetically disrupted by mating 
with a genetically very different mate (Bateson, 1980; 1983; Shields, 1982). There is 
some evidence from laboratory studies that females prefer distantly related males over 
non-kin eg. quail, Coturnix coturnix (Bateson, 1982); zebra finch (Slater & Clements, 
1981); and white-footed mouse, Peromyscus leucopus (Keane, 1990). 'Outbreeding 
depression' has been documented in crosses between genetically divergent 
populations, although there is little evidence that it occurs within populations. 
Nevertheless, the most parsimonious explanation for inbreeding in naked mole-rats 
colonies is that it is attributable to the prohibitive costs associated with dispersal 
rather than to any benefits associated with inbreeding (Jarvis et al., 1994). The 
discovery of two mechanisms, dispersal and a preference for unfamiliar mates, which
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promote outbreeding, suggests that naked mole-rats have not escaped the effects of 
inbreeding depression.

Discrimination may be dependant on the context and the motivational state of 
the individual (Sherman et al., 1997). For example, female house mice prefer as mates 
males with dissimilar MHC genotypes (Egid & Brown, 1989; Potts et al., 1991), 
apparently to avoid inbreeding (Potts et al., 1994). However, when females are 
pregnant or lactating, they form communal nesting and nursing associations with 
females that have similar MHC genotypes, which are usually close kin (Manning et 
al., 1992; 1995). Interestingly, human females also prefer odours of males with 
dissimilar MHC genotypes, except when they are taking birth control pills; in that 
case, they prefer the odours of males with similar genotypes (Wedekind et al., 1995; 
Wedekind & Fiiri, 1997). Wedekind et al., (1995) suggested that the basis of the 
former choice is optimal outbreeding, whereas the latter indicates nepotistic kin 
recognition by (pseudo-) pregnant females. Discrimination by female naked mole-rats 
appears to be dependant on their reproductive status. In this study reproductively 
active females preferred unfamiliar males, whereas inactive females typically did not 
discriminate. Similarly, O'Riain et al. (1996) found that disperser males display a 
preference for unfamiliar unrelated conspecifics. Interestingly, non-disperser males, 
who were also reproductively active, preferred familiar related conspecifics 
suggesting that a preference for unfamiliar conspecifics by males is not the result of 
being reproductively active per se.

In this study environmental cues were controlled for by housing males singly, 
in uniform environments. Therefore it is assumed that the recognition cues evaluated 
by females were individual-specific cues produced endogenously by males and were 
of genetic origin. Effective discrimination between familiar and unfamiliar 
conspecifics who, due to colony fissioning, may be closely related, suggests that the 
genes coding for recognition cues in naked mole-rats must be highly polymorphic. 
MHC loci remain prime candidates for involvement in mate choice. The Class I and II 
genes of the MHC are the most polymorphic coding loci known for vertebrates with 
over 100 alleles described for some species (Klein, 1986). Chemical cues (odours) are 
widely used as recognition cues because they require little energy to produce and are 
potentially information rich (Sherman et al., 1997). MHC molecules may determine 
individual odour either directly through binding of volatile molecules or indirectly by 
controlling an individual's commensal bacteria (Singer et al., 1997; Zavazava & 
Eggert, 1997). Although naked mole-rats also have well developed olfactory 
capabilities (Jarvis & Bennett, 1991), females in this study typically did not 
discriminate between odours. However when odour samples were replaced with 
males, reproductively active females discriminated on the basis of familiarity. This 
does not rule out the possibility that odours are used as recognition cues but may

135



merely reflect the stronger behavioural response elicited in females by live males. 
However it is possible that different types of cues are evaluated. The design of the Y- 
maze allowed not only chemical but also tactile and auditory communication between 
the female and males. Although tactile communication was limited to touching of 
noses or whiskers, mole-rats could communicate freely using vocalisations. 
Vocalisations may be the primary mode of communication in naked mole-rats. 
Seventeen different types have been identified, an unusually large number for a small 
rodent (Pepper et al., 1991). The function of many of these vocalisations are 
unknown, or have been inferred from their context, and may include one mating and 
four agonistic vocalisations. Unfortunately vocalisations were not recorded in this 
study as most are barely audible and include ultrasonic frequencies. It is assumed that 
visual cues played little or no part in the discrimination process as the visual centres 
of the brain and eyes are reduced and it is thought that naked mole-rats cannot 
perceive images (Jarvis & Bennett, 1991).

Olfactory contact with odour samples or males appeared to cause mild 
irritation of the mole-rats' nasal region with most individuals wiping their face with 
their forefeet at a high rate. Other 'autogrooming' behaviours that were frequently 
observed in the Y-maze were scratching and wallowing. During wallowing, an animal 
rubs its shoulders or flanks against the bottom or the sides of the tunnel immediately 
after urinating. Wallowing often immediately precedes or follows scratching of the 
head and shoulders. Scratching following wallowing or urination is much more 
vigorous and exaggerated than the scratching normally associated with grooming 
(Lacey et al., 1991). It is assumed that after urination in communal toilet areas, 
wallowing and scratching are two ways in that colony members can cover themselves 
with urine and faeces, thereby acquiring or reinforcing their own odour or that of the 
colony (Lacey et al., 1991). There was no clear trend in the rate that these behaviours 
were performed in odour and social preference trails. All three behaviours were 
performed by both reproductively actrive and inactive females and in each arm of the 
Y-maze at similar rates. However odour from unfamiliar or unrelated males resulted 
in reproductively active females wallowing at a higher rate and odour from unfamilar 
males resulted in reproductively inactive females wallowing at a higher rate.
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Chapter 7: Dispersal

7.1 INTRODUCTION
Dispersal and a preference for unfamiliar conspecifics as mates are two 

common outbreeding mechanisms (Blouin & Blouin, 1988; Pusey & Wolf, 1996). 
However, strong ecological constraints limit dispersal and make incestuous breeding 
in naked mole-rats, under most circumstances, a relatively secure fitness option 
(Sherman etal., 1992; Jarvis & Bennett, 1991; Jarvis et al., 1994). Dispersal by naked 
mole-rats is rare, and only recently has a dispersal phenotype been found in wild 
(Braude, pers. comm.) and captive colonies (O'Riain et al., 1996). They are big, fat, 
and reproductively active, and appear built for dispersal (O'Riain et al., 1996). 
Dispersers are typically males, actively seek to leave their natal burrow whenever an 
opportunity arises, and are armed with generous fat reserves to survive the journey. 
They are sexually primed, with high levels of luteinizing hormone, yet show no 
interest in the queen and prefer to associate with foreign mole-rats. Furthermore they 
are lazy, showing little interest in working cooperatively in their natal colony. It 
therefore appears that dispersers are perfectly equipped for leaving their natal colony, 
joining another colony or forming a new colony with an opposite sexed animal, and 
thus promoting the exchange of genes between otherwise isolated populations.

A strong male biased dispersal suggests that joining foreign colonies is the 
most common dispersal strategy, yet it is unclear how dispersers could join foreign 
colonies. Theoretical evidence suggests that all non-breeding colony members may 
suffer a reduction in indirect fitness benefits, if a foreign unrelated male breeds. 
Previous transfer experiments in which individuals were introduced into ‘foreign’ 
colonies, suggest that naked mole-rats fail to discriminate between foreign kin and 
non-kin and reject both (O'Riain et al., 1997). However the reproductive status of 
transferred mole-rats may affect the outcome of such transfer experiments. O'Riain et 
al. (1996) introduced non-breeding males and females into foreign colonies. 
Introduction of non-breeding males and females may signal the invasion by a 
neighbouring colony and thus elicit aggression among colony members, whereas the 
introduction of reproductively active males may signal a dispersal event and elicit a 
different behavioural response. Reproductive activation in dispersing males may aid 
inter-sexual recognition and facilitate pair-bond formation. It has been suggested that 
male common mole-rats are sexually primed all year round, despite being seasonal 
breeders, because it affords them a greater chance of successful assimilation into
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foreign colonies (Spinks et al.t 1997). Additionally disperser males are known to 
exhibit distinct behavioural and morphological differences from other colony 
members, other than being sexually primed, which may aid successful dispersal 
(CRiain etal., 1996).

During a short visit to the University of Cape Town, South Africa, I 
investigated the behaviour of dispersers when introduced into foreign colonies and the 
behavioural response of resident colony members to transferred mole-rats. 
Specifically I set out to test if dispersers, and other males, are accepted into foreign 
colonies, and whether colony members discriminate between transferred mole-rats on 
the basis of relatedness, familiarity, or reproductive status.
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7.2 METHODS & MATERIALS

Housing
Housing and husbandry of naked mole-rats at the University of Cape Town is 

similar to that at the Institute of Zoology (chapter 2.1). The only difference is that the 
perspex tunnels connecting toilet, nest, and food chambers are square in section and 
the top of the tunnel is removable. This allowed easy access to mole-rats (see ethical 
considerations).

Males
O' Riain et a l  (1996) identified dispersers as mole-rats that frequently escaped 

from their natal colonies, exhibited a preference for unfamiliar conspecifics over 
familiar individuals, were reproductively active, and had a significantly greater total 
body fat than colony mates of similar body mass and age. In this study O'Riain's 
protocol was followed except that due to time constraints it was not possible to test 
the social preference of escapees or to measure their body fat. Colonies at the 
University of Cape Town were examined for the presence of dispersers by providing 
escape opportunities for mole-rats by opening up a section of the tunnel and trapping 
any escapees. Blood samples were collected from these frequent escapees and 
testosterone levels determined to confirm reproductive status. Captive colonies at the 
Institute of Zoology were also examined for presence of a dispersal phenotype. No 
dispersers were found.

Twelve males, matched for body weight with 'dispersers1, were selected from 
one colony. A reproductively active group of males was formed by removing six of 
these males and housing them singly for at least 17 days before they were used in 
trials. Concentrations of plasma luteinising hormone (LH) and urinary testosterone 
titres increase significantly in non-breeding males that are singly housed, with urinary 
testosterone reaching levels comparable to breeding male after approximately five 
days (Faulkes & Abbott, 1991). The six remaining males were left in their natal 
colony (except for the sort periods they were used in trials), and formed the 
reproductively inactive male group. Non-breeding males remaining in their natal 
colony are reproductively inactive (Faulkes & Abbott, 1997). The mean weight of 
dispersers, singly-housed, and colony-housed males was 50.8g, 38.5, and 49.8g, 
respectively (table 7.1). These male groups did not differ significantly in body weight 
(One-Way ANOVA; F2iU  = 1.34, p > 0.05).
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Testosterone determination
Blood samples were collected from all test males and assayed for testosterone 

to confirm the reproductive status of the males. Three blood separate samples were 
collected from each male at two week intervals. Collection took place at the same

time of day to control for possible circadian secretion of testosterone. 300 to 400 pi 
blood samples were obtained by pricking the tip of the tail with a scalpel and 
collecting the blood in heparinized microhaematocrit tubes by capillary action. The 
wound was then treated with an antibiotic powder (Aureomycin). Samples were 
placed on ice immediately, then centrifuged at 2400 rpm for 15 minutes, and the 
plasma stored at -20oC until hormone determination. Testosterone concentrations 
were determined in diethyl ether-extracted plasma (5-20 pi) by radioimmunoassay 
using biogenesis rabbit anti-testosterone antibody no. 8680-6004, as previously 
described and validated for the naked mole-rat (Faulkes, 1990; Faulkes et al., 1991b).

Experimental protocol
I investigated the behavioural responses of resident mole-rats to a foreign 

mole-rat by transferring individuals from one experimental colony to another. 
Transferred mole-rats were introduced into six large captive colonies derived from 
two different types of wild stock, Mitito Andei and Lerata. Multilocus DNA 
fingerprinting and mtDNA sequence analysis has revealed that Mitito Andei and 
Lerata are genetically divergent from one another (Faulkes et al.t 1997b). Males were 
introduced into colonies composed of unfamiliar kin (same wild/genetic stock) or 
unfamiliar non-kin (different wild/genetic stock), to explore the effects of relatedness 
on acceptance/rejection. Males were introduced singly into the toilet chamber of 
colonies (although never the same colony more than once), taking care not to disturb 
resident colony members. Disperser and reproductively inactive males were returned 
to their natal colonies after trials whereas reproductively active males were housed 
singly throughout the experiment. Each colony was exposed to a maximum of three 
test males each day, with at least a two hour gap between introductions. During 
transfer experiments the behaviour of the test male and interactions with colony 
residents were recorded for a maximum of 15 minutes. As a control, resident males 
were removed for a short period (<10 minutes) before being reintroduced into their 
natal colonies, and interactions between the introduced resident and other conspecifics 
recorded for 15 minutes. This was to control for the experimental effects of handling 
and transferring mole-rats. Acceptance or rejection of the transferred males was 
determined on the basis of behavioural interactions between transferred males and 
resident colony members. It was not possible to accurately record the intensity of 
aggression due to ethical considerations that no physical harm be experienced by any
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of the interactants. This necessitated that I intervene whenever the potential for 
serious injury existed, effectively preventing an assessment of the aggression rate.

Ethical considerations
The ethics committee at the University of Cape Town was consulted prior to 

the start of experimental work, and their recommendations complied with fully. The 
experimental design ensured that no individuals were subjected to physical harm 
during the experiment. Of paramount importance was our ability to terminate any 
experiment at the point when the foreigner and the residents had initiated the 
ritualised act associated with conspecific aggression but prior to the occurrence of any 
potential injurious aggression. The former took the form of shoving, open mouthed 
gapes, incisor fencing, toothlocking and biting, typically followed by a rapid retreat 
by the foreign individual. By ensuring that I had immediate access to interactants (by 
removing the roof of the burrow) at all stages during the experiment I was able to 
intervene prior to the escalation of ritualised aggression. When the roof of the burrow 
system is removed all mole-rats freeze, enabling us to terminate immediately any 
interactions. I intervened in every experiment in which I witnessed an escalation in 
the ritualised form of aggression (i.e. all rejections). In this way no individual in any 
of the experiments sustained any physical injuries.

Data analysis
Acceptance or rejection in dyadic encounters was recorded as a categorical 

variable with two states, accept or reject. Here a single attack on a foreign mole-rat 
was sufficient for a trial to be categorised as reject. Differences in the proportion of 
acceptance into colonies, for dispersers, reproductively active males, and 
reproductively inactive males, were tested using Pearson’s Chi-square test. It is 
assumed that for each trial the probability of being accepted was the same for each 
male.
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7.3 RESULTS

Frequent 
escapee males

Singly housed 
males

Colony housed 
males

Body weight (g) 50.8 ±14.3 38.5 ±16.8 49.8 ±9.1
mean ± s.d. (n = 5) (n = 6) (n = 6)

Plasma testosterone 6.40 ±5.1 6.71 ±3.7 0.32 ±0.21
mean ± s.d. (n = 5) (n = 6) (n = 6)

Table 7.1 Mean (+ s.d.) body weight (g) and plasma testosterone concentrations (ng/ml) of five 
frequent escapee males (dispersers), singly housed males, and colony housed males, (n = number of 
males).

7.3.1 Identification o f dispersers
Seven frequent 'escapee' mole-rats, six males and one female, were identified 

in four captive colonies. Over a 16 hour trapping period, the mean escape frequency 
for these mole-rats was nine escapes (range: 6 to 14 escapes). Other colony members 
never attempted to escape or escaped once. The 'escape response' of these individuals 
was very pronounced. After escaping and being returned to their natal colonies, these 
frequent escapee mole-rats would often immediately return to the opening in the 
burrow system, and attempt to escape again. The morphology of frequent escapee 
mole-rats was also noticeably different from other colony members. Frequent escapee 
mole-rats were generally short wide mole-rats, more robust than other colony 
members of similar age and body length. Although body fat was not measured, 
frequent escapee mole-rats had heavy jowls and thick upper hindlimbs, suggesting 
thick fat deposits in these areas. The colonies containing frequent escapees were very 
large for captive colonies, containing 67, 52, 49 and 47 animals.

Plasma testosterone concentrations of colony housed males were significantly 
lower than the plasma testosterone concentrations of frequent escapee and singly 
housed males (One-Way ANOVA F 2J 4 = 6.24, p  < 0.02; table 7.1). The plasma 
testosterone concentrations of frequent escapee males and singly housed males did not 
significantly differ. The plasma testosterone concentration of one frequent escapee 
male was below the sensitivity of the assay, and this male was excluded from the 
above statistical analysis. Plasma testosterone concentrations indicate that five of the 
frequent escapee males and all singly housed males were reproductively active and 
confirms that colony housed males were reproductively inactive. From this point 
forward I shall refer to these five frequent male escapees as dispersers and only data
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Figure 7.1 Percentage of trials (+ s.d.) in which disperser males, 
reproductively active males, and reproductively inactive males were accepted 
into (a) foreign colonies, and (b) foreign colonies composed of either related 
conspecifics (kin) or unrelated conspecifics (non-kin). Active = 
reproductively active males; inactive = reproductively inactive males; and n = 
number of trials in which males were introduced into foreign colonies.



from these five males is included in the calculation of transfer experiments results 
(see below). It is assumed that these males are the same dispersal phenotype identified 
by O'Riain etal. (1996).

7.3.2. Transfer experiment
Typically, resident mole-rats were xenophobic towards foreign mole-rats. The 

level of acceptance was low for dispersers, reproductively active males, and 
reproductively inactive males (figure 7.1a). Control males were always accepted into 
their natal colonies indicating that introduction procedures did not influence the 
behaviour of resident colony members. Resident mole-rats showed similar levels of 
acceptance of both reproductively active and reproductively inactive males (figure 
7.1a). Although not statistically significant, resident mole-rats were more than twice 
as likely to accept disperser males than reproductively active or reproductively

inactive males (%2 = 3.96, d.f. = 2, p  = 0.14). Resident mole-rats were equally likely

to accept 'related' males and 'unrelated' males into colonies (figure 7.1b), indicating 
that discrimination is not dependent on relatedness.

Qualitative evidence points to a different behavioural strategy employed by 
dispersers compared to other males. On introduction into foreign colonies 
reproductively active and inactive males typically behaved in the following manner. 
They would remain at the point of introduction (toilet chamber) and attempt to escape 
or advance cautiously up the tunnel system where they would quickly encounter a 
resident colony member. Upon encountering a resident colony member, they behaved 
aggressively or were submissive and retreated. Transferred mole-rats who behaved 
aggressively were instantly attacked and rejected, and even where they were 
submissive, in most cases they were attacked. In contrast, dispersers were frequently 
observed to immediately leave the point of introduction (toilet chamber) and move 
rapidly through the tunnel system until they found the nest chamber. On encountering 
the nest chamber, dispersers would typically bury themselves among the resident 
colony members and remain motionless. Colonies became disturbed at the presence of 
a foreign mole-rat among them, evidenced by increased activity, but in many 
instances appeared unable to effectively locate the foreigner. In all cases where these 
dispersers were not rejected they remained motionless and passive in the nest 
chamber despite being inspected and shoved by resident colony members. In all 
instances where dispersers were rejected from colonies they left the nest chamber, 
usually after being aggressively shoved by several colony members, and returned to 
the tunnel system where they were then attacked. Measures taken to avoid injury to 
mole-rats proved successful. No mole-rat received injuries.
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7.4 DISCUSSION
As O’Riain et al. (1996) previously found, dispersers were only present in a 

few captive colonies at the University of Cape Town, all of which were large (> 45 
individuals) and well established. Only three colonies at the Institute of Zoology met 
these criteria, and none contained dispersers. It may be that once a certain colony size 
is reached there can be no further increase in inclusive fitness accrued by mole-rats if 
they stay and help rather than disperse. For once a certain colony size is reached, any 
additional recruitment of helpers does may lead to any further increase in pup survival 
(Jarvis, 1991). These 'surplus1 helpers may therefore only be able to increase their 
inclusive fitness further by dispersing. This coupled with a decrease in the probability 
of personal reproduction among non-breeders with increasing colony size (Alexander 
et al., 1991) may, under certain conditions, make the net fitness benefits of successful 
dispersal greater than that of philopatry and cooperation. Favourable environmental 
conditions, such as high rainfall, may tip the balance in favour of dispersal. High 
rainfall softens soil and makes digging easier for mole-rats (Brett, 1991a; Jarvis et al., 
1994) which, assuming mole-rats do not disperse overground, should decrease the 
energetic cost of dispersal. The eusocial Damaraland mole-rat, an obligate outbreeder, 
is dependent on high prolonged rainfall for dispersal (Jarvis & Bennett, 1993; Rickard 
& Bennett, 1995). The paucity of evidence for dispersal by naked mole-rats in the 
wild may reflect the suboptimal environmental conditions in east Africa for dispersal 
over the last two decades .

In the transfer experiment, males removed and then reintroduced into their 
natal colonies (controls) were always accepted. Foreign males were usually rejected 
but rejection/acceptance into colonies was not dependent on the relatedness of 
transferred mole-rats. These results are in agreement with those of chapter six and 
suggest kin recognition by familiarity and not through the detection of genetic 
similarity. Rejection of foreign mole-rats may be an attempt to exclude those 
individuals from the resources that the burrow system provides. Foreign individuals 
may elevate costs, threatening colony, and hence individual, survival by parasitizing 
the colony workforce (consuming colony food but not assisting in foraging) and by 
increasing pressure on limited food resources. Rejection of foreign mole-rats may 
alternatively be an attempt to exclude foreign individuals from reproductive 
opportunities within colonies. The probability of resident males accruing direct fitness 
benefits would diminish if foreign males were accepted since these males are 
potential reproductive competitors. Additionally, males and females may suffer a 
decrease in inclusive fitness benefits if an incoming unrelated male breeds. The 
existence of an efficient mechanism for discriminating between relatives (colony 
members) and unrelated individuals (non-colony members) and of a highly efficient
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colony defense system (Lacey & Sherman, 1991) suggests an evolutionary history of 
repeated competition between individuals in neighbouring colonies.

Resident mole-rats showed similar levels of acceptance of both reproductively 
inactive males and reproductively active males, suggesting that acceptance/rejection 
is not dependent on the reproductive status of males. Although not significant, 
disperser males tended to be more likely to be accepted into foreign colonies than 
other male phenotypes. Because transfer trials were terminated after 15 minutes, it 
was not possible to determine the reproductive success of males accepted into foreign 
colonies. A female preference for unfamiliar males as mates indicates that they would 
have a high probability of becoming breeders (chapter 6). Furthermore, there are two 
instances in the laboratory where escaped mole-rats were accepted into foreign 
colonies and became breeders (Jarvis, pers. comm.). The behaviour of dispersers in 
this study was qualitatively different from other males. They showed affiliative 
behaviour when introduced into foreign colonies, seeking out the nest chamber, yet 
behaved passively even when harassed by resident mole-rats. Even within their natal 
colony dispersers are behaviourally distinct from other colony members, cooperating 
minimally in colony maintenance activities and displaying a heightened frequency of 
locomotory and feeding activities (O'Riain et al., 1996).

Even with the demonstration that dispersers are occasionally accepted into 
foreign colonies and that breeding females may preferentially choose these males as 
mates (chapter 6), naked mole-rats remain the most inbred mammals known (Reeve et 
al., 1990). Dispersers are rare, and most neighbouring colonies are genetically so 
similar that gene flow must be severely limited. Naked mole-rats are, for the most 
part, xenophobic and incestuous. However, the significance of two mechanisms that 
promote outbreeding, dispersal and a mate choice for unfamiliar conspecifics, 
indicates that inbred as they are and almost entirely lacking genetic variation, even 
naked mole-rats have their limits.
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Chapter 8: General Discussion

The aim of this study was to investigate the hormonal, behavioural, and 
genetic correlates of dominance and breeding status in captive colonies of naked 
mole-rats, and also to examine kin recognition and female mate choice. In order to 
investigate dominance relationships in animals, agonistic (aggressive) behaviours 
between individuals are often quantified. This may be problematical in established 
social groups where overt aggression is often replaced by more subtle behavioural 
cues that are sufficient to maintain dominance relationships, but make quantification 
difficult. In naked mole-rat colonies where queens are well established, aggressive 
interactions between colony members are usually rare, with the exception of shoving 
by breeders and some high ranking individuals. To investigate dominance 
relationships in this study I analysed both the relatively rare agonistic interactions in 
colonies, and a behaviour that observation suggested reflected dominance, and was 
commonly performed by all colony members, namely the asymmetry of passing 
behaviour in pairs of animals passing in tunnels. Dominance rank calculated from 
passing behaviour showed a strong, and highly significant correlation with dominance 
rank calculated using agonistic behaviour. In Norway rats passing behaviour is also 
strongly associated with agonistic dominance and may be implicated in the 
maintenance of dominance relationships (Ziporyn & McClintock, 1991). Passing can 
essentially be regarded as an agonistic behaviour since it is a contest over right-of- 
way, and proves a useful measure of dominance status in naked mole-rat colonies.

The social structure of naked mole-rat colonies is characterised by a highly 
linear dominance hierarchy. The dominance rank of colony members is dependent on 
their weight, age, and testosterone levels, but not sex. Thus, the most dominant 
animals in the colony tend to be the largest and oldest, having the highest testosterone 
levels. All these variables have been implicated in the attainment of high dominance 
rank in other mammals (Clutton-Brock, 1988). In captive colonies of the Damaraland 
mole-rat, Cryptomys damarensis (Jacobs et al., 1991; Gaylard et al., 1998), and the 
common mole-rat, Cryptomys h. hottentotus (Rosenthal et al., 1991), dominance 
hierarchies are also linear. Theoretical evidence suggests that linearity should decline 
with increasing group size (Chase, 1974; Mesterton-Gibbons & Dugatkin, 1995). 
Mole-rats of the genus Cryptomys show a range in colony sizes but rarely exceed 14 
animals (Jarvis & Bennett, 1993). However, naked mole-rat colonies are considerably 
larger and the high linearity of dominance hierarchies would be difficult to explain if
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it were not for the observation that differences in resource holding potential (size, age, 
testosterone levels) between colony members are large. A large number of age classes 
are present, as offspring are continually recruited into colonies, and due to a strong 
plasticity in growth rates (Jarvis et al., 1991) there are usually clear differences in 
body weight even between littermates. Winner-loser effects may also account for the 
high linearity of dominance hierarchies through psychological reinforcement of 
'losing status' and changes in androgen secretion. Plasma testosterone levels often 
increase after winning, and decline after losing an encounter and may serve to 
polarise the direction of agonistic encounters, either toward domination or 
submission, encouraging the emergence of basically stable dominance relationships 
(Wingfield et al., 1994). Such winner-loser effects may partly explain the intra-sexual 
differences in urinary testosterone levels found in this study. Furthermore, they may 
explain the increase in linearity of hierarchies following queen removal, when intra- 
colony conflict is high and dominance relationships are reordered or reinforced, as 
individuals compete over breeding status.

Social and reproductive dominance are often strongly associated in 
cooperatively breeding mammals with a high reproductive skew, where a few 
dominant individuals can monopolise all reproduction e.g. dwarf mongooses (Creel et 
al., 1992), African wild dogs (Malcolm & Martin, 1982). Naked mole-rats are no 
exception. Queens are the most dominant animals in colonies and breeding males 
amongst the highest ranking males. Similarly, in all social species of mole-rats so far 
studied, the Damaraland mole-rat (Jacobs etal., 1991; Gaylard etal., 1998), common- 
mole-rat (Rosenthal etal., 1992), giant Zambian Mole-rat C. mechowi, and Mashona 
mole-rat C. darlingi (Wallace & Bennett, 1998), reproductives are at the apex of the 
dominance hierarchy. In contrast to naked mole-rats, the breeding male is the largest 
and most dominant individual in Damaraland mole-rat and common mole-rat 
colonies, followed by the breeding female, non-reproductive males, and finally, non- 
reproductive males (Bennett, 1988; Jacobs et al., 1991; Rosenthal, et al., 1992). 
Dominance rank was estimated using a different method to that employed in this 
study. The method, first reported by Aspey (1977) is a much more subjective method 
of calculating dominance rank and caution needs to be applied when comparing 
studies on Cryptomys spp. to those of naked mole-rats.

Aggressive behaviours are relatively rare in captive colonies, and the most 
frequently observed is shoving. A high frequency of shoving in colonies, relative to 
other agonistic behaviours, suggests that this behaviour serves an important social 
function. There is no sex bias in shoving, non-breeding males and females shove at 
similar rates and shoving is correlated with their rank and weight. High ranking and 
large non-breeders tend to shove more. Shoving by naked mole-rats may be used to 
establish and/or maintenance social dominance. That high ranking non-breeders shove
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more may reflect the greater number of subordinates, and potential challengers for 
social status, that high ranking individuals have to dominate to maintain their rank 
positions. There is some evidence that shoving may be influenced by testosterone 
levels in non-breeding males. That testosterone typically mediates male aggression in 
mammals is well established (Barfield, 1984; Bouissou, 1983; Wingfield et al., 1994). 
Although the relationship between testosterone secretion and female aggression has 
not been as extensively researched as in males, at least in female mice and rats, 
testosterone appears to form the foundation of hormone dependent aggression (Albert 
etal., 1991; 1992; 1993; Zielinski & Vandenbergh, 1991).

Despite the finding that shoving is related to social status, for most of the time 
in colonies, particularly during periods of social stability, few non-breeders shove. 
Queens shove far more than other colony members, and breeding males account for 
the majority of the remaining shoves in colonies. Furthermore, the onset of 
reproductive activity in both males and females coincides with the onset, or an 
increase in frequency, of shoving. Shoving by queens has been proposed to function 
to incite work-related behaviours (Reeve, 1992). There is a conflict between the 
queen and non-breeders not only over direct reproduction but also over how much aid 
non-breeders should provide in support of the queen's reproduction. Shoving by 
queens has also been proposed to suppress reproduction in non-breeding colony 
members (Reeve & Sherman, 1991; Faulkes & Abbott, 1997). Reproductive 
suppression is common in hierarchical groups of competitively and cooperatively 
breeding mammals, where dominant individuals may inhibit the reproduction of 
subordinates through behavioural, and other interactions (Solomon & French, 1997). 
Although there is some evidence that shoving does incite work in colony members 
(Reeve, 1992) none was found in this study or by Jacobs & Jarvis (1996). Evidence 
that shoving may suppress reproduction in colony members was found. Queens shove 
those males most likely to become breeders more than other non-breeding males. 
Furthermore, new queens often specifically target and shove, and even kill, 
reproductively active males who are often former breeders, perhaps at an extreme 
attempts at suppressing reproduction in these males. Naked mole-rats appears to lack 
an incest avoidance mechanism and males may pose a significant threat to a queen's 
reproductive hegemony if not suppressed, and mated with other reproductively active 
females. This may explain the lack in sex bias in queen shoving.

Although there are marked hormonal differences between breeders and non
breeders, there is considerable variation in colonies. Elevated progesterone levels of 
some high ranking and large non-breeding females in this study indicate that 
reproductive suppression in females is not always complete. Additionally, 
testosterone levels of some high ranking, large non-breeding males are comparable to 
those of breeding males suggesting they may be reproductively active. Similarly, van
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der Westhuizen (1997) demonstrated that there is not uniformity in the degree of 
reproductive suppression, and that larger and older (and presumably high ranking) 
non-breeding males and females are less suppressed. Queens typically shove high 
ranking and large colony members more than low ranking, small individuals, a 
finding which may suggest shoving is implicated in reproductive suppression. 
Interestingly, where non-breeding females showed physiological signs of reproductive 
activity, these high ranking females were shoved less than other non-breeders. 
Similarly, disperser males, who are reproductively active, are not shoved by queens 
(O'Riain, 1997). Both lines of evidence lend support for the suggestion that shoving 
by queens may be involved in the suppression of reproduction in subordinates. That 
queens also shove breeding males would prove problematical for the above 
hypothesis if it were not for the finding that queens exert control over the 
reproductive physiology of breeding males (Faulkes et al., 1991b). Future studies 
investigating the proximate factors that bring about reproductive suppression in naked 
mole-rats need to examine in more detail the relationship between queen shoving and 
breeding males’ reproductive physiology. Hypotheses for the function of queen 
shoving are not mutually exclusive and I suggest that the most parsimonious proposal 
is that queen shoving serves several functions depending on social context. Shoving 
by queens may be used to establish and maintain reproductive dominance, inhibit 
reproduction in subordinates, and incite work-related behaviours in non-breeding 
colony members, all of which increase the biological fitness of queens.

Social stress may result in the release of glucocorticoids, such as 
corticosterone and cortisol, from the adrenal cortex (Kaplan, 1986; Wingfield et al., 
1994) and changes in adrenocortical activity are often related to social status 
(Armitage, 1990; Davies, 1996; Sapolsky, 1990; Shively et al., 1997). If the rate that 
colony members received shoves from the queen is a reliable indicator of social stress 
then no association between stress and cortisol secretion was evident in this study. 
Furthermore, although in one study colony a positive relationship between cortisol 
levels and rank was found, high ranking individuals had higher cortisol levels, in 
other colonies no relationship was found. Rank-related adrenocortical differences are 
often only seen during periods of social instability (Kaplan, 1986; Sachser & Lick, 
1989). However, no association between cortisol levels and rank are evident in 
colonies undergoing periods of social stability resulting from removal of the queen. 
Indeed, in the colony where a relationship was demonstrated, rank-related differences 
in cortisol levels disappeared during the period of social instability following queen 
removal. Thus, evidence for an association between cortisol concentrations and 
dominance rank in naked mole-rats is, at best, equivocal. Increased adrenocortical 
activity is often associated with an inhibition of reproductive function (Dunbar, 1985; 
Sapolsky, 1990; Wingfield et al., 1994).Urinary cortisol levels of breeders in this
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study were similar to those of same-sexed non-breeders suggesting that cortisol is not 
implicated in the suppression of reproductive function in naked mole-rats. Likewise, 
Faulkes (1990) found no evidence for a causal relationship between cortisol secretion 
and reproductive suppression in naked mole-rats. In those rodents so far studied the 
most predominant glucocorticoid produced is corticosterone. It is possible that 
corticosterone may prove a better index of social stress in naked mole-rats, and future 
studies on naked mole-rats should examine this.

The mechanisms by which reproduction is suppressed amongst subordinate 
mammals may vary. In subordinate male dwarf mongooses and marmosets, as with 
most other cooperative breeders, reproductive suppression of males appears to be 
predominantly behavioural rather than physiological (Abbott, 1993; Creel & Waser, 
1997; Creel et al., 1992). Naked mole-rats are unique amongst singular cooperative 
breeders, including the other Bathyergidae, in that there are physiological changes 
that lead to a block in reproduction among non-breeding males as well as females. 
There is no apparent suppression of sperm production or motility in non-breeding 
male Damaraland mole-rat (Faulkes et al., 1994). The Damaraland mole-rat therefore 
conforms to the more usual pattern of socially-suppressed mammals, in that there is 
no obvious physiological suppression, and the failure to breed in non-breeding males 
apparently results from an exclusion of mating (Bennett, 1994; Bennett et al., 1993; 
Faulkes et al., 1994). This may simply arise from an inbreeding avoidance 
mechanism, because in a typical colony of Damaraland mole-rats, all the non
breeding males will be the offspring of the breeding female (Jarvis & Bennett, 1993; 
Jarvis et al., 1994; Faulkes et al., 1997a). Conversely, in naked mole-rats, in order to 
maintain the reproductive division of labour among males, a physiological mechanism 
seems to be required as they lack the inbreeding avoidance component of Damaraland 
mole-rats. As with the naked mole-rat, in the Damaraland mole-rat, a socially-induced 
suppression of reproductive physiology is apparent in non-reproductive females 
(Bennett et al., 1993). This may prevent the collapse of reproductive control by the 
breeding female if a new male joins the colony following the death of the breeding 
male. The proximate factors involved in the physiological suppression of female 
Damaraland mole-rats are unknown. Certainly, the agonistic behaviour so 
characteristic of a naked mole-rat queen is absent in Damaraland mole-rats.

The absence of a mechanism preventing incestuous mating means that after 
the death of a breeder, new breeders are typically recruited from within naked mole- 
rat colonies. There is no evidence from field studies that foreign females are recruited 
into colonies as breeders (Braude pers. comm.). Whereas foreign males may be 
accepted into colonies and become breeders, dispersal is very rare. The death or 
experimental removal of the queen results in social instability in colonies evidenced 
by an increase in agonistic interactions between colony members and an
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accompanying increase in cortisol levels. Furthermore, females, and often males, 
show a rapid and pronounced weight gain during this period. The highest ranking 
female invariably becomes the new queen. Thus, dominance rank appears to be the 
most important determinant of breeding status in female naked-mole-rats. 
Reproductive succession may involve little female-female aggression with one non
breeding female becoming reproductively active and rapidly assuming reproductive 
dominance. Alternatively, more than one female may contest breeding rights, in 
which case female-female aggression may escalate from prolonged bouts of shoving 
to biting and more severe aggression, which often result in the death of one of the 
combatants. Under natural circumstances females are unlikely to wait for the queen to 
die but will challenge and depose her if they are able to do so. This was observed in 
one study colony where the queen was attacked and killed by the next largest and 
oldest female. The often intense dominance-related aggression exhibited by females 
competing over reproduction is predicted by reproductive skew models (Keller & 
Reeve, 1994; Reeve & Ratnieks, 1993). As skew increases there is a greater payoff to 
the subordinate for aggressively testing the fighting ability of the dominant, since the 
subordinate stands to inherit the large skew if it wins. Fatal fighting in animals 
invariably concerns opportunities for reproduction (Enquist & Leimar, 1990), and the 
severe consequences of fighting have been reported in several groups of mammals, 
e.g. ungulates, primates, carnivores, pinnipeds (Huntingford & Turner, 1987), and 
social insects (Reeve, 1991; Reeve & Ratnieks, 1993). Succession in naked mole-rat 
colonies can be rapid or, in the case where more than one female contests breeding 
rights, may be prolonged, lasting many months. During the establishment of a queen 
in a colony when agonistic interactions are high, associative learning of the dominant 
queen's presence and intimidation may lead to subtle behavioural cues becoming 
conditioned stimuli, leading to continued suppression of reproduction. Once a new 
queen has established her reproductive dominance, agonistic interactions between 
non-breeding colony members become relatively rare.

New breeding males, like new queens, are recruited from among the highest 
ranking colony members. However, in sharp contrast to queen succession, males 
exhibit little competition over breeding vacancies. The death or removal of breeding 
males does not result in a marked increase in male-male agonism or change in the 
cortisol levels of colony members. Males do, however, gain weight during this period 
and those males assuming reproductive dominance begin to shove for the first time or 
increase their rate of shoving. Although this finding suggests that shoving is involved 
in the establishment and/or maintenance of male reproductive dominance, shoving by 
established and new breeding males does not appear to be directed at potential 
challengers i.e. other high ranking males. One explanation of why males compete less 
intensely than females over breeding vacancies is that the male reproductive skew is
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lower than female skew. As discussed, the degree of skew has been proposed to 
influence the intensity of aggressive interactions over reproduction. (Keller & Reeve, 
1994; Reeve & Ratnieks, 1993). Whereas colonies typically contain one queen which 
may reign for several years, the turnover of breeding males is more rapid and at any 
one time colonies may contain several breeding males (Jarvis, 1991; Lacey & 
Sherman, 1997). Males may also accrue direct fitness benefits by dispersing (O'Riain 
et al., 1996). Therefore, on average, males have a higher probability of breeding 
within their lifetime than females and may be less likely to risk serious injury by 
fighting with other males over reproductive opportunities within colonies. 
Nevertheless, a more parsimonious explanation for the lack of intense male-male 
competition over breeding vacancies is that female mate choice may ultimately 
determine which males breed. As discussed, queens exert control over all aspects of 
colony reproduction. Queens solicit and mate with a small subset of high ranking and 
reproductively active colony males yet may reject and harass similar males. Some of 
these males, particularly former breeding males, may even be killed by the queen. 
Thus, the most important determinant of breeding status in both male and female 
naked mole-rats appears to be dominance rank. However, whereas dominance may 
directly determine the direct fitness of females through agonistic interactions, in 
males high rank may confer direct fitness benefits indirectly through a female mate 
choice for dominant males.

In direct contrast to the naked mole-rat, there is no replacement of breeding 
females from within a colony of Damaraland mole-rats when the queen is not present. 
Both laboratory and field studies have show that on the death or experimental removal 
of one of the founding reproductive animals in the colony, breeding in the colony 
ceases (Jarvis & Bennett, 1993; Rickard & Bennett, 1997). Recrudescence of sexual 
activity requires the addition of an unfamiliar male or female to the colony (Rickard 
& Bennett, 1997). Genetic and recapture data from wild colonies (Faulkes et al., 
1997a; Jarvis & Bennett, 1993; Jarvis et al., 1994) and behavioural data from 
laboratory parings (Bennett etal., 1996) provide strong evidence for the avoidance of 
breeding with familiar conspecifics and hence incest avoidance in the Damaraland 
mole-rat. Burda (1995) has found evidence for incest avoidance in the Zambian mole- 
rat Cryptomys amatus. Siblings removed from their colony in captivity and housed 
separately will mate if they are subsequently paired together, suggesting that it is cues 
based on familiarity, rather than genetic recognition of kin, that are used to avoid 
inbreeding. Furthermore, in the common mole-rat and also C. darlingi, a 
physiological block to reproduction in non-breeders of both sexes is absent yet 
individuals avoid mating with familiar conspecifics (Bennett et al., 1997; Spinks et 
al., 1997). It would seem that, probably as a consequence of early divergence in the 
lineages of the two social genera Heterocephalus and Cryptomys (Faulkes et al.,
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1997a), two very different mating systems have evolved within the family 
Bathyergidae. Cryptomys species have retained an incest avoidance mechanism, 
whereas in the naked mole-rats an incest avoidance mechanism is absent.

In contrast to other species of mole-rats which are obligate outbreeders, 
dispersal and outbreeding in naked mole-rats is rare. Dispersal in naked mole-rats is 
male biased. Dispersers are only found in the largest captive colonies suggesting that 
colony size is one important proximate factor promoting dispersal. As colony size 
increases the probability of males accruing direct fitness benefits decreases since there 
are more reproductive competitors for a few breeding positions (Alexander et al., 
1991). Furthermore, once a certain colony size is reached any additional recruitment 
of 'helpers1 into colonies does not lead to an increase in pup survival and individuals 
may only be able to further increase their inclusive fitness by dispersing (Jarvis, 
1991).

As with Damaraland mole-rats, dispersal in naked mole-rats may be triggered 
by favourable environmental conditions such as high, prolonged rainfall (Jarvis & 
Bennett, 1993; Rickard & Bennett, 1997). Dispersers form nascent colonies with 
opposite sexed animals or join neighbouring colonies (O'Riain et al., 1996). A strong 
male biased dispersal suggests that the latter is the most common dispersal strategy. 
Resident colony members discriminate between conspecifics on the basis of 
familiarity, not genetic similarity. Familiar, and therefore normally related, 
individuals are always accepted by colony members, foreign mole-rats are usually 
rejected. Colony members may behave xenophobically towards foreign mole-rats in 
order to protect the burrow system and the valuable resources it contains from 
neighbouring colonies. Foreign mole-rats may also be rejected because they are 
potential reproductive competitors. Resident males would suffer a decrease in the 
probability of breeding is foreign males are accepted. Furthermore, non-breeding 
colony members of both sexes may suffer a decrease in indirect fitness if a foreign 
mole-rat is accepted and breeds because, under natural circumstances, unfamiliar 
individuals are not close relatives. Although colony members are typically 
xenophobic towards most foreign mole-rats and aggressively reject them, disperser 
males are more likely to be accepted into foreign colonies than non-dispersers. The 
behaviour of dispersers when introduced into foreign colonies is qualitatively 
different from non-dispersers which appears to aid acceptance. Thus, it appears that 
dispersers are not only morphologically and physiologically adapted for dispersal 
(O'Riain etal., 1996) but also show behavioural specialisations which aid dispersal.

Reproductively active females (queens) discriminate between males on the 
basis of familiarity and prefer to associate with unfamiliar males. In contrast, 
reproductively inactive females fail to discriminate between males indicating that 
discrimination is dependent on the motivational state of females. That only
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reproductively active females discriminate suggests that the motivation underlying a 
female preference for unfamiliar males is mate choice. A preference by queens for 
unfamiliar males (dispersers) as mates under natural circumstances leads to 
outbreeding. Dispersers also favour unfamiliar over familiar conspecifics as mates 
(O'Riain et al., 1996). Thus, the relatedness of males to the queen may be an 
important factor determining whether they will breed. Paternity analysis using DNA 
fingerprinting' of the offspring produced in mate choice experiments is currently 
underway and will resolve whether naked mole-rats inbreed or outbreed when given 
the opportunity. As discussed, in contrast to other Bathyergid mole-rats, a mechanism 
which prevent incestuous matings within naked mole-rat colonies is absent. Dispersal 
is rare and consequently most matings in colonies are between siblings or between 
parents and offspring (Reeve et al., 1990). Persistent inbreeding in animals often 
results in a substantial decline in fitness (Falconer, 1981; Charlesworth & 
Charlesworth, 1987), and it is not clear to what extent, if any, naked mole-rats are 
affected by inbreeding depression. The discovery of two mechanisms which promote 
outbreeding, dispersal and a mate choice for unfamiliar conspecifics, suggest that 
naked mole-rats have not escaped the effects of inbreeding depression. Future studies 
should investigate the effects of inbreeding versus outbreeding in naked mole-rats. 
This could be achieved by a longitudinal study in which females are mated with kin or 
non-kin and effect on the fitness of progeny from such matings estimated e.g. litter 
size, mortality, sperm deformities, and sterility .

All available evidence indicates that naked mole-rats posses a kin recognition 
mechanism based on familiarity and do not recognise kin through the detection of 
genetic similarity. Non-breeding colony members discriminate between conspecifics 
on the basis of prior association and tend to behave xenophobically towards those 
individuals unfamiliar to them. Furthermore, reproductively active females and 
disperser males prefer to associate with foreign conspecifics of the opposite sex. 
Individual-specific recognition cues, and perhaps also cues derived from the colony, 
are used by naked mole-rats in the discrimination process. Recognition cues are 
probably of genetic origin. Given the low levels of genetic variation in colonies, such 
cues are likely to be coded by genes that are highly polymorphic. MHC loci are prime 
candidates (Brown & Eklund, 1994). Genes of the MHC are involved in recognition 
at the cellular level (self/non-self; Klein, 1986), and at higher levels of biological 
organisation (kin/non-kin; Jordan & Bruford, 1998). The exceptionally high levels of 
polymorphism at MHC loci provide the variability required for a kin recognition 
mechanism (Klein, 1986), and plausible hypotheses exist for the mechanisms by 
which MHC molecules might generate individual odours (Singer et al., 1997; 
Zavazava & Eggert, 1997). A mechanism by familiarity is proposed to be the most 
common mechanism used in the recognition of kin (Holmes & Sherman, 1982;
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Hepper, 1991). All social species of mole-rats discriminate between conspecifics on 
the basis of familiarity. In contrast to the naked mole-rat, all other social mole-rats are 
obligate outbreeders and avoid mating with familiar conspecifics (Bennett, et al., 
1997; Burda, 1995; Jarvis et al., 1994; Rickard & Bennett, 1997). Recognition by 
familiarity would appear to function as a simple yet highly effective kin recognition 
mechanism in mole-rats because under natural circumstances there is a reliable 
correlation between relatedness and the spatiotemporal component of association. All 
mole-rats occupy discrete burrow systems. High levels of inbreeding and low levels 
of dispersal means that colony members have a low probability of mixing with non
kin during early development when learning of recognition cues is most likely to 
occur.

In conclusion, the aim of this study was to elucidate those factors which 
determine the reproductive status of naked mole-rats and to document the 
reproductive succession of males and females. Dominance rank, weight, age, 
testosterone levels, and genetic relationship to breeders are all important determinants 
of breeding status in naked mole-rats colonies. Dominance rank appears to be the 
most important determinant in females, where succession often involves intense 
dominance-related aggression and fatal combat and the highest ranking female 
invariably becomes the new queen. Reproductive dominance in females may be 
maintained through shoving and more subtle behavioural cues between the queen and 
other colony members. Male-male competition over breeding vacancies is weak. 
These results are consistent with ‘skew theory’. Breeding status in males appears to 
be more indirectly determined by dominance rank through a female mate choice for 
high ranking males. Weight, age, and testosterone levels are important factors in the 
attainment of social dominance and therefore reproductive dominance in both males 
and females. However, none of these factors on their own are as reliable a predictor of 
which colony members will become new breeders as is dominance rank. For males, 
genetic relationship to the queen is also an important factor in determining whether 
they will breed. Breeding males and females discriminate on the basis of familiarity 
and show a mate choice for unfamiliar, and consequently, in natural circumstances, 
unrelated individuals.
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