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Breeding male mole-rats (Fukomys) use

strong bites to defend reproductive

monopoly
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Bite force is a simple trait indicating an animal’s performance related to foraging, social dominance,
and defence, all of which influence individual reproductive success. We examine the effect of breeding
status on bite force in four social species of Fukomys, a genus of subterranean African rodents
(Bathyergidae). These species are cooperative breeders, where reproduction is limited typically to a
breeding pair. We collected in vivo bite force data, head width, and upper incisors width from 404
individuals from 75 families and tested whether breeders exhibit stronger bite force. We reveal that
breeding males of all four species outperform non-breeders, with bite force in non-breeding males and
females being 12% and 22% lower, respectively. In contrast, breeding females underperform relative
to other categories, with bite force approximately 31% lower than in breeding males, and many are
reluctant to bite. Head width and upper incisors width corroborate these findings. We propose that
breeding males require a stronger bite force because of repeated competition with non-related males
that may try to enter the family. In contrast, there is much less competition for the breeding position

among females, as females rarely intrude into established families.

In social vertebrates, especially those with remarkable reproductive skew,
the chances of reproduction depends on many factors including body
condition, age, and experience. Breeding individuals must usually defend
their position because they face challenges from rivals within, or outside of
their society' .

Among the various ways to achieve and defend the reproductive privi-
lege, aggressive encounters and combats are among the most common
behavioural strategies. These interactions usually involve sparring and biting
rivals using their prominent extrabuccal incisors’. An often-used proxy for
success in such encounters is bite force™ which is highly correlated with body
mass in vertebrates, as well as the morphology and efficiency of the masticatory
apparatus in mammals™"". Although relevant primarily for digging and sub-
sequent food acquisition and processing in mole-rats e.g."” ™', bite force isalso a
strong predictor of social dominance and reproductive success””™"’. More-
over, bite force is heritable?” and under selection®.

African mole-rats (Bathyergidae) are ideal mammalian models for
investigating biting performance. This rodent family is renowned for its

exceptional adaptations to a subterranean lifestyle and displays remarkable
diversity in social organisation, ranging from strictly solitary through to
highly social, cooperatively breeding species™”. All African mole-rats
excavate extensive underground burrow systems using their incisors to
access both food resources — primarily subterranean storage organs of plants
- and potential mates. While the solitary genus Bathyergus employs scratch-
digging, the remaining five genera (solitary Heliophobius and Georychus,
social Heterocephalus, Cryptomys and Fukomys) are highly specialised
chisel-tooth diggers that excavate by loosening the soil with their
incisors™*.

Several characteristics make social African mole-rats especially rele-
vant for the study of bite force. Their bite force can reach extremely high
values for mammals of their sizes such as 15 N in a 40 g naked mole-rat®,
rivalling mammals with the highest bite forces, bone-cracking hyenas™”".
Their digging behaviour requires a robust masticatory apparatus and con-
siderable bite force to penetrate often consolidated soils****’. Additionally,

aggressive encounters frequently involve tooth-locking and biting””,
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further emphasising the functional importance of bite force. In social
African mole-rats, we might expect an additional driver of higher bite force
in some family members. Although social bathyergids typically live in natal
families based on cooperative monogamy™’, where usually only a pair of the
oldest, genetically unrelated individuals reproduce and the rest are their
offspring, numerous studies have revealed immigration of unrelated ani-
mals into these families, and have demonstrated their participation in
reproduction, and even extrapair paternity from other families’ ™. Such
infiltration into family groups implies intense competition for reproductive
status, in which bite force may play a key role.

In this study, we investigated differences in in vivo bite force between
breeders and non-breeders across four species of northern common mole-
rats of the genus Fukomys. This genus inhabits savanna habitats across a
broad geographic range, extending from the southern margins of the
Kalahari to the Sahelo-Sudanian zone”. Fukomys species are cooperative
breeders with high reproductive skew, but capture-recapture and genetic
studies have revealed the presence of unrelated, usually male, immigrants, as
well as documented cases of extrapair and extrafamilial paternity’*>**,
which likely pose a serious threat to the fitness of established breeding males.
Conversely, breeding Fukomys females exhibit higher tenure and greater
variance in lifetime reproductive success**”’, which may also indicate high
intrasexual competition among females. Higher male-male competition is
supported by evidence of faster growth, wider heads, and larger incisors in F.
damarensis’*, as well as generally larger male body mass in many Fukomys
species'”. In contrast, reduced skull growth in F. damarensis females after
acquiring a breeding position may indicate a reduced bite force"** and
overall lower competition. Since head width and upper incisors width are
traits known to contribute to biting performance in vertebrates™***’, and
together with bite force scale allometrically with body mass® we analysed
them in relation to body mass.

If bite force is driven by intraspecific competition, we predict it to be
higher in breeding males than in breeding females and non-breeders. If non-
breeders exhibit similar or higher bite force than breeders, its primary
function is therefore likely related to burrow excavation and maintenance,
which is performed predominantly by non-breeders’. We reveal that
breeding males exhibit higher bite force than non-breeders, whereas
breeding females show lower bite force compared to other categories. These
patterns were supported by measures of head width and upper incisors
width. We propose that breeding males require a stronger bite force due to
repeated competition with unrelated males attempting to enter the family.
In contrast, competition for the breeding position among females is much
less intense, as females rarely intrude into established families.

Results

Bite force, head width, and upper incisors width increased with body mass
across all four studied species (Fig. 1). Mean bite force was lowest in the
relatively smaller species F. micklemi (28.8+14.6N) and F. darlingi
(36.0 + 12.8 N), but higher in F. damarensis (57.4 + 31.7 N), and highest in
the largest species, F. mechowii (81.6+51.4N). Similar patterns were
observed for head width (F. micklemi 24.0+32mm, F. darlingi
274+29mm, F. damarensis 30.0+42mm, and F. mechowii
39.0£7.7mm) and upper incisors width (F. micklemi 4.3 +0.7 mm, F.
darlingi 50+0.6mm, F. damarensis 59 +1.1mm, and F. mechowii
6.3+ 1.4mm). In all species, breeding males were typically the largest
individuals and exhibited the highest values in all three parameters (Fig. 1
and Table 1). In contrast, breeding females did not reach such high values.
For instance, in breeding females of F. darlingi, both head and upper incisors
width showed no clear association with body mass (Fig. 1 and Supple-
mentary Table 1).

Model comparison (Table 1) was used to evaluate how bite force varies
across all combinations of sex and reproductive category, while accounting
for differences among Fukomys species in a combined analysis (see Sup-
plementary Table 2 for model specifications and Supplementary Fig. 1 for
diagnostic plots for all models). The “full factorial” model was identified as
the best-fitting one (see Table 2 for summary). A nearly equivalent level of

support was found for the “full additive” model, with AWAIC=2.1 and a
scaled AELPD = —0.46 (AELPD/SE = —1.1/2.4). This means that pointwise
log predictive densities are very similar when all four groups are constrained
to share the same allometric scaling. Models ranked 3rd to 7th performed
significantly worse in terms of AWAIC (from 5.6 to 9.5), although less so in
terms of scaled AELPD (from —0.78 to —1.30). These included all three
“specific” models, where one slope differed from the other two, and “fm-
breeders factorial” and “fm-breeders additive” models, in which non-
breeders of both sexes were combined into a single category. A shared
feature of the seven top-ranking models was that estimated bite force (i.e. the
predicted value of bite force at average body mass) differed between
breeding males and breeding females, but also from that of non-breeding
individuals—or from those of non-breeding males and females when these
were modelled separately. The remaining models performed substantially
worse than the best-fitting model (AWAIC > 21, scaled AELPD > —2).

In the “full factorial” model, bite force increased with body mass, but
the strength of this relationship varied across the four sex-by-breeding-
status categories, ie. breeding females, breeding males, non-breeding
females, and non-breeding males (Table 2). In this model, the intercept can
be interpreted as the estimated bite force for an individual with average body
mass within each category, while the slope describes allometric scaling, i.e.
how much bite force increases with increasing body mass in each category
(Fig. 2). Since the credible intervals for all slope pairwise contrasts included
zero (Fig. 3), the rate at which bite force scales with body mass was com-
parable across categories. Therefore, we focus primarily on differences in
intercepts (Table 2), which reflect systematic differences in bite force
between categories regardless of body mass. Accordingly, breeding males
consistently exhibited the highest bite force, followed by non-breeding
males (12% lower for an individual of average body mass in our sample) and
non-breeding females (22% lower), whereas breeding females showed the
lowest bite force, which was 31% lower than that of breeding males and 12%
lower than that of non-breeding females (Fig. 3; credible intervals for all
pairwise intercept contrasts excluded zero, supporting the robustness of
these differences). The importance of estimated bite force differences was
further supported by the second-best “full additive” model, in which the four
animal categories differed in expected bite force while sharing a common
allometric slope (Supplementary Fig. 2).

Separate “full factorial” models for each Fukomys species revealed
similar patterns to those found in the combined dataset. Evidence for dif-
ferences in how strongly bite force increased with body mass across the four
sex-by-breeding-status categories was again limited (Supplementary Fig. 3).
Also, the estimated bite force in each group followed the same ranking as in
the overall analysis of three out of four categories (breeding males > non-
breeding females > breeding females), with the only inconsistency involving
non-breeding males. While in F. damarensis and F. micklemi the estimated
bite force of non-breeding males was close to that of non-breeding females
(as in the overall analysis), in F. mechowii it was closer to breeding males,
and in F. darlingi it was even the highest (Supplementary Fig. 4).

For head width, the “full factorial” model was identified as the best-
supported one (Supplementary Table 3). Two other models (“non-breeders
specific” and “fm-breeders factorial”) had scaled AELPD close to 2.00, but
their AWAIC > 26; all remaining models performed substantially worse
according to both criteria (Supplementary Table 3 and Supplementary Fig. 5
for diagnostic plots for all models). In the “full factorial” model, head width
increased with body mass across all sex-by-breeding-status categories, but
allometric scaling varied slightly across the four sex-by-breeding-status
categories (Table 3, Fig. 4A, B). However, the only supported difference in
allometric scaling was a shallower increase in head width in breeding
females than in non-breeding males (the credible interval for this contrast
excluded zero; Supplementary Table 4), providing only limited evidence for
variation in how strongly head width scaled with body mass among the four
categories. A similar pattern was found for the estimated head width
regardless of body mass, with the only supported difference being wider
heads in breeding males than in breeding females (the credible interval for
this contrast excluded zero; Supplementary Table 4).
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Fig. 1 | Relationships between body mass and bite
force, head width, and upper incisors width in all
combinations of sex and breeding status in four
Fukomys mole-rat species. Bite force (A), head
width (B), an upper incisors width (C) as a function
of body mass in breeding and non-breeding indivi-
duals of both sexes. Abbreviations: BE—breeding
females (orange), BM—breeding males (black), NF
—non-breeding females (green), NM—non-breed-

ing males (blue); raw data are plotted.
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For upper incisors width, two models (“fm-breeders factorial” and
“non-breeders specific”) exhibited nearly identical predictive performance
(scaled AELPD = —0.06, AWAIC = 0.3). All other models performed con-
siderably worse, at least according to AWAIC (see Supplementary Table 5
and Supplementary Fig. 6 for diagnostic plots for all models). The two best-
performing models grouped animals into three categories—breeding males,
breeding females, and pooled non-breeders. In both models, upper incisors
width increased with body mass, but they differed in whether allometric

breeding females than in non-breeding individuals (the credible interval for
this contrast excluded zero; Supplementary Table 6). Systematic differences
in estimated upper incisors width, regardless of body mass, revealed wider
upper incisors in breeding males than both non-breeders and breeding
females, whose estimated values were lower and mutually comparable
(Supplementary Table 6). In the second-best “non-breeders specific” model,
upper incisors width scaled similarly with body mass in breeding males and
females, but the relationship was steeper in non-breeders.

scaling varied between all three categories (“fm-breeders factorial” model)

or only between non-breeders and breeders (“non-breeders specific”
model). In the “fm-breeders factorial” model, upper incisors width
increased with body mass, but differences in allometric scaling among the
three categories were subtle (Fig. 4C, D and Table 2), with the only sup-
ported difference being a shallower increase in upper incisors width in

Discussion

In this study, we discovered that breeding males exhibited a higher bite force
compared to non-breeders of both sexes, and especially compared to the
breeding females, across all four species of northern common mole-rats of
the genus Fukomys. The particularly low biting performance of breeding
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Table 1 | Bite force model comparison

Rank Model AELPD SE AELPD/SE AWAIC
1 full factorial 0.0 0.0
2 full additive -1.1 24 —0.46 21
3 non-breeders specific -2.8 3.6 -0.78 5.6
4 m-breeders specific -2.9 3.6 —0.81 5.8
5 fm-breeders factorial -3.6 3.5 —1.03 7.2
6 fm-breeders additive —4.4 3.8 -1.16 8.7
7 f-breeders specific -4.8 3.7 -1.30 9.5
8 m-breeders factorial -10.8 5.2 —2.08 21.5
9 m-breeders additive -11.7 5.2 -2.25 23.3
10 f-breeders factorial -12.3 6.1 —2.02 24.6
11 f-breeders additive -12.4 6.1 —2.03 24.7
12 allometric —25.7 7.8 -3.29 51.3

Comparison of twelve models describing bite force in a combined dataset comprising four Fukomys mole-rat species. The models are listed in order of decreasing performance, based on differences in
expected log predictive density (AELPD) and Watanabe—-Akaike information criterion (AWAIC), both expressed relative to the best-performing model (“full factorial”). The AELPD is also shown scaled by its

standard error (AELPD/SE).

Table 2 | Summaries of the two best bite force models

Predictors Estimate (+SE) 90% CI %PP

The best model (full factorial):
Intercept (BF) —0.24+0.19 [-0.53, 0.05] 32.17
sBmass 0.74+0.26 [0.30, 1.15] 94.66
BM 0.54+0.11 [0.37,0.71] 94.02
NF 0.17 +0.09 [0.01,0.32] 30.28
NM 0.32+0.09 [0.17, 0.46] 71.36
sBMmass: BM 0.11+0.15 [-0.14,0.34] 99.45
sBMass: NF 0.11+0.14 [-0.11,0.34] 99.52
sBMass: NM 0.19+0.15 [-0.04, 0.44] 99.70

The second-ranking model (full additive):
Intercept (BF) —0.26 £ 0.20 [-0.56, 0.04] 6.61
sBMass 0.87+0.26 [0.42, 1.25] 99.24
BM 0.57+0.10 [0.41,0.74] 94.83
NF 0.17 +0.09 [0.02, 0.32] 24.81
NM 0.35+0.09 [0.20, 0.50] 71.09

Summary statistics of the best-performing “full factorial” and the second-best “full-additive” model
comparing bite force among sex-by-breeding-status categories in four Fukomys mole-rat species.
Shown are posterior means with standard errors (SE), 90% credibility interval (Cl), and the maximum
quantile of posterior probability away from zero (% PP). In this parametrization, the baseline intercept
corresponds to breeding females. Coefficients for other three groups represent differences in
intercepts relative to this baseline, and the associated %PP values refer to these differences.
sBMass standardized body mass, BF breeding females, BM breeding males, NF non-breeding
females, NM non-breeding males.

females was further corroborated by a substantial number of individuals
refusing to bite (Supplementary Table 7). The observed differences in head
and upper incisors width generally aligned well with the bite force results.
For head width, substantial differences were observed only between bree-
ders, with breeding males possessing wider heads than breeding females.
Moreover, head width increased less with body mass in breeding females
than in non-breeding males. The main difference in upper incisors width
was between breeding males that possessed broader incisors than the other
groups.

Our results further indicate that the relationship between body mass
and bite force in all sex-by-breeding-status categories of Fukomys mole-rats
exhibits positive allometry, meaning that bite force increases

disproportionately more than body mass (Fig. 2). Similar, though weaker,
patterns were observed for both head and upper incisors widths (Fig. 4).
However, the differences in allometric scaling among the categories were
subtle, with the 90% credible intervals for all groups including the isometric
expectation, indicating uncertainty in the precise scaling relationships.
Moreover, the overall statistical support for slope differences among the four
categories was low (see Results).

A positive allometry in bite force has previously been reported across
10 species in the family Bathyergidae, with species-specific allometric slopes
ranging from 0.79 in the naked mole-rat to 1.79 in the Damaraland mole-
rat”. In comparison, studies on mammals (eg. slope 0.59”, ~0.62°" recal-
culated from a graph) or in non-passerine birds (e.g. slope 0.69%) have
typically found slopes close to isometry. On the other hand, strongly positive
allometry was found in passerines (slope 1.38)*”. The highly positive allo-
metry observed in bathyergids thus likely reflects a disproportionate
investment in the development of a powerful biting apparatus, consistent
with the extreme ecological and morphological demands of a subterranean
lifestyle. This suggests that allometric scaling of bite performance is itself an
adaptive feature within burrowing rodents.

In social mammals, bite force has been found to be related to sex and
social status™ ", Although stronger biting in males can result simply from
their larger body mass**"**”, it likely evolves into formidable weaponry
under conditions of intense intrasexual competition. For example, in New
World monkeys, sexual dimorphism in canine size increases with male
competition as monogamous and polyandrous species have the lowest
canine dimorphism, while polygynous species with male dominance hier-
archies have the largest dimorphism™. In grey wolves, broader male skulls
suggesting a higher bite force are useful during territorial aggressive
behaviour”. In meerkats, dominant females are larger and have wider skulls
compared to subordinate females® due to regular challenges by females
within the group for reproductive monopoly’. The role of intrasexual
competition is demonstrated by the absence of sex differences in bite force in
socially monogamous canids®’. Our results suggest that bite force in Fuk-
omys is also influenced by intrasexual competition for breeding opportu-
nities, with different selection pressures on males and females.

All Fukomys species studied to date have a similar social structure and
mean family size (see Supplementary Table 8). Families are typically
established when two unrelated individuals of opposite sex meet and begin
to reproduce’®********, This breeding pair must initially dig a sufficiently
long burrow system to secure food and defend both their territory and
breeding opportunity against intruders, tasks for which well-developed
chewing muscles and high bite force are essential. As the family grows, these
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Fig. 2 | Predicted bite force in relation to body mass and all combinations of sex
and breeding status in four Fukomys mole-rat species. For each combination of sex
and breeding status, predicted bite force from the best-performing model is shown in
relation to body mass (A) and at the mean body mass (B). Bite force was back-
transformed from standardised values and is plotted on a log-log scale. In (A), lines
represent posterior mean estimates from a Bayesian mixed-effects model, shaded
ribbons indicate 90% credible intervals around the posterior mean and scaling
coefficients (slopes) with their 90% credible intervals (in brackets) for each com-
bination of sex and breeding status are shown in the legend box. In (B), black points
and error bars represent population-level posterior mean estimates and 90% credible
intervals for each combination of sex and breeding status, respectively, while semi-
transparent coloured points show individual raw data values for each species: F.
damarensis (red), F. darlingi (green), F. mechowii (cyan) and F. micklemi (purple).
Abbreviations for combinations of sex and breeding status and their colour coding in
(A): BF (n = 48)—breeding females (orange), BM (n = 58)—breeding males (grey),
NF (n = 166)—non-breeding females (green) and NM (n = 132)—non-breeding
males (blue).

energetically demanding activities can be adopted by other members. It has
been found that acquiring breeding status in Fukomys influences their
behaviour, such as the amount of activity"’~**>*°, as well as morphology, for
instance elongation of body and narrowing of skull in breeding females"”".
In Fukomys, we found relatively small differences in bite force between non-
breeding males and females, which confirms other studies on
bathyergids™®. It indicates their bite force is primarily determined by
burrowing demands rather than by competitive engagements. In breeders,
strong selection pressure towards effective burrowing can be relaxed, the-
oretically resulting in lower bite force in both sexes after they start to
reproduce and acquire breeding status. Indeed, Hite and colleagues™
reported generally higher bite force in subordinate than in dominant naked
mole-rats. However, our findings contradict this, as we observed the highest
biting performance in male breeders. This may indicate different selection
pressures on bite force between breeders and non-breeders in the naked
mole-rat and members of the genus Fukomys. Upon attaining breeding
status, male naked mole-rats typically lose body mass™ and are less involved
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Fig. 3 | Differences in bite force slopes and intercepts between all combinations of
sex and breeding status in four Fukomys mole-rat species. Summary of pairwise
contrasts for slopes and intercepts comparing bite force among breeding females
(BF), breeding males (BM), non-breeding females (NF), non-breeding males (NM)
(for each contrast, 90% credible intervals are provided in parentheses). Posterior
distributions of pairwise differences are depicted. Black points indicate posterior
means of each pairwise difference; horizontal lines represent 50% and 90% credible
intervals.

in colony maintenance or risky activities, such as family defence e.g.”,
suggesting lower demands for biting performance compared to those of
male Fukomys breeders. Thus, the distinct evolutionary trajectories related
to biting performance between breeding males and females in Fukomys
mole-rats are intriguing and deserve further explanations.

This study found relatively narrower upper incisors and, to a lesser
extent, skulls in breeding females of the tested Fukomys species, which
resulted in lower bite force. Similarly, Young & Bennett”, found relatively
narrower skulls and incisors in female wild F. damarensis. We propose that
the relatively low biting performance in breeding females (31% lower than in
breeding males) relates to lower competition with other females for breeding
position and to the costs of breeding. Since pregnancy and lactation are
energetically very expensive”’, breeding females need to allocate more
energy to reproduction and therefore invest more time in resting instead of
working, as described for several Fukomys species - F. damarensis'*®, F.
mechowii’ ", F. micklemi*>”. They also invest less energy into overall body
growth, which is evident in reduced skull growth in F. damarensis**. Since
skull characteristics are important for anchoring incisors during burrowing,
the relatively narrow heads and incisors may be related to their lower bite
force - ie. the wider and taller the skull, the stronger the bite force; see
refs. 27,45. Interestingly, breeding females of F. damarensis lose bone growth
potential, resulting in thinner femurs with a higher risk of fracture®. These
aspects suggest that females” willingness to engage in risky activities such as
fights is very low, and they usually stay close to the nest™>*.

Previous studies suggest that the risk of takeover by another female in
Fukomys is probably very low due to several reasons. Non-breeding indi-
viduals, especially females (see below), are usually descendants of a family
pair, and Fukomys do not breed with relatives™”. As in other cooperative
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Table 3| Summaries of the best head and upper incisors width
models

Predictor Estimate (+SE) 90% ClI %PP

Head width (full factorial)
Intercept (BF) —0.26+0.18 [-0.53, 0.03] 6.76
sBMass 0.62+0.18 [0.31,0.88] 99.48
BM 0.44+0.16 [0.17,0.70] 86.85
NF 0.23+0.16 [-0.02, 0.49] 43.45
NM 0.23+0.16 [-0.06, 0.46] 42.40
sBMmass: BM 0.23+0.19 [-0.05, 0.54] 99.80
sBMass: NF 0.16+0.18 [-0.11, 0.47] 99.80
sBMass: NM 0.38+0.18 [0.11,0.70] 99.92

Incisors width (fm-breeders factorial)
Intercept (BF) —0.21+0.31 [-0.68, 0.30] 21.45
sBMass 0.39+0.24 [-0.00, 0.77] 94.95
BM 0.58+0.26 [0.16, 0.98] 91.11
N 0.14+0.26 [-0.31,0.51] 39.12
sBMass: BM 0.29+0.23 [-0.10, 0.66] 99.33
sBMass: N 0.56+0.22 [0.20, 0.92] 99.92

Summary statistics of the best-performing models describing head and upper incisors widths
among sex-by-breeding-status categories in four Fukomys mole-rat species. The models compare
breeding females (BF), breeding males (BM), non-breeding females (NF), and non-breeding males
(NM) in Fukomys mole-rats; in the best-performing upper incisors-width model, the latter two
categories were pooled into a single non-breeder group (N). The table includes posterior means with
standard errors (SE), 90% credibility intervals (Cl), and the maximum quantile of posterior probability
out of zero (%PP). In this parametrization, the baseline intercept corresponds to breeding females,
and coefficients of other groups represent differences in intercepts relative to this baseline. The
associated %PP values refer to these differences.

sBMass standardized body mass.

breeders, daughters are probably also reluctant to challenge the reproductive
status of their mother’. The presence of female immigrants within an
unrelated family is extremely rare”****>*, and at least in F. damarensis from
the extreme southern Kalahari, females in a recently studied population may
settle alone in their new burrow systems, even for several years, before being
joined by males™. Similar indications of solitary female settlement have been
reported in F. anselli’*® and F. mechowii®. In addition, if territory inheritance
occurs in Fukomys, it is a female non-breeder who inherits the breeding
position, as observed in F. damarensis (rare inheritance in®;30% of breeding
females inherited in ref. 38). Indeed, no breeding-female turnover was found
among 16 families of F. anselli*. Although in experiments with intruders,
breeding Fukomys females are aggressive towards other females™”””, this
behaviour may not necessarily occur outside the laboratory. In free-living
conditions, breeding females are likely rarely challenged by other females
due to a relatively lower female dispersal rate, higher philopatry and because
breeding females are usually located around the nest and probably protected
by relatives. Along with the high cost of reproduction, this could explain the
relatively low bite force in breeding females in Fukormys mole-rats.

The ways by which Fukomys males compete with each other and how
they attain breeding positions may result in selection for a stronger bite
force, differing from selection shown in females (see above). Although
genetically related family members are unlikely to compete with their par-
ents for breeding, the situation may change dramatically when an unrelated
male immigrates into an established family, or if intruders from neigh-
bouring families, seek extrafamilial copulations’. In some Fukomys mole-
rats, dispersal is male biased**””, with males more likely to join existing
families”***”, and such males may replace the resident male
breeder’*******, The existence of large male floaters who can also challenge
breeding monopoly has been suggested (Bennett and Jarvis pers. obs., cited
in ref. 79).

Noteworthy in this context is an observation from the Ansell’s mole-rat
(which is included in this study within F. micklemi). In approximately 30%

of their families, older offspring were sired by males who were not present,
which indicates breeding male turnover™. The same was found also in one of
two genotyped families of F. mechowii®. This suggests that intruders either
killed or expelled the former breeding male or, alternatively, a new male was
accepted into the family and began to breed after the original male deceased.
Their acceptance may by facilitated by the fact that in F. damarensis dis-
persing males are not yet sexually mature®’. Once these males grow bigger
and become sexually mature, they may challenge the breeder, or take over
the breeding position in a group which has lost its breeder”'. Higher male
bite force may also be advantageous for defending the reproductive
monopoly of the breeding male during brief encounters with males from
neighbouring families.

The question thus arises as to why such unrelated males and potential
rivals are accepted into the family. Unrelated immigrants may be accepted in
families of other cooperatively breeding vertebrates as secondary helpers to
assist with raising offspring, protecting the group from predators, or
defending the territory®*"'. In subterranean rodents, the most energy-
consuming activity is burrowing and transporting excavated soil*. It is
possible that in African mole-rats, accepting secondary helpers may be
particularly relevant in families shortly after establishment, due to the lack of
their own offspring (i.e., primary helpers) or when ecological conditions are
so adverse that a larger workforce is required to reach food resources.

Our study has revealed that sexual differences in in vivo bite force are
related to breeding status in four social species of northern common mole-
rats. While there are only subtle sex differences in non-breeders, breeding
individuals show dramatic differences in their bite force performance.
Breeding males have the highest bite force, whereas breeding females per-
form poorly, with many females refusing to bite. The head width and upper
incisors width further corroborate these findings. We suggest that this
dichotomy is related to the probability of being challenged for the male
breeding role by genetically unrelated individuals. The breeding position of
females is probably not challenged from inside or outside the family as
female immigration into established families is low e.g.**’. Conversely,
higher male immigration into established families and the risk of extrapair
copulations by unrelated males suggest that breeding males are more likely
to be challenged for their breeding position. For future studies, it would be
interesting to study the postnatal development of bite force over a longer
period and focus on how bite force in individuals changes after the estab-
lishment of breeding pairs from a non-breeding status. It might also be of
interest to carry out a similar study on another social mole-rat genus
Cryptomys, where we would predict higher bite force in males due to a very
high level of immigration and extrapair paternity”’, as well as the most
pronounced male biased sexual size dimorphism among African mole-
rats’".

Methods
Study animals
In vivo bite force was measured in four species of the social Northern
common mole-rats of the genus Fukomys (Bathyergidae, Rodentia), which
differed in body mass (for details see Supplementary Table 8): the
Damaraland mole-rat Fukomys damarensis, the Mashona mole-rat Fuk-
omys darlingi, the giant mole-rat Fukomys mechowii, and the Micklem’s
mole-rat Fukomys micklemi. In the dataset on F. micklemi, we included bite
force data from another traditionally recognised species, the Ansell’s mole-
rat Fukomys anselli. This inclusion is based on previous molecular genetic
phylogenies using the genus-wide cytochrome b e.g.*** and a pilot study
using thousands of nuclear loci (Mikula et al. in prep.), both indicating that
these putative species form a single taxonomic unit. Most individuals had
been in captivity for an extended period. Fukomys damarensis was housed in
artificial systems made from transparent plastic tubes and boxes in the
laboratory at the Kuruman River Reserve in the Northern Cape, South
Africa (26°59'S 21°49’E, temperature: 21-24°C, humidity: 40%-50%,
constant darkness).

The remaining species were kept in glass terraria at the University of
South Bohemia in Ceské Budgjovice, Czech Republic, or the University of
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Fig. 4 | Predicted head width and upper incisors width in relation to body mass
and all combinations of sex and breeding status in four Fukomys mole-rat spe-
cies. For each combination of sex and breeding status, predicted head width and
upper incisors width from the respective best-performing models, are shown in
relation to body mass (A, C, respectively) and at the mean body mass (B, D, re-
spectively). Head width and upper incisors width were back-transformed from
standardised values. In (A, C), widths are plotted on a log-log scale, lines represent
posterior mean estimates from a Bayesian mixed-effects model, shaded ribbons
indicate 90% credible intervals around the posterior mean and scaling coefficients
(slopes) with their 90% credible intervals (in brackets) for each combination of sex

and breeding status are given in the legend box. In (B, D), black points and error bars
represent population-level posterior mean estimates and 90% credible intervals for
each combination of sex and breeding status, respectively, while semi-transparent
coloured points show individual raw data values for each species: F. damarensis
(red), F. darlingi (green), F. mechowii (cyan) and F. micklemi (purple). Abbreviations
for combinations of sex and breeding status and their colour coding in A, C: BF
(n = 48)—breeding females (orange), BM (n = 56)—breeding males (grey), NF

(n = 154)—non-breeding females (green in A), NM (n = 130)—non-breeding males
(blue) and N (n = 284)—pooled non-breeders (green in C).

Duisburg-Essen, Germany, under similar conditions (temperature: 25 °C,
humidity: 40%-50%, photoperiod 12 L:12D). All captive animals were fed ad
libitum with vegetables (such as carrots, potatoes, sweet potatoes, beetroot,
apple, cucumbers) and a rodent dry food mix. All animals were given the
opportunity to carry out their natural digging behaviours, either in red
Kalahari sand (Kuruman River Reserve), wood shavings (Essen), or peat
(Ceské Budgjovice), and were provided extra enrichment such as tree bran-
ches and plastic tubes for gnawing. The study used captive mole-rats and no
wild animals were captured for this research. The animals were sourced from
three independent and well established laboratory colonies (at the institutions
listed above). After data collection, all animals remained in their respective
colonies and continued to be cared for according to institutional standards.

In total, 612 individuals from 75 actively breeding Fukomys families
were available for this study. These families consisted of both breeders and at
least one non-breeding individual. As Fukomys families typically comprise a
breeding pair and their offspring (which remain in the natal group due to
delayed dispersal), and given the strong taboo of incest when mole-rats do
not breed with their relatives in captivity’”, breeders could be reliably
identifiable. We focused exclusively on adults (assessed based on body mass,
see Supplementary Table 8) and excluded some individuals primarily due to
health issues (e.g., broken incisors, overall poor body condition) or a clear
lack of motivation to bite (i.e., unusually low bite force values compared to
individuals of similar body mass, same sex, and species). Consequently, the

final dataset included 404 individuals. We paid particular attention to the
breeding females, as they were at various stages of pregnancy and con-
sistently showed the lowest biting tendency among the animals tested. To
avoid any potential adverse effects of the bite force measurement on the
pregnancy and/or newborn pups, breeding females considered to be in a late
stage of pregnancy and those after recent delivery were not measured. We
analysed 69 females, as six were not measured due to advanced pregnancy
and health issues. Out of 69 breeding females, 13 refused to bite (three were
pregnant, and four had pups younger than 3 months) and eight were
reluctant to bite. Consequently, these breeding females were removed from
the dataset (for details see Supplementary Table 7), and the remaining 48
breeding females were included in the analyses.

We have complied with all relevant ethical regulations for animal use.
The study was approved by the ethics committee of the University of Pre-
toria (Permits EC-69-16, EC069-17, EC050-16, and AUCC-040702/015)
and the University of South Bohemia (Permit MSMT-35731/2019-4).

Bite force and head and incisors widths measurements

In vivo bite force was measured with an isometric force transducer (type
9203; range 0-5000 N, error 0.1 N; Kistler Inc., Switzerland; for details of the
experimental set-up, see refs. 25,57. The bite plates were covered with a thin
protective coating made of cloth or duct tape to avoid damage to the ani-
mal’s incisors. Each measured individual was held around the neck with one
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hand and the mouth was approached with the transducer device thus
prompting the animal to bite into the bite plates™. Mole-rats were induced to
bite at least three times, and the maximum bite force in Newtons (N) of each
individual was recorded as an estimate of its maximal bite performance. All
specimens were weighed to the nearest 0.1 g, and head width (the widest
distance on the head between zygomatic arches) and upper incisors width, i.
e. the widest point across the incisor pair (following™®) were measured to the
nearest 0.01 mm with a digital calliper. The skull size and incisor char-
acteristics are good estimators of in vivo bite force and/or social
dominance”****Y.

Statistical analysis

The effects of sex and breeding status on bite force were evaluated by
comparing a series of multilevel regression models. All models used stan-
dardized log-transformed bite force as the response variable and standar-
dized, log-transformed body mass as a predictor. The log-transformation of
both bite force and body mass linearised their expected allometric rela-
tionship, while standardization to zero mean and unit variance facilitated
prior specification and made sampling from posterior distribution easier.
The models differed in how they incorporated sex-by-breeding-status
predictors distinguishing specific combinations of sex and breeding status
(listed in Supplementary Table 9) and their interactions with body mass.
Each model also included random terms, which modelled the effect of
species (random intercept) and species-specific effects of body mass, sex-
status and their interactions (random slope). These species-specific effects
were represented by random terms of the same structure as the fixed terms
and nested within species. The random intercepts and slopes were assumed
mutually uncorrelated.

We fitted twelve candidate models (see Supplementary Table 2). The
baseline model included body mass as the only predictor, capturing the
general allometric relationship. The following nine models explored the
hypothesis whether either female breeders, male breeders, or both groups
deviated from the common non-breeder pattern. These models dis-
tinguished the three groups (female breeders, male breeders, and non-
breeders) but constrain their intercepts and allometric slopes differently.
Three “additive” models shared a common allometric slope but allowed for
different intercepts for each group. Either one of the groups has an intercept
from the other two or all three intercepts are different (i.e. “fm-breeders
additive” model). Three “factorial” models differed in both their intercepts
and allometric slopes. Three “specific” models considered the possibility
that all three groups have different intercepts and one of the groups differ in
its allometric slope from the other two (i.e. it has “specific” slope). Finally,
two models distinguished female and male non-breeders, resulting in four
groups for comparison, with either different intercepts (“full additive”) or
both intercepts and allometric slopes (“full factorial”).

Model fitting was performed within a Bayesian inferential framework
as implemented in the statistical programming language Stan interfaced to
R* using brms package”. The Bayesian approach was chosen to accom-
modate the relatively small and imbalanced sample sizes across the exam-
ined species, which frequently caused the lack of convergence in maximum
likelihood fit of models with complex random effects. The analyses used
priors for (i) regression coefficients of the fixed term predictors (a normal
prior with mean zero and standard deviation of one) and (ii) standard
deviations of random effects (an exponential prior with a rate parameter set
to one). Posterior probability distribution of parameter values was sampled
by Hamiltonian Monte Carlo chain (for details see ref. 90) with 3000
iterations (1000 of them being a warm-up). Four independent chains were
run for each model and their convergence assessed by rank-normalized
potential scale reduction factor’ (‘Rhat’ in brms notation), which should be
close to 1 at convergence. For each parameter, we also assessed whether the
effective sample size was sufficient (>1000) in both the bulk of the posterior
probability density distribution, i. e. around its mean, (‘Bulk_EES’) and at its
tail (‘Tail_EES)"".

Relative fit of the twelve models was assessed by two measures based on
pointwise log-likelihoods, the expected log predictive density (ELPD) and

Watanabe-Akaike information criterion (WAIC), whose optimization
approximates minimization of Kullback-Leibler divergence”. The ELPD isa
sum of pointwise log predictive densities, i.e., log-likelihoods of new data
points integrated over estimated posterior distribution of parameters. In the
brms package, it is estimated by a leave-one-out cross validation (LOO),
approximated by Pareto smoothed importance sampling™. The reliability of
the approximation was examined by checking that individual Pareto k
values are typically < 0.5 in a given model™. The significance of AELPD, i.e.,
the difference from the best (maximum) ELPD, is judged against the
standard error of differences between pointwise log predictive densities in
the compared models. As a rule of thumb, a model is favoured over another
if AELPD is at least twice its standard error (AELPD > 2 * SEg1pp), Which
corresponds to limits of an approximate normal-based confidence
interval™. The magnitude of AWAIC, i.e., the difference from the best
(minimum) WAIC, can be interpreted in terms of relative likelihoods of the
compared models™. It means that if WAIC of two models differ by ~5.89,
their relative likelihoods are 0.95 and 0.05.

Absolute fit of the models was tested by means of graphical predictive
posterior check™. It provides visual comparison of response variable values
(standardized log-transformed bite force) that were actually observed and
those that were simulated from given model. The simulations were based on
the observed predictor values and 100 different sets of sampled parameter
values. If the simulated values are far from the observed ones, the model is
inadequate irrespective of its relative fit compared to other models.

Predictive power of each predictor in the selected models was evaluated
by considering posterior probability density of the corresponding parameter
(intercept or slope). First, we checked whether 90% credibility interval (CI)
of the parameter overlap with zero. Next, we calculated the quantile of the
density below or above zero, whichever was greater. Post-hoc comparisons
of intercepts and/or slopes among the given categories were made using the
‘emtrends’ and ‘emmeans’ functions in the package emmeans”. All analyses
were performed in R version 4.4.1%,

Following the analysis of bite force, the same modelling approach was
applied to test differences in head and upper incisors width, using stan-
dardized log-transformed values of these traits as response variables in these
models.

Finally, the optimal bite force model based on the pooled dataset (with
species included as a random term) was refitted separately for each of the
four studied Fukomys species to further test whether the differences among
sex-by-breeding-status  categories exhibited a consistent pattern
across them.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The raw data (Supplementary Data 1 and Supplementary Data 2) used to
calculate the results and generate the figures presented in this study are
available in the Figshare repository, as part of this record: https://doi.org/10.
6084/m9 figshare. 29423288,

Code availability

The R code (Supplementary Data 3) used to calculate the results and gen-
erate the figures presented in this study is available in the Figshare reposi-
tory, as part of this record: https://doi.org/10.6084/m9.figshare.29423288™.
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