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Abstract 

Across taxa, breeding among close relatives is usually avoided because it incurs fitness costs 

to offspring. Incest is often averted through the dispersal of either sex from the natal area to 

breed. In some philopatric species, association among relatives extends in to adulthood, and an 

ability to discriminate kin may be required for individuals to reduce inbreeding risk. Here, we 

aim to determine the mechanism of kin recognition for incest avoidance in the Damaraland 

mole-rat Fukomys damarensis, a cooperative breeder characterized by extreme reproductive 

skew. Pairs of opposite-sex adults were formed in the laboratory and, within pairs, genetic 

relatedness and degree of familiarity were manipulated through cross-fostering experiments. 

We found that unfamiliar pairs were more likely to engage in sexual behaviours and bred more 

successfully than familiar pairs, regardless of their genetic similarity.  Females paired with 

unfamiliar males were also more likely to exhibit reproductive activation, characterized by 

increased levels of oestradiol and progesterone. This study shows that in Damaraland mole-

rats, inbreeding avoidance can be achieved through a discrimination mechanism that relies on 
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association during rearing, and that ovulation is induced by mating. This study advances our 

understanding of incest avoidance in species with constrained dispersal.  

Keywords: Kin recognition, kin discrimination, inbreeding, cooperative breeder, reproductive 

activation, ovulation.  

Background 

The negative effects of inbreeding on offspring fitness have been documented across a wide 

range of taxa (e.g. Saccheri et al. 1998, Keller & Waller 2002, Fraimout et al. 2023). Such 

costs, referred to as inbreeding depression, have led to the evolution of various mechanisms of 

inbreeding avoidance among a diversity of organisms including plants (Goodwillie & Weber 

2018) arthropods (Lihoreau et al. 2007) and vertebrates (Pusey & Wolf 1996). Inbreeding 

depression typically arises through the unmasking of harmful recessive alleles which, when 

expressed, result in traits that reduce fitness (Charlesworth & Charlesworth 1999). In habitually 

inbred populations, harmful recessives can be purged from the genome through selection 

(Keller & Waller 2002, Duarte et al. 2003), and the extent of inbreeding depression between 

populations can vary. When inbreeding costs are outweighed by the costs of delayed or missed 

opportunities for reproduction, inbreeding may be tolerated (Kokko & Ots 2006). Inbreeding 

can also be adaptive, through increased relatedness to offspring, and increased reproductive 

success of relatives (Thünken et al. 2007). Thus, whether incest is avoided, tolerated or 

preferred depends on the balanced fitness consequences of inbreeding, and the risk of mating 

with a relative (Lehmann & Perrin 2003, Szulkin et al. 2013). In nomadic species, the risk of 

inbreeding can be alleviated through natal dispersal of one or both sexes, which effectively 

separates relatives in space or time (Clutton-Brock & Lukas 2012, Li & Kokko 2019). In 

contrast, delays or constraints to dispersal, which create an extended period of association 

among related adults, selects for alternative means to avoid costly inbreeding in sedentary or 

philopatric species (Pike et al. 2021, Riehl & Stern 2015).  

Despite the potential risk of inbreeding in such species, mating among relatives is typically 

avoided, either by recognition and subsequent rejection of kin during mate choice (Waldman 

et. al. 1992, Frommen & Bakker 2006, Leedale et al. 2020a), or by post-copulatory rejection 

of a relative’s gametes (Pizzari et. al. 2004). Kin recognition may be based on familiarity, 

whereby individuals learn the phenotypes of those they associate with during early life, and 

subsequently treat these familiar individuals as kin (Leedale et. al. 2020b). Alternatively, 
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conspecifics whose phenotypic similarity exceeds a certain threshold are considered kin, 

regardless of any prior association (Mateo & Johnston 2000). Familiarity is an effective 

mechanism when individuals encountered in a certain context are likely to be kin, such as brood 

mates sharing a nest, whereas phenotype matching relies on a stable correlation between 

phenotypic similarity and genetic relatedness. In practice, teasing apart these mechanisms has 

proved difficult; their use may be context-dependent (Gerlach & Lysiak 2006), and there is 

some evidence to suggest that both mechanisms can operate within species (Mateo 2003). 

Investigations into the ontogeny of kin recognition require carefully designed experiments that 

dissociate genetic relatedness and familiarity in functionally relevant contexts.  

Using captive Damaraland mole-rats Fukomys damarensis, a cooperatively breeding African 

mole-rat (family: Bathyergidae), we experimentally investigate the mechanism of kin 

recognition that permits avoidance of relatives as mates, and the fitness consequences of 

incestuous pairing in this species. Damaraland mole-rats live in large groups, characterized by 

an extreme reproductive skew and low rates of dispersal (Hazell et al. 2000, Burland et al. 

2004). Groups typically comprise a single breeding pair and their non-breeding offspring from 

several generations (Torrents-Tico et al. 2018). Unlike another highly social Bathyergid, the 

naked mole-rat, Heterocephalus glaber, territory inheritance is rare, and groups usually 

fragment or quiesce after the death of one or more breeders (Torrents-Ticó et al. 2018). 

Immigration into breeding groups is rare, and there is good evidence that subordinate female 

reproduction is limited by access to unrelated males: subordinate females that lack access to 

unrelated males abstain from breeding, even when the dominant female is absent, but will 

attempt to mate with introduced males (Bennett et al. 1996, Clarke et al. 2001, Rickard & 

Bennett 1997). Indeed, females appear only to ovulate, or ‘activate’ their reproductive axis 

upon encountering an unrelated male (Clarke et al. 2001, Voigt et al. 2021). Although the role 

the dominant female plays in suppressing subordinate reproduction cannot be excluded 

(Burland et al. 2002, Cooney & Bennett 2000), these findings suggest that incest avoidance 

maintains extreme reproductive skew in Damaraland mole-rats. Such strong inbreeding 

avoidance, despite the reproductive cost of lost breeding opportunities among subordinates, 

suggests that inbreeding carries substantial fitness costs. One question that remains is how 

relatives are recognized. Together, these life-history traits make Damaraland mole-rats an ideal 

subject to investigate kin recognition mechanisms in the context of mating decisions. 
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Kin recognition may operate through prior association in early life, or an assessment of 

relatedness through phenotype matching. Damaraland mole-rats behave aggressively to colony 

mates after a period of separation (Jacobs & Kuiper 2000), and several studies have shown that 

familiar, close relatives are avoided as mates (Bennett et al. 1996, Jacobs et al. 1998). But, few 

studies effectively separate the role of familiarity and genetic relatedness for kin recognition in 

the context of mating decisions. Two recent studies have begun to tease apart these 

mechanisms. Carter et al. (2014) found that siblings separated for five weeks before pairing 

readily mated. Later, Kelley et al. (2019) showed that when pairs of unfamiliar non-relatives 

were introduced, but restricted from physical contact for two weeks, they abstained from 

mating thereafter. This suggests that frequent association, and the context of initial encounters, 

are important for kin recognition. However, the ontogeny of kin discrimination, and the relative 

importance of kinship and early environment remain inconclusive.  

Here, we use cross-fostering experiments to determine how mating behaviour, reproductive 

physiology and reproductive success are affected by (i) association during rearing (familiarity) 

and (ii) genetic relatedness (kinship). We aim to investigate: (i) the ontogeny of kin 

discrimination, by determining the relative roles of kinship and familiarity on mating decisions; 

(ii) the effect of kinship and familiarity on female reproductive physiology; and (iii) how these 

variables influence reproductive success. This is tested by measuring the response of females 

to assigned males, which vary in both kinship and familiarity. We hypothesize that incest 

avoidance relies predominantly on familiarity during rearing, and predict that mating behaviour 

will be observed more frequently within unfamiliar pairs than familiar pairs, regardless of 

kinship. We also predict that females paired with unfamiliar males will exhibit reproductive 

activation, whereas those paired with familiar males will exhibit no activation. Finally, we 

predict lower reproductive success among incestuous pairs than unrelated pairs.  

Methods 

Study animals and husbandry  

Data were collected from a captive population of Damaraland mole-rats in the Kuruman River 

Reserve, Northern Cape, South Africa. The captive population originated from a wild 

population of 242 individuals trapped in the reserve and surrounding area in 2013 (mean ± SD 

group size = 8.16 ± 5, range = 2-26). Since 2013, the pairing of unrelated individuals has 

expanded the captive population to 554 mole-rats (mean ± SD group size = 5.5 ± 4.4, range = 
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1-17). In this experiment, most subjects (77%) were sired by wild caught individuals (1st 

generation), whereas 17% had one lab born parent (2nd generation) and 6% had two lab-born 

parents (2nd generation). Groups were housed in standardized, self-contained tunnel systems of 

polyvinyl chloride (PVC) pipe, with windows of transparent plastic. Each tunnel system 

comprised vertical pipes through which fresh sand was provided daily, a sand waste box, a nest 

box, a toilet, and a food store. Animals were provisioned ad libitum on a diet of sweet potatoes 

and cucumbers, twice daily. Individuals were identified using a unique coloured dye mark 

applied to their head patch and a passive integrated transponder (PIT) tag implanted in early 

life. The research carried out in this study was approved by the Animal Ethics Committee at 

the Mammal Research Institute, University of Pretoria (permit numbers EC089-12, SOP-004-

13 and FAUNA 0137/2020). 

Experimental design 

Pairs were formed by placing two non-breeding, sexually mature individuals of the opposite 

sex into new, self-contained tunnel systems. Mole-rats were considered sexually mature at 15 

months, and weighing at least 80g for females and 100g for males. Opposite-sex pairs were 

approximately matched by age and weight. Before pairing, subjects were removed from their 

colonies and placed in isolation with food, sand and enrichment (a section of PVC pipe and 

shredded tissue paper) for 24hrs to simulate emigration.  

The experiment was initially carried out on 32 pairs of opposite-sex individuals that were 

either: (i) familiar kin (n = 8); (ii) familiar non-kin (n = 8); (iii) unfamiliar kin (n = 8); or (iv) 

unfamiliar non-kin (n = 8), in a full factorial treatment design. One pair of unfamiliar kin was 

compromised by an extra-group copulation following an escape, resulting in pregnancy, 

leaving seven pairs in the unfamiliar kin treatment (n = 31 pairs). Pairs of familiar kin 

comprised opposite-sex nest mates, reared in their mutual, natal colony until pairing. Pairs of 

unfamiliar kin were formed of opposite-sex nest mates, transferred to separate foster colonies 

9.71 ± 4.21 (mean ± SD) days after birth, in which they were reared until pairing. Pairs of 

familiar non-kin were formed of unrelated individuals born in separate natal colonies, 

transferred to the same foster colony 8.13 ± 1.82 days after birth, in which they were reared 

until pairing. Pairs of unfamiliar non-kin were formed of unrelated individuals, reared 

separately in their respective natal colonies until pairing. Cross-fostered pups were transferred 

in groups of 2-5 pups, and readily accepted by 97% of foster colonies. Treatments (ii) and (iii) 
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included foster subjects (n = 32) from 18 foster colonies. The mean genetic relatedness within 

pairs is summarized by treatment in Table 1. 

Genetic analyses 

The genetic relatedness between pairs was estimated using Queller and Goodnight’s (1989) 

coefficient of relatedness, r, in SPAGeDi version 1.1.5 (Hardy & Vekemans 2002). This 

relatedness estimate has been found to be reliable when tested against known relationships 

(mother-offspring). DNA was extracted from tissue and amplified. Individuals were genotyped 

at 13 autosomal microsatellite loci: DMR2-5, 7,  CH1-3, LV25, NCAM (Burland et al. 2001, 

2002), Cmech3, 4 and 6 (Ingram, 2005). Population allele frequencies were generated using all 

genotyped individuals (n = 474) in CERVUS version 3.0.7 (Kalinowski et al. 2007), to 

maximize accuracy in estimating rare allele frequency and ensure non-zero allele frequencies.  

Table 1. Mean  ±  SD genetic relatedness of opposite-sex pairs (Queller & Goodnight, 1989).  

Treatment Coefficient of relatedness (r)

Familiar kin (n = 8) 0.440 ± 0.174 

Unfamiliar kin (n = 7) 0.435 ± 0.094 

Familiar non-kin (n = 8) 0.016 ± 0.192 

Unfamiliar non-kin (n = 8) -0.033 ± 0.118 

Behavioural observations  

Behavioural observations were carried out to quantify mating behaviour, focusing on 

copulation, defined as one individual mounting another and attempting intromission with pelvic 

thrusts, and sex foreplay, defined as the rapid succession of bites, sparring, sniffs, passes and 

drumming. A full ethogram of these and other observed mole-rat behaviours are presented in 

Supplementary Table S1A. Behavioural observations consisted of focal and scan sampling. 

Focals were carried out on the female. One two-hour focal session was carried out immediately 

after pairing (day 0, approximately 1000 SAST), and another one-hour focal session the 

following day (day 1, approximately 0800 SAST). Focal behaviours were sampled as ‘states’, 

recorded with a start and an end time, or ‘events’, recorded at observation without a duration 

(Supplementary Table S1B). Weekly 12-hour scan sessions were carried out for eight weeks, 

starting 2-8 days after pairing (approximately 0700 SAST). Four pairs were observed 

concurrently during each session (n = 8 individuals). Scan sessions comprised a combination 
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of instantaneous and continuous sampling (Supplementary Table S1C). Behavioural states 

were recorded every four minutes, generating 180 instantaneous samples per individual. In 

between instantaneous sampling, events and states of short duration were recorded 

continuously. For both focals and scans, observations were recorded using Observer 11XT 

pocket version 3.2.  

Reproductive physiology 

Urine samples were collected to quantify oestradiol (E2) and progesterone (P4) and determine 

the effect of treatment on reproductive activation. Samples were collected 2-4 days before 

pairing to establish baseline E2 and P4 levels. Samples were subsequently collected on day 1, 

then every 3 days until day 90, and every 7 days between day 90 and day 270. E2 and P4 levels 

were quantified using high performance liquid chromatography-tandem mass-spectrometry 

(Supplementary Material S2).  

For efficiency, a subset of samples were carefully selected for hormone analyses. Overall, we 

used gestation, abortion, parturition and endocrine data to select samples that provided the 

greatest resolution in the timing of reproductive activation, detected by ovulation-induced 

increases in E2 and P4. For all females, samples collected between 2 days before pairing and 

60 days after pairing were initially selected to determine whether reproductive activation 

occurred. Reproducing females were sampled every 3 days, which included samples collected 

immediately after activation and during the first trimester of successful gestation, or over a 

similar time period of luteal phases or aborted gestation, to assess the duration of induced 

elevations in E2 and P4 post-ovulation. Females that did not reproduce were sampled every 

two weeks: this duration was shorter than observed post-ovulation increases E2 and P4, 

ensuring reproductive activation could not be missed. If reproductive activation was detected 

in non-reproducing females, sampling frequency was increased to match that of reproducing 

females. To verify that females that did not activate their reproductive axis within 60 days of 

pairing had still not ovulated by the end of the experiment, we selected additional samples 

between 210 and 270 days post-pairing, at a frequency of 7-14 days.  

To support the interpretation of hormonal profiles, we used gestation length estimates 

calculated from previous breeding events for which the exact conception time is known. Mean 

estimated gestation length is 96.3 ± 3.2 days (unpublished data, n = 3). Note that this represents 

a maximum duration, as fertilization may occur a few days after mating. As it was not possible 
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to determine first ovulation using pre-ovulatory surges in E2, reproductive activation was 

determined based on threshold levels of E2 and P4. To minimise subjectivity, we developed a 

series of threshold-based criteria (n = 10), which were used to separately assess reproductive 

activation (Supplementary Material S2).   

Reproductive success 

All pairs were closely monitored for nine months following pairing. To investigate 

reproductive success, we tested the effect of treatment on the: (i) probability of successful 

gestation following reproductive activation; (ii) total number of pups produced; and (iii) total 

number of litters produced.  

Statistical analysis 

All data analyses were performed in R version 4.2.1 (R Core Team, 2023), using Generalized 

Linear Mixed Models (GLMMs) specified in the glmmTMB package (Brooks et al. 2017). To 

determine the significance of pairwise differences between treatments post hoc, we performed 

analyses of deviance (Wald χ2 test) with Tukey HSD adjustment on estimated marginal means 

with the emmeans package (Lenth 2022). Observations of sexual behaviour were compared 

across treatments using tweedie GLMMs with rates of copulation and sex foreplay specified as 

response variables. Rates were analysed as counts/hour for focal data and counts/12 hours for 

scan data, to account for variation in the duration of observation sessions (Supplementary 

Material S1D-E). Scan counts were computed over the total duration during which behaviours 

could be recorded (total session duration minus time taken to record instantaneous sampling, 

mean ± SD continuous sampling duration = 198.22 ± 44.26 mins, range = 116.15-309.8). Pair 

and session ID were included as random effects, to account for multiple observations of pairs. 

We compared hormone levels within 60 days of pairing across treatments using tweedie 

GLMMs, with E2 and P4 specified as response variables and female ID as a random effect. For 

P4, we specified the model to estimate a dispersion parameter for each treatment to avoid issues 

of  heteroscedasticity in the residuals.  

To investigate reproductive success, we compared the timing of reproductive activation 

between treatments. Two females from the unfamiliar non-kin treatment took over twice as 

long to activate their reproductive axis than the next longest female in this treatment 

(Supplementary Figure S4E), so to consider the possibility that these may be outliers, models 
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were sequentially ran with none, one and both of these potential outliers removed. We used 

generalized poisson (all data) and gamma (outliers removed) GLMMs with log link and 

specified the number of days between pairing and reproductive activation as the response 

variable (one model for each activation criterion). We also compared the likelihood of 

successful gestation between treatments, specified in a binomial GLMM as whether females 

produced their first litter within one hundred days of activation. Finally, the number of pups 

and the number of litters produced was compared using poisson GLMMs with Pair ID specified 

as random effect.  

Results  

Behavioural observations 

Analyses of focal data revealed a significant effect of treatment on the rate of copulation (χ2 = 

20.35, df = 3, p < 0.001; Fig. 1A) and sex foreplay (χ2 = 30.43, df = 3, p < 0.001; Fig. 1B; 

Supplementary Table S3A). Post-hoc analyses revealed increased rates of both behaviours 

among unfamiliar pairs, compared with familiar pairs, whereas kinship had no effect on either 

copulation or sex foreplay (Supplementary Table S3B). The scan observations showed similar 

results to the focal observations, with a significant effect of treatment on the rate of copulation 

(χ2 = 35.57, df = 3, p < 0.001; Fig. 1C) and sex foreplay (χ2 = 37.03, df = 3, p < 0.001; Fig. 1D; 

Supplementary Table S3C). As with the focal data, post-hoc analyses revealed greater 

copulation and sex foreplay rates among unfamiliar pairs, compared with familiar pairs, with 

no effect of kinship on either behaviour (Supplementary Table S3D). In the focal and scan 

observations, counts of sexual behaviour among familiar pairs was close to zero (Fig. 1). 
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Figure 1. Total counts of sexual behaviour observed during focal observations (a–b) and scan 

observations (c–d) of opposite-sex pairs of Damaraland mole-rats that are familiar kin (n = 8), familiar 

non-kin (n = 8), unfamiliar kin (n = 7) or unfamiliar non-kin (n = 8). Focal observations were carried 

out on the female for approximately 3 h across two sessions. Scan sessions were carried out weekly for 

eight weeks. During scans, individuals of both sex were observed for approximately 12 h per session. 

Counts from both focals and all scans are summed. Boxes and whiskers represent within-treatment 

variation among pairs. Boxes represent the inter-quartile range (IQR). Whiskers extend to ±1.5 IQR. 

Line across the box indicates the median. Outliers are represented by individual data points. 

Reproductive physiology 

Visual inspection of E2 and P4 profiles showed that both hormones remained low in 94% 

(15/16) of females paired with familiar males (Supplementary Figure S2D). In contrast, E2 and 

P4 started rising within a few days or weeks of pairing in 93% (14/15) of females paired with 

unfamiliar males and remained elevated for several weeks, a hormone profile associated with 

early gestation in eight individuals (Supplementary Figures S2D & S4A). Both E2 and P4 were 

significantly higher in females paired with unfamiliar males than in females paired with 

familiar males (Supplementary Tables S4C-D). Among non-kin, E2 was 4.09 times higher in 

females from unfamiliar pairs compared to those from familiar pairs. Among kin, E2 was 
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126.77 times higher in females from unfamiliar pairs compared to those from familiar pairs. 

Similar elevations were observed in P4, which was 4.74 times higher in females paired with 

unfamiliar non-kin compared to familiar non-kin, and 19.29 times higher in females paired 

with unfamiliar kin, compared to familiar kin (Fig. 2). As with the behavioural observations, 

kinship had little effect on hormone levels (Supplementary Tables S4C-D). 

 

Figure 2. Differences in oestradiol (upper panel) and progesterone levels (lower panel) between females 

paired with a familiar (left panel, n = 16) and an unfamiliar male (right panel, n = 15). Solid dots indicate 

predicted treatment level concentrations at the response scale obtained by back transforming the fixed 

effects of tweedie GLMMs with log-link. Solid lines indicate 95% CIs (fixed effect ±1.96 s.e.). Grey 

dots indicate hormone concentrations of urine samples that were used for statistical analyses. To 

facilitate visualization, one data point with a concentration of >500 ng ml−1 of E2 has been removed. 

Overall, there was no conclusive effect of kinship on the timing of reproductive activation of 

females that were paired with an unfamiliar male (Supplementary Figures S4E-H). The 

difference in the timing of reproductive activation only reached significance for one out of ten 

reproductive activation criteria after exclusion of the two outliers (1/30 models; Supplementary 

Figure S4H). Under this criteria, females paired with an unrelated male activated their 

reproductive axis 6.38 days earlier than females paired with a relative. 
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Reproductive success 

None of the females paired with familiar males produced litters, whereas all females paired 

with unfamiliar males produced at least one litter. Within females that produced litters, kinship 

did not affect the number of pups (estimate = 0.02 ± 0.33, z = 0.08, p = 0.94) or litters produced 

(estimate = -0.02 ± 0.34, z = -0.05, p = 0.96; Supplementary Table S5A), or the likelihood of 

successful gestation following activation (estimate = 1.20 ± 1.13, z = 1.06, p = 0.29, 

Supplementary Table S5B).  

Discussion 

Our experiment demonstrates that without prolonged association after birth, Damaraland mole-

rats will readily mate with a relative. Indeed, when provided the opportunity to do so, opposite-

sex pairs of unfamiliar kin breed at a similar frequency to unfamiliar non-kin. This suggests 

that familiarity comprises an important component of kin recognition for inbreeding avoidance 

in this species. In contrast, we observed strong incest avoidance within opposite-sex pairs 

reared together, with consistently low rates of sexual activity, regardless of kinship. Our 

findings suggest that in the context of mating decisions, the ontogeny of kin recognition in 

Damaraland mole-rats depends on association during early life; augmenting studies that 

manipulate familiarity among mature relatives to show that association must be maintained 

(Carter et al. 2014, Kelley et al. 2019). As our experimental subjects were separated at 

approximately ten days after birth, any learning of kin during this window seems not to be 

implemented in the decision to mate with opposite-sex conspecifics later in life. Kin 

recognition mechanisms mediated by familiarity appear to operate in other species in which 

there is a risk of inbreeding and individuals encountered during certain life stages are likely to 

be kin (Pike et al. 2021, Galezo et al. 2022). This contrasts with some other social species, in 

which phenotype matching without prior association appears to be the most likely mechanism 

of kin recognition (Green et al. 2015, Pfefferle et al. 2014). For example, phenotype matching 

for incest avoidance has been demonstrated in communally breeding house mice Mus musculus 

(Sherborne et al. 2000). In such systems, association during early rearing conditions may not 

be a reliable indicator of close kinship, as individuals may frequently encounter distant or non-

kin shortly after birth. Here, a recognition mechanism that allows individuals to assess 

relatedness based on similarity at a certain phenotype, may be more dependable. These findings 

highlight that even within related taxa, kin recognition mechanisms are variable, and selection 
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for discrimination is determined by the probability of encountering kin and non-kin, and the 

fitness outcomes of discriminatory behaviour in certain contexts or life-history stages.  

In our study, relatedness did not affect the behaviour or physiology of pairs reared apart, nor 

were there any differences among relatives and non-relatives reared together. This suggests 

that recognition, at least in the context of mating decisions, may rely on familiarity alone. This 

differs to other social rodents, such as Belding ground Squirrels Spermophilus beldingi, in 

which both early environment and genetic relatedness are important for kin recognition 

(Holmes & Sherman 1982, Mateo & Johnston 2000). However,  as different mechanisms may 

operate in different contexts, even within species, further investigation is now needed to 

determine whether familiarity is necessary for kin recognition in other contexts, such as 

cooperation or competition, and the extent to which kin discrimination occurs in such contexts.   

 In our study, inbreeding avoidance was examined with a factorial experiment which measured 

the responses of individuals to an assigned partner, which varied in familiarity and kinship. 

This thus represents the first opportunity to breed during sequential mate choice. Further 

studies, which permit females to sample multiple males of varying relatedness (or vice versa), 

might allow the strength of kin discrimination in mate choice to be assessed more closely, 

although such choice experiments may be difficult to execute. As females were not provided 

with an alternative male, we might have expected familiar pairs to ultimately breed. However, 

the continued abstinence observed among familiar pairs is consistent with that observed by 

subordinates within natural groups, which are often closely related (Burland et al. 2002, 2004).  

As subjects were removed from the group and isolated before pairing, our findings reveal that 

recognition of familiar individuals is maintained outside the context of burrow system, ruling 

out mechanisms based on spatial cues or group membership per se. Instead, our results suggest 

that familiar individuals are recognized by some aspect of their phenotype. In Damaraland and 

naked mole-rats, olfaction appears to be the primary modality for social communication 

(Leedale et al. 2021, Toor et al. 2015), as in other rodents (Stockley et al. 2013, Roberts et al. 

2018), and there is convincing evidence that several subterranean rodents discriminate 

conspecifics using olfactory cues (reviewed in Heth & Todrank 2007). However, other 

modalities should not be ruled out, and recognition may of course be multi-modal. In a broad 

range of taxa, kin discrimination has been documented based on chemical (Mateo & Johnston 

2000), acoustic (Leedale et al. 2020a) visual (Pfefferle et al. 2014), or a combination of cues 

(Hinz et al. 2013).  More studies are now needed to determine the sensory modalities of 



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

14 
 

proximate recognition cues for incest avoidance. Whether Damaraland mole-rats can recognize 

individuals, or whether discrimination is based on a group signature that is shared among 

family members, also warrants further study. 

Contrasts in the frequency of mating is reflected in female hormone profiles, showing that kin 

recognition operates at the physiological, as well as behavioural level. Apart from two 

exceptions, females paired with unfamiliar males showed high levels of sexual activity and 

increased their E2 and P4 levels after pairing, neither of which was observed in females paired 

with familiar males. The sustained elevation of E2 and P4 observed here is consistent with two 

mutually exclusive stages of reproduction that immediately follow ovulation, the luteal phase 

of the ovarian cycle and gestation (Voigt et al. 2021), and therefore indicates recent ovulation. 

In mammals, ovulation can be induced by external stimuli related to mating, such as sensory 

cues from potential partners or coitus. It can also be spontaneous, occurring at regular stages 

of an oestrus cycle, independent of external stimuli (Conaway, 1971). Our finding that females’ 

first ovulation is contingent on preceding sexual activity shows that Damaraland mole-rats are 

induced ovulators. These results corroborate recent work from Voigt et al. (2021) and is in 

contrast to the earlier suggestion that ovulation is spontaneous (Snyman et al. 2006), though 

we cannot exclude the possibility that once reproductive activation is induced, ovulation may 

then occur spontaneously. In our case, the exception appears to prove the rule, as the female 

that ovulated after being paired with a familiar male also showed unexpectedly high levels of 

sexual activity. Likewise, during eight weeks of behavioural observations, no sexual activity 

was observed in the only female paired with an unfamiliar male that did not activate her 

reproductive axis during this time period. This is also supported by field evidence which shows 

that non-breeders become reproductive after dispersal (Torrents-Ticó et al. 2018, Thorley et 

al. 2023). In the wild, non-breeding female Damaraland mole-rats can remain solitary for 

extended periods after dispersal before encountering an unrelated male with whom to breed 

(Thorley et al. 2023). Yet, the chances of establishing a new breeding colony would be 

increased by readiness to breed (Hazell et. al. 2000). In such circumstances, induced ovulation 

is adaptive, enabling reproduction soon after encountering a suitable partner (Holmes et al. 

2009).  

Induced ovulation has important implications for the maintenance of reproductive skew in 

cooperatively breeding mammals that live in discrete family groups. In Damaraland mole-rats, 

anovulation of non-breeding females has been putatively attributed to social suppression by the 
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breeding female (Bennett et al. 1993, Bennett et al. 1996, Bennett et al. 2022). However, if 

Damaraland mole-rats are induced ovulators, anovulation is the expected default state of the 

female reproductive axis until a suitable partner becomes available. In animals living in groups 

comprised of close relatives, this may only occur when females encounter a foreign male whose 

relatedness to them is likely to be sufficiently low. In such circumstances, it may thus be 

inappropriate to define non-breeding females lacking access to a mating partner as 

physiologically suppressed. This possibility is supported by several studies, including ours, 

which show that the E2 and P4 profiles of non-breeding females that lack a breeding 

opportunity remain low, even when the breeding female is absent (Clarke et al. 2001, Voigt et 

al. 2021). Anovulation has also been observed in females that lack access to their usual 

breeding partner (Voigt et al. 2021). Studies which experimentally manipulate the family 

structure of groups, and the opportunities for females to breed with unrelated males, are needed 

to test whether, and how, breeding females suppress subordinate reproduction (for a rare 

example see Cooney & Bennett 2000).  

All females paired with an unfamiliar male bred successfully, but there was no difference in 

offspring production between incestuous and unrelated pairs. Thus, there is no clear evidence 

in this study of postcopulatory inbreeding avoidance in Damaraland mole-rats, such as 

increased spontaneous abortion rates among related breeders. However, it is possible that foetal 

abortion is buffered in captivity, where food is provided ad libitum and exposure to parasites 

is limited. Advanced analyses which differentiate post-ovulation without fertilisation from the 

early stages of pregnancy may provide more definitive conclusions regarding postcopulatory 

measures to reduce inbreeding. That inbred foetuses are not aborted does not imply that 

inbreeding is not costly: across taxa, fitness costs are typically observed among inbred 

offspring, rather than their parents (Bérénos et al. 2016, Huisman et al. 2016). Inbreeding costs 

must also be considered in balance with costs associated with inbreeding avoidance, such as 

missed mating opportunities (Kokko & Ots 2006) and inclusive fitness benefits of associating 

with kin (Thünken et al. 2007). Despite low rates of dispersal (Hazell et al. 2000), thus limited 

opportunity to breed outside the group, Damaraland mole-rats overwhelmingly abstain from 

mating with group members (Clarke et al., 2001), suggesting that inbreeding depression is 

sufficiently severe to select for strong inbreeding avoidance. Investigations of inbreeding 

depression, which compare fitness and fitness-associated traits among inbred and outbred 

individuals, make a compelling avenue for further study. 
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Conclusions 

We have shown that in Damaraland mole-rats, kin recognition for incest avoidance operates 

through familiarity. Incest avoidance is maintained at the physiological level, with activation 

of the female reproductive axis requiring access to an unfamiliar male, but not necessarily an 

unrelated one. This study supports the growing body of work suggesting that early environment 

plays an important role in recognizing kin in a variety of species and behavioral contexts. 

Finally, we reveal important insights into how the ovulation is triggered, and the consequences 

of induced ovulation in social animals.  

Acknowledgements 

We are grateful to all volunteers and staff who have assisted with behavioural observations and 

sampling, and to Channen Long for on-site management of the Kalahari Mole-Rat Project. We 

are indebted to the Kalahari Research Trust for access to facilities, especially Walter Jubber 

for logistical support and Tim Vink for IT support and database management. We thank Marta 

Manser for her contribution to the maintenance of the Kalahari Research Centre and the 

Northern Cape Department of Environment and Nature Conservation for permission to conduct 

research in the Northern Cape. We are especially grateful to Chris Faulkes and technical staff 

at the Genome Centre at Queen Mary, University of London for assistance with genotyping. 

We also thank Nigel Bennett and the  Ethics Committee of  the University of Pretoria for their 

advice and support throughout the mole-rat research. This research is part of a project that has 

received funding from the European Research Council under the European Union’s Horizon 

2020 research and innovation programme (Grant agreement No. 294494 and 742808), the 

Human Frontier Science Program (funding reference RGP0051/2017) and the Mammal 

Research Institute at the University of Pretoria, South Africa. 

Competing interests  

The authors are not aware of any competing interests.  

Declaration of AI use 

No AI-assisted technologies were used in creating this article. 

 



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

17 
 

Data accessibility statement 

Data relating to this article can be accessed in the Dryad digital repository 

https://doi.org/10.5061/dryad.k6djh9wgd.  

References  

1. Beecher MD. 1982 Signature systems and kin recognition. Am. Zool. 22, 477-1490. 

https://doi.org/10.1093/icb/22.3.477.  

2. Bennett NC, Faulkes CG, Molteno AJ. 1996 Reproductive suppression in subordinate, 

non-breeding female Damaraland mole-rats: two components to a lifetime of socially 

induced infertility. Proc. R. Soc. B 263, 1599-1603. 

https://doi.org/10.1098/rspb.1996.0234.  

3. Bennett NC, Faulkes CG, Voigt C. 2022. Socially Induced Infertility in Naked and 

Damaraland Mole-Rats: A Tale of Two Mechanisms of Social Suppression. Animals 

12, 3039. https://doi.org/10.3390/ani12213039.  

4. Bennett NC, Jarvis JUM, Faulkes CG, Millar RP. 1993 LH responses to single doses 

of exogenous GnRH by freshly captured Damaraland mole-rats, Cryptomys 

damarensis. Reproduction 99, 81-86. https://doi.org/10.1530/jrf.0.0990081.  

5. Bérénos C, Ellis PA, Pilkington JG, Pemberton JM. 2016 Genomic analysis reveals 

depression due to both individual and maternal inbreeding in a free-living mammal 

population. Mol. Ecol. 25, 3152–3168. https://doi.org/10.1111/mec.13681.  

6. Brooks ME, Kristensen K, van Benthem KJ,  Magnusson A, Berg CW,  Nielsen A, 

Skaug HJ, Maechler M, Bolker BM. 2017 glmmTMB Balances Speed and Flexibility 

Among Packages for Zero-inflated Generalized Linear Mixed Modeling. R. J. 9, 378-

400. https://doi.org/10.3929/ethz-b-000240890.  

7. Burland TM, Bishop JM, O'Ryan C, Faulkes CG 2001 Microsatellite primers for the 

African mole-rat genus Cryptomys and cross-species amplification within the family 

Bathyergidae. Mol. Ecol. Notes 1, 311 - 314. https://doi.org/10.1046/j.1471-

8278.2001.00121.x.  

8. Burland TM, Bennett NC, Jarvis JU, Faulkes CG. 2002 Eusociality in African mole-

rats: new insights from patterns of genetic relatedness in the Damaraland mole-rat 

(Cryptomys damarensis). Proc. R. Soc. B 269, 1025-1030. 

https://doi.org/10.1098/rspb.2002.1978.  



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

18 
 

9. Burland TM, Bennett NC, Jarvis JU, Faulkes CG. 2004 Colony structure and parentage 

in wild colonies of co‐operatively breeding Damaraland mole‐rats suggest incest 

avoidance alone may not maintain reproductive skew. Mol. Ecol. 13, 2371-2379. 

https://doi.org/10.1111/j.1365-294X.2004.02233.x.  

10. Carter SN, Goldman BD, Goldman SL, Freeman DA. 2014 Social cues elicit sexual 

behavior in subordinate Damaraland mole-rats independent of gonadal status. Horm. 

Behav. 65, 14-21. https://doi.org/10.1016/j.yhbeh.2013.11.001.  

11. Charlesworth B, Charlesworth D. 1999 The genetic basis of inbreeding depression. 

Genet. Res. 74, 329-340. https://doi.org/10.1017/S0016672399004152.  

12. Clarke FM, Miethe GH, Bennett NC. 2001 Reproductive suppression in female 

Damaraland mole–rats Cryptomys damarensis: dominant control or self–restraint? 

Proc. R. Soc. B 268, 899–909. https://doi.org/10.1098/rspb.2000.1426.  

13. Clutton-Brock T, Lukas D. 2012 The evolution of social philopatry and dispersal in 

female mammals. Mol. Ecol. 21, 472–492. https://doi.org/10.1111/j.1365-

294X.2011.05232.x.  

14. Cockburn A, Osmond HL, Mulder RA, Green DJ, Double MC. 2003 Divorce, dispersal 

and incest avoidance in the cooperatively breeding superb fairy-wren Malurus cyaneus. 

J. Anim. Ecol. 72, 189–202. https://doi.org/10.1046/j.1365-2656.2003.00694.x.  

15. Conaway CH. 1971 Ecological adaptation and mammalian reproduction. Biol. Reprod. 

4, 239–247. https://doi.org/10.1093/biolreprod/4.3.239.  

16. Cooney R, Bennett NC 2000 Inbreeding avoidance and reproductive skew in a 

cooperative mammal. Proc. R. Soc. B 267, 801-806. 

https://doi.org/10.1098/rspb.2000.1074. 

17. Duarte LC, Bouteiller C, Fontanillas P, Petit E, Perrin N. 2003 Inbreeding in the 

greater white‐toothed shrew, Crocidura russula. Evolution, 57, 638-645. 

https://doi.org/10.1111/j.0014-3820.2003.tb01555.x.     

18. Fraimout A, Rastas P, Lv L, Merilä J. 2023 Inbreeding depression in an outbred 

stickleback population. Mol. Ecol. 32, 3440–3449. https://doi.org/10.1111/mec.16946.  

19. Frommen JG, Bakker TC. 2006 Inbreeding avoidance through non-random mating in 

sticklebacks. Biol Lett. 2, 232-5. https://doi.org/10.1098/rsbl.2005.0432.   

20. Galezo AA, Nolas MA, Fogel AS, Mututua RS, Warutere JK, Siodi IL, Altmann J, 

Archie EA,  Tung J, Alberts SC. 2022 Mechanisms of inbreeding avoidance in a wild 

primate. Curr. Biol. 32, 1607-1615. https://doi.org/10.1016/j.cub.2022.01.082.  



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

19 
 

21. Gerlach G, Lysiak N. 2006 Kin recognition and inbreeding avoidance in zebrafish, 

Danio rerio, is based on phenotype matching. Anim. Behav. 71, 1371–1377. 

https://doi.org/10.1016/j.anbehav.2005.10.010.  

22. Goodwillie C, Weber JJ. 2018 The best of both worlds? A review of delayed selfing in 

flowering plants. Am. J. Bot. 105, 641-655. https://doi.org/10.1002/ajb2.1045.  

23. Green JP, Holmes AM, Davidson AJ, Paterson S, Stockley P, Beynon RJ, Hurst JL. 

2015 The genetic basis of kin recognition in a cooperatively breeding mammal. Curr. 

Biol. 25, 2631-2641. https://doi.org/10.1016/j.cub.2015.08.045.  

24. Hardy OJ, Vekemans X. 2002 SPAGeDi: a versatile computer program to analyse 

spatial genetic structure at the individual or population levels. Mol. Ecol. Notes 2, 618–

620. https://doi.org/10.1046/j.1471-8286.2002.00305.x.  

25. Hazell RWA, Bennett NC, Jarvis JUM, Griffin M. 2000 Adult dispersal in the co- 

operatively breeding Damaraland mole-rat (Cryptomys damarensis): a case study from 

the Waterberg region of Namibia. J. Zool. 252, 19–25. https://doi.org/10.1111/j.1469-

7998.2000.tb00816.x.  

26. Heth G, Todrank J. 2007 Using odours underground. In: Subterranean rodents: news 

from the underground (Begall S, Burda H, Schleich CE, eds). Springer verlag, Berlin, 

pp. 85-96.  

27. Hinz C, Kobbenbring S, Kress S, Sigman L, Müller A, Gerlach G. 2013 Kin recognition 

in zebrafish, Danio rerio, is based on imprinting on olfactory and visual stimuli. Anim. 

Behav. 85, 925–930. https://doi.org/10.1016/j.anbehav.2013.02.010.   

28. Holmes WG, Sherman PW. 1982 The ontogeny of kin recognition in two species of 

ground squirrels. Am. Zool. 22, 491-517. https://doi.org/10.1093/icb/22.3.491.  

29. Holmes MM, Goldman BD, Goldman SL, Seney ML, Forger NG. 2009 

Neuroendocrinology and sexual differentiation in eusocial mammals. Front. 

Neuroendocrinol. 30, 519-533. https://doi.org/10.1016/j.yfrne.2009.04.010.   

30. Huisman J, Kruuk LEB, Ellis PA, Clutton-Brock T, Pemberton JM. 2016 Inbreeding 

depression across the lifespan in a wild mammal population. PNAS 113, 3585–3590. 

https://doi.org/10.1073/pnas.1518046113.  

31. Ingram CM. 2005 Evolution of Microsatellite DNA and their flanking regions within 

the endemic African mole-rats (Rodentia; Bathyergidae). Unpublished Thesis, Texas, 

A&M University. 



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

20 
 

32. Jacobs DS, Kuiper S. 2000 Individual recognition in the Damaraland mole‐rat, 

Cryptomys damarensis (Rodentia: Bathyergidae). J. Zool. 251, 411–415. 

https://doi.org/10.1111/j.1469-7998.2000.tb01092.x.  

33. Jacobs DS, Reid S, Kuiper S. 1998 Out-breeding behaviour and xenophobia in the 

Damaraland mole-rat, Cryptomys damarensis. Afr. Zool. 33, 189-194. 

https://doi.org/10.1080/02541858.1998.11448470.  

34. Kalinowski ST, Taper ML, Marshall TC. 2007 Revising how the computer program 

CERVUS accommodates genotyping error increases success in paternity assignment. 

Mol. Ecol. 16, 1099-1106. https://doi.org/10.1111/j.1365-294X.2007.03089.x.  

35. Keller LF, Waller DM. 2002 Inbreeding effects in wild populations. TREE 17, 230-241. 

https://doi.org/10.1016/S0169-5347(02)02489-8.  

36. Kelley JB, Carter SN, Goldman BD, Goldman SL, Freeman DA. 2019 Mechanism for 

establishing and maintaining the reproductive hierarchy in a eusocial mammal, the 

Damaraland mole-rat. Anim. Behav. 158, 193-200. 

https://doi.org/10.1016/j.anbehav.2019.10.012. 

37. Kokko H & Ots I. 2006 When Not To Avoid Inbreeding. Evolution, 60, 467-475. 

https://doi.org/10.1111/j.0014-3820.2006.tb01128.x.     

38. Leedale AE, Li J, Hatchwell BJ. 2020 Kith or Kin? Familiarity as a Cue to Kinship in 

Social Birds. Fron. Ecol. Evol. 8, 77. https://doi.org/10.3389/fevo.2020.00077.  

39. Leedale AE, Simeoni M, Sharp SP, Green JP, Slate J, Lachlan RF, Robinson EJH, 

Hatchwell BJ. 2020 Cost, risk, and avoidance of inbreeding in a cooperatively breeding 

bird. PNAS 117, 15724–15730. https://doi.org/10.1073/pnas.1918726117.  

40. Leedale AE, Thorley J, Clutton-Brock T. 2021 Odour-based social recognition in 

Damaraland mole-rats, Fukomys damarensis. Anim. Behav. 179, 83-96. 

https://doi.org/10.1016/j.anbehav.2021.06.019.  

41. Leedale AE, Vullioud P, Seager D, Zöttl M, Glauser G, Clutton-Brock T. Forthcoming 

2024 Data: Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys 

damarensis [Dataset]. Dryad. https://doi.org/10.5061/dryad.k6djh9wgd.  

42. Lehmann L & Perrin N. 2003 Inbreeding Avoidance through Kin Recognition: 

Choosy Females Boost Male Dispersal. The American Naturalist, 162, 638–652. 

https://doi.org/10.1086/378823.  

43. Lenth R. 2022 emmeans: Estimated Marginal Means, aka Least-Squares Means. R 

package version 1.7.5, https://CRAN.R-project.org/package=emmeans.  



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

21 
 

44. Li XY, Kokko H. 2019 Sex‐biased dispersal: a review of the theory. Biol. Rev. 94, 721-

736. https://doi.org/10.1111/brv.12475.  

45. Lihoreau M, Zimmer C, Rivault C. 2007 Kin recognition and incest avoidance in a 

group-living insect. Behav. Ecol. 18, 880-887. https://doi.org/10.1093/beheco/arm046.  

46. Mateo JM, Johnston RE. 2000 Kin Recognition and the 'Armpit Effect': Evidence of 

Self-Referent Phenotype Matching. Proc. R. Soc. B 267, 695-700. 

https://doi.org/10.1098/rspb.2000.1058.    

47. Mateo JM. 2003 Kin recognition in ground squirrels and other rodents. J. Mammal. 84, 

1163-1181. https://doi.org/10.1644/BLe-011.  

48. Pfefferle D, Kazem AJN, Brockhausen RR, Ruiz-Lambides AV, Widdig A. 2014 

Monkeys Spontaneously Discriminate Their Unfamiliar Paternal Kin under Natural 

Conditions Using Facial Cues. Curr. Biol. 24, 1806-1810. 

https://doi.org/10.1016/j.cub.2014.06.058.  

49. Pike VL, Cornwallis CK, Griffin AS. 2021 Why don’t all animals avoid inbreeding? 

Proc. R. Soc. B 288, 20211045. https://doi.org/10.1098/rspb.2021.1045.  

50. Pizzari T, Lo H, Cornwallis CK. 2004 Sex-specific, counteracting responses to 

inbreeding in a bird. Proc. R. Soc. B 271, 2115–2121. 

https://doi.org/10.1098/rspb.2004.2843.  

51. Pusey AE, Wolf M. 1996 Inbreeding avoidance in animals. TREE 11, 201-206. 

https://doi.org/10.1016/0169-5347(96)10028-8.  

52. Queller DC, Goodnight KF. 1989 Estimating relatedness using genetic markers. 

Evolution, 43, 258-275. https://doi.org/10.1111/j.1558-5646.1989.tb04226.x.  

53. R Core Team 2023 R: A language and environment for statistical computing. R 

Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-

project.org/.   

54. Rickard CA, Bennett NC. 1997 Recrudescence of sexual activity in a reproductively 

quiescent colony of the Damaraland mole‐rat (Cryptomys damarensis), by the 

introduction of an unfamiliar and genetically unrelated male—a case of incest 

avoidance in ‘queenless’ colonies. J. Zool. 241, 185-202. 

https://doi.org/10.1111/j.1469-7998.1997.tb05508.x.  

55. Riehl C, Stern CA. 2015 How cooperatively breeding birds identify relatives and avoid 

incest: New insights into dispersal and kin recognition. BioEssays, 37, 1303–1308. 

https://doi.org/10.1002/bies.201500120.  



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

22 
 

56. Roberts SA, Prescott MC, Davidson AJ, McLean L, Beynon RJ, Hurst JL. 2018 

Individual odour signatures that mice learn are shaped by involatile major urinary 

proteins (MUPs). BMC Biol. 16, 1. https://doi.org/10.1186/s12915-018-0512-9.  

57. Saccheri I, Kuussaari M, Kankare M, Vikman P, Fortelius W, Hanski I. 1998 

Inbreeding and extinction in a butterfly metapopulation. Nature 392, 491-494. 

https://doi.org/10.1038/33136.  

58. Sherborne AL, Thom MD, Paterson S, Jury F, Ollier WER, Stockley P, Beynon R,  

Hurst JL. 2007 The Genetic Basis of Inbreeding Avoidance in House Mice. Curr. Biol. 

17, 2061-2066. https://doi.org/10.1016/j.cub.2007.10.041.  

59. Snyman P, Jackson C, Bennett N. 2006 Do dispersing non-reproductive female 

Damaraland mole-rats, Cryptomys damarensis (Rodentia: Bathyergidae) exhibit 

spontaneous or induced ovulation? Physiol. Behav. 87, 88–89. 

https://doi.org/10.1016/j.physbeh.2005.09.003.  

60. Stockley P, Bottell L, Hurst JL. 2013 Wake up and smell the conflict: odour signals in 

female competition. Phil. Trans. R Soc. B 368, 20130082. 

https://doi.org/10.1098/rstb.2013.0082.  

61. Szulkin M, Stopher KV, Pemberton JM, Reid JM. 2013. Inbreeding avoidance, 

tolerance, or preference in animals? TREE 28, 205–211. 

https://doi.org/10.1016/j.tree.2012.10.016.  

62. Thorley J, Bensch HM, Finn K, Clutton-Brock T, Zöttl M. 2023 Damaraland mole-

rats do not rely on helpers for reproduction or survival. Evol. Lett. 7, 203–215. 

https://doi.org/10.1093/evlett/qrad023.  

63. Thünken T, Bakker TC, Baldauf SA, Kullmann H. 2007 Active inbreeding in a 

cichlid fish and its adaptive significance. Curr. Biol. 17, 225-229. 

https://doi.org/10.1016/j.cub.2006.11.053.  

64. Toor I, Clement D, Carlson EN, Holmes, MM. 2015 Olfaction and social cognition in 

eusocial naked mole-rats. Heterocephalus glaber. Anim. Behav. 107, 175–181. 

https://doi.org/10.1016/j.anbehav.2015.06.015.  

65. Torrents‐Ticó M, Bennett NC, Jarvis, JUM, Zöttl M. 2018 Sex differences in timing 

and context of dispersal in Damaraland mole‐rats (Fukomys damarensis). J. Zool. 306, 

252–257. https://doi.org/10.1111/jzo.12602.  

66. Voigt C, Medger K, Bennett NC. 2021 The oestrous cycle of the Damaraland mole-rat 

revisited: evidence for induced ovulation. J. Zool. 314, 85-95. 

https://doi.org/10.1111/jzo.12860.  



Kin recognition for incest avoidance in Damaraland mole-rats, Fukomys damarensis  

23 
 

67. Waldman B, Rice JE, Honeycutt RL. 1992 Kin Recognition and Incest Avoidance in 

Toads. Am. Zool. 32, 18–30. https://doi.org/10.1093/icb/32.1.18.  


