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Ansell’s mole-rats (Fukomys anselli) are sexually dimorphic subterranean rodents that live in families consisting of a single breeding pair and their late-dispersing non-breeding offspring. Most individuals exhibit a conspicuous white head patch, which results from integumental depigmentation. Alongside other morphological, physiological, and social characteristics, skin depigmentation in these social rodents mirrors traits that presumably evolved as byproducts from selection against aggression in domestic animals, making them a potential candidate species for a self-domesticated wild mammal. Here we explored whether the expression of the white head patch, sexual dimorphism, and reproductive division of labor are reflected by different personalities in Ansell’s mole-rats. We tested locomotory activity and risk-taking as well as aggression and affiliative behavior in 51 individuals originating from nine captive families in various experimental set-ups. In line with the concept of animal personality, we recovered consistent individual responses over time. While sex had no influence on any tested variable, reproductive status was found to affect risk-taking behavior but not other personality dimensions. Discriminant function analysis revealed that family members clustered more closely together than expected by chance, suggesting that group affiliation rather than sex or social status determines behavioral profiles in this species. Finally, we failed to recover any consistent correlation between head patch expression and behavior, which conflicts with predictions of the self-domestication hypothesis. We argue that many domestication-like traits in Ansell’s mole-rat and its congeners evolved in the framework of subterranean adaptation and call for a cautious application of the self-domestication concept to wild mammals.
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INTRODUCTION

Ansell’s mole-rat (Fukomys anselli) is a social bathyergid rodent from central Zambia that permanently lives underground in self-excavated tunnel systems (Begall et al., 2021a) extending up to several hundred meters in length (Šklíba et al., 2012). It displays a suit of morphological as well as sensory adaptations to subterranean life, including a cylindrical body shape, reduction of body appendages, and strongly procumbent incisors employed for digging (Begall et al., 2021a). Its eyes are profoundly reduced in size severely constraining visual perception of shapes, size, and movement (Němec et al., 2004). However, Ansell’s mole-rats are able to distinguish between darkness and light (Wegner et al., 2006), and their eyes appear to be involved in sensing the Earth’s magnetic field (Marhold et al., 1997; Caspar et al., 2020). Hearing is confined to low frequencies (Müller and Burda, 1989; Gerhardt et al., 2017), and their somatosensory system is supposedly well developed, as is the case in other subterranean mammals (Park et al., 2007). Odors (such as anogenital scent or urine) help mole-rats to distinguish familiar from unfamiliar conspecifics and to identify family members (Heth et al., 2004; Leedale et al., 2021).

Ansell’s mole-rats, like all its congeners in the genus Fukomys as well as the distantly related naked mole-rat (Heterocephalus glaber), are cooperative breeders that live in groups with high reproductive skew. In Ansell’s mole-rats, families typically comprise about ten individuals, but groups may contain up to 25 animals (Begall et al., 2021a). There is only one monogamous reproductive pair in each family (i.e., breeders, at times also called king and queen), and the offspring (non-breeders or helpers) may remain in their natal family for an extended period of time (Patzenhauerová et al., 2013). The non-reproductive mole-rats contribute to the survival of their younger siblings, for instance, by excavating and maintaining tunnels as well as by retrieving pups that stray away from the communal nest (Begall et al., 2021a). In free living Fukomys mole-rats, breeders are more likely to range in the vicinity (<10 m) of the nest and they also spend more time within the nest compared to non-breeders that may be found at distances of >90 m away from the nest chamber (Lövy et al., 2013; Šklíba et al., 2016). In line with that, breeders of the congeneric Damaraland mole-rat (Fukomys damarensis) have been shown to be less active than non-breeders in the wild (Francioli et al., 2020). However, no significant differences in the locomotor activity between Ansell’s mole-rat breeders and non-breeders could be recovered in the laboratory (Schielke et al., 2012). Due to the reproductive division of labor and strong philopatry of offspring, Ansell’s mole-rats and their congeners have been considered to be eusocial mammals by some authors (Burda et al., 2000; Burland et al., 2002). There is, however, a debate about the applicability of this term, which was originally introduced to describe the lifestyle of social insects such as ants and termites, to mole-rats of the genus Fukomys. It has recently been shown that in wild Damaraland mole-rats, the presence of non-reproductive helpers in a burrow system only weakly increases the fitness of the breeding female (Thorley et al., 2021). Furthermore, Fukomys helpers fundamentally differ from workers in many social insects in not showing evidence for task specialization (F. anselli – Šklíba et al., 2016; F. damarensis – Thorley et al., 2018); a trait that is also lacking in naked mole-rats (Siegmann et al., 2021). Zöttl et al. (2016) showed that the individual cooperative investment of Fukomys helpers increases with age and appears to be a consequence of age-related polyethism as is also the case in other cooperatively breeding mammals, such as meerkats (Suricata suricatta). There were only small differences in the investment of cooperative behavior between the sexes, and if present it was biased towards females. For instance, females provided significantly more alloparental care (a behavior that was very rarely observed overall) and tended to invest more time into nest building and digging than males (within their first year of life – Zöttl et al., 2016). At least in the Damaraland mole-rat, males tend to disperse earlier and more frequently than the more philopatric females (Zöttl et al., 2016; Torrents-Ticó et al., 2018). Males are also more likely to invade family groups to challenge established breeders (Mynhardt et al., 2021). The greater body mass, relative skull dimensions and broader incisors of males might have evolved in the context of such intrasexual conflicts (Caspar et al., 2021b).

Ansell’s mole rats (as well as their congeners) display remarkable longevity, reaching a maximum age of about 22.2 years (Dammann et al., 2011; Begall et al., 2021a). The average (and maximum) lifespan of breeders in captivity is about two times that of non-breeders, resulting in a bimodal aging pattern for the species (Dammann and Burda, 2006). In the congeneric giant mole-rat (Fukomys mechowii) it was recently recovered that cortisol levels in hair are significantly higher in adult non-breeders living together with their parents compared to those of breeders (Begall et al., 2021b). This finding may indicate higher stress levels in non-breeders and could explain the earlier onset of senescence.

Among the many unusual traits of the Ansell’s mole-rat and other Fukomys species are some that mirror characteristics of domesticated mammals. These include markedly low stress hormone levels (Ganem and Bennett, 2004), increased tolerance and lowered aggression toward conspecifics (restricted to group members in captivity, see Begall et al., 2021b; compare Ganem and Bennett, 2004), localized depigmentation of the integument (see below), and brains that are smaller than the average for similar-sized rodents (Kruska and Steffen, 2009). In fact, the combined presence of these traits could be interpreted as evidence for so-called self-domestication in Fukomys.

The concept of self-domestication has originally been invoked to explain various derived phenotypic as well as behavioral characters that differentiate modern humans (Homo sapiens) from their ancestors and other primates (reviewed by Hare (2017); see also Theofanopoulou et al. (2017)). However, it has also been adopted for non-human primates, such as bonobos (Pan paniscus – Hare et al., 2012) and marmosets (Callithrix jacchus – Ghazanfar et al., 2020), with calls to extend it further to other mammalian groups. Self-domestication entails the emergence of specific behavioral and morphological traits in natural populations which are otherwise characteristic for those domesticated by humans (Hare, 2017). The main feature of lineages considered to be self-domesticated is increased social tolerance and reduced aggression (Hare, 2017), importantly mediated by low levels of circulating stress hormones (compare Albert et al., 2009; Wilkins et al., 2014). This reduction in stress hormone levels is hypothesized to chiefly relate to hypofunction of the adrenal glands, which develop from neural crest cells in the mammalian embryo. Due to the action of pleiotropic genes regulating the differentiation and migration of the embryonic neural crest cells, selection against aggression would not only affect the adrenal glands but further give rise to alterations in other neural crest-derived structures, causing localized depigmentation of the integument (although this is not found in humans), as well as a reduction in brain, jaw, and tooth size (Wilkins et al., 2014). The collective of these various altered traits is commonly denoted as the “domestication syndrome” which is supposed to be found in both self-domesticated and human-domesticated lineages (Trut, 1999; Wilkins et al., 2014; but see Lord et al. (2020) for a rebuttal).

Whether the term “self-domestication” is actually fitting for what it aims to describe and how conclusive the available evidence for the hypothesis is, continues to be hotly debated (Sánchez-Villagra and van Schaik, 2019; Losey, 2021). In fact, the only traits constituting the “domestication syndrome” which are universally expressed in domesticated mammal lineages are increased tameness and integumental depigmentation, calling its scope into question (Sánchez-Villagra and van Schaik, 2019).

Among non-synanthrope wild rodents (compare Geiger et al., 2018 for a relevant study on a commensal population of house mice), Fukomys is indeed striking in fitting the self-domestication concept in several crucial aspects. Apart from the aforementioned traits, Fukomys group members provide allomaternal care for the altricial offspring of the family and communicate with each other through an elaborate repertoire of social vocalizations, which surpasses that of most other rodents in complexity (Bednářová et al., 2013). Although not typical of domesticated lineages, these traits have also been hypothesized to characterize alleged self-domesticated species of primates, including humans and marmosets (Ghazanfar et al., 2020).

The most conspicuous domestication-like trait in Ansell’s mole-rats is the white dorsal head spot, which results from local depigmentation of the integument. In most Fukomys species, individuals of both sexes display such a white bles (“occipital patch” – De Graaff, 1964; “blaze” – Burda, 1989). In some species, it might taper caudally along the spine (e.g., F. damarensis, Fukomys micklemi; De Graaff, 1964; pers. obs.) while it is usually constrained to the occipital region of the head in others (e.g., F. anselli, Fukomys foxi – Williams et al., 1983; pers. obs). Yet in other taxa, it is missing altogether or is only found in few individuals of a given population (F. mechowii and Fukomys vandewoestijneae – Caspar et al., 2021a; some species/populations of the F. whytei species group – Faulkes et al., 2017). In all species that express it, the size and shape of the bles varies considerably (e.g., De Graaff, 1964; Williams et al., 1983). Depigmentation in other parts of the integument might occur (particularly on the medial ventrum and the mandibular area) but is never as consistently present as the head patch (pers. obs.). Apart from efforts to assess its potential value for taxonomy, the Fukomys head patch has received little research attention, and both the proximate and ultimate causes for its expression remain enigmatic.

Since partial depigmentation of the integument is often championed as being a hallmark indicator of (self-)domestication (Sánchez-Villagra and van Schaik, 2019), a nuanced examination of its evolutionary ties to social behavior in Fukomys appears warranted. To support the notion of self-domestication, a correlation between head patch expression and other traits considered to derive from selection against aggression should be demonstrable at the individual level (Ghazanfar et al., 2020).

In this study, we aim to explore whether individual personalities are present in Ansell’s mole-rats and how they are linked to sex, social status, and the expression of the white dorsal head patch. Over the past decades, numerous works have demonstrated different temporally stable personalities or behavioral syndromes in populations of vertebrates as well as invertebrates (Gosling, 2001; Sih et al., 2004; Bell et al., 2009; Kralj-Fišer and Schütt, 2014), and it would come as a surprise if Ansell’s mole-rat would not comply to this concept. The current literature on animal personality considers five major temperament trait categories or personality dimensions: aggressiveness, boldness, exploration, activity, and sociability (Sih et al., 2004; Réale et al., 2007; Beckmann and Biro, 2013). Personality studies on rodents so far included species such as domestic guinea-pigs (Cavia porcellus – Zipser et al., 2013), bank voles (Myodes glareolus – Šěchová et al., 2014), ground squirrels (Urocitellus beldingi – Dosmann et al., 2015), and as a representative of the group of subterranean rodents, the Talas tuco-tuco (Ctenomys talarum – Fanjul and Zenuto, 2020). Individuals that show consistent behavior over time and across contexts for two or more behavioral traits are considered to have a personality. However, in some studies only one of these criteria was met (and also just for some behaviors that have been studied) but the concept of animal personality was considered to apply to the species anyway (Zipser et al., 2013; Fanjul and Zenuto, 2020).

Based on the notable sexual dimorphism in body size and weaponry (Caspar et al., 2021b), we expected to find personality differences between the sexes in Ansell’s mole-rats, particularly in feistiness and aggressiveness. Furthermore, we hypothesized that reproductive and non-reproductive individuals represent different behavioral types concerning boldness and/or activity based on previous observations in the wild as well as captivity (Šklíba et al., 2016; Zöttl et al., 2016; Houslay et al., 2020). Since genetic studies have shown that behavioral types are to some extent heritable (van Oers et al., 2005; van Oers and Mueller, 2010), we also expected that individuals of the same family would cluster closer together than chance would suggest. Finally, the self-domestication hypothesis proclaims that more intense integumental depigmentation is indicative of a stronger disruption of neural crest cell migration, predicting that head patch size in mole-rats would correlate with increased docility and social tolerance (Ghazanfar et al., 2020) – at least if this trait is assumed to represent an evolutionary byproduct of selection against aggression. To our best knowledge, this is the first attempt to test the applicability of the self-domestication concept in a non-domesticated rodent species by studying the potential coupling of individual-level personality and morphology.



MATERIALS AND METHODS


Subjects

A total of 51 Ansell’s mole-rats (F. anselli; karyotype: 2n = 68) from nine families have been studied. This species attains sexual maturity at approximately 18 months (Bappert et al., 2012). We therefore classified animals with an age of at least 548 days at the time of the first experimental trial as adults, and categorized them either as “reproductive” or “non-reproductive” based on social status. Animals that were less than 548 days old at the first trial were classified as “immatures.” The mean age ± SD of reproductive animals (6 males and 6 females) was 3,103±1,279 days (range: 1,915–6,135). Non-reproductive adults (15 males and 5 females) were on average 965±328 (595–1,894) days old. Immature juveniles (11 males and 8 females) had a mean age of 349±173 days (37–531).

All mole-rats were born in captivity at the University of Duisburg-Essen and genealogically derive from founder individuals captured in the vicinity of Lusaka, Zambia, which is the type locality of the species (Begall et al., 2021a). The founder individuals (approximately 150) came to Europe in the course of several expeditions undertaken between the mid 1980s and early 2010s. The animals were kept in glass terraria ranging in size (W × L × H) from 45 cm × 70 cm × 40 cm to 60 cm × 140 cm × 40 cm, depending on family size. The terraria were littered with sawdust and enriched with flower pots serving as nest chambers, and plastic or wooden tubes. Hay and paper tissue strips were regularly provided as nesting material. Room temperature was kept constant at 24 ± 1°C with a relative humidity of 40–50%. Light conditions were regulated with an artificial light-dark cycle (12 L: 12 D, lights on at 8:00 a.m.). Given that Ansell’s mole-rat families behave highly xenophobic in captivity (Begall et al., 2021a), they are kept in isolation from each other.



Experimental Behavioral Assays and Quantification of Head Patch Size

Different dimensions of animal personality were quantified in five experimental set-ups.


Open-Field Test

We used an open-field assay to assess activity and exploration. Each test lasted 5 min and was video-recorded. The animal was placed in the middle of a uniformly illuminated custom-made open-field set-up (80 cm × 80 cm, 8 × 8 = 64 squares with an edge length of 10 cm each), the floor and walls (height: 29 cm) of which were made of non-transparent PVC. We used ANY-maze software (version 5.3, Stoelting group) to measure the covered distance (and speed) of the individuals exploring the open field. Furthermore, we measured the time the animals spent in the center of the field (inner 4 × 4 = 16 squares).



Bubble Wrap Test

To assess risk-taking behavior, we used a custom-made set-up of two cubic boxes (plexiglass, edge length = 20 cm) that were connected by a 40 cm long tunnel (plexiglass, width: 15 cm, height: 10 cm). The tunnel floor was lined with several layers of commercial bubble wrap, covered in plastic foil (width: 15 cm, length: 20 cm, height: 1 cm). Since the bubble wrap covered the tunnel floor from wall to wall, the animals had to walk over it in order to cross the tunnel. One of the boxes (left/right) served as a starting chamber, the identity of which was pseudorandomized. A metal grid closed the entrance to the tunnel, which was opened approximately 10 s after the animal was put into the starting chamber. We measured the latency from opening the starting chamber to the animal first touching the bubble wrap with at least one paw; furthermore, we measured the total time to the completion of the task (from opening the starting chamber until the subject stood with all four paws on the foil). If the animal did not complete the task within 5 min, it was returned to its respective home terrarium. The maximum time of 300 s was noted in this case. We conducted a control test (same set-up without bubble wrap) to investigate whether the bubble wrap was indeed treated as a relevant obstacle by the mole-rats.



Aggressive Encounter

For the aggressive encounter test, we used the same set-up as for the bubble wrap test (but omitting the bubble wrap lining) with an unfamiliar same-sex individual of a different family being put into one of the boxes. A metal grid prevented direct contact between both individuals. The focal animal was put into the starting chamber and after approximately 10 s the metal grid was opened, allowing the focal animal to explore the tunnel leading to the box with the unfamiliar conspecific. We measured the time the focal animal spent near the metal grid separating it from its conspecific, the time the subject lingered at the metal grid when the unfamiliar animal was simultaneously present (close contact), and the number of times the focal animal got in contact with the metal grid. During this assay, we regularly observed behaviors unambiguously indicating aggressiveness or fierce arousal like biting into the grid, intensive sniffing, urinating at the grid, and hopping with the hind feet. Each trial lasted 5 min. The close contact time was measured as an absolute value, but it should be replaced by relative values in future studies.



Affiliative Encounter

We used the same set-up and measured the same variables as for the aggressive encounter assay, but this time a familiar individual (same sex as the focus animal) of the same family was put into box 2. Behaviors observed during the affiliative encounter set-up were friendly (accompanied by contact calls) or neutral but never aggressive.



Handling

Finally, we scored the animals’ evasiveness and docility during handling on a scale of 0–3. While staying in their home terraria, the mole-rats were gently lifted up manually by the experimenter (LB) grasping the skin near the tail-base. The animals were held for approximately 10 s. A maximum of one point was given for each of the following three behaviors, yielding the highest possible score of 3 if all three were observed: Tries to escape handling by elopement; attempts to bite; emits threat vocalizations.




Behavioral Consistency

Behavioral consistency across different contexts was tested for the aggressive and affiliative encounter situations, because for both contexts the same structural set-up has been used and the same variables were measured.

After each trial all materials were cleaned with a mild detergent and dried with paper towels.

We tested each animal twice in the respective assays to check for response consistency over time. At least 4 weeks had to pass between the first and second trial. For each animal, a maximum of one test per day was performed. Not all mole-rats in our sample could be tested in all scheduled assays/trials because some of them were unexpectedly moved to another animal facility and thus unavailable for retests.

The relative size of the white head patch was quantified from photographs of the individual animals. Mole-rats were photographed in containers outside of their home terraria. Each photo was taken with the camera positioned perpendicular to the respective animal, while its head was held outstretched and in parallel to the ground. We used ImageJ (Schneider et al., 2012) to measure the total area of the patch, subsequently divided by the squared inter-aural distance, to arrive at an individual estimate of patch size relative to head dimensions. For each individual, absolute patch size and interaural distance were quantified based on a single photo. The experimenter conducting the behavioral assays (LB) was blind to the aim of the study concerning patch size-related analyses.



Data Analysis

All statistical analyses were performed in R Studio (R Core Team, 2021). Data and model residuals were tested for normal distribution by means of the Shapiro–Wilk test. In case of a detected normal distribution, parametric tests have been used, otherwise the data were transformed by applying log(x + 1) or a square root function. For pairwise comparisons [e.g., results of trial 1 versus results of trial 2, total time to cross the tunnel with bubble wrap versus without (control) pairwise t-tests or paired Wilcoxon-tests have been employed].

Based on the five experimental set-ups, a total of 11 behaviors (plus one control test) were recorded across two test series (trial 1/trial 2). For each of the eleven behavioral variables, the mean of the two trials obtained for each individual was calculated and analyzed using principal component analysis (PCA), employing the pr.comp()-function of the R package MASS (Venables and Ripley, 2002). Since only complete individual data-sets could be used, the sample size fed into the PCA was confined to 44 individuals. Principal components (PCs) with eigenvalues >1.0 were retained for interpretation and a subsequent discriminant function analysis. Following Martin and Réale (2008), variables with factor loadings >0.4 were considered to contribute greatly to the respective component.

We used the individual PC scores generated by the PCA to perform a leave-one-out cross-validated linear discriminant function analysis. Box’s M test has been employed to test for homogeneity of covariance matrices and the multivariate Shapiro–Wilk test for checking normality. Here, we tested how well sex and status groups could be differentiated based on the behavioral measurements. Furthermore, we tested whether the animals could be reliably assigned to their respective family by using one-tailed exact binomial tests. Since only families with at least four members were considered for these group assignments, the respective dataset was reduced to 34 animals from five different families.

We calculated additive linear models with the behavioral measurements as dependent variables and sex, status (reproductive, non-reproductive, and immature), patch size and age as explanatory variables [function lm() in the R stats package]. The assumptions for linear models have been checked visually, and Gaussian distribution of the residuals was further confirmed by a Shapiro–Wilk test for normality (p > 0.05). We also ran an additive linear model with relative patch size as the dependent variable, taking sex, status, and body mass as explanatory variables into account. This way, we tried to identify factors which might bias head patch expression and thus would need to be addressed in analyses concerning this trait. Since the residuals were not normally distributed even after log transformation, we excluded three outliers. In addition to the linear model, we ran a t-test in order to compare relative patch size between males and females.




RESULTS


Behavioral Consistency Over Time, Habituation, and Interindividual Variation

The values of most behavioral variables measured in trial 1 and trial 2 (except CONTROL and AFF_CONTACT) were moderately but significantly correlated (Table 1) thus showing temporal consistency. Habituation only appeared to have occured for the two variables measured in the open-field test, but not for any other. The coefficients of variations calculated over the means were rather high for each test indicating high interindividual variance. The latencies for crossing the tunnel in the control test (set-up without bubble wrap) were in both trials significantly lower than in those with bubble wrap (paired Wilcoxon test, trial 1: V = 889, p < 0.00001; trial 2: V = 822, p < 0.00001) indicating that the bubble wrap can be considered an obstacle.


TABLE 1. Recorded behaviors for n = 51 individuals in five tests (plus control), consistency over time (correlation between trial 1 versus trial 2, Spearman: rho, Pearson: R), variability (coefficient of variation CV measured over mean values), and habituation tests (paired t-test: t or Wilcoxon test: V).
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Stability of Behavioral Responses Across Contexts

In the social encounter assays, the time individuals spent near the metal grid when an unfamiliar same-sex conspecific was in the adjacent compartment (AGGR_GRID) did not correlate with the time near the grid when a family member was confined (AFF_GRID) (p = 0.47, r = 0.11). There was, however, a significant moderate correlation (p = 0.035, r = 0.32) for the contact time (i.e., when the other individual was in close contact to the grid as well) for the two set-ups (AGGR_CONTACT and AFF_CONTACT). Also, the number of contacts measured in the two set-ups (AGGR_#CONTACT and AFF_#CONTACT) were significantly correlated (p < 0.0001, r = 0.6).



Principal Component Analysis of Animal Personality Variables

We retained the first four principal components of the PCA that explained 76.4% of the total variance (Table 2). PC1 explained 26.1% of the total variance and loaded highest with handling score opposed to the number of contacts during social encounter assays (measured during both aggressive and affiliative encounters) (Figure 1A). This dimension thus encompasses the shy-bold continuum (docility during handling) and exploration (number of visits at the grid). The second principal component explained 21.1% of variance and encompassed variables related to the bubble wrap assay, therefore aligning with neophobia/exploration. PC3 loaded highest with variables measuring aggressiveness, while the time spent near the grid during affiliative encounters were recovered as the one that loaded highest for PC4, which thus corresponded to sociability. PC5 (loadings for respective variables not shown) had an eigenvalue of 0.86 and loaded significantly with the time spent in the center of the OF (loading factor: −0.66) and the distance covered in the OF (loading factor: −0.44). PC5 can therefore be considered to align with the exploration tendency and general activity level of the subjects.


TABLE 2. PCA loadings for the first four principal components (PC) of recorded behaviors.
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FIGURE 1. (A) Principal component analysis (PCA) plot showing the five variables that contributed most to the PCA. The arrows for both variables measured during the bubble wrap test, BW_LATENCY and BW_TOTAL, were parallel to each other and almost perpendicular to the variables constituting PC1. (B) PCA plot showing individuals grouped according to their social status. Enlarged symbols mark group centroids.




Linear Discriminant Function Analysis: Effects of Sex, Status, and Family Group

The PCA was not able to separate individuals well regarding sex or status based on our behavioral measurements (Figure 1B). LDA assigned 6% of the females and 89% of the males correctly which in sum did not deviate from chance levels (p > 0.05). For the three reproductive categories, LDA showed a weak trend for correct assignments [non-reproductive adults: 58.8% correct (prior probability 38.6%, p = 0.074), reproductive adults: 50% correct (prior probability 27.3%, p = 0.079), young: 53.3% (prior probability 34.1%, p = 0.099)]. Assignments of individuals to families with at least four family members (n = 5 families with 4–11 family members) yielded mixed results with proportions of correct assignments ranging between 33.3 and 100%. The mean proportion of 61.8% individuals correctly assigned to their respective family differed significantly from randomness (mean prior probability 22.1%, p < 0.000001). Thus, personalities in Ansell’s mole-rats entail a notable family group signal, while effects of sex and reproductive status appear to be negligible overall.



Linear Models: Effects of Sex, Status, and Relative Head Patch Size on Animal Personality

As indicated by the results of the LDA, breeders and non-breeders showed generally similar personalities. However, behavioral responses of reproductive Ansell’s mole-rats differed significantly from that of non-reproductive animals (but not from that of immatures) in the bubble wrap test and the handling assay but not in any of the other experiments (Tables 3, 4). Breeders took about twice as much time to touch the bubble wrap with at least one paw compared to adult non-breeders (t = 2.257, p = 0.0298) and also to stand on the bubble wrap with all four paws (t = 2.273, p = 0.0288). During handling reproductive Ansell’s mole-rats scored significantly lower compared to adult non-reproductive animals (t = −2.251, p = 0.03). Non-reproductive adults and immature animals differed significantly in the time they spent near the metal grid to which an unfamiliar conspecific was close (t = −3.291, p = 0.0021). According to the linear models, sex had no influence on any of the dependent variables except for handling where we found a trend in the additive model (Table 4, F = 3.914, p = 0.055). Wilcoxon signed rank test recovered that males scored significantly higher than females in the handling test (W = 303, p = 0.042). There was a trend for age across all three status groups to have an effect on affiliative behavior (AFF_GRID: t = −1.919, p = 0.062; AFF_CONTACT: t = −1.719, p = 0.093; AFF_#CONTACT: t = −1.848, p = 0.072) but not on any of the other dependent variables. In addition, we used PC1 as a dependent variable including all behavioral measures. The linear model revealed no significant overall effect of sex, status or age (F5,38 = 2.274, p = 0.067), but immature individuals had significantly lower PC1 values compared to non-reproductive adults (t = −2.038, p = 0.049) while there were no significant differences for the other status group comparisons. None of the interactions of sex and status yielded significant results for the behavioral measures or PC1.


TABLE 3. Mean values ± SD of 11 behaviors recorded in five tests for the three status groups (non-reproductive adults, reproductive adults, and young).
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TABLE 4. Results of the additive linear models for each behavioral measurement and principal component 1.
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Figure 2 gives an overall impression of the relative patch size distribution in our sample itemized for females and males. The respective linear additive model showed no significant effect of sex, status, or body mass on relative head patch size (F4,38 = 1.663, p = 0.179). However, the factor sex was close to the level of significance (t = −2.01; p = 0.0516). Therefore, we additionally conducted a t-test on all subjects for which the relative patch size was available, but again the factor sex was not significant (t = 1.41, p-value = 0.175). The white patch does not change its shape during development, and Ansell’s mole-rats reach their adult body mass at an age of approximately 1 year (Begall and Burda, 1998). In a second analysis, we excluded juveniles younger than 4 months, but included juveniles older than 8 months as most of them were already fully grown. Here, the picture was the same (sex was at the border of significance in the linear additive model, p = 0.064; all other factors had no effect).
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FIGURE 2. Frequencies of individual relative patch sizes (x-axis) in Ansell’s mole-rats. The patch size distribution in females is more variable than the one in males. Drawings of the heads by Kai R. Caspar.


We were unable to find evidence for consistent links between relative head patch size and any of the quantified behavioral responses or PC1. Animals with larger relative patch size covered more distance in the open field (t = 2.039, p = 0.049) and tended to spend less time at the metal grid during aggressive encounters (t = −2.02, p = 0.05). However, further analysis revealed that for OF_DISTANCE patch size was only decisive in the group of reproductive adults [(patch size: reproductive adults): t = 2.432, p = 0.02] while for AGGR_GRID the group of immature animals skewed the outcome [(patch size: immatures): t = −2.238, p = 0.031]. For other variables, no significant effects of patch size were found.




DISCUSSION


Behavioral Stability

Most of the recorded behaviors (83.3%, 10 out of 12) in this study showed temporal consistency over a period of 4 weeks. Only the control trials (crossing the tunnel without obstacle) and the times an animal spent in close contact to the familiar conspecific in the affiliative behavior assay were not correlated for trial 1 and trial 2. In comparison, in Talas tuco-tucos, only about half of the recorded behaviors (55.5%) where temporally stable (Fanjul and Zenuto, 2020), and emotional behavior (e.g., OF test and dark-light test) in domestic guinea pigs was not consistent over time at all (Zipser et al., 2013). We expect that the time span of 4 weeks between experimental trials was sufficiently long for our subjects to forget about their former test experience. For instance, Burda (1995) demonstrated that non-reproductive Ansell’s mole-rats “forgot” their siblings and started courtship behavior and incestuous mating after a separation of 3 weeks – behaviors otherwise not observed due to a strict incest-avoidance based on individual recognition. We found a significant decrease of measured values, and thus an indication for habituation, only in the two parameters recorded in the open field test (distance traveled in the OF and time spent in the center). It is possible that Ansell’s mole-rats can retain memories related to spatial orientation for a longer period of time. In line with that notion, it was shown that Natal mole-rats [Cryptomys (hottentotus) natalensis] were capable of remembering a relatively simple maze for at least 30 days (but not for 60 days – Du Toit et al., 2012).

We used all three recorded behaviors from the aggressive and affiliative encounter set-ups for testing context stability of responses. Two of these variables showed significant weak to moderate positive correlations. In other personality studies on rodents, context stability also appeared to be rather weak or absent, and it has been argued that it should not be a mandatory aspect to test since it is a rather volatile criterion for behavioral type assessment (Zipser et al., 2013). Overall, however, our data clearly suggest that Ansell’s mole-rats exhibit individually stable behavioral responses and thus personalities.



Personality Dimensions, Sex and Status Dependent Patterns

Unexpectedly, sex did not have an effect on any of the recorded behaviors except for handling, as was shown by the linear models and further supported by the linear discriminant analysis. However, not too much importance should be attached to the higher aggressiveness during handling in males, because handling scores were generally low. Since males are significantly larger than females and also have more formidable weaponry (i.e., hypertrophied jaws and incisors) that presumably evolved in the context of intrasexual competition (Caspar et al., 2021b), we expected that they would spend more time at the grid in the aggressive encounter set-up. On the contrary, males appear not to be generally more aggressive than females, even in situations in which they face unfamiliar conspecifics of the same sex. In line with that, a recent study on closely related giant mole-rats (F. mechowii) found that cortisol levels and thus likely reactive aggressiveness are not elevated in males compared to females in captivity (Begall et al., 2021b). In contrast to that, males of the highland tuco-tuco (Ctenomys opimus), a facultatively social South American subterranean rodent which also exhibits strong sexual dimorphism, show higher concentrations of fecal glucocorticoids than females in the wild (O’Brien et al., 2022). Future research might explore male-male tolerance in Ansell’s mole-rats and their congeners in greater depth and should explore how it aligns with the expression of morphological traits which might aid in intrasexual combat.

The significant difference in the contact time during aggressive encounters found for the three social status groups was skewed by immature animals which spent significantly less time at the grid compared to non-reproductive breeders. This finding was not unexpected because young animals should avoid conflicts due to their greater physical vulnerability. Interestingly, the average time spent at the grid was higher during the aggressive encounter assay compared to the affiliative encounter assay in all three social status groups. Since the animal confined in the box was not in distress, it might not have been appealing for the focal subject to spend more time examining a familiar conspecific – a short olfactory inspection may have sufficed to recognize it as a family member (Heth et al., 2004). It should be noted that additional behaviors recorded during the aggressive and affiliative encounters clearly corresponded to the respective situation (e.g., biting into the grid, intensive sniffing, and vocalizations) but were not quantified here. Nevertheless, such social displays should be considered and analyzed in future analogous studies.

The LDA revealed a trend for correct assignments based on reproductive status. According to the linear models, breeders needed approximately twice as much time in the bubble wrap test as adult non-breeders and therefore appeared to be less explorative and more neophobic. This finding is reflected by the behavior of free-ranging breeders that spend most of the time in the nest area, avoid the inspection of opened tunnels and contribute little to the expansion of the burrow system (Šklíba et al., 2016). It also matches the fact that breeders are usually among the last group members (together with their young) to be captured in the wild (Jacobs et al., 1991; Moolman et al., 1998). Furthermore, breeders act less bold during handling where they scored even lower than immature Ansell’s mole-rats. Otherwise, breeders and non-breeders showed a very similar performance across tasks, which is in line with the assumption that status-dependent behavioral differentiation in these rodents is overall weak (Zöttl et al., 2016) and thus not analogous to patterns found in eusocial invertebrates to which they have been compared to in the past (Burland et al., 2002).

Rather than sex or social status, the LDA recovered family group affiliation as the best available correlate of animal personality in Ansell’s mole-rats. Similar patterns have been found in unpublished previous studies (bachelor theses) on the same species (Karnik, 2014) and also in the congeneric Micklem’s mole-rat and giant mole-rat (F. micklemi – Czajkowski and Jakobi, 2015; F. mechowii – Padberg, 2016). These findings are consistent with the assumption that personality is to some extent inheritable (van Oers et al., 2005; van Oers and Mueller, 2010) and molded by social experience and other environmental conditions. Future work should focus on more detailed comparisons of family-level behavioral types in social mole-rats, particularly in the wild (see Bengston and Dornhaus, 2014, for analogous studies on ant colonies).

Finally, it is noteworthy (compare e.g., Fanjul and Zenuto, 2020) that recorded behaviors relating to social encounters contributed to a higher degree to individual differentiation in Ansell’s mole-rat personality than those concerned with activity (Figure 1A). Our results might be explained by the fact that while these animals are highly sociable, their activity levels are generally low (in captivity, up to 90% of the time is spent resting, Dammann and Burda, 2006; Schielke et al., 2012).



Are Mole-Rats of the Genus Fukomys Self-Domesticated?

We were unable to find consistent correlations between the expression of the white head patch and personality dimensions in Ansell’s mole-rats. For the two variables which showed a marginal significant association, closer inspection revealed individual status groups to skew population-level results (immatures in case of the time an animal spent near the grid in the aggressive encounter assay; breeders regarding the distance covered in the OF). In light of these findings, we currently see no indication of relative head patch size being notably linked to personality, particularly aggressiveness and affiliative tendencies in this species. Given that the self-domestication hypothesis assumes lowered aggression and increased pigmentation defects to be correlated due to their shared dependence on neural crest-derived cell-lines, our results do not conform to it. Available data on potential links between the two traits are currently scarce and inconclusive. Ghazanfar et al. (2020) recently reported a positive correlation between vocal responsiveness, a prosocial trait, and white head patch size in a very small sample of common marmosets. In contrast to that, a domestication study on rats found that although depigmentation evolved in a lab lineage selected for tameness, the quantitative trait locus for white spotting showed no genomic overlap with regions affecting tame behavior (Albert et al., 2009). Furthermore, the presence compared to the absence of spotting was not associated with increased tameness at the individual level (Albert et al., 2009). Apart from that, we are not aware of studies experimentally testing links between personality traits and the expression of depigmentation in species of domesticated or allegedly self-domesticated animals (different from coloration patterns in general, see e.g., Brunberg et al., 2013). More such research will be needed to conclude on how tightly these two factors covariate and whether their potential association differs among mammalian taxa.

Our findings on head patch expression and personality in Ansell’s mole-rats, do not lend support to the idea that Fukomys might be a self-domesticated wild rodent. At the same time, we need to acknowledge that our results represent only a small initial contribution to this issue and cannot rule out a role of self-domestication in Fukomys evolution. An important theoretical restriction of our approach and similar research on other species (compare Ghazanfar et al., 2020) is its insensitivity to ceiling effects. When alleles underlying self-domestication become fixed in the population, it has to be assumed that the residual variation in traits determined by these alleles will become uninformative to identify their dependence on selection against aggression. Yet it is unclear, how to determine whether such a ceiling has been reached in a wild species. Despite these limitations, there appears to be little indication overall that Fukomys is self-domesticated. In fact, we would argue that although Fukomys species do superficially mirror domesticated mammals in several traits summarized under the “domestication syndrome”, they acquired them over the course of adaptation to subterranean life rather than as evolutionary byproducts for selection against aggression. Thus, Fukomys might act as an admonishing example for incautiously assigning self-domestication to lineages of wild mammals. Below, we discuss prevalent ideas and current evidence regarding the evolutionary background of relevant traits occurring in the genus.

The highly variable head patch in Fukomys is one of its most striking domestication-like traits but comparisons with other subterranean rodents suggest that natural selection on pigmentation can explain its presence more parsimoniously than the self-domestication concept would do. Variably expressed head spots and other forms of integumental depigmentation are commonly observed in a number of unrelated lineages of subterranean rodents that comprise diverse social systems. They are found in varying degrees of expression in pocket gophers (Geomys – McCarley, 1951), zokors (Myospalax – Bazhenov and Pavlenko, 2020), blind mole-rats (Nannospalax and Spalax – e.g., Festetics, 1965), root rats and relatives (Cannomys and Tachyoryctes – see e.g., Eisenberg and Maliniak, 1973), and in several lineages of bathyergids other than Fukomys (Bathyergus, Georychus, Heliophobius, rarely in Cryptomys – Bennett and Faulkes, 2000; pers. obs.). Interestingly, frequent light pelage spotting is also well documented in moles (Kamm et al., 2008). Thus, there appears to be a link to subterranean life but evolutionary drivers of depigmentation in Fukomys and other underground-living mammals are not trivial to identify.

Lovegrove et al. (1993) suggested that African mole-rats use the white head patch as a “photon window” in addition to their small eyes to aid the pineal gland in responding to changes in light levels, thus allowing the entrainment of circadian rhythms. To the present day, this idea has remained untested. However, since a bles is not expressed in a number of bathyergids and various other microphthalmic mammal lineages and because depigmentation in subterranean taxa is often not restricted to the forehead, this explanation appears to be unconvincing.

Given the cryptic life of burrowing mammals, a lack of predation pressure could be hypothesized to cause these aberrant pigmentation patterns. Yet, the observation that many subterranean rodents show remarkable pelage color variation that corresponds well to the soils they dwell in Nevo (1979) and evidence that they can fall prey to diverse avian as well as mammalian carnivores, at times at surprisingly high rates (De Graaff, 1964; Németh et al., 2016), argues against negligible predation pressure. In fact, a potential adaptive function of the head spot in some subterranean groups might be aposematism. Contrasting coloration, though particularly in medium-sized mammals, has been prominently hypothesized to aid in signaling feistiness to predators (Caro, 2009), which at least appears well justified for tooth-diggers such as bathyergids and spalacids that are equipped with powerful jaws. However, the extreme individual variability of the head spots in Fukomys and other taxa argues against an aposematic function, since anti-predatory signals are expected to be selected for stability and unambiguity. Hence, although we suggest that the evolution of the Fukomys head patch relates to its ecology based on correlational evidence, we are currently unable to convincingly identify selection pressures (or a lack thereof) underlying its expression. This is possible, however, for other domestication-like traits of the genus.

The extremely low stress hormone levels in Fukomys and other bathergids, one order of magnitude below the ones of epigenetic rodents (Ganem and Bennett, 2004), are at least partially linked to their markedly low basal metabolic rate (Haase et al., 2016). Given that glucocorticoids regulate the mobilization of blood sugar, low levels of adrenal stress hormone release contribute to saving energy during resting between metabolically demanding phases of digging activity (Moshkin et al., 2007). Low metabolic rates and decreased levels of circulating stress hormones have evolved convergently in different lineages of subterranean rodents, irrespective of their social systems (e.g., Ganem and Nevo, 1996; Moshkin et al., 2007). Thus, low stress hormone levels in Fukomys constitute an adaptation to life underground that already evolved in the bathyergid stem-lineage (compare Ganem and Bennett, 2004) rather than from more recent selection against aggression. Nevertheless, although acts of severe conspecific aggression might still occur (though mostly reported from captive settings and so far, only inferred for natural populations – Caspar et al., 2021b) the low stress hormone levels in these animals likely provide a proximate explanation and possibly an exaptation for their remarkably harmonic intragroup lives (Ganem and Nevo, 1996; Ganem and Bennett, 2004; Begall et al., 2021b). Interestingly, social bathyergids (Cryptoms/Fukomys) behave agonistically when encountering a foreign conspecific, but do not show evidence for stress arousal, which contrasts with the responses of Cape mole-rats (Georychus capensis), a solitary species (Ganem and Bennett, 2004). Although the adrenal glands in Ansell’s mole-rats only secrete low hormone concentrations, they are surprisingly large, with an adult mean length of 3.5 mm (Kowalski, 1996). Hence, the average adrenal gland size in Ansell’s mole-rats exceeds that of full-grown laboratory rats (2.9 mm long – Siasios et al., 2021). This is the opposite of what would be expected if domestication-like evolutionary trajectories are assumed for Fukomys (Albert et al., 2009) and also appears to be add odds with the low stress hormone levels described for the genus. Adrenal morphology and physiology in African mole-rats might become an interesting subject for future research.

The subterranean lifestyle of Fukomys could also underlie their relatively small brains (Kruska and Steffen, 2009), because the disproportionate caloric demand of the central nervous system needs to be curbed to sustain energy-intensive digging activity (Kverková et al., 2018). It should be noted, however, that Fukomys brains are not smaller relative to body size or contain less neurons than the brains of solitary African mole-rats and that the bathyergid allometric brain-body ratio does not significantly differ from other rodents (Kverková et al., 2018).

Finally, sophisticated vocal behaviors have been discussed as indicators for self-domestication (Ghazanfar et al., 2020), although they are in fact not apparent in most domestic mammal lineages. Indeed, the vocal communication in Fukomys and other social bathyergids is more elaborate than in other rodents (Bednářová et al., 2013), but this pattern follows a general trend linking increased sociality to greater vocal repertoires in the rodent order (Lima et al., 2018). Vocal communication in African mole-rats is a topic of ongoing research, with particular attention being paid to the naked mole-rat, in which a complex interplay between social variables and vocalizations has been described (Barker et al., 2021). However, since little comparative data on other bathyergids as well as cooperatively-breeding rodents in general is available, it is hard to assess how unusual these behaviors actually are.




CONCLUSION

Selected behaviors of Ansell’s mole-rats demonstrated a high degree of intraindividual temporal stability, strongly indicating that this subterranean rodent species displays different personalities. In contrast to expectation, sex had no effect on the recorded behaviors, but reproductive status was decisive for some dimensions of personality, with breeders being less explorative than non-reproductive adults. Family affiliation was more strongly correlated with an animal’s personality than sex or reproductive status were.

We found no consistent link between the expression of the white head patch and personality dimensions in Ansell’s mole-rat and thus no indication that this morphological trait evolved in the framework of self-domestication. More data on this issue would nevertheless be crucial to confidently rule out this option. Although a number of traits in Fukomys appear to fit the “(self-)domestication syndrome,” closer inspection suggests them being consequences of adaptation to life underground or extensions of patterns observable among African mole-rats or social rodents in general. Thus, Fukomys might serve as a reminder to be cautious, when trying to explain characteristics of wild mammals by means of self-domestication. This is especially true for cases in which selective comparisons of traits between disparate groups are attempted which might miss the ecological and phylogenetic context in which the respective species evolved.
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Significant results are marked in bold. The residuals of the models have been

checked for normal distribution using Shapiro—Wilk test.
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