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This article surveys more than three decades of research on Zambian mole-rats (genus Fukomys, Bathyergidae), pointing out some unanswered questions and untested hypotheses and suggesting approaches to address them. These research proposals range from sensory ecology topics, the main research field, covering different (even not yet identified) senses, orientation in time and space, communication, studies on aging, population dynamics, and the survival strategies of mole-rats during yearly floodings in the Kafue Flats. Discussion includes cryptozoological investigation into the existence of strange mole-rat species in some Zambian localities as reported by local communities, the study of mole-rats in assumed contact (hybrid?) zones of special interest, (cyto)genetic studies of hybrids of selected species, and a non-invasive study of population and family structure and dynamics with help of endoscopes. In each case, there is a rationale, reasoning, hypothesis, and suggested methodical approach.
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INTRODUCTION

Thirty-seven years ago (1985), in Lusaka, Zambia, I first held a mole-rat, now known as Fukomys anselli, in my hands. In 1986, I was the first to bring these animals out of Africa, to Germany, where I succeeded in breeding them. This began my 33-year-long career, involving (mainly laboratory) multi- and interdisciplinary research on mole-rats. In 1990, my student assistant from the University of Zambia, and later Ph.D. student at the University of Duisburg-Essen, friend and colleague, Mathias Kawalika, moved from Lusaka to Ndola and became acquainted with the local giant mole-rats, now known as Fukomys mechowii. These guinea-pig-sized animals live in larger families, the biology of which was virtually unknown to scholars at that time, though they were familiar to local people. Dr. Kawalika sent me several live animals. The Zambian mole-rats were kept and studied at my home and in institutions where I worked, including J. W. Goethe-University (Zoological Institute, Faculty of Biology and Senckenberg Institute of Anatomy, Faculty of Medicine) in Frankfurt am Main, and at the University Duisburg-Essen (Department of General Zoology, Faculty of Biology) in Essen.

Both species were investigated mainly in the laboratory for diverse aspects of sensory biology, anatomy, physiology, systematics and taxonomy, and behavioral biology. The research was later extended to field studies by former students and colleagues. Existing knowledge on the Zambian mole-rats was recently summarized in Begall et al. (2021) and Caspar et al. (2021a).

Active research on mole-rats had ended with my retirement in 2018, but the baton has been handed down to my students. Because of mainly financial and manpower-related reasons as well as lack of time, several research ideas were never realized, and these hypotheses have never been published. Being convinced that they do not deserve to be forgotten, I would like to share these ideas here in the hope that they might trigger interest and inspire the next generation of young researchers.



SENSORY ECOLOGY

Sensory ecology explores “how the animals acquire information and respond to it” (Dusenbery, 1992). Bathyergid mole-rats (as well as other subterranean mammals) are excellent animal models to investigate these questions. They live in a monotonous, uniform, simple sensory environment, deprived of most cues and signals available to animals aboveground, yet they must also orient in space and time, forage, find partners, communicate, and be warned of danger. On one hand, we can expect degeneration of senses because of lack of use, we must also expect specializations and specific adaptations to compensate for handicaps. My interest in the biology of subterranean mammals in general and in their senses, in particular, was drawn in 1979 by a seminal review article by Eviatar (Eibi) Nevo (1979). In the meantime, this field has become a goldmine of research for many students and scholars (reviewed in, e.g., Burda et al., 1990a; Burda, 2006, 2021; Begall et al., 2007a,b; Buffenstein et al., 2021, and numerous papers cited therein and in this article). I would like to point out here some persisting questions.


Hearing

Subterranean mammals rely to a great extent on audition for communication and to be alerted to danger. The only hitherto published reports on burrow acoustics revealed that in the tunnels of blind mole-rats (Spalax), airborne sounds of 440 Hz propagated best whereas lower and higher frequencies were effectively attenuated (Heth et al., 1986) and that in mole-rat (Fukomys) tunnels, low-frequency sounds (200–800 Hz) are not only least attenuated but also their amplitude may be amplified like in a stethoscope (up to twice over 1 m) (Lange et al., 2007). Morpho-functional analyses classified the ear of subterranean mammals as a low-sensitivity and low-frequency device (i.e., Burda et al., 1992, 1989; Burda, 1990; Müller et al., 1989, 1992; Mason, 2001; Schleich and Busch, 2004; Lange and Burda, 2005; Mason et al., 2016; Pleštilová et al., 2016, 2021). Concordantly, hearing (at least in the studied bathyergid, spalacid, and geomyid species) is characterized by low sensitivity and a restricted frequency range of best hearing tuned to low frequencies (0.5–4 kHz) (Müller and Burda, 1989; Heffner and Heffner, 1990, 1992, 1993; Kössl et al., 1996; Brückmann and Burda, 1997; Gerhardt et al., 2018; Barker et al., 2021; Caspar et al., 2021b). Some authors considered the restricted hearing in subterranean mammals vestigial and degenerate due to under-stimulation (Heffner and Heffner, 1990, 1992, 1993). In contrast to this view, moe-rats have a rich (mostly low-frequency) vocal repertoire (see paragraph below) and progressive structural specializations of the middle and inner ear. Thus, other authors have considered these hearing characteristics adaptive, in that hearing sensitivity has decreased during the evolution of subterranean mammals to avoid over-stimulation of the ear in their natural environment (Burda, 2006, 2021; Lange et al., 2007).

We may assume that the local increase in amplitude occurs at the expense of decreasing the amplitude somewhere else and that there may be a specific “stethoscope region” at a certain distance from the sound source, where the amplification effect is particularly pronounced. Given the lowest hearing threshold in Fukomys anselli, 7 dB SPL (Brückmann and Burda, 1997), we may expect that the measured stethoscope effect would amplify the signal, lowering the threshold to 0.5 dB SPL. This would mean that in their natural environment, mole-rats display best hearing sensitivity in a range that is comparable to that of most other mammals, including humans. I do not expect that contact communication calls need to be adapted (either in their intensity or even in their frequency) to the tunnel acoustics. Neither do I expect that hearing is primarily adapted to vocal communication. I expect that hearing is adapted to the tunnel acoustics – i.e., hearing of distant (primarily substrate-borne) acoustic cues provides a warning of danger. Vocalization then must match the given hearing range.

Testing the hearing sensitivity of subterranean rodents in a laboratory in the open field may, thus, not correctly reflect their sensory capacities in natural tunnels where certain signals may be enhanced. In analogy with hearing research on dolphins, which is performed in their natural milieu, in water, the hearing parameters of mole-rats should be studied in their natural acoustic environment, in tunnels.



Vocalization

It is generally expected that vocal-repertoire size correlates positively with group size (e.g., McComb and Semple, 2005). It is thus not surprising that with an average colony size of 78 individuals (Sherman et al., 1992) and 12–18 different adult vocalizations (Pepper et al., 1991; Barker et al., 2021, respectively), the naked mole-rat has been long considered to be the rodent with the largest vocal repertoire. (Note that mechanical sounds and juvenile vocalizations are not considered in this survey.) Later studies showed that many Fukomys species with much smaller mean family sizes (7–12 individuals) have a similarly rich adult repertoire compared to that of the naked mole-rat: 16 adult vocalizations in F. mechowii (Bednářová et al., 2013), 13 in F. anselli, (Credner et al., 1997); 11 in Fukomys darlingi (Dvořáková et al., 2016); 10 in Fukomys micklemi (Vanden Hole et al., 2014), while eight sounds were described in solitary Heliophobius argenteocinereus (Knotková et al., 2009). Thus, the richness of the vocal repertoire in African mole-rats may be influenced not only by group size but also by social complexity and stability (cf. Burda et al., 2000).

Importantly, however, to assess the real richness of the vocalization repertoire we have to study it in all potential social interactions (i.e., also during courtship and during the entire period of care for pups), which is not easy since these animals do not breed in captivity. We may expect that vocalization in solitary animals may be more complex and richer than is known. To give an analogy: let us monitor the vocalization of a lonesome human. Unless she/he talks to herself/himself (soliloquy), we would conclude that the vocal repertoire of this human is much more restricted than the vocal repertoire of humans living (and being monitored) in a group. Moreover, in captivity, we will never be able to simulate all possible interactions and different situations, which may occur in nature. To illustrate the issue: an animal may have a specific call if it encounters a snake but until we have simulated such a situation in the laboratory we will never learn about it. Animals in natural tunnels may elicit sounds that we never hear in the open field.

The other question of interest is whether the pups vocalize in the ultrasonic range like pups of muroid rodents (cf. e.g., Okanoya and Screven, 2018). In many epigenetic rodent species, pups are raised similarly to subterranean rodents in closed underground nests, i.e., in a similar acoustic environment. Also, the morphological substrate for vocalization can be expected to be similar in all rodent pups. The problem is, however, that mothers in mole-rats most probably would not hear and react to ultrasonic calls. Nevertheless, it is possible to produce signals/cues even if we cannot perceive them. Just think of producing smell signals carrying information about our sex, stress, emotions, and diseases, which we cannot perceive but a dog can. Such ultrasonic “signals” do not play a role in communication anymore but they might represent a kind of “atavisms.” However, that ultrasonic vocalization was not found in pups of Heterocephalus glaber (Pepper et al., 1991; Barker et al., 2021). Studies that recorded vocalizations in Fukomys (see above) were limited by the technical equipment used, which did register sounds above 20 kHz.

To summarize, the reason we have not recorded the entire vocalization in solitary mole-rats is because they have no opportunity to reveal it in captivity. Moreover, to make conclusions about the role of vocalization in communication, we need to conduct playback experiments. Studies of vocalization in the ultrasonic range in pups would be of interest. Morpho-functional comparative studies of the vocal apparatus of subterranean rodents enabling them vocalization in the low-frequency range are still missing.



Olfaction

The sense of smell of mole-rats has been studied with respect to olfactory discrimination of familiar and unfamiliar individuals, conspecifics (Heth et al., 2002a,2004), and root kairomones (Heth et al., 2002b; Lange et al., 2005). We expect that the underground environment, which lacks air-currents, is not particularly odorant-rich, and that odorants are predictable. This assumption, however, contradicts the conclusions of a study on the diversity of the study of olfactory receptor subgenome within a single family of olfactory genes (OR7), suggesting that mole-rats can recognize a broad range of odorants (Stathopoulos et al., 2014). Behavioral tests of smell sensitivity and the discrimination capacities of mole-rats are needed to learn what are the specific and convergent olfactory capabilities distinguishing subterranean rodents from their epigeic counterparts.

The idea of “blind” foraging in herbivorous underground dwellers (Lovegrove and Wissel, 1988) has been challenged by showing that subterranean rodents of several species use olfaction to discriminate between soils in which plants had or had not been growing (Heth et al., 2002b; Lange et al., 2005). These laboratory studies should be, however, conducted under (semi)natural conditions in the field to learn which geophytes are present, under which conditions, at which distance, and how precisely they can be targeted in the field.

The randomness versus directionality of food searching in mole-rats could be tested in situ using small beds of diverse plants (carrots and potatoes). These can be established (as controls not vegetated squares will be watered) at given distances from an established burrow system in a random pattern. This potential study could assess the probability that and how long it takes, for the mole-rats to discover and exploit these beds.

Burda et al. (1999a) have shown that subterranean rodents generally start to eat carrots offered to them from the lower end of the root while rodents that are not specialized root eaters display no preference for a particular root end, or they eat from the upper end. Although the adaptive meaning and evolutionary origin of this convergent feeding behavior are understandable, the proximate (sensory) basis enabling distinction between the two root poles remains a challenge for future research. The study demonstrated that subterranean rodents can very finely distinguish between different parts of plant organs and exhibit thus unanticipated sensory abilities. A follow-up study of perceptual mechanisms and cues enabling them to identify the polarity of a root may certainly prove to be of great interest, not only for ecologists and sensory biologists but also for botanists and applied sciences such as pest control.



Vision

The eyes of the African mole-rats are relatively small; however, the optical apparatus, including the retina, contain all the structures of a typical mammalian eye (Peichl et al., 2004). The retina is normally developed and possesses all characteristic layers. The photoreceptor layer is dominated by rods but contains an unusually high proportion of cones (approximately 10%), which solely express short-wavelength-sensitive (SWS) cone photopigment (Peichl et al., 2004). The main problem with the interpretation of the anatomical, physiological, and behavioral findings regarding the visual apparatus of subterranean mammals and the open question is, why the eye in Fukomys is superficial and only quantitatively reduced but qualitatively normally developed, while in some other subterranean mammals, like the blind mole rat, Spalax, it is subcutaneous and structurally degenerated? Why Spalax possess a long wave-sensitive-opsin but no SWS-opsin, whereas the situation in Fukomys is the opposite? Although adaptive explanations as well as non-adaptive ones (the side effects of different adaptations) have been suggested [reviewed in Burda (2021)], they always considered each group (Bathyergidae and Spalacidae) separately and not from the point of view of the otherwise apparent convergence.



Distant Thermoperception

Distant thermoperception in dark underground burrows where the ambient temperature is buffered and uniform would be an advantageous sensory ability to be alerted to conspecifics, intruders, open burrows, and even plant storage organs. A variety of infrared radiation (IR)-detecting receptors are present in animals (e.g., crotalid and boid snakes, vampire bats, and some insects) which aid them in foraging or otherwise enhance their fitness [reviewed in Campbell et al. (2002)]. My former colleague at the University Duisburg-Essen, botanist Prof. Hardy Pfanz, drew my attention to the fact that underground plant organs, roots, bulbs, tubers, etc. act as IR-light conductors (Sun et al., 2005). One can indeed wonder why such a sensory ability has not evolved (or has not yet been discovered) in subterranean mammals?

Decades ago, I have observed that Ansell’s mole-rats were able to detect a warm object (a cup) placed in the cage beside their paths and that they approached it and explored it. The observations were only anecdotal but motivated us (Sabine Begall and me) to design a two-choice test-apparatus and experimental protocol 20 years ago. Students performed pilot experiments to test this ability under controlled laboratory conditions. The results were quite promising and we suggested that the specific nose (rhinarium) of mole-rats might be the seat of putative IR-detectors. Our application for research funding was not successful and the project has been abandoned and subsequently forgotten. The idea of distant thermoperception and IR-detection by mole-rats should be recaptured. It is noteworthy that recently distant thermoperception was recorded also in domestic dogs (Bálint et al., 2020). The respective authors further hypothesized that the dog rhinarium is particularly sensitive to radiating heat thanks to its coldness. It may be of interest and significance in the context of distant thermoperception that the nose area in mole-rats is permanently colder than other body areas (Šumbera et al., 2007).



Spatial Orientation (Dead Reckoning and Magnetoreception)

Simple observations of captive mole-rats moving in their home cages and simple maze experiments reveal very good spatial memory, which seems to be based on proprioception and dead reckoning. Navigation over longer distances in the field is probably assisted by magnetoreception. Maze experiments with mole-rats may be complicated by the fact that the animals seem to learn the maze after one or few trials and the “errors” in the following passes represent explorative trips. Mazes should be also longer and/or more complex than those used for experiments with laboratory rodents. Mole-rats are relatively good swimmers (Hickman, 1978) and a water maze may be an option for an experimental design to study the role of magnetoreception in navigation (cf. Phillips et al., 2013).

Experiments in classical and modified mazes and circular arenas have heuristic potential to study navigation strategies (always considering both: dead reckoning and magnetoreception). Care has to be taken, as in all such experiments generally, that we consider and exclude the possibility of leaving olfactory tracks, providing unconscious cues for piloting (e.g., in that the experimentator waits for the animal at the goal/outlet), magnetic disturbances in buildings (particularly at the floor where iron wires, electric and water installation may be laid).

Experiments like those described by Etienne et al. (1993) should be applied also to mole-rats. Experiments should be done with mirrored mazes to find out whether mole-rats use external (allothetic) cues (e.g., magnetic compass direction) or internal (idiothetic) cues as directional reference. Apart from tube perspex mazes also circular arenas with one or more outlets are suitable for navigation studies in mole-rats. The tube maze may connect the home cage (nesting chamber) with a food chamber or nest-material provisioning chamber (see Section “Conditioning”).

Captive mole-rats prefer to run along the walls of their home cages in a clockwise direction. Having observed this phenomenon, we found it so conspicuous that wanted to use it as a behavioral assay and hypothesized that the moving pattern may be affected by changing the magnetic field. When the animals were put into a circular arena, they started to collect tissue papers from their home cage litter given as substrate into the experimental arena to provide familiar odors and thus alleviate the stress from a new environment and the nest-building assay was born (Burda et al., 1990b). The mole-rats gathered strips of paper and still circled along the arena wall in a clockwise direction. This phenomenon deserves to be studied systematically (and also in the southern hemisphere). On a similar note, the late Graham C. Hickman once suggested monitoring the direction of the spiral coiling of the vertical ventilation burrows (“chimneys”) of subterranean mammals in the southern and northern hemispheres.

The nest-building assay, i.e., recording in which compass direction the rodents build their nests in a circular arena, is a simple experiment and its heuristic potential is not yet exhausted [reviewed in Burda et al. (2020)]. It remains also unclear whether the nest-direction in mole-rats is species- or population-specific (cf. Oliveriusová et al., 2012) or whether it may be entrained (Deutschlander et al., 2003).

Studies of spatial orientation of mole-rats in the field may be inspired by experiments by Kimchi and Terkel (2003a,b), Kimchi et al. (2004) on blind mole rats). Experiments by Eloff (1951) with interrupted or blocked runways should be recapitulated in a systematic way, always noticing the compass direction of the affected tunnel. Homing ability of captured and translocated mole-rats should be studied. Compass direction and straightness of tunnels in newly established burrow systems (e.g., after translocation of a founder pair of animals) should be monitored. The hypothesis of the magnetic field as a heading indicator to keep the course of burrowing (Malewski et al., 2018) should be tested also in localities under high voltage power lines where mole-rats might also occur (cf. Burda et al., 2009).



Chronobiology

Chronobiology (orientation and structuring behavior in time) in African mole-rats has been the subject of several studies in the laboratory and the field. A diversity of cues has been found to function as zeitgebers: especially light (cf. e.g., Oosthuizen et al., 2003), although its biological role underground is not clear, and temperature (Šklíba et al., 2014), although at least in the nest 50 cm and deeper under the surface ambient temperature is buffered and constant (Burda et al., 2007). Besides, that small predictable daily fluctuation of the magnetic field may serve as zeitgeber (cf. Wiltschko and Wiltschko, 1995). Such small variations are masked by electromagnetic disturbances in standard laboratories and animal rooms.

My former colleague at the University Duisburg-Essen, geologist Professor Ulrich Schreiber, drew my attention to another potential and thus far unstudied zeitgeber: periodic circadian oscillation (rise and fall) of the levels of groundwater, the so-called earth tide, which is analogous to sea tides, and also caused by the combined effects of the gravitational forces exerted by the moon and the sun, and the rotation of the earth (Sugisaki, 1981; Sato, 2006). The rising groundwater pushes soil gases up and their pressure in the atmosphere of the underground burrows thus predictably changes during the day. It remains unknown, however, whether mole-rats can detect changes in those gases (carbon dioxide, helium, argon, etc.).

A white head spot (bles) is typical of F. anselli, Fukomys kafuensis, Fukomys damarensis, F. micklemi, and other Fukomys species from southern and western Zambia (southwards of 15th latitude) (cf., Burda et al., 1999b; Van Daele et al., 2004) but is missing in most F. mechowii and in the examined, Fukomys amatus, and Fukomys whytei, F. vandewoestijneae, and Kasama mole-rats (cf., Macholan et al., 1998; Kawalika et al., 2001; Van Daele et al., 2004, 2013; Burda et al., 2005). Even in species where the headspot is present it is variable in size and shape. The adaptive significance of the bles in many Cryptomys and Fukomys species remains obscure but it has been suggested that being an unpigmented part of the skin it may facilitate penetration of light to the pineal organ and thus be involved in photoperception and control of photoperiodicity (Lovegrove et al., 1993). However, chronobiological data for Cryptomys and Fukomys are very ambivalent, and large polymorphisms in the size and shape of the white head spot, even in its very presence, weaken the idea of its functional significance. Nevertheless, having briefly examined the large collection of specimens of mole-rats in the Natural History Museum of Zimbabwe in Bulawayo in 1993 (then under the auspices of Fenton P. D. “Woody” Cotterill), I noticed that there may be a general latitudinal gradient in the size of the bles, decreasing and disappearing from the south toward the equator, reflecting thus also changes in annual photoperiodicity and seasonality of breeding (Figure 1). The bles in museum specimens can be planimetrically measured and the hypothesis of the latitudinal gradient should (and relatively easily could) be statistically tested.
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FIGURE 1. Stuffed specimens of Fukomys mole-rats showing the variability in the size of the headspot (bles) in the collections of the Natural History Museum of Zimbabwe in Bulawayo. (Left) Mole-rats (incl. F. mechowii) from Northern Zambia, (Right) mole-rats (incl. F. damarensis) from Southern Africa.




Nociception

The naked mole-rat became famous for its virtual insensitivity to acid, capsaicin, and histamine. This feature was observed also in some other studied bathyergid species. The phylogenetic distribution of this somatosensory property among bathyergids is inconsistent and the Fukomys species outside Southern Africa have not been examined [reviewed in Lewin et al. (2021)]. I have observed that captive Ansell’s mole-rats learned to accept and eat chili peppers (Habanero) without problems. I suggest that offering mole-rats chili peppers as food complement and observing their behavioral reaction would represent a simple, cheap, non-invasive screening test for the presence or absence of capsaicin insensitivity among species instead of injecting the substances.



“Pumping”

Bednářová et al. (2013) describes the “chest thumping” in Fukomys mechowii. The animals hit rhythmically the floor of the perspex tube in an artificial tunnel system. They produced thus audible vibrations with the highest frequency of the signal at 1.63 kHz and the loudest frequency of the audible part at about 0.45 kHz. The sequences contained from three to four thumps and were separated by breaks of 0.6 s. The mole-rats produced this sound in the closed space of the tube. The sounds were recorded mainly in two situations: during aggressive encounters (males) and feeding (females) – the female entered the tube and started to produce seismic signals after the food was inserted into the terrarium. The function of these signals in giant mole-rats is still unclear. Similar behavior has been, however, reported as so-called “pumping” also in other mole-rat species: in Cryptomys hottentotus (Eloff, 1958; Poduschka, 1978) and in F. damarensis (Bennett and Jarvis, 1988). The authors discussed pumping in the context of warning and antipredator behavior, although no clear conclusion could be made.

I have observed pumping in captive F. anselli and F. kafuensis, in both sexes, but relatively rarely and almost exclusively if the animal was in a tube. It did not matter how long the tube was and whether it was open on one or both ends or closed or whether the animal was in the tube alone or not. Only very seldom have I observed this behavior also in the “open field,” in an animal put into a bucket. Behavior could be described as pumping, not thumping or drumming, and was not audible. It remains to be clarified whether pumping represents signaling or sensing. In both cases, one can imagine that pumping in a tunnel produces slight air currents, which can be perceived by the family members or will be echoed if the tunnel is plugged in front of the animal. Alternatively, the meaning of pumping is not to exhalate (and produce air currents) but to inhale the air (and analyze it). Indeed, this was also the impression of Eloff (1958) who writes: “the abdomen is flattened as if the animal inspires: then the spinal column is curved, bent ventrally and this action is repeated several times.” He further suggested that a break in the tunnel might be detected in this way, through the displacement of a volume of air. The fact that cigarette smoke in the room provoked (though not reproducibly) animals to engage in pumping is interesting and could be of possible relevance.



Conditioning

The testing of sensory capabilities by behavioral methods is based on operant conditioning. Positive reinforcement in mole-rats is not an easy task: they do not drink free water, and reinforcement by food has also several constraints (the animals have very limited body fat reserves and when forced to starve, they very quickly lose water). One possibility would be, rather than feed them at a given place, to provide food pieces that they would repeatedly retrieve into their “storage room.” I have observed, however, that mole-rats are tireless nest builders and use every opportunity to gather and retrieve nest materials (e.g., strips of tissue paper). This material is, contrary to food pieces, odorless, which is its further advantage. It can be used as a reward at the goal of a maze or in association with sensory signals, which would announce that it is available.




AGING

Mole-rats are famous for their longevity and slow aging (cf. Braude et al., 2021; Buffenstein and Craft, 2021). The studies on this aspect of life history would profit if we could study it in the field, without the necessity of long-term capture-recapture studies. For this purpose, we would need a biological marker of age, which could be easily obtained from animals in the field by biopsies without the necessity to sacrifice them. Only recently, an epigenetic age estimator (clock) was developed for the naked mole-rat, enabling us to assess (from skin biopsies) whether epigenome undergoes age-related changes (Horvath et al., 2022).

The Corti organ of the inner ear represents a perfect aging biomarker, accurately quantifiable – unfortunately, the animals have to be sacrificed and preparation of the organ of Corti by the technique of the so-called surface specimens is not a routine method. The number of hair cells is given at birth and in the course of life, the hair cells only die and leave visible scars behind which can be exactly counted (Figure 2). Since mole-rats under natural conditions do not experience any noise overstimulation and are not exposed to ototoxic drugs, all the missing hair cells are expected to be due to physiological aging (cf. also Burda, 1978; Úlehlová et al., 1984).
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FIGURE 2. Total surface specimen of the organ of Corti of a shrew (Sorex araneus). The geometrical pattern consists of three rows (1–3) of cuticular plates of outer hair cells (OHC) separated by a row of inner pillar cells from a single row of cuticular plates of inner hair cells (IHC, not in focus). Altogether 4 OHC are missing on account of the physiological involution of the auditory neuroepithelium (arrows). Ehrlich’s hematoxylin × 375. See Burda (1978) and Úlehlová et al. (1984) for further illustrations and description of the phenomenon.




ECOPHYSIOLOGY

Living under hypoxic and hypercapnic conditions is a frequently mentioned stress that subterranean mammals have to cope with (cf. Nevo, 1979, 1999; Braude et al., 2021; Park et al., 2021). There are also many studies providing data on the atmosphere and microclimate (temperature and humidity) in the burrows (cf. Burda et al., 2007; Holtze et al., 2018). I would, however, like to point out that all the measurements were done in unobstructed burrows and empty nest chambers, i.e., without burrow inhabitants being present in close vicinity of the measuring probes.

Microclimate and atmosphere in an occupied nest chamber, i.e., with inhabitants being present, is surely a different one. A digging mole-rat having only a little air volume between its snout and the end of a tunnel in front of it, is also likely exposed to much higher hypoxic and hypercapnic stress than an animal moving in a free superficial runway tunnel.



SPECIATION, GENETICS


Contact Zones

Contact (hybrid?) zones between Fukomys species in Zambia (and elsewhere) require systematic studies. In our laboratory, F. anselli (2n = 68) and F. kafuensis (2n = 58) successfully breed producing reproductive offspring (2n = 63). The mechanism of chromosome hybridization has not been studied.



Distribution of Giant Mole-Rats: A Case for Cryptozoology?

My former student assistant at the University of Zambia, later Ph.D. student, colleague, and friend, Mathias Kawalika (1962-2006), wrote the following paragraphs in his Ph.D. thesis (Kawalika, 2004):

“It remains unclear whether there are hybrid zones between neighboring Fukomys species or not, it remains unclear whether the areas of distribution (of diverse Fukomys species) overlap at some places and whether some of the species occur sympatrically. Indeed, even the map of distribution of the giant mole-rat published by Ansell (1978) (Figure 59), i.e., a species of mole-rats which can be distinguished from other species by its size, needs revision. Ansell himself admits that the record from Malawi is questionable. Also, no giant mole-rats were captured during recent rather intensive mole-rat collecting in the Southern, Western, and North-Western Province (i.e., the strip between the Zambezi and the Kafue rivers) (Van Daele et al., 2004).

However, it should be of interest to note that in Kabwe as well as in Kasama I have been assured by local hunters that there live both, small and giant mole-rats sympatrically. The locals distinguish both species even by name: kakoko and mfuko, respectively. They claimed that even a “super-giant mole-rat” occurs in the area. Similarly, in Chongwe, two types of mole-rats (giant and common) were reported. In Chibale, the sympatric occurrence of C. amatus and C. mechowi could be proved (Scharff, 1998, and own unpublished observations). In Ndola (Chichele) I have captured medium-sized mole-rats which also do not grow in captivity (Burda, personal communication), yet subsequent karyological study revealed a karyotype typical for C. mechowi. It should be noted that in this locality, occurrence of two distinct forms was indicated also by parameters of the burrow system. Thus, I have found at one site (in early June 2000) within an area of 50 m × 25 m, 225 mounds and tunnels having 75–110 mm in diameter, whereas just about 100 m from this sector there were tunnels which ranged from 50 to 75 mm in diameter and there were only about 60 mounds within the same size area. There is no doubt that further field studies are needed to verify or falsify the claims of local hunters and to answer the points raised in this section.

Interviewing of several hunters (in Kasama area) leads to the assumption that there are four types of mole-rats in the area: (a) common (small) mole-rats; (b) giant mole-rats; (c) multi-colored giant mole-rats; (d) white super giant mole-rats. The super giant mole-rats are about the size of small puppies which puts them above 800 g. This was evident from one animal already prepared and cooked in a pot. (Interestingly super-giant mole-rats are recorded also from the Kabwe area.) The hunter (in Bwembya village) revealed that the animal had a white coat which is usually the case for all the super giant animals he has ever caught. The common moles have been described by all hunters as always gray without the white head spot. The giant mole-rats are of two types, the normally colored (as from Ndola) and the multi-colored which usually have a white belly and brown upper colored body. The giant mole-rats (types b, c, and d) can coexist in the same location whereas they cannot and never share their habitat with those of common mole-rats (type a). This was evident also from the size of the burrows inspected. The common mole-rats were more confined to lower altitudes with gray sandy soils whereas the giant were confined to brown soils. The closest distance observed between the habitat of the giant mole-rats and that of the common ones was 1 km and both localities were separated by the escarpment. Local hunters clarified that the super giant mole-rat was less common in comparison to the giant mole-rat. They capture it only occasionally.”

The indigenous knowledge of local mole-rats should not be underestimated, though it has to be viewed critically in some aspects (Burda and Kawalika, 1993). The reports of Mathias Kawalika surely deserve to be taken seriously and to be checked.



Sex Ratio

The subterranean habitat is considered structurally simple and microclimatically stable (Nevo, 1999), thus subterranean mammals may be suitable models for the study of sex-ratio adjustment. There seems to be inconsistency between laboratory and field data as far as the sex ratio is concerned.

The sex ratio among wild captured young (<1 year) giant mole-rats (F. mechowii) was male-biased (1.22) but among adults (>1 year), the proportion of males decreased (0.96) (Kawalika and Burda, 2007). Taking all wild-captured animals together, the overall sex ratio was equal (1.07). Sampling was roughly equally distributed throughout space and time as well as with respect to capture methods so there was probably no bias due to the sampling method. Data on captive families are inconsistent with the field data due to a strong female-biased neonate sex ratio of 0.54 among laboratory-born animals (Scharff et al., 1999).

F. anselli shows a female-biased neonate sex ratio of 0.85 (Begall and Burda, 1998) and even 0.44–0.73 in wild captured animals (Kawalika and Burda, 2007; Sichilima et al., 2011, respectively).

The following hypotheses explain the above findings and should be considered and tested:


(1)The skew toward neonate females is an artifact of captive breeding and does not reflect the natural situation. A reverse (i.e., male-biased) sex ratio should be expected among neonates in the field to explain a higher proportion of males among young wild-captured mole-rats.

(2)With growing older, males disappear from the population. There are indications of a higher dispersal rate of adult males in F. mechowii (Kawalika and Burda, 2007). A male-biased higher dispersal rate has been reported also in F. damarensis (Hazell et al., 2000). It should be, however, noted that a male-biased dispersal rate is deduced from the observed higher aboveground activity of males. A hypothesis should be tested that while males tend to disperse aboveground, females disperse rather underground (cf. Šumbera et al., 2012; Torrents-Ticó et al., 2018; Mynhardt et al., 2021). On the other hand, there is no indication of higher intrinsic mortality in captive male mole-rats (Dammann and Burda, 2007). It is noteworthy that female-female inter-familial encounters (at least in captivity) are more aggressive and lethal (Burda, 1989).

(3)There is a sex-linked age-polyethism, expressed in the higher activity and/or trapability of subadult males. With increasing age, males may become more cautious or less active. However, previous observations on captive animals do not suggest any marked difference in this aspect (own observation, Burda, 1990; Zöttl et al., 2016).



Finding answers to the questions of why sex ratios in newborn captivity-bred giant mole-rats deviate so markedly from equality, may prove to be significant for gaining insights into the ecology of mole-rats in particular, and for understanding phenomena affecting sex-ratios in mammals in general.

The following exciting hypothesis could explain the phenomenon and should be tested: In F. anselli and F. mechowii, two types of females occur: homogametic females: XX and heterogametic females: XY*. Due to the early loss of YY* zygotes, XY* females would produce twice as many phenotypical females as males. XY* females in the S. American field mice (Akodon) have been described already 35 years ago. It was shown that in Akodon, XY* females persist at high frequencies (up to 30%) and are better breeders than XX (Bianchi, 2002). An unusual sex determination system has been found also in an unrelated subterranean rodent: the mole-lemming (Just et al., 2002). Existence of heterogametic (XY*) females at different frequencies in the populations and our captive breeding stock and higher mortality of younger males (observed also in breeding colonies) could explain all the observed phenomena.




SEXUAL DIMORPHISM AND AGE STRUCTURE

The question of why there is a marked sexual dimorphism (at least between breeding males and their oldest sons on one side and females on the other side) in Fukomys mole-rats has no clear answer. The mole-rats are monogamous, and because of isolation, family stability, and incest avoidance (Burda, 1995) there is seemingly no significant competition for mating which would act as a sexual selection pressure. Nevertheless, I have observed (Burda, 1995, 1999, own observations) that incest avoidance between mothers and their sons is not as strong as between siblings and between the father and his daughters. This means that there is a competition between the breeding male and his male offspring and thus also between the brothers. This competition may be the motor driving the body size increase in males. An even more significant index signaling the body strength may be, however, the breadth of the (upper) incisors. It should be noted that teeth are testosterone target organs used for signaling dominance status in diverse mammals (baboon or musk deer being familiar examples). I have observed that old breeding males which may be no longer the largest ones in the family still had the broadest incisors. Unfortunately, I have never measured this trait systematically to test the hypothesis. The males themselves may assess this strength index during their typical sparring (playful) fights which have a character of mouth (teeth) wrestling: the animals lock their incisors together and sway from side to side. The males do not bite each other but – in case of serious fights between non-familiar males – they try to break the incisors of the rival. Eventually, the defeated male shows an appeasement posture (Burda, 1989). The fight between two females has a different character: a female does not respect the appeasement postures (if any), does not try to fight mouth-to-mouth but bites the retreating animal (Burda, 1989).

Caspar et al. (2021c) have quantified sexual size dimorphism and have measured also the width of the upper incisors in F. anselli. While the authors have found differences between both sexes, they found no significant differences between breeders and non-breeders. Their study sample consisted of animals of known age and most specimens originated from different families. This approach is not suited to test my hypothesis that the breeding (dominant) male in a family (“king”) can be recognized based on the width of its upper incisors and that the wrestling with locked incisors between males serves to compare the strength and to establish the dominance. The males normally measure their strength in this way with other family members (i.e., within their respective families), not with strangers from different families. Moreover, the study by Caspar et al. (2021c) involved captive animals with non-breeders being on average 58 months old. This situation is most probably not natural. We should expect that in nature, the mean lifespan (coexistence within a family) of a non-breeder is “only” 31 months (Burda et al., 2000). This means that a 58-month-old non-breeder in nature would not be any more competitive with its father but would have been expelled, or “voluntarily” have abandoned its respective family or have died of a different cause before reaching that age.

Based on my observations (Burda, 1989, 1990, 1995, 1999) and the above assumptions we can expect that older male non-breeders (sons) from an established (longer lasting) family will be larger and will have wider upper incisors than the younger males. If they invaded a fledging (smaller) family with a younger “king,” they would be able to defeat him and mate with the “queen,” which is always ready “to have an affair” (Burda, 1995; Bappert et al., 2012). In a family with an older “king,” they will surrender but will be adopted into the family. They might mate also with a non-breeding female as there will be no incest avoidance (Burda, 1989, 1990, 1995). All existing observations about the dispersal and genetic structure of mole-rat families in nature (Patzenhauerová et al., 2013; Torrents-Ticó et al., 2018; Mynhardt et al., 2021) are consistent with conclusions derived from our observations on captive animals (Burda, 1989, 1990, 1995; Bappert et al., 2012).

To avoid any misunderstanding: sporadic copulation in Fukomys mole-rats does by far not guarantee fertilization (Burda, 1990, 1995; Willingstorfer et al., 1998). Moreover, the replacement of the “king” by his son can be expected only when the “king” is already old and weak. At that time, however, the mother (“queen”) is most probably also old and her reproductive potential is reduced (Willingstorfer et al., 1998). Hence, a family bond between mother and son has only a low chance of arising and thriving, and consequently, a much lower chance of being discovered and identified by researchers. On the other hand, taking over a “kingship” by an unfamiliar male invader may frequently escape our attention. This case may affect smaller fledging families with a younger breeding male invaded by an older, bigger male. If this happens, the family has still only a few members (offspring of the founder) and after some time they disappear or are in a minority and the invader could be considered by researchers to be the original founder and “king” of the family who has been probably cuckolded (offspring of the first king would be considered to be the result of extra-pair copulations of the “queen”).



STUDY OF THE STRUCTURE, DYNAMICS, AND RHYTHMICITY OF MOLE-RAT FAMILIES IN THE FIELD

Most of the information on life histories (reproductive biology, aging, etc.) and the activity of mole-rats have been gained in the laboratory. Thus far, information on wild living mole-rats (and subterranean mammals in general) could only be obtained only using invasive and time consuming methods, requiring long-term projects – capture-marking-recapture methods and telemetry. Because of the apparent time- and manpower-demands as well as technical problems, only a few studies have been undertaken, limited to only a few burrow systems in limited areas.

With Mathias Kawalika, we prepared a new original and innovative method, which would be simple, elegant, and non-invasive and would enable us to survey and monitor many families of mole-rats in their respective nest chambers in situ in different localities over a time span determined only by possibilities of the researchers to revisit the study places. Unfortunately, in 2006 Mathias passed away due to malaria and the project was never realized.

The principle of the projected method is the following (Figure 3):


[image: image]

FIGURE 3. Illustration of the proposed method of nest chamber drilling (Left) and endoscope monitoring (Right).


(a) The nest chamber will be localized (see below).

(b) A chimney will be drilled by a soil driller from above into the ceiling of the nest chamber. The mole-rats are not able to plug a hole in the ceiling of the chamber and are not disturbed by cold and red light. We assumed that the mole-rats would not permanently abandon a nest chamber in the building in which they invested a lot, i.e., they would return after the disturbance due to drilling has ceased.

(c) An endoscope will be introduced, meaning the animals can be counted and video-monitored. Thanks to their white head spots (blesses) they (at least F. anselli) can be recognized individually.

(d) Continuous monitoring of the nest chamber throughout the whole day and in regular time intervals will provide data about the circadian and circannual rhythmicity of individual animals and family dynamics (breeding etc.).

(e) An endoscope will be introduced, and the animals will be counted and video-monitored. In this way, we get information on family size and also the population size in a given area, family (and population) dynamics over a given time period (breeding data, recruitment of new family members, losses), daily and seasonal activity patterns (note that mole-rats in many species can be individually recognized based on the size and form of the head spot).

(f) Temperature, humidity, oxygen, carbon dioxide, and methane concentrations can be measured in situ in occupied nest chambers. These data are thus far generally missing.


Nest Chamber Localization

There are several possibilities to localize the nest, which may be combined.

(a) An experienced local mole-rat hunter will localize the nest chamber. (Mathias Kawalika succeeded to recruit a very experienced mole-rat hunter, Mr. Kawesa from Ndola, who was able to locate nest chambers of mole-rat families.) Should localization of the nest chamber by a hunter fail for whatever reason in some habitats, we might use further complementary approaches to narrow down the nest location.

(b) The telemetry method (an animal is captured at the periphery of the burrow system and collared in order to show us the way to the nest).

(c) Metal search detector can be used in sandy Kalahari soils and involves inserting bait strips of cotton tissues partly into burrows. Metal rings are sewn into these strips. Mole-rats pull down the strips and transport them as nest materials into the nest chamber. The nest is then located by a metal detector.

(d) Sound localization using sensitive spy microphones (note that mole-rats are very vocal animals) (see chapter vocalization above).

(e) Employment of a ground penetrating radar (“georadar”) has become a realistic option in recent years.




SURVIVAL STRATEGIES DURING FLOODS

Mathias Kawalika noticed that in the Kafue Flats and specifically in the Lochinvar National Park, mole-rats were present in areas that have been regularly seasonally inundated by floods. The question arises of how the mole-rats survive flood events. Local people claimed that mole-rats occupy termite mounds during floods and that animals from different colonies gather peacefully in one place. We did not have the opportunity to test these claims.



CONCLUSION

The biology of African mole-rats was virtually unknown 50 years ago (cf. Kingdon, 1974). In the last few decades, the number of published papers on mole-rats has grown enormously. Even if they have become the best known wild (and certainly the best known African) rodents in many aspects of biology, there are still many enigmas and mysteries, which will no doubt keep many other scientists busy for their whole academic careers.
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