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Abstract. In the African mole-rat family (Bathyergidae), species show both year-round and seasonal bree-
ding patterns even though all species inhabit regions with varying seasonal rainfall patterns (a well-known 
selection driver of seasonal breeding). This short review suggests a novel hypothesis explaining why some 
African mole-rat species breed seasonally and others year-round. Namely, group-living African mole-rat 
species (with a mean colony size greater than five) exhibit an aseasonal reproduction pattern, as breeders, 
particularly females, possess year-round high body conditions. This is likely due to access to abundant 
and high-quality resources (food and water) throughout the year and reduced frequency of engaging in 
strenuous activities, such as digging, due to the increased efficiency of locating and retrieval of resource 
as a function of group size. While in the solitary and social species, with mean colony sizes of five or 
less, there are too few colony members to provide sufficient cooperative care benefits, the breeders show 
a seasonality to their body condition and thus breeding investment. As such, we hope to start a discussion 
on how group size could affect circannual breeding rhythms and propose some avenues for future research.
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REPRODUCTION IN SMALL MAMMALS

A positive energy balance (energy acquired from resources (food and water) / daily energy 
expenditure) is essential for all mammals to survive and thrive in any habitat. Furthermore, 
mammals that possess a positive energy balance (good access to resources and/or low daily 
energy expenditure) often have a good body condition resulting from the surplus of available 
energy being diverted to non-essential critical survival processes, such as the immune system 
and reproduction (Clauss et al. 2021).

Reproduction in mammals, especially small mammals, requires a significant investment 
of energy and resources and, therefore, a good body condition and a positive energy balance. 
Furthermore, a successful reproductive event requires a positive energy balance to allow for the 
optimal body condition for the breeding animal, mainly the female, and the maximal growth 
rates and survival of the offspring. The availability of resources, namely food and water, often 
controls when and the frequency at which a small mammal reproduces (Clauss et al. 2021). 
Consequently, annual rainfall patterns, and subsequent food availability have been highlighted 
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as one of the strongest evolutionary drivers of when and how often a small mammal repro-
duces (Clauss et al. 2021). This is because rainfall increases not only the abundance of food 
but the quality. Furthermore, small mammals often use less energy in foraging during periods 
of increased rainfall as food is more easily found, which leaves an energy surplus that can be 
invested into reproduction. 

Annual rainfall patterns vary across the planet, with some regions experiencing consistent 
rainfall throughout the year (Seasonality index, SI: 0–0.39, see Table 1), while other regi-
ons experience annual fluctuations (known as seasonality) in their rainfall (SI: 0.4–1.2, see 
Table 1; Walsh & Lawler 1981). In regions with consistent rainfall throughout much of the 
year, reproduction often mirrors this pattern, and small mammals have the potential to breed 
throughout the year (an aseasonality of breeding), whereas those inhabiting regions with defi-
ned periods of increased rainfall show a distinct seasonality to their reproduction (seasonality 
of breeding; Fitzgerald & McManus 2000, Ims 1990). As such, seasonal breeding in small 
mammal reproduction is often confined to specific periods of the year, which ensures optimal 
body condition for the breeding female and the maximal growth rates and survival of the 
offspring (wet season) (Fitzgerald & McManus 2000, Ims 1990). Conversely, when condi-
tions become unfavourable (dry season), many small mammal species cease all reproductive 
activity and channel their time and energy into more vital and immediate processes, such as 
foraging, to survive (Belhocine et al. 2007, Alagaili et al. 2017, Hart et al. 2018, 2020a, 
2021a, Khokhlova et al. 2000). Furthermore, seasonally breeding small mammals often use 
consistent and predictable environmental parameters, such as photoperiod, temperature and 
humidity, to name a few, as proxies of when rainfall should occur (Bronson & Heideman 1994, 
Medger et al. 2012, Alagaili et al. 2017, Hart et al. 2018, 2020a, 2021a). These zeitgebers 
of the circannual breeding rhythm are decisive controlling factors of seasonal breeding even 
under laboratory conditions (Karsch et al. 1989). However, a third common breeding strategy 
in small mammals is opportunistic breeding. These species breed throughout the year and only 
cease breeding if conditions are too harsh for reproduction and the survival of their offspring, 
with food availability appearing to be the primary cue to determine if reproduction occurs in 
these opportunistic breeders (Bronson 1985).

All three strategies lead one to conclude that investment into reproduction depends on the 
female’s body condition, which is ultimately controlled by access to an abundance of high- 
quality food linked to rainfall.

Table 1. Seasonality Index (SI), derived by Walsh & Lawler (1981). Triangles indicate seasonality of 
rainfall

 SI precipitation regime rainfall pattern symbol

 0.19 precipitation spread throughout the year rainfall year-round  
 0.20–0.39 precipitation spread throughout the year,  rainfall year-round 
  but with a definite wetter season  
 0.40–0.59 rather seasonal with a short dry season seasonal rainfall 
 0.60–0.79 seasonal seasonal rainfall  
 0.80–0.99 marked seasonal with a long dry season seasonal rainfall 
 1.00–1.19 most precipitation in <3 months seasonal rainfall 
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AFRICAN MOLE-RATS

African mole-rats (Bathyergidae) are a family of small subterranean mammals (rodents) from 
sub-Saharan Africa, often occurring in large underground burrow systems (Bennett & Faulkes 
2000). The underground tunnel systems provide a relatively thermo-stable environment (Ben- 
nett et al. 1988, Roper et al. 2001, Šumbera et al. 2004, Burda et al. 2007, Holtze et al. 
2018, Šumbera 2019, Hart et al. 2021b) with limited access to light. They also occur in various 
climates, elevations and substrates with behavioural and physiological adaptations corresponding 
to these conditions (Faulkes et al. 2004, Hart et al. 2022a, McGowan et al. 2020, Šumbera 
2019, Visser et al. 2019, Wallace et al. 2021). All species of African mole-rat studied to date 
inhabit regions that experience a seasonal rainfall pattern (although rainfall in some arid regions 
may sometimes fail or occur sporadically during the projected wet period; Fig. 1). 

Fig. 1. A phylogenetic tree (adapted from Visser et al. 2019) showing the evolutionary relationships of 
species of African mole-rats representing all six genera. Life-history information, namely breeding strategy 
(seasonal or year-round –aseasonal breeding) and mean colony size (solitary species are denoted with 
a mean colony size of 1), have been included for each African mole-rat species. The rainfall seasonality 
index (S.I.) is provided for each species (see Table 1 for details). Reproductive strategy, colony size and 
locality information from relevant studies (see Table 2). These studies are from single localities and may 
not represent the breeding strategies of the whole species across its distribution. Rainfall S.I. was calculated 
using the methods set out by Walsh & Lawler (1981), and monthly rainfall (from 1981 and 2020) data 
were gathered using the methods outlined by Hart et al. (2022). Monthly rainfall data were sourced for 
each species (using published papers regarding each species’ reproductive strategy – see Table 2) from 
ERA5-Land of the European Centre for Medium-Range Weather Forecasts-the latest generation created 
by the Copernicus Climate Change Service (Muñoz-Sabater et al. 2021). 
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The social organisation in African mole-rats ranges from strictly solitary species through to 
social (colony size range of 2–20 in social species) and all the way to eusocial or truly social 
(colony size range of 2–300 in eusocial species) (Fig. 1; Bennett & Faulkes 2000). African 
mole-rats obtain their nutrient and water requirements from the storage organs of underground 
geophytes (Bennett & Jarvis 1995, Spinks et al. 1999a, Malherbe et al. 2003). The distribu-
tion of these geophytes and the predictability and abundance of rainfall play a crucial role in 
shaping sociality within the family of Bathyergidae (Jarvis et al. 1994, Faulkes & Bennett 

Table 2. Details regarding the 13 species of African mole-rat, including reference literature, used in this 
hypothesis. Colony size range and capture zones, with relevant approximate yearly rainfall and habitat 
type (aridity index), were provided for each species. Habitat type (aridity index) was calculated and cha-
racterised as described by Jacobs et al. (2022). Abbreviations: csr – colony size range; ayr – approximate 
yearly rainfall [mm]; countries: TZ – Tanzania, SA – South Africa, WC – Western Cape, NC – Northern 
Cape, ZM – Zambia, ZW – Zimbabwe, NA – Namibia, KY – Kenya

species csr location (coordinates) ayr habitat type reference 

Heliophobius argenteocinereus 1 Mvomero District  2,000 hyper-humid Ngalameno 
  TZ (–6.82, 37.67)   et al. (2017)
Bathyergus janetta 1 Kamieskroon  250 arid Herbst et al.
  SA (–30.21; 17.92)    (2004)
Bathyergus suillus 1 Cape Town 500 dry sub-humid Hart et al.
  SA (–33.58; 18.37)   (2006a)
Georychus capensis 1 Cape Town 500 dry sub-humid Bennett
  SA (–33.58; 18.37)    & Jarvis (1988a)
Cryptomys h. hottentotus 2–14 Sir Lowry’s Pass, WC  650 humid Spinks et al.
  SA (–34.80; 18.85)    (1999b, 2000)
  Steinkopf, NC  145 arid
  SA (–29.82; 16.85)     
Cryptomys h. pretoriae 2–12 Gauteng 680 dry sub-humid Janse van Rens-
  SA (–26.06; 27.46)    burg et al. (2002)
Cryptomys h. natalensis 2–16 KwaZulu Natal  1570 hyper-humid Oosthuizen
  SA (–29.19; 29.43)    et al. (2008)
Cryptomys h. mahali 2–20 Gauteng 535 semi-arid Hart et al.
  SA (–25.39; 28.02)    (2021b)
Fukomys mechowii 2–15 Copper Belt  1130 hyper-humid Sichilima et al.
  ZM (–10.40; 20.85)    (2008)
Fukomys darlingi 2–9 Goromonzi 700 hyper-humid Bennett et al.
  ZW (–17.85; 31.37)    (1994)
Fukomys anselli 2–16 Lusaka 970 hyper-humid Sichilima et al.
  ZM (–14.65; 27.48)    (2011)
Fukomys damarensis 2–41 Dordabis 300 arid Bennett
  NA (–22.94; 17.66)    & Jarvis (1988b)
Heterocephalus glaber 2–250 Mtito Andei 300 arid Jarvis (1991)
  KY (2.69; 38.16)
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2013). The importance of these ecological factors has given rise to the ‘Aridity, food distribu-
tion hypothesis’ as posited by Jarvis et al. (1994) and, more recently, the ‘Behavioural osmo-
regulation hypothesis’ coined by Hart et al. (2022a). Both Jarvis et al. (1994) and Hart et al. 
(2022a) suggest that the evolution of social living may negate several environmental pressures, 
including seasonal scarceness and access to food and water. For example, in species that form 
large groups (see Fig. 1, Table 2), animals can increase water turnover as water and food are 
not limited resources as the increased group size allows for the efficient locating and retrieval 
of food and indirectly water (behavioural osmoregulation) (Hart et al. 2022a). However, an 
alternative hypothesis has been proposed that African mole-rats may have been initially social, 
and this could represent the ancestral state; however, this social condition has been suggested 
to have been subsequently lost in solitary species (Burda et al. 2000).

Social and eusocial African mole-rat species exhibit a reproductive division of labour where 
reproduction is often monopolised by a single breeding female and male within the colony 
(Bennett & Faulkes 2000). The remaining colony members (non-breeders) are reproductively 
quiescent while in the colony (Bennett et al. 1993, 1997, 1999, 2018, Burda 1995, Oost-
huizen et al. 2008, Medger et al. 2019, Spinks et al. 1999b, Clarke et al. 2001, Hart et al. 
2022b, c). Non-breeders often perform cooperative behaviours, including pup rearing, colony 
defence, foraging, tunnel maintenance and burrow extension (Jarvis 1981, Thorley et al. 2018, 
Bennett & Faulkes 2000, Siegmann et al. 2021). A marked division of labour with breeders 
spending less time being active, including spending less time digging and foraging, than their 
non-breeding counterparts, has been observed in most, but not all African mole-rats species 
(Scantlebury et al. 2006, Lacey & Sherman 2009, Oosthuizen & Bennett 2015, Francioli 
et al. 2020, Houslay et al. 2020, Jacob et al. 2021, 2022, Finn et al. 2022). 

Breeding colony members often show increased body condition compared to non-breeders; 
this pattern is particularly evident in arid dwelling species (Scantlebury et al. 2006, Houslay 
et al. 2020, Hart, Bennett & Scantlebury unpubl. data). It is believed the dispositional state 
of body condition is driven by the marked division of labour seen in African mole-rat colonies, 
which sees breeders expending less energy foraging and digging while still having access to 
resources (Scantlebury et al. 2006, Francioli et al. 2020, Houslay et al. 2020, Hart, Be-
nnett & Scantlebury unpubl. data). Therefore, a female breeder’s body condition (a proxy for 
a surplus of energy) may be proportional to colony size (Houslay et al. 2020, Hart, Bennett 
& Scantlebury unpubl. data). This leads one to ask whether sociality, namely colony size, 
affects breeding seasonality in African mole-rats?

BREEDING IN AFRICAN MOLE-RAT 

The reproductive strategy of 13 African mole-rat species, spanning the social spectrum in 
sub-Sahara Africa and representing all genera, has been investigated (see Fig. 1 and Table 2 
for a summary). However, these studies are from single localities and may not represent the 
breeding strategies of the whole species across its distribution. 

In general, breeding in all solitary and some social African mole-rat species is seasonal, with 
the activation of breeding coinciding with the increase in soil moisture content and the sudden 
flushes of primary production, which occurs as a consequence of the onset of rainfall (Jarvis 
1969, Bennett & Jarvis 1988a, Bennett 1989, Spinks et al. 1997, 1999b, Janse van Rensburg 
et al. 2002, Herbst et al. 2004, Hart et al. 2006a). In contrast, most social and eusocial African 
mole-rats species breed throughout the year (Bennett & Jarvis 1988b, Bennett & Aguilar 
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1995, Oosthuizen et al. 2008, Sichilima et al. 2008, 2011, Hart et al. 2021b). Interestingly, 
as mentioned above, all 13 species live in regions that experience some degree of seasonal 
rainfall (Fig. 1, Table 1); consequently, this may suggest that the seasonality of rainfall does 
not directly drive the seasonality of breeding in social African mole-rats species that form large 
colonies (Fig. 1). 

In the past, links between ovulation mode and breeding strategy have been drawn (Faulkes 
et al. 2010), but recent findings have raised doubts about such links. For example, within the 
social and eusocial genera of Cryptomys and Fukomys, species that show aseasonal breeding 
can be either induced or spontaneous ovulators (Malherbe et al. 2004, Jackson & Bennett 
2005, Bennett et al. 2010, Faulkes et al. 2010, Hart et al. 2020b, Voigt et al. 2021), therefore 
throwing doubt on the link between ovulation mode and breeding strategy. 

Recent evidence, which has prompted this current hypothesis, suggests that an opportunistic 
breeding strategy may have been an ancestral state of African mole-rats (Hart et al. 2006b, 
2021b). As such, aseasonality and year-round positive energy balance, as seen in social and 
eusocial species that form large groups, is possibly brought about by the benefits of living in 
a cooperatively breeding group, while in the absence of sufficient cooperative help, solitary and 
social species that form small groups must restrict their breeding to times of a positive energy 
balance, the wet season.

SOCIALITY, COLONY SIZE AND SEASONAL BREEDING

Social and eusocial African mole-rats species with mean colony sizes usually greater than five 
individuals demonstrate an aseasonal reproductive pattern (Fig. 1). In contrast, the social species 
with mean colony sizes of five or less and all solitary species demonstrate a seasonal pattern of 
reproduction (Fig. 1). In species with mean group sizes greater than five individuals, the breed- 
ers, and in particular, females, possess year-round good body condition and a positive energy 
balance, likely due to year-round access to resources (food and water) and reduced frequency 
of engaging in strenuous activities, such as digging, due to the increased efficiency of locating 
and retrieval of resource as a function of group size. Within the African mole-rat family, this 
trend has been highlighted in F. damarensis by Houslay et al. (2020), who demonstrated that 
the workload of breeding females falls disproportionately (relative to non-breeders), and their 
body condition during gestation and the size of their litter increases as group size increases. 
Furthermore, their inter-pregnancy interval declines while their fecundity increases (Houslay 
et al. 2020) with colony size. However, this is not an uncommon trend in mammals that breed 
cooperatively, such as silver-backed jackals, Canis mesomelas (Moehlman 1979), African 
wild dogs, Lycaon pictus (Gusset & Macdonald 2010, Creel & Creel 2015) and dwarf 
mongooses, Helogale parvula (Rood 1990).

CONCLUSION, LIMITATIONS AND FUTURE DIRECTIONS

In conclusion, the ancestral breeding strategy of African mole-rats was likely opportunistic; 
therefore, breeding would occur year-round if a positive energy balance was maintained. In 
those species that were under environmental pressure to maintain (Burda et al. 2000) or form 
larger colony sizes (Jarvis et al. 1994), a positive energy balance of the breeding females was 
maintained, through the benefits of living in a cooperatively breeding group, throughout the 
year independent on rainfall patterns resulting in an aseasonal breeding strategy. At the same 
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time, those species that maintained a solitary lifestyle (Jarvis et al. 1994) or became solitary 
(Burda et al. 2000) or maintained small groups (Hart et al. 2022a) had to rely on rainfall to 
achieve a positive energy balance and thus resulting in a seasonal breeding strategy. Regardless 
of which hypothesis of the evolution of sociality in African mole-rats (Jarvis et al. 1994, Burda 
et al. 2000, Hart et al. 2022a) you prescribe to, this current hypothesis, regarding the African 
mole-rat breeding strategy, fits into all. Furthermore, underlying phylogenetic causes are unli-
kely to drive breeding strategies in African mole-rats (Fig. 1); however, robust phylogenetic 
analyses are needed to substantiate this claim. 

There are, however, current limitations to this hypothesis. First, this hypothesis is still in 
its infancy and needs to be rigorously tested in the field and challenged in the literature. The 
current literature, even though broad, is still too small to support our hypothesis truly; namely, 
the current studies are from single localities and may not represent the breeding strategies of the 
whole species across its distribution. Furthermore, these studies are often once-off observations 
(usually over a calendar year) and repeated observations on the same colony over numerous 
years, accounting for both changes in colony sizes and rainfall patterns are rare. Therefore 
multi-year studies monitoring reproductive readiness are needed on the same individuals to 
explore this hypothesis further. Seasonality of rainfall is a significant selection pressure for 
circannual breeding rhythms (breeding strategies). However, the circannual breeding rhythms 
can be controlled by several zeitgebers; as such future studies should focus on the seasonality 
of other environmental factors, such as humidity, soil moisture and temperature, food salinity, 
soil hardness, etc, while also using various databases. Furthermore, discussion and experimen-
tation must address obvious questions, such as why African mole-rat species with a smaller 
colony size simply delay dispersal as an easy way to become aseasonal breeders? However, our 
initial thoughts on such a question are simply: individual fitness will always outweigh group 
fitness. African mole-rat species with a smaller family size live in conditions that promote 
dispersal (three water drops: more mesic, Fig. 1, Table 2). Therefore, non-breeders would not 
delay dispersal as their chance of successfully surviving away from their natal colony and 
starting a successful colony of their own is high. It may be beneficial for the breeding female 
to maintain colony sizes of above five individuals, but in mesic conditions, the non-breeders 
drive to reproduce and thus disperse would be so great that it would overcome reproductive 
suppression and the breeding female need for a larger colony. Therefore, the fitness benefit of 
breeding oneself (dispersing) would likely overcome the fitness benefit of remaining in the 
colony and performing cooperative care behaviours, overcoming the selection pressure of the 
breeding female to be an aseasonal breeder.

In summary, there is a strong link between group size and the seasonality of breeding in Afri- 
can mole-rats, a link that should be investigated in other group-forming mammals. However, 
rainfall patterns cannot be genuinely discounted as a driver of breeding strategy in African 
mole-rat, as rainfall patterns drive group size (Fig. 1). 

A c k n o w l e d g e m e n t s
The current paper is dedicated to our dear colleague, Professor Hynek Burda, who is a leading force be-
hind placing African mole-rat on the global map of science. Hynek, over the years, has constructed some 
of the most influential evolutionary hypotheses; therefore, as a dedication, we would like to present an 
evolutionary hypothesis, still in it’s infancy, to allow feedback from the scientific community. 



60

REFERENCES
Alagaili A. N., Bennett N. C., Mohammed O. B. & Hart D. W., 2017: The reproductive biology of 

the Ethiopian hedgehog, Paraechinus aethiopicus, from central Saudi Arabia: The role of rainfall and 
temperature. Journal of Arid Environments, 145: 1–9. 

Belhocine M., Gernigon-Spychalowicz T., Robert A. M., Schoevaert D., Bennazzoug Y. & Exbrayat 
J. M., 2007: Ecophysiological responses of the seminal vesicle of Libyan jird (Meriones libycus) to 
the Saharan conditions: Histological, morphometric and immunohistochemical analysis. Histology 
& Histopathology, 22: 603–615.

Bennett N. C., 1989: The social structure and reproductive biology of the common mole-rat, Cryptomys h. 
hottentotus and remarks on the trends in reproduction and sociality in the family Bathyergidae. Journal 
of Zoology, London, 219: 45–59.

Bennett N. C. & Aguilar G. H., 1995: The reproductive biology of the giant Zambian mole-rat, Cryp-
tomys mechowi (Rodentia: Bathyergidae). South African Journal of Zoology, 30: 1–4.

Bennett N. C. & Faulkes C. G., 2000: African Mole-rats: Ecology and Eusociality. Cambridge University 
Press, Cambridge, 288 pp.

Bennett N. C. & Jarvis J. U. M., 1988a: The reproductive biology of the Cape mole-rat, Georychus 
capensis (Rodentia, Bathyergidae). Journal of Zoology, London, 214: 95–106. 

Bennett N. C. & Jarvis J. U. M., 1988b: The social structure and reproductive biology of colonies of 
the mole-rat, Cryptomys damarensis (Rodentia, Bathyergidae). Journal of Mammalogy, 69: 293–302. 

Bennett N. C. & Jarvis J. U. M., 1995: Coefficients of digestibility and nutritional values of geophytes 
and tubers eaten by southern African mole-rats (Rodentia: Bathyergidae). Journal of Zoology, London, 
236: 189–198.

Bennett N. C., Jarvis J. U. M. & Davies K. C., 1988: Daily and seasonal temperatures in the burrows of 
African rodent moles. South African Journal of Zoology, 23: 189–195. 

Bennett N. C., Jarvis J. U. M., Faulkes C. G. & Millar R. P., 1993: LH responses to single doses 
of exogenous GnRH by freshly captured Damaraland mole-rats, Cryptomys damarensis. Journal of 
Reproduction and Fertility, 99: 81–86. 

Bennett N. C., Jarvis J. U. M. & Cotterill F. P. D., 1994. The colony structure and reproductive 
biology of the afrotropical Mashona mole-rat, Cryptomys darlingi. Journal of Zoology, London, 
234: 477–487.

Bennett N. C., Faulkes C. G. & Spinks A. C., 1997: LH responses to single doses of exogenous GnRH 
by social Mashona mole-rats: A continuum of socially induced infertility in the family Bathyergidae. 
Proceedings of the Royal Society B: Biological Sciences, 264: 1001–1006. 

Bennett N. C., Faulkes C. G. & Jarvis J. U. M., 1999: Socially induced infertility, incest avoidance 
and the monopoly of reproduction in cooperatively breeding African mole-rats, family Bathyergidae. 
Advances in the Study of Behavior, 28: 75–113.

Bennett N. C., Van Sandwyk J. H. & Lutermann H., 2010: The pattern of ovulation in Ansell’s mole-rat, 
Fukomys anselli: phylogenetic or ecological constraints? Journal of Zoology, 281: 66–73. 

Bennett N. C., Ganswindt A., Ganswindt S. B., Jarvis J. U. M., Zöttl M. & Faulkes C. G., 2018: 
Evidence for contrasting roles for prolactin in eusocial naked mole-rats, Heterocephalus glaber and 
Damaraland mole-rats, Fukomys damarensis. Biology Letters, 14: 10–13. 

Bronson F. H., 1985. Mammalian reproduction: an ecological perspective. Biology of Reproduction, 
32: 1–26.

Bronson F. H. & Heideman P. D., 1994: Seasonal regulation of reproduction in mammals. Pp. 
541–583. In: Knobil E. & Neill J. D. (eds.): The Physiology of Reproduction. Raven Press, New 
York, 3250 pp.

Burda H., 1995: Individual recognition and incest avoidance in eusocial common mole-rats rather than 
reproductive suppression by parents. Experientia, 51: 411–413.

Burda H., Honeycutt R. L., Begall S., Locker-Grütjen O. & Scharff A., 2000: Are naked and 
common mole-rats eusocial and if so, why? Behavioral Ecology and Sociobiology, 47: 293–303. 



61

Burda H., Šumbera R. & Begall S., 2007: Microclimate in burrows of subterranean rodents – revisi-
ted. Pp. 21–33. In: Begall S., Burda H. & Schleich C. E. (eds.): Subterranean Rodents: News from 
Underground. Springer, Berlin & Heidelberg, 416 pp.

Clarke F. M., Miethe G. H. & Bennett N. C., 2001: Reproductive suppression in female Damaraland 
mole-rats Cryptomys damarensis: dominant control or self-restraint? Proceedings of the Royal Society 
of London. Series B: Biological Sciences, 268: 899–909. 

Clauss M., Zerbe P., Bingaman Lackey L., Codron D. & Müller D. W. H., 2021: Basic considerati-
ons on seasonal breeding in mammals including their testing by comparing natural habitats and zoos. 
Mammalian Biology, 101: 373–386.

Creel S. & Creel N. M., 2015: Opposing effects of group size on reproduction and survival in African 
wild dogs. Behavioral Ecology, 26: 1414–1422.

Faulkes C. G. & Bennett N. C., 2013: Plasticity and constraints on social evolution in African mole-rats: 
Ultimate and proximate factors. Philosophical Transactions of the Royal Society B: Biological Sciences, 
368(20120347): 1–10. 

Faulkes C. G., Verheyen E., Verheyen W., Jarvis J. U. M. & Bennett N. C., 2004: Phylogeographical 
patterns of genetic divergence and speciation in African mole-rats (Family: Bathyergidae). Molecular 
Ecology, 13: 613–629. 

Faulkes C. G., Sichilima A. M., van Sandwyk J., Lutermann H. & Bennett N. C., 2010: Control of 
ovulation in female giant mole-rats Fukomys mechowii (Rodentia: Bathyergidae), and phylogenetic 
trends within the family. Journal of Zoology, London, 282: 64–74. 

Finn K. T., Janse van Vuuren A. K., Hart D. W., Suess T., Zottl M. & Bennett N. C., 2022: Seasonal 
changes in locomotor activity patterns of wild social Natal mole-rats (Cryptomys hottentotus natalensis). 
Frontiers in Ecology and Evolution, 10(819393): 1–13.

Fitzgerald B. P. & McManus C. J., 2000: Photoperiodic versus metabolic signals as determinants of 
seasonal anestrus in the Mare. Biology of Reproduction, 63: 335–340. 

Francioli Y., Thorley J., Finn K., Clutton-Brock T. & Zöttl M., 2020: Breeders are less active 
foragers than non-breeders in wild Damaraland mole-rats. Biology Letters, 16(20200475): 1–5.

Gusset M. & Macdonald D. W., 2010: Group size effects in cooperatively breeding African wild dogs. 
Animal Behaviour, 79: 425–428.

Hart L., O’Riain M. J., Jarvis J. U. M. & Bennett N. C., 2006a: Is the Cape Dune mole-rat, Bathyer-
gus suillus (Rodentia: Bathyergidae), a seasonal or aseasonal breeder? Journal of Mammalogy, 87: 
1078–1085. 

Hart L., O’Riain M. J., Jarvis J. U. & Bennett N. C., 2006b: The pituitary potential for opportunistic 
breeding in the Cape dune mole-rat, Bathyergus suillus. Physiology & Behavior, 88: 615–619.

Hart D. W., Alghamdi A. A., Bennett N. C., Mohammed O. B., Amor N. M. & Alagaili A. N., 2018: 
The pattern of reproduction in the Libyan jird (Meriones libycus; Rodentia: Muridae) from central Saudi 
Arabia in the absence of rainfall. Canadian Journal of Zoology, 97: 210–219. 

Hart D. W., Alharbi Y. S., Bennett N. C., Schoeman K. S., Amor N. M., Mohammed O. B. & Alagaili 
A. N., 2020a: Shedding light on the role of photoperiod, rainfall and ambient temperature on the bree-
ding physiology of male lesser Egyptian jerboa (Jaculus jaculus) from central Saudi Arabia. Journal 
of Zoology, London, 311: 217–226. 

Hart D. W., Medger K., van Jaarsveld B. & Bennett N. C., 2020b: Is the Mahali mole-rat (Cryp-
tomys hottentotus mahali) a spontaneous or induced ovulator? Canadian Journal of Zoology, 98: 
299–305. 

Hart D. W., Alharbi Y. S., Bennett N. C., Amor N. M., Mohammed O. B. & Alagaili A. N., 2021a: 
Seasonality and climatic control of reproduction in wild-caught female lesser Egyptian jerboa (Jaculus 
jaculus) from central Saudi Arabia. Journal of Arid Environments, 195(104631): 1–8.

Hart D. W., van Jaarsveld B., Lasch K. G., Grenfell K. L., Oosthuizen M. K. & Bennett N. C., 
2021b: Ambient temperature as a strong zeitgeber of circadian rhythms in response to temperature 
sensitivity and poor heat dissipation abilities in subterranean African mole-rats. Journal of Biological 
Rhythms, 36: 461–469.



62

Hart D. W., Bennett N., Oosthuizen M. K., Waterman J. M. & Scantlebury D. M., 2022a: Energetics 
and water flux in the subterranean rodent family Bathyergidae. Frontiers in Ecology and Evolution, 
430(867350): 1–17.

Hart D. W., van Vuuren A. K. J., Erasmus A., Süess T., Hagenah N., Ganswindt A. & Bennett 
N. C., 2022b: The endocrine control of reproductive suppression in an aseasonally breeding social 
subterranean rodent, the Mahali mole-rat (Cryptomys hottentotus mahali). Hormones and Behaviour, 
142(105155): 1–10.

Hart D. W., Bennett N. C. & Voigt C., 2022c: Social stress is unlikely to play a major role in reprodu-
ctive suppression of female subordinate naked mole-rats and Damaraland mole-rats. Biology Letters, 
18(20220292): 1–3. 

Herbst M., Jarvis J. U. M. & Bennett N. C., 2004: A field assessment of reproductive seasonality 
in the threatened wild Namaqua dune mole-rat (Bathyergus janetta). Journal of Zoology, London, 
263: 259–268. 

Holtze S., Braude S., Lemma A., Koch R., Morhart M., Szafranski K., Platzer M., Alemayehu 
F., Goeritz F. & Hildebrandt T.B., 2018: The microenvironment of naked mole-rat burrows in East 
Africa. African Journal of Ecology, 56: 279–289. 

Houslay T. M., Vullioud P., Zöttl M. & Clutton-Brock T. H., 2020: Benefits of cooperation in 
captive Damaraland mole-rats. Behavioral Ecology, 31: 711–718.

Ims R. A., 1990: The ecology and evolution of reproductive synchrony. Trends in Ecology & Evolution, 
5: 135–140. 

Jackson C. R. & Bennett N. C., 2005: Is the Natal mole-rat (Cryptomys hottentotus natalensis) a spon-
taneous or induced ovulator? Journal of Mammalogy, 86: 1–6. 

Jacobs P. J. Hart D. W., Merchant H. N., Janse van Vuuren A. K., Faulkes C., Portugal S. J., van 
Jaarsveld B. & Bennett N. C., 2022: Tissue oxidative ecology along an aridity gradient in a mamma-
lian subterranean species. Antioxidants (Basel), 11(2290): 1–19.

Janse van Rensburg L., Bennett N. C., Van der Merwe M. & Schoeman A. S., 2002: Seasonal repro-
duction in the highveld mole-rat, Cryptomys hottentotus pretoriae (Rodentia: Bathyergidae). Canadian 
Journal of Zoology, 80: 810–820. 

Jarvis J. U. M., 1969: The breeding season and litter size of African mole-rats. Journal of Reproduction 
and Fertility, 6: 237–248.

Jarvis J. U. M., 1981: Eusociality in a mammal: cooperative breeding in naked mole-rat colonies. Science, 
212: 571–573. 

Jarvis J. U., 1991: Reproduction of naked mole-rats. Pp. 384–425. In: Sherman P. W., Jarvis J. U. M. 
& Alexander R. D. (eds.): The Biology of the Naked Mole-rat. Princeton University Press, Princeton, 
536 pp.

Jarvis J. U. M., O’Riain M. J., Bennett N. C. & Sherman P. W., 1994: Mammalian eusociality: a family 
affair. Trends in Ecology & Evolution, 9(2): 47–51. 

Karsch F. J., Robinson J. E., Woodfill C. J. I. & Brown M. B., 1989: Circannual cycles of luteinizing 
hormone and prolactin secretion in ewes during prolonged exposure to a fixed photoperiod: evidence 
for an endogenous reproductive rhythm. Biology of Reproduction, 41: 1034–1046. 

Khokhlova I. S., Kam M., Gonen S. & Degen A. A., 2000: Level of energy intake affects the estrous 
cycle in Sundevall’s jird (Meriones crassus). Physiological and Biochemical Zoology, 73: 257–263. 

Lacey E. A. & Sherman P. W., 2009: Cooperative breeding in naked mole-rats: implications for vertebrate 
and invertebrate sociality. Pp. 267–301. In: Solomon N. G. & French J. A. (ed.): Cooperative Breeding 
in Mammals. Cambridge University Press, Cambridge, xiv+390 pp.

Malherbe G. P., Bennett N. C. & Schoeman A. S., 2003: Foraging in the subterranean social highveld 
mole-rat (Cryptomys hottentotus pretoriae): An investigation into mass-dependent geophyte use and 
foraging patterns. Journal of Zoology, London, 260: 219–225. 

Malherbe G. P., Schoeman A. S. & Bennett N. C., 2004: Is the highveld mole-rat Cryptomys hottentotus 
pretoriae (Rodentia: Bathyergidae) an induced or spontaneous ovulator? Journal of Zoology, London, 
263: 159–165. 



63

McGowan N. E., Scantlebury D. M., Bennett N. C., Maule A. G. & Marks N. J., 2020: Thermo-
regulatory differences in African mole-rat species from disparate habitats: Responses and limitations. 
Journal of Thermal Biology, 88(102495): 1–7. 

Medger K., Chimimba C. T. & Bennett N. C., 2012: Reproductive photoresponsiveness in male spiny 
mice from South Africa. Journal of Zoology, 286: 243–249. 

Medger K., Bennett N. C., Ganswindt S. B., Ganswindt A. & Hart D.W., 2019: Changes in prolac-
tin, cortisol and testosterone concentrations during queen succession in a colony of naked mole-rats 
(Heterocephalus glaber): a case study. Science of Nature, 106(5): 1–7. 

Moehlman P. D., 1979: Jackal helpers and pup survival. Nature, 277: 382–383.
Muñoz-Sabater J., Dutra E., Agustí-Panareda A., Albergel C., Arduini G., Balsamo G., Boussetta 

S., Choulga M., Harrigan S. & Hersbach H., 2021: ERA5-Land: A state-of-the-art global reanalysis 
dataset for land applications. Earth System Science Data, 13: 4349–4383.

Oosthuizen M. K. & Bennett N. C., 2015: The effect of ambient temperature on locomotor activity 
patterns in reproductive and non-reproductive female Damaraland mole-rats. Journal of Zoology, 
London, 297: 1–8.

Oosthuizen M. K., Bennett N. C., Lutermann H. & Coen C. W., 2008: Reproductive suppression and 
the seasonality of reproduction in the social Natal mole-rat (Cryptomys hottentotus natalensis). General 
and Comparative Endocrinology, 159: 236–240. 

Rood J. P., 1990: Group size, survival, reproduction, and routes to breeding in dwarf mongooses. Animal 
Behaviour, 39: 566–572.

Roper T. J., Bennett N. C., Conradt L. & Molteno A. J., 2001: Environmental conditions in burrows of 
two species of African mole-rat, Georhychus capensis and Cryptomys damarensis. Journal of Zoology, 
London, 254: 101–107. 

Scantlebury M., Speakman J. R., Oosthuizen M. K., Roper T. J. & Bennett N. C. 2006: Energetics 
reveals physiologically distinct castes in a eusocial mammal. Nature, 440: 795–797.

Sichilima A. M., Faulkes C. G & Bennett N. C., 2008: Field evidence for aseasonality of reproduction 
and colony size in the Afrotropical giant mole-rat Fukomys mechowii (Rodentia: Bathyergidae). African 
Zoology, 43: 144–149. 

Sichilima A. M., Bennett N. C. & Faulkes C. G., 2011: Field evidence for colony size and aseasonality 
of breeding and in Ansell’s mole-rat, Fukomys anselli (Rodentia: Bathyergidae). African Zoology, 46: 
101–107. 

Siegmann S., Feitsch R., Hart D. W., Bennett N. C., Penn D. J. & Zoettl M., 2021: Naked mole-rats 
(Heterocephalus glaber) do not specialise on cooperative tasks. Ethology, 127: 850–864.

Spinks A. C., Van der Horst G. & Bennett N. C., 1997: Influence of breeding season and reproductive 
status on male reproductive characteristics in the common mole-rat, Cryptomys hottentotus hottentotus. 
Journal of Reproduction and Fertility, 109: 79–86. 

Spinks A. C., Branch T. A., Croeser S., Bennett N. C. & Jarvis J. U. M., 1999a: Foraging in wild and 
captive colonies of the common mole-rat Cryptomys hottentotus hottentotus (Rodentia: Bathyergidae). 
Journal of Zoology, London, 249: 143–152. 

Spinks A. C., Bennett N. C. & Jarvis J. U. M., 1999b: Regulation of reproduction in female common 
mole-rats (Cryptomys hottentotus hottentotus): The effects of breeding season and reproductive status. 
Journal of Zoology, London, 248: 161–168. 

Spinks A. C., Jarvis J. U. M. & Bennett N. C., 2000: Comparative patterns of philopatry and dispersal 
in two common mole-rat populations: implications for the evolution of mole-rat sociality. Journal of 
Animal Ecology, 69: 224–234.

Šumbera R., 2019: Thermal biology of a strictly subterranean mammalian family, the African mole-rats 
(Bathyergidae, Rodentia) – a review. Journal of Thermal Biology, 79: 166–189. 

Šumbera R., Chitaukali W. N., Elichová M., Kubová J. & Burda H., 2004: Microclimatic stability in 
burrows of an Afrotropical solitary bathyergid rodent, the silvery mole-rat (Heliophobius argenteoci-
nereus). Journal of Zoology, London, 263: 409–416. 



64

Thorley J., Mendonça R., Vullioud P., Torrents-Ticó M., Zöttl M., Gaynor D. & Clutton-Brock 
T., 2018: No task specialisation among helpers in Damaraland mole-rats. Animal Behaviour, 143: 9–24.

Visser J. H., Bennett N. C. & van Vuuren B. J., 2019: Phylogeny and biogeography of the African 
Bathyergidae: a review of patterns and processes. PeerJ, 7(7730): 1–29.

Voigt C., Medger K. & Bennett N. C., 2021: The oestrous cycle of the Damaraland mole-rat revisited: 
evidence for induced ovulation. Journal of Zoology, London, 314: 85–95.

Wallace K. M. E., van Jaarsveld B., Bennett N. C. & Hart D. W., 2021: The joint effect of micro- and 
macro-climate on the thermoregulation of two African mole-rat (Bathyergidae) sub-species, Cryptomys 
hottentotus mahali and C. hottentotus pretoriae. Journal of Thermal Biology, 99(103025): 1–11.

Walsh R. P. D. & Lawler D. M., 1981: Rainfall seasonality: description, spatial patterns and change 
through time. Weather, 36: 201–208.




