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άhe was interested in roots 
he burrowed under trees and growing plants 

he tunnelled into green mounds 
he ceased to look up at the hill tops 

or the leaves on trees 
or the flowers opening in the air 

his head and eyes were downward 
he felt a burning on the back of his head and a dazzling light 

he had almost forgotten about the Sun 
then for the last time he looked up and shook his fist at herέ 

 
The Lord of the Rings .ƻƻƪ нΣ /ƘŀǇǘŜǊ нΥ ά{ƘŀŘƻǿǎ ƻŦ ǘƘŜ tŀǎǘέ 

J.R.R. Tolkien 
 
 
J.R.R. Tolkien used these words to describe the creature Gollum.  
LΩŘ ƭƛƪŜ ǘƻ ǘƘƛƴƪ ǘƘŜȅ equally describe an ancestral bathyergid. 
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Sociality in African mole-rats: exploring how rainfall affects dispersal and genetic exchange 
in the Natal mole-rat (Cryptomys hottentotus natalensis) 

 
SUMMARY 

 
The Natal mole-rat (Cryptomys hottentotus natalensis) is a social subspecies of African mole-rat related 

to the common mole-rat (Cryptomys hottentotus hottentotus). They inhabit mesic grassland in eastern South 
Africa from coastal regions to well over 2000m elevation. There have been a few studies on their physiology and 
reproductive suppression, but their ecology and life history has not been reported in detail. This study used 
capture-mark recapture methods to investigate life history, population demographics, behaviour, and gene flow 
in wild Natal mole-rats living at a high elevation site in the southern Drakensberg Mountains. I captured a total 
of 403 individuals across 52 family groups. Individuals were weighed, measured, sexed, and assigned a 
reproductive status on capture. Tissue samples were collected for genetic analysis and then they were 
implanted with a passive integrated transponder for identification at recapture. Groups were captured every six 
months over the course of 2 years. 

Both environmental factors and population demographics can have far reaching effects on individual life 
history, including altering spatial arrangement, behaviour, body condition, and fecundity rates. I found that 
Natal mole-rats have reduced group sizes (mean 6) compared to the more arid dwelling African mole-rat species. 
Population wide sex ratios were evenly split between males and females. However, within-group adult sex ratios 
were skewed towards males, and this skew became more pronounced in larger groups. Sex ratios, group size, 
and group biomass did not show any seasonal differences. Small litter sizes (1.3), slow population growth rates 
(0.17), long maturation time (1.2 years) of females indicate a άǎƭƻǿέ ƭƛŦŜ ƘƛǎǘƻǊȅΦ I found strong sexual 
dimorphism, with males being larger than females. Male exhibited a faster growth rate compared to females, 
but growth rates were not affected by group size. This indicates that within-group competition is reduced or 
absent, likely due to the smaller mean group size or increased availability of food resources. Individual body 
condition varied between seasons and was affected by group size. During summer body condition increased 
with increasing group size, highlighting the benefits of collective foraging. But during winter body condition 
decreased with increasing group size, likely due to low quality of food and a necessity to continue foraging 
through winter. Interestingly, the body condition in reproductive females increased with group size during 
winter, when all others decreased. However, their fecundity did not appear to be affected by group size. The 
expected benefits of helping effects from larger groups may be reduced in Natal mole-rats. 

Observations on subterranean mammals suggest that they exhibit diel rhythms despite the lack of visual 
cues in their underground burrows, but it is unknown how ambient temperature, photoperiod, or individual 
characteristics affects their activity. I used RFID technology to monitor daily activity patterns of wild mole-rats 
during the summer and winter seasons. I combined the activity data with satellite climate data to investigate 
how their activity patterns vary between seasons and whether their activity depends on individual 
characteristics such as body mass, sex and reproductive status. Individual characteristics, including reproductive 
status, did not affect general activity. This result suggests that reproductive and non-reproductive individuals 
contribute equally to cooperative behaviours unlike other mole-rats where reproductive individuals exhibit 
reduced contributions. I found that in winter, individuals were more active during mid-day to coincide with 
higher soil temperatures, whereas in summer, they showed a bimodal activity pattern during early morning and 
late afternoon coinciding with cooler soil temperatures. Activity patterns are therefore a behavioural adaptation 
to avoid extreme burrow temperatures and a mechanism to maintain a stable core body temperature. 
Thermoregulatory behavioural adaptations appear to be more important than differences in cooperative 
contributions to Natal mole-rats. 
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I extracted DNA from tissue samples and then used custom designed microsatellite markers to assess 
spatial grouping and gene flow in the population. Population-level analyses, such as FST, focus on genetic 
relatedness among social groupings, while relatedness coefficients determine relatedness between individuals 
in the population. I found that pairwise-relatedness coefficients were surprisingly similar to the arid dwelling 
Damaraland mole-rat (Fukomys damarensis) in the southern Kalahari, despite assumptions that higher rainfall 
would provide more dispersal opportunities and higher immigration rates. Population level FST values indicated 
the presence of male-biased dispersal. Relatedly, females were more related to females in neighbouring family 
groups than males. The study site had three landscape features which may act as dispersal barriers, such as a 
road, a river, and a steep rocky hillside. A non-spatial Bayesian clustering analysis determined that these features 
did not pose major dispersal barriers to mole-rats. I estimated dispersal distances to be between 350 ς 400m, 
with males having slightly higher dispersal distances compared to females. There was no evidence of isolation 
by distance, and gene flow is well maintained within the study site.  
 In conclusion this study found that Natal mole-rats continue to exhibit delayed dispersal and high levels 
of within-group relatedness despite increased annual rainfall. Their life history and physiological adaptations 
allow them to cope with living in an environment with extreme seasonal fluctuations. With the projected 
increased ambient temperatures due to climate change, mole-rats living at higher altitude may not cope well 
with very minor deviations from the conditions they have adapted to. I found that body mass appeared reduced 
compared to 20 years ago, and this decrease may be due to climate change or habitat alteration. The evolution 
of various physiological traits unique to Natal mole-rats means they may be more susceptible to the effects of 
climate change than other subterranean rodents. Previous labelling of Natal mole-Ǌŀǘǎ ŀǎ άƭŜǎǎ ǎƻŎƛŀƭέ ǎƘƻǳƭŘ ōŜ 
avoided and there is evidence to support the claim that they are singular cooperative breeders.  
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List of Figures 

Figure 1.1: Phylogenetic relationships among the genera of the Family Bathyergidae and the greater cane rat 
(T. swinderianus) their closest relative. Highly social bathyergids are highlighted in blue, less social species in 
purple, and solitary species in green. Phylogeny based on Visser et al. (2019) and Uhrová et al. (2022). 
Silhouettes were scaled to relative size between species. Silhouettes of Bathyergus, Georychus, Heliophobius, 
and Heterocephalus were created by Kai Caspar and are available under a Creative Commons Licence 
(https://creativecommons.org/licenses/by/3.0/) from Phylopic.org. 
 

Figure 1.2: Range distribution for the Cryptomys species complex in South Africa. Ranges based on Visser et 
al. (2019) and modified with other known records. Note the isolated C. h. mahali population in the southwest 
from Visser et al. (2019). The exact boundaries of each subspecies range are poorly understood and were 
estimated based on major geographical features such as rivers or a change in vegetation types. Some integration 
Ƴŀȅ ƻŎŎǳǊ όƛƴŘƛŎŀǘŜŘ ōȅ άΚέύΦ ¢ƘŜ ǎǘǳŘȅ ǎƛǘŜ όDƭŜƴƎŀǊǊȅύ ƛǎ ƳŀǊƪŜŘ ǿƛǘƘ ŀ ǎǘŀǊΦ .ƭǳŜ ƭƛƴŜǎ ƛƴŘƛŎŀǘŜ ƳŀƧƻǊ ǊƛǾŜǊǎΣ 
and dashed lines indicate provincial boundaries.  
 
Figure 1.3: Natal mole-rat (Cryptomys hottentotus natalensis). 

Figure 2.1: The study site at Glengarry Holiday Farm, KwaZulu-Natal Province, South Africa is indicated in 
purple with mole-rat groups shown in green. In the inset the study site is marked with a yellow star. Note that 
many other mole-rat groups were present on the adjacent land to the north, west, and south. 
 
Figure 2.2: Mean monthly rainfall (blue bars) and air temperature (orange line) at Glengarry. Air temperature 
was measured 2m above the soil surface. Data were obtained from the Copernicus Climate Change Service from 
1950 ς 2021.  

Figure 2.3: Mean monthly A) temperatures and B) soil moisture for Glengarry. Winter occurs from June to 
August. Air temperature was measured 2m above the soil surface (Air, solid black line) and other values were 
measured below the soil surface at 0-7cm (S1, solid red line), 7-28cm (S2, red dotted line), 28-100cm (S3, red 
dashed line), and 100-289cm (S4, grey dot-dash line). Data were obtained from the Copernicus Climate Change 
Service from 1950 - 2021. 

Fig 2.4: Change in seasonal rainfall (A) and mean annual air temperature (B) at Glengarry between 1950 and 
2021. Seasonal rainfall (blue) was taken from June to July the following year to include the entire yearly rain 
season. The mean values for rainfall (blue) and air temperature (red) are shown with trend lines (black) with the 
95% CI. Mean minimum and maximum values for each are shaded in grey. Data were obtained from the 
Copernicus Climate Change Service from 1950 - 2021.Data were obtained from the Copernicus Climate Change 
Service from 1950 - 2021. 

Figure 3.1: Capture and housing conditions of mole-rats. A) Hickman live traps were placed in a tunnel to catch 
mole-rats. A metal pin with food attached keeps the door up, and closes when an animal pushes it. The doors 
were covered with a plastic cup to prevent soil from getting stuck in the door area and the whole trap was then 
covered with soil. B) After capture animals were housed with group members in large bins and provided with 
food and bedding material. 
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Figure 3.2: Group sizes across all captures at Glengarry for Natal mole-rats. First captures are marked in yellow, 
second captures in blue, third in green, and fourth capture in orange. Size of the circles indicate relative group 
size. 

Fig 3.3: Difference in adult sex ratio between A) seasons and B) group size. Sex ratios were calculated as the 
proportion of adult males (body mass > 60g) in a group. A group composed of all males has a score of 1, and 0 
represents a group of all females. Box plots represent median and 25/75% quartiles, with whiskers extending 
1.5x beyond interquartile range. Blue line in B indicates regression line with 95% confidence intervals in grey 
and data points represent a single capture of a family group.  
 
Figure 3.4: Sexual size dimorphism in adult Natal mole-rats (Cryptomys hottentotus natalensis) showing A) 
body mass, B) upper incisor width, C) total length, D) tail length, and E) hindfoot length. Adults are individuals 
with a body mass over 60g. Box plots represent median and 25/75% quartiles, with whiskers extending 1.5x 
beyond interquartile range and outliers as black circles. 

Figure 3.5: Relationships between body condition (scaled mass index), season, and reproductive status among 
adult Natal mole-rats. A) Relationship between tooth width and body mass for males (blue) and females (red). 
There was no significant difference between the slopes of reproductive (triangles) and non-reproductive (circles) 
individuals (p-value = 0.71). B) Box plot showing scaled mass index and season for non-reproductive and 
reproductive individuals of both sexes. Box plots represent median and 25/75% quartiles, with whiskers 
extending 1.5x beyond interquartile range and outliers as black circles. C) The relationship between group size 
and scaled mass index during the winter season (yellow outline) for reproductive (dashed) and non-reproductive 
(solid) males (blue) and females (red). D) Shows the same as C for the summer season (blue outline). Data points 
are plotted behind and were jittered to prevent overplotting. 

Figure 3.6: Body mass growth rates in wild Natal mole-rats from repeated capture sessions. Asymptotic mass 
and growth rate were estimated from repeat captures using a von Bertalanffy growth model. This equation 
models change in growth between capture times (t1 Ҧ ǘ2). A) Raw body mass data from repeated captures of 
males (blue) and females (red). The horizontal line indicates the population-level asymptote estimate from the 
growth curve. B) Fitted growth rates for males (blue circles) and females (red triangles), where each point 
represents a single slope from A. 

Figure 3.7: Skull growth rates in wild Natal mole-rats from repeated capture sessions. Asymptotic upper incisor 
width and growth rate were estimated from repeat measures of the upper tooth width using a von Bertalanffy 
growth model. This equation models change in growth between capture times (t1 Ҧ ǘ2). A) Raw incisor width 
data from repeated captures of males (blue) and females (red). The horizontal line indicates the population-
level asymptote estimate from the growth curve. B) Fitted growth rates for males (blue circles) and females (red 
triangles), where each point represents a single slope from A. 

Figure 4.1: Hourly fluctuation in soil temperatures obtained from temperature loggers (red) and the ERA5-Land 
dataset (blue). Temperature loggers were buried ca. 15 cm below the surface to correspond with the soil 
temperature at 7-28 cm from ERA5. 

Figure 4.2: RFID reader array. The array has a custom-made decoder LID650 (white box; DorsetID, Aalten, 
Netherlands) attached to the panel antenna ANT612 (black square). The antenna scans for passive integrated 
transponder tags at regular intervals, which are stored on a USB drive. Red and black cables are attached to a 
power source. A metal guard was added to prevent mole-rats from chewing on the cable. 
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Figure 4.3: Placement of the reader array in the field. The panel (P) is placed directly over a burrow tunnel and 
continuously scans for PIT tags within 30cm. Data are stored in internal memory or a USB drive (R). The array is 
attached to a battery (B) and/or solar panel (S) for power. 

Figure 4.4: Histogram of activity bout duration in minutes of Natal mole-rats across all recorded data points. 
Activity points were summed and grouped into 5-minute intervals.  

Figure 4.5: Mean daily air and soil temperatures at Glengarry during winter (August ς October) 2020. Raw 
data temperatures are plotted in the background. The date range coincided with the placement of an RFID 
reader array to measure mole-rat activity. Air temperature (red, dashed) was measured 2m above the surface 
of the Earth. Soil temperatures were measured at 0-7cm (green), 7-28cm (violet), and 28-100cm (blue). Data 
are freely available from the Copernicus Climate Change Service which holds the intellectual property rights of 
the raw data. 

Figure 4.6: Mean daily air and soil temperatures at Glengarry during summer (February ς April) 2021. Raw 
data temperatures are plotted in the background. The date range coincided with the placement of an RFID 
reader array to measure mole-rat activity. Air temperature (red, dashed) was measured 2m above the surface 
of the Earth. Soil temperatures were measured at 0-7cm (green), 7-28cm (violet), and 28-100cm (blue). Data 
are freely available from the Copernicus Climate Change Service which holds the intellectual property rights of 
the raw data. 

Fig 4.7: Daily activity patterns of mole-rats during winter (August ς October). Mean daily air temperature (red) 
and soil temperature at 0 ς 7 cm (blue) are plotted on the right axis. The median time mole-rats were active is 
highlighted in purple. Hours of darkness are indicated by the shaded blocks. Climate data were obtained from 
the Copernicus Climate Change Service, which holds the intellectual property rights of the raw data. 

Fig 4.8: Daily activity patterns of mole-rats during summer (February ς April). Mean daily air temperature (red) 
and soil temperatures at 0 ς 7 cm (blue) are plotted on the right axis. The median time mole-rats were active is 
highlighted in purple. Hours of darkness are indicated by the shaded blocks. Climate data were obtained from 
the Copernicus Climate Change Service, which holds the intellectual property rights of the raw data. 

Figure 4.9. Single plotted actograms of group locomotor activity periods. Each row corresponds to the total 
recorded activity points at a group and each column represents the duration of the reading session in days. 
Vertical bars represent the total number of recorded readings per minute for the group during that hour. Shaded 
areas represent hours of darkness. 

Figure 5.1: Assumed population clusters for genetic clustering analysis. The purple area indicates the study 
area in which trapping for mole-rat groups was focused. Mole-rat family groups were assigned into one of four 
populations based on geographic features which may act as dispersal barriers. Groups south of the road were 
ŀǎǎƛƎƴŜŘ ǘƘŜ άwƻŀŘέ ǇƻǇǳƭŀǘƛƻƴΣ ƎǊƻǳǇǎ ƴƻǊǘƘ ƻŦ ǘƘŜ ǊƛǾŜǊ ǘƘŜ άwƛǾŜǊέ ǇƻǇǳƭŀǘƛƻƴΣ ƎǊƻǳǇǎ ƻƴ ǘƘe top of a steep 
ƛƴŎƭƛƴŜ ǘƘŜ άIƛƭƭέ ǇƻǇǳƭŀǘƛƻƴΣ ŀƴŘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ƎǊƻǳǇǎ ǿŜǊŜ ǘƘŜ ά/ƻǊŜέ ǇƻǇǳƭŀǘƛƻƴΦ 

Figure 5.2: Population level FST within 52 family groups of Natal mole-rats. Pairwise FST was calculated 
separately for males and females over 10 distance classes for (A) all individuals (males = 202, females = 198) and 
(B) adults only (males = 73, females = 60). Points represent the mean FST within each distance class for males 
(blue) and females (red), with lines representing linear regression. Error bars represent upper and lower 95% CI 
from permutation matrices, and points outside the error bars indicate that observed values were significantly 
different from expected values.  
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Figure 5.3: Individual spatial autocorrelation of relatedness in Natal mole-rats. Relatedness was calculated 
separately for males and females over 10 distance classes for (A) all individuals (males = 202, females = 198) and 
(B) adults only (males = 73, females = 60). Points represent the mean within each distance class for males (blue) 
and females (red), with lines indicating the linear regression line for each. Error bars represent upper and lower 
95% CI from permutation matrices, and points outside the error bars indicate that observed values were 
significantly different than expected values.  

Figure 5.4: Relationship of dispersal distance to body mass in rodents. The mean dispersal distance of the Natal 
mole-rat is highlighted in green, other subterranean rodents in purple, and open circles indicate all other 
rodents. Modified from Finn et al. (2022). 

CƛƎǳǊŜ рΦрΥ wŜǎǳƭǘǎ ŦǊƻƳ {¢w¦/¢¦w9 IŀǊǾŜǎǘŜǊ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ Ƴƻǎǘ ƭƛƪŜƭȅ Y ǾŀƭǳŜ ǳǎƛƴƎ ǘƘŜ ɲY ƳŜǘƘƻŘ 
when assuming populations were divided by landscape features. Population structure was clustered by four 
populations by location: Core, Road, River, and Hill. K was set to vary from 1 to 5.  

CƛƎǳǊŜ рΦсΥ wŜǎǳƭǘǎ ŦǊƻƳ {¢w¦/¢¦w9 IŀǊǾŜǎǘŜǊ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ Ƴƻǎǘ ƭƛƪŜƭȅ Y ǾŀƭǳŜ ǳǎƛƴƎ ǘƘŜ ɲY ƳŜǘƘƻŘ 
when assuming populations were divided by family groups. Population structure was clustered into distinct 
family groups captured at the study site K was set to vary from 1 to 53. 

Figure 5.7: STRUCTURE results indicating the proportional membership probability of individual Natal mole-
rats to geographic populations. Individuals were grouped into 4 populations based on geographic features 
which may act as barriers: Core (1), Road (2), River (3), and Hill (4). The suspected number of populations (K 
value) was set at either A) K = 2, B) K = 3, C) K = 4, or D) K = 5 populations. 
 
Figure 5.8: STRUCTURE results indicating the proportional membership probability of individuals Natal mole-
rats based on family groups. Individuals were grouped based on original location at first capture and numbered 
based on group identity. The suspected number of populations (K value) was set at 3.  
 
Figure 6.1: Proportion of individuals captured at each trap check. Capture times were rounded down. Each bar 
represents the number of animals captured during that hour in summer (yellow) and winter (blue). Values were 
scaled to the total number of captures during each season. Trap checks occurred in two-hour intervals, and 
animals would have been active up to two hours previously. Traps were last checked between 21:00 and 22:00. 
Traps were left open overnight during summer, and therefore individuals captured at 06:00 could have been 
captured any time between 22:00 and 06:00. During winter, traps were disarmed at the last trap check, and 
reactivated between 06:00 and 07:00. Thus, the earliest animals could be captured was 08:00. 
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CHAPTER 1  
Introduction 
 

1.1 Evolution of Sociality within Rodentia 
 

Living in groups occurs frequently in mammals with a wide range of social organizations from communal 
aggregations of unrelated individuals to cooperatively breeding societies of closely related kin (Ebensperger and 
Hayes 2008, Clutton-Brock 2021). Group living may have evolved due to environmental conditions (e.g., low 
rainfall, long winters), antipredator advantages (Ylönen and Brown 2007), and/or dispersed resources (e.g., 
hibernacula, nesting sites, food) (Jarvis et al. 1994, Hayes 2000, Armitage 2007, Maher and Burger 2011, 
Macdonald and Johnson 2015, Lukas and Clutton-Brock 2017). These hypotheses may not be mutually exclusive 
(Solomon 2003). The resource dispersion hypothesis suggests that patchiness of resources may promote group 
living and sharing of resources among individuals due to the benefits of group living outweighing the costs of 
either accepting the presence of conspecifics or persisting alone (Macdonald and Johnson 2015). Armitage 
(2007) suggested that sociality in marmots (Marmota spp.) evolved due to harsh winters which forces family 
groups to hibernate, and these hibernacula sites may be scattered across the environment. Sociality in African 
mole-rats (Family Bathyergidae) has been suggested to arise from the patchy distribution of food resources 
combined with limited opportunities for dispersal (Jarvis et al. 1994). Although the exact reasons for group 
formation in certain species are likely based on ecological conditions, life history, and individual fitness benefits 
(reviewed in Solomon 2003). For example, in prairie voles (Microtus ochrogaster), thermal benefits or increased 
access to food are unlikely to be primary reasons for group formation, and reproductive fitness increases are a 
more likely cause (McGuire et al. 2002). 

Within Rodentia both temporal and permanent social organization levels occur, notably in Bathyergidae 
(Bennett and Faulkes 2000), Caviomorpha (Maher and Burger 2011), Cricetidae (Andreassen et al. 2021), 
Ctenomyidae (Lacey and Wieczorek 2004), Muridae (Shargal et al. 2000, Schradin et al. 2011, König and 
Lindholm 2012), Petromuridae (Coetzee 2002), and Sciuridae (Michener 1983, Hoogland 1995, Waterman 2002, 
Armitage 2007). Many species of arvicoline rodents (voles and lemmings) have a flexible social system where 
territorial behaviour relaxes during winter causing social bonds to form, and individuals will huddle for warmth 
(see Andreassen et al. 2021 and references therein). Another example of temporal sociality is when an over-
abundance of food resources leads to increased population density, and subsequently social groups may either 
form (Randall et al. 2005, Schradin et al. 2011) or disband (Ylönen et al. 1988, Eccard et al. 2011). Many other 
species of long-lived rodents live continuously in extended family groups which exhibit overlap of multiple 
generations of offspring due to philopatry (e.g., mole-rats, Bennett and Faulkes 2000; marmots, Armitage and 
Schwartz 2000; prairie voles, McGuire et al. 2002; Solomon 2003). In these species kin groups are not temporary 
aggregations, but evolved from both polygynous and monogamous mating systems where one sex disperses 
and the other remains in the natal territory (Greenwood 1980, Dobson 1982, Koenig et al. 1992, Solomon 2003). 
This type of social system is more likely to be found in species which live in habitats experiencing environmental 
stochasticity (Armitage 2007, Ebensperger and Hayes 2008, Lukas and Clutton-Brock 2017). However, some 
terrestrial small rodents living in arid ecosystems with high environmental stochasticity show density- or 
resource-dependent social flexibility instead of stable groups (greater gerbils, Rhombomys opimus, Randall et 
al. 2005; striped mice, Rhabdomys pumilio, Schradin et al. 2011; degus, Octodon degu, Ebensperger et al. 2021). 
Therefore, the ultimate factors affecting permanence of social groups may not be solely related to 
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environmental conditions, but may be affected by life history or physiological traits as well (Ebensperger and 
Hayes 2008, Lukas and Clutton-Brock 2012a). 

Social groups are defined based on which individuals within the group reproduce and the degree of social 
interactions (reviewed in Clutton-Brock 2021). Plural breeding societies (sometimes referred to as communal 
breeding or communal nesting, Hayes 2000) evolved mostly from polygynous mating systems where many 
reproductive females, which may not be related to one another, utilize a single site or nest for breeding, whereas 
cooperative breeding societies have evolved from monogamous breeding ancestors and reproduction is limited 
to a single female (Lukas and Clutton-Brock 2012a). Plural breeding rodents (e.g., Microtus spp., Mus spp., 
Peromyscus ǎǇǇΦύ Řƻ ƴƻǘ ŘƛŦŦŜǊŜƴǘƛŀǘŜ ōŜǘǿŜŜƴ ŜŀŎƘ ƻǘƘŜǊΩǎ ƻŦŦǎǇǊƛƴƎΣ ŀƴŘ ƻŦǘŜƴ Ƴŀƴȅ ǊŜǇǊƻŘǳŎǘƛǾŜ ŦŜƳŀƭŜǎ 
will combine litters and share nursing responsibilities (reviewed in Hayes 2000, Clutton-Brock 2021). Plural 
breeding rodent societies typically breed seasonally, and therefore social groups tend to be seasonal or density-
dependent compared to cooperatively breeding societies (Hayes 2000, Randall et al. 2005, Andreassen et al. 
2021, Clutton-Brock 2021). Conversely, cooperatively breeding rodent societies (e.g., Heterocephalus glaber, 
Fukomys spp., Marmota marmota, Microtus ochrogaster) are temporally stable, characterized by a single 
reproductive female, the reproductive suppression of subordinate females, and the presence of offspring which 
assist in rearing the young, which are often their siblings or cousins (Solomon and French 1997, Hayes 2000, 
Lukas and Clutton-Brock 2012a). Many of the same mutualistic behaviours can occur in both plural breeders and 
cooperative breeders, including allo-parental care, cooperative foraging or hunting, predator vigilance and 
alarm calls (Russell 2004). The primary difference between plural breeding and singular cooperatively breeding 
is that in cooperatively breeding societies offspring remain to help care for the young (Clutton-Brock 2021). 
Thus, philopatry alone is not enough to explain the differences in social structure between singular and plural 
breeding rodents. The formation of social groups from related individuals is necessary for the evolution of 
cooperative behaviour (Hamilton 1964, Emlen 1982, Lukas and Clutton-Brock 2012a, b) because individuals are 
more likely to provide assistance to kin than non-kin (Cornwallis et al. 2009, Briga et al. 2012). In cooperatively 
breeding social systems juveniles delay dispersal until after maturity and as a result various forms of cooperative 
behaviour evolve (Kingma et al. 2014).  ¢ƘŜǎŜ άƘŜƭǇŜǊǎέ ŎƻƴǘǊƛōǳǘŜ ǘƻ ŎƻƻǇŜǊŀǘƛǾŜ ōŜƘŀǾƛƻǳǊ ǿƘƛŎƘ ƛǎ ŜȄǇŜŎǘŜŘ 
to increase reproductive success of the breeders, or at least increase offspring survival (Hauber and Lacey 2005, 
West et al. 2007, Ebensperger et al. 2012). The higher levels of female-female competition in plural breeding 
rodents due to reduced relatedness between individuals as well as the (usually) temporary aggregations are 
likely reasons why helping behaviour in these species has not evolved to cooperatively breeding social groups 
(Clutton-Brock 2021). Helper contributions in plural breeding rodents may not consistently provide reproductive 
benefits.  

Living in social groups provides many well documented benefits (Safran et al. 2007, Briga et al. 2012). 
Social groups can act as information centres where individuals with prior knowledge of resource locations lead 
others to resources (Berdoy and Drickamer 2007). Larger groups are better able to keep vigilance against 
invading conspecifics or predators by alerting group members via alarm calling as in ground squirrels (Sherman 
1977, Hoogland 1995, Blumstein 2007) or mobbing as in Siberian chipmunks (Eutamias sibiricus, Kobayashi 
1996). Larger group size may increase survival rates by either reducing the risks of predation or starvation 
(Lovegrove 1988, Armitage and Schwartz 2000, Ebensperger and Wallem 2002). In extreme climates, huddling 
in groups can decrease the energetic costs through sharing body heat, even raising the ambient air temperature 
of the den (e.g., marmots, Armitage 2007; mole-rats, Kotze et al. 2008; see Gilbert et al. 2010 for review). 
Parental care by individuals other than the mother is common when groups are composed of related females 
as seen in meerkats (Suricata suricatta, Clutton-Brock et al. 2000). Although sometimes unrelated females will 
share nursing responsibilities as seen in house mice (Hayes 2000). Reproductive benefits of sociality include 
assistance with offspring care from other females, earlier female maturation times, increased rates of infant 
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growth, and increased probability of juvenile survival (Ylönen and Viitala 1991, Blumstein 1997, Ylönen et al. 
1997, Hayes 2000, Houslay et al. 2020). However, especially in plural breeding societies, sexual competition may 
increase with group size or with decreased relatedness among females (McGuire et al. 2002, Clutton-Brock 
2021). This competition may result in reproductive suppression (e.g., decreased number of reproductive 
females, increased maturation times in sub-adults) in subordinate individuals (Bennett and Faulkes 2000, 
McGuire et al. 2002, Waterman 2002, König and Lindholm 2012), decreased per capita female fecundity 
(Hoogland 1995, Armitage and Schwartz 2000, Lacey 2004), or decreased offspring survival (Sherman 1981, 
McGuire et al. 2002, Waterman 2002). The primary cost to individuals living in social groups is increased 
competition among group members, which can lead to feeding interferences, reduction in individual foraging 
efficiency, and ultimately reduced growth rates (Hoogland 1979, Sherman 1981, Treves 2000, Young et al. 2015, 
Zöttl et al. 2016a, b). As group size increases, so too does the territory and home-range area which can lead to 
high energetic costs of movement leading to weight loss (McNab 1963, Hayes et al. 2007, Waterman 2002). 
Larger group sizes may also lead to higher parasite loads in group members (Hoogland 1995, Alitzer et al 2003) 
or susceptibility to predation (McGuire et al. 2002) which may decrease individual survival. Ultimately, there is 
an optimal group size and groups may fission or go extinct if the costs to individuals outweigh the benefits of 
sociality (Armitage and Schwartz 2000, McGuire et al. 2002, Waterman 2002). 

Cooperative breeding is maintained by indirect and direct fitness benefits to individuals provided by 
group augmentation, general reciprocity, group selection, or kin selection (Koenig et al. 1992, Kokko et al. 2001, 
Russell 2004, West et al. 2007, Cornwallis et al. 2009). Group members can take turns babysitting young at the 
burrow while the rest of the group forages, protecting pups from predators, and provide food for pups or the 
lactating female (Clutton-Brock et al. 1999a, 2000, McGuire et al. 2002). The presence of helpers has been 
attributed to a decrease in body mass loss in the dominant female during pregnancy, reductions in between-
birth intervals, increased survival of offspring and increased vigilance against predators (Solomon 1991, Clutton-
Brock et al. 1999a, 2001b). Secondary benefits to group members in cooperative breeding societies include 
increased vigilance, larger territory sizes, increased reproductive success, and increased survival rates (Krause 
and Ruxton 2002, Ward and Webster 2016). Lifetime reproductive success in cooperative breeders is influenced 
by several factors including, but not limited to, the degree of ecological constraint on non-reproductive 
individuals preventing independent breeding, the number of helpers, the chances of survival during dispersal, 
potential life span, and chances of obtaining a breeding position in a social group (Keller and Reeve 1994, Hauber 
and Lacey 2005, Ebensperger et al. 2012, Houslay et al. 2020). Reproductive success of breeding females is 
strongly correlated with the number of helpers in dwarf mongooses (Rood 1990), wild dogs (Creel and Creel 
2002), mole-rats (Houslay et al. 2020), and meerkats (Clutton-Brock et al. 2001b). Some cooperatively breeding 
species possess a much longer lifespan than predicted for their body size, but there is not agreement as to the 
cause (Healy 2015, Thorley 2020). The increased lifespan may be a result of the cooperative breeding mating 
system or instead may be more related to physiology or environmental conditions. A long life span ensures that 
a female may produce more offspring once dominance status is attainted. For example, dominant female 
meerkats can produce over 70 surviving offspring in their approximately 10-year life span (Clutton-Brock et al. 
2006). By comparison, a reproductive female naked mole-rat could potentially produce over 900 offspring in 
her 25 or more years of life (Sherman and Jarvis 2002).  The life span of subordinates may be significantly 
reduced compared to those of dominant individuals further limiting their lifetime reproductive success 
compared to breeding individuals (Clutton-Brock et al. 2006, Dammann and Burda 2007, Schmidt et al. 2013, 
Begall et al. 2021).  

Many species of cooperative breeders exhibit reproductive suppression of subordinate group members, 
which may be physiologically or socially induced, or simply due to the lack of reproductive opportunities (Russell 
2004). In many social mole-rats, subordinate males and females have a physiological block preventing them 



  Chapter 1 ς Introduction 
 

   
P a g e| 4 

from reproduction (Bennett and Faulkes 2000). In Clethrionomys voles, subordinate females exhibit delayed 
sexual maturity and abnormal ovulation, and therefore must disperse in order to breed (Carter and Roberts 
1997, Solomon and Getz 1997). Additionally, the absence of unrelated males in both mole-rats and voles may 
prevent females from reproducing (Burda 1995, Carter and Roberts 1997, Cooney and Bennett 2000). Although 
the mechanisms for physiological reproductive suppression vary between species, many species exhibit reduced 
levels of luteinizing hormone, oestrogen, or testosterone (Bennett et al. 1999), or even under-developed ovaries 
or testes (Faulkes and Abbott 1997). The decrease in luteinizing hormone causes a reproductive block 
preventing ovulation which can be alleviated upon the introduction of an unrelated male or the removal of the 
dominant female (Bennett et al. 1999, Cooney and Bennett 2000, Molteno and Bennett 2000). It appears the 
presence of the dominant female alone causes suppression in subordinate group members (Carter and Roberts 
1997, Rickard and Bennett 1997). ²ƘƛƭŜ ƛƴ ƻǘƘŜǊǎ ƭƛƪŜ !ƴǎŜƭƭΩǎ Ƴole-rat kin recognition and incest avoidance 
prevent breeding with related kin (Burda 1995). In naked mole-rats and Natal mole-rats suppression may be 
facilitated through agonistic behaviours from the dominant female to subordinates (Faulkes and Abbott 1997, 
Lutermann et al. 2013b), but no such aggression has been observed in Damaraland mole-rats (Lutermann et al. 
2013b). For example, anovulation in subordinate Damaraland mole-rats (Fukomys damarensis) appears to be 
caused by a combination of both the presence of the dominant female and inbreeding avoidance (Bennett et 
al. 1996, Cooney and Bennett 2000, Molteno and Bennett 2000). Other mole-rat species may experience only 
social suppression, and incest avoidance appears to prevent inbreeding (Bennett et al. 1997, Spinks et al. 
1997,2000a, Janse van Vuuren 2022; see Section 1.4 below).  

 
1.2 Life History and its Role in Population Ecology 
  
 The variation of biological processes inherent in all species to maximize their reproduction and survival 
leads to the evolution of different life history strategies for each particular species (Stearns 1992). Both extrinsic 
and intrinsic forces have resulted in the evolutionary development of different life history trajectories across 
species. Extrinsic forces include predation, climate, or other environmental aspects (e.g., aquatic vs. terrestrial 
life styles), and intrinsic forces include physiological, behavioural, or other evolutionarily derived traits (e.g., 
body mass, sexual dimorphism). Ecological conditions may initially drive the evolution of life history traits, and 
as a result, closely related species may differ in physiology, behaviour, or morphology as a result of evolving in 
environments that favours a specific life history strategy (Oli 2004, Réale et al. 2010). This pace of life syndrome 
hypothesis incorporates aspects of the R-selected vs. K-selected concept (Pianka 1970) as well as the fast-slow 
continuum (Promislow and Harvey 1990, Oli 2004) by including behaviour and physiology to account for 
individual variation (Réale et al. 2010). άCŀǎǘέ ǎǇŜŎƛŜǎ ŀǊŜ those previously considered R-selected, characterized 
by early maturity, short lifespan, low survival rates, high fertility, low parental care, lack of philopatry, and high 
metabolic rates (Réale et al. 2010)Φ ά{ƭƻǿέ ǎǇŜŎƛŜǎ ŀǊŜ K-selected and are characterized by the opposite trends, 
chiefly long life, low fertility, low metabolism, and the presence of philopatry. Variation in life history strategies 
between species is closely tied with both body mass and phylogeny (Wootton 1987, Gaillard et al. 2005). 

Life history variables such as age at maturity, juvenile and adult survival rates, female mass at maturity, 
basal metabolic rate, and fertility can all equally affect population dynamics (Cole 1954, Lewontin 1965, Oli and 
Dobson 2003). Many of these traits show a close correlation. For example, gestation length, age of maturity, 
and offspring body mass are closely linked to survival rates (Promislow and HarǾŜȅ мффлύΦ CƻǊ άŦŀǎǘέ ǎǇŜŎƛŜǎΣ 
fecundity and age of maturity have a greater influence on population growth, while juvenile and adult survival 
rates have a greater influence for άǎƭƻǿέ ǎǇŜŎƛŜǎ (Heppell et al. 2000, Gaillard and Yoccoz 2003, Lima et al. 2003, 
Oli and Dobson 2003, Oli 2004). In άǎƭƻǿέ ǎǇŜŎƛŜǎ (e.g., ungulates) variation in juvenile survival was higher than 
that of adults, but in άŦŀǎǘέ ǎǇŜŎƛŜǎ όŜΦƎΦΣ small rodents) the trend is reversed, with more variation in adult 
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survival rates (Gaillard and Yoccoz 2003). In other words, environmental factors (e.g., stochastic climate events, 
predation, and population density) can greatly affect juvenile survival, but adult females can reduce 
reproductive effort during harsh conditions to ensure their own survival (Albon et al. 1983, Clutton-Brock et al. 
1983, Russell et al. 1998, Gaillard and Yoccoz 2003). Minor seasonal changes in demographic mechanisms, such 
as reproduction or survival rates, may cause rapid changes in population density (Lima et al. 2003). Adult survival 
rates can affect annual population growth in some species, while for others fecundity may affect population 
growth more strongly (Lima et al. 2003). Therefore, knowledge of demographic data and these life history 
processes are important for understanding population dynamics, such as calculating population growth rates 
(Leirs et al. 1997, Duncan et al. 2007, Lynch and Fagan 2009, Hone et al. 2010). 

Population growth can be density-dependent in many species, as population density increases, the 
population growth rate decreases steeply until it flattens out near carrying capacity for the population, which 
creates a concave slope (Sibly et al. 2005). Population fluctuations can be quite dramatic in some small 
mammals, with many species experiencing either multiannual cyclical trends or frequent irruptions when 
conditions are favourable (reviewed in Andreassen et al. 2021). Voles and lemmings are famous for experiencing 
cyclical fluctuations in population density every 3-5 years (Chitty 1967, Krebs et al. 1973, Stenseth 1999, 
Andreassen et al. 2021). Small mammal irruptions can cause 10-fold increases resulting in population densities 
of 1500 individuals/ha to over 3000 individuals/ha (Leirs et al. 2010). Changes in reproductive maturation time 
may drive these density-dependent cycles which may trigger additional litters in seasonally breeding rodents 
(Leirs et al. 1997, Stenseth 1999). In other species, stochastic climate events such as early or asynchronous 
seasonal rainfall (Leirs et al. 1997, Lima et al. 2003, Huan et al. 2010) or pulsed variation in food availability (e.g., 
mast occurrences, Aplin and Lalsiamliana 2010, Imholt et al. 2015) can cause rapid increases in population 
density. Agricultural and land use practices may also affect small mammal population trends, including increased 
irrigation due to drought (Luque-Larena et al. 2013), increased food crop planting (Brown et al. 2005, Htwe et 
al. 2013), the density of livestock (Zhang et al. 2003), habitat fragmentation (Huitu et al. 2004), and connectivity 
between natural and agricultural areas (Halliez et al. 2015). The frequency of these conditions and the likelihood 
of subsequent population outbreaks are likely to increase due to climate change and anthropogenic land use 
(Andreassen et al. 2021). 

There can also be density-dependent effects on phenotypic variation in individual life history aspects 
(Brook and Bradshaw 2006, Bielby et al. 2007, Wright et al. 2018). Life history theories predict a trade-off 
between body mass and reproductive capabilities when resources are limited (Stearns 1992, Fowler 1987, 
Saether 1997). Body mass and growth rates can decrease with increasing population density in small mammals 
(Finn et al. 2018), carnivores (Macdonald et al. 2002), and many ungulates (Choquenot 1991, Leberg and Smith 
1993, Clutton-Brock et al. 1982, Bonenfant et al. 2002, Klein 1968, Gaillard et al. 1996). However, other small 
mammals may experience an increase in body mass with increasing population density, which may increase 
fecundity, further driving an increase in population density (Chitty 1967, Spinks et al. 2000b, Lambin et al. 2006, 
Oli 2019, Ozgul et al. 2010, Berris et al. 2020). In other species, female fecundity and the number of young reared 
to weaning may decrease with population density or with group size in species where philopatry is favoured 
(Hoogland 1995, Armitage and Schwartz 2000, Macdonald et al. 2002, Lacey 2004, Spinks et al. 2000c, Wolff et 
al. 2002, Krebs 2003, Reed and Slade 2008). The age of sexual maturity has also been shown to decrease with 
increasing density in many mammal species, including hopping mice (Berris et al. 2020), red deer (Cervus 
elaphus, Albon et al. 1983), roe deer (Capreolus capreolus, Gaillard et al. 1992), reindeer (Rangifer tarandus, 
Skogland 1985), and bighorn sheep (Ovis canadensis, Jorgenson et al. 1993), European badgers (Rogers et al. 
1997), black bears (Nagy and Haroldson 1990), and brown bears (Stringham 1990).  

Variation in mating systems may also be density-dependent (Kokko and Rankin 2006). In some rodents 
(families Cricetidae and Muridae), monogamous pair-bonds form when population density is low, while at 
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higher densities promiscuity appears to the more common strategy (Mineau and Madison 1977, Kleiman 1977, 
Lambin and Krebs 1991, Randall et al. 2002,2005, Andreassen et al. 2021). At high densities female rodents are 
more likely to nesting communally due to lack of open territories (Wolff 1994, Lambin and Yoccoz 1998, Solomon 
and Getz 1997, Latham and Mason 2004). Additionally, sub-adults may become socially inhibited from 
reproducing, choosing to postpone reproduction during high density phases until the subsequent breeding 
season, which may be an adaptive response to increased density (Brown and MacDonald 1984, Andreassen and 
Ims 2001, Berris et al. 2020). Survival rates can also be density-dependent, decreasing with increasing 
population density (Leirs et al. 1997, Lima et al. 2003). High density has been found to cause increased levels of 
corticosterone and decreased testosterone in greater gerbils, a rodent living in large social groups (Rogovin et 
al. 2003) and social stress has been linked to decreased survival rates in areas of high population density 
(Sapolsky 1983, Wingfield et al. 1990). In social rodents the decrease in juvenile recruitment may be caused by 
increased rates of infanticide when density is high (Sherman 1981, Hoogland 1995, Blumstein 1997, Agrell et al. 
1998). Other density-dependent decreases in survival rates have been found in desert gerbils (Gerbillus spp., 
Ylönen and Brown 2007), arvicoline rodents (Andreassen et al. 2021), red deer (Clutton-Brock et al. 1985, Albon 
et al. 2000, Gaillard et al. 2000), soay sheep (Ovis aries, (Milner et al. 1999), and African buffalo (Syncerus caffer, 
Sinclair 1974), and meerkats (Suricata suricatta, Maag et al. 2022). 

Population density can affect the spatial organization of individuals in the landscape. High population 
density may reduce home range size in many species (Vincent et al. 1995, Nagy and Haroldson 1990, McLoughlin 
et al. 2000, Dahle and Swenson 2003).  Females may be more scattered at low densities, but more clumped 
during higher densities, wherein daughters more frequently nest in close proximity to their mothers (Wolff 1994, 
Lambin and Yoccoz 1998, Solomon and Getz 1997, Busch et al. 2009). The distribution of resources influences 
the distribution of females, which in turn affects male dispersal rates and the subsequent distances moved due 
to the fact that males need to monopolize multiple partners (Dobson 1981). In small mammals, dispersal rates 
may increase with population density (Windberg and Keith 1976, Boutin et al. 1985, Spinks et al. 2000c), but 
more often dispersal rates are highest at low densities (Gaines and McClenaghan 1980, Jones et al. 1988, Wolff 
et al. 1988, McGuire et al. 1993, Getz et al. 1993, Wolff 1997, Andreassen and Ims 2001, Kokko and Lundberg 
2001). This suggests dispersal rates decrease when fewer potential new territories are available due to 
competition for resources, hindering dispersal with the resultant effect of in increased philopatry. Additionally, 
reduced dispersal at high densities may result from suppressed sexual maturation in species such as voles where 
delayed natal dispersal occurs (Clobert et al. 2004). Dispersal usually occurs from higher density patches to lower 
density patches and the costs of dispersal increase when density is high (Solomon 2003). When population 
densities are high, individuals may be required to disperse farther to encounter an unrelated potential mate, 
and thus, to avoid breeding with relatives (Jones et al. 1988, Wolff 1994, Andreassen and Ims 2001, Lambin et 
al. 2001, Busch et al. 2009, Maag et al. 2018).  

Variation in social organization and dispersal patterns is widespread among small mammals (Madison 
1990, Andreassen et al. 2002, Schradin et al. 2011). Mating systems, life history aspects, and phylogeny affect 
sex-biased dispersal patterns, with male-biased dispersal frequently occurring in mammals (Greenwood 1980, 
Clutton-Brock and Lukas 2012, Dobson 2013), but exceptions do occur (see Farve et al. 1997, Hanski and Selonen 
2009). Dobson (1982) suggested that competition for mates may have acted in conjunction with inbreeding 
avoidance in shaping male-biased dispersal in rodents. However, in monogamous societies both sexes would be 
required to disperse to avoid breeding with same-sex parents (Dobson 1982, Busch et al. 2009). In rodents, 
dispersal timing varies from just after weaning to delaying dispersal until conditions improve, individuals may 
perform breeding dispersal where an individual may leave the group they immigrated into to seek new mating 
opportunities (Le Galliard et al. 2012). Most studies report more frequent dispersal in juveniles compared to 
adults, although quantitative analysis of published studies did not detect a difference in age classes in some 
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rodents (Le Galliard et al. 2012). The transience (travel during dispersal) and settlement (territory establishment 
post-dispersal) stages are the least studied stages due to the reliance on tracking methods such as radio 
telemetry to gather data on movement patterns (Clobert et al. 2009). Settlement may be the result of multiple 
unsuccessful explorative moves into potential territories (Le Galliard et al. 2007, Rémy et al. 2011, Maag et al. 
2018), a single long-distance trip (Steen 1994), or a άǎǘŜǇǇƛƴƎ-ǎǘƻƴŜέ ǇŀǘǘŜǊƴ ǿƘŜǊŜ ŜƳƛƎǊŀƴǘǎ ǎǘƻǇ ŦƻǊ ǎŜǾŜǊŀƭ 
days in one patch before moving to another and repeated until settlement occurs (Fisher et al. 2009, Maag et 
al. 2018). Dispersal kernels in rodents primarily exhibit left-skewed distribution with comparatively infrequent 
to rare long-distance dispersal events within species (Telfer et al. 2003, Le Galliard et al. 2012, Whitmee and 
Orme 2013). Long distance dispersal may be male-biased in polygynous species (Steen 1994, but see Gauffre et 
al. 2009), and assists with maintaining population connectivity between patches (Gauffre et al. 2009). Individuals 
more often disperse into high-quality habitats, although competitive exclusion between sympatric species may 
cause the less competitive species to disperse into lower-quality habitats (sensu Lin and Bazli 2001, 2002).  

Natal dispersal is an important ecological process that reduces the effects of inbreeding depression and 
maintains genetic diversity within a population or among widely separate populations (Ibrahim et al. 1996, 
Dobson 2007, Nunes 2007). Dispersal influences the genetic structure of a population and alleviates the effects 
of genetic drift by causing changes in gene frequencies (Wright 1969, Cockburn 1992). Measures of individual 
movement rates and demographic processes can provide context for gene flow estimates. For example, reduced 
dispersal propensity, habitat fragmentation, and isolation of individuals may result in local genetic structure 
leading to reduced genetic diversity and ultimately may cause genetic drift (Frankham 1995, Leberg et al. 2009). 
Species populations occurring in patchy, fragmented landscapes can sometimes retain high connectivity and 
genetic variability if individuals have the potential for long distance dispersal, high reproductive success, and 
monogamous mating systems (Aars et al. 2006, Nunes 2007). Dispersal distances across mammals can be highly 
variable and correlate strongly with phylogeny, geographic range size, body mass, population density, and age 
at weaning (Sutherland et al. 2000, Santini et al. 2013, Whitmee and Orme 2013). The co-evolution of dispersal 
distances in males and female prevent one sex from remaining without a mate (Meier et al 2011). Dispersal 
rates and the distances travelled can be estimated indirectly based on the effective population density (the 
number of breeding individuals within a population) and the frequency of exchange of genetic information 
(Coulon et al. 2010, Sumner et al. 2001, Athrey et al. 2015). There are two primary methods of determining 
population structure for each sex: F-statistics and assignment indices. F-statistics, such as FIS and FST, rely on 
population level comparisons of gene flow between groups. Both FIS and FST are concerned with genetic 
frequency and variance between locations (either populations or family groups), and the sex which disperses 
more frequently would have similar genetic signatures and therefore higher values (Weir and Cockerham 1984, 
Goudet et al. 2002). Individual level analyses are more applicable to uncovering fine-scale dispersal patterns. 
Dispersal distances can be estimated through comparisons of relatedness coefficients and spatial distances 
between individuals (Spong and Creel 2001, Banks and Peakall 2012, Mynhardt et al. 2021) or through parentage 
analysis and geographic distances between parent-offspring pairs (Telfer et al. 2003a, b, Aars et al. 2006, Jones 
et al. 2010). Both methods tend to provide similar results (Athrey et al. 2015). To have accurate results in spatial 
autocorrelation analysis researchers should focus on having as many individuals within a smaller study area 
sampled as possible instead of increasing the number of loci or randomly sampling the wider population (Banks 
and Peakall 2012). Specifically, sampling should be focused on the scale of dispersal distances in the study 
species if known. Additionally, Banks and Peakall (2012) recommend that sample collection should be timed 
after dispersal and before seasonal breeding occurs, and then comparing loci from post-dispersal adult 
individuals. 
1.3 African Mole-rats  
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African mole-rats (Family Bathyergidae) are a group of specialized subterranean rodents endemic to sub-
Saharan Africa which live in elaborately excavated burrow systems (Bennett and Faulkes 2000, Le Comber et al. 
2002). The underground niche provides advantages including protection from climate fluctuations, dehydration, 
ultraviolet radiation, and predation (Jarvis 1978, McNab 1966, Bennett et al. 1988, Shams et al 2005, Finn et al. 
2020). The subterranean niche may have selected for extended lifespan in species occupying this niche (Thorley 
2020). African mole-rats have developed various morphological and physiological adaptations to their 
subterranean environment. Similar to other subterranean mammals they have a long cylindrical body, a wide 
flat cranium, procumbent incisors, and reduced pinnae (Stein 2000, Gomes Rodrigues et al. 2016). They have 
even adapted specialized processes on limb bones which aid in digging underground, however naked mole-rats 
(Heterocephalus glaber) possess less specialized limb bones (Montoya-Sanhueza et al. 2022). Mole-rats have 
reduced eyes and visual acuity which makes distinguishing shapes difficult and allows them to see only changes 
in light intensity (bŠƳŜŎ Ŝǘ ŀƭΦ нллт, Kott et al. 2010). The diet of mole-rats consists predominantly of 
underground storage organs of plants, such as bulbs, tubers, and corms (collectively referred to as geophytes), 
but the Cape dune mole-rat (Bathyergus suillus) and Cape mole-rat (Georychus capensis) include large portions 
of grasses and clover in their diet (Bennett and Faulkes 2000, Robb et al. 2012). All mole-rats spend the majority 
of their lives underground (Bennett and Faulkes 2000). Individuals typically only perform surface exploration 
during dispersal (Hazell et al. 2000, Scharff and Grütjen 1996, ~ǳƳōŜǊŀ Ŝǘ ŀƭΦ нллоΣ Braude et al. 2020, Finn 2021, 
Finn et al. 2022) or when their tunnels are flooded from heavy rains (Genelly 1965, Bennet et al. 2006, 2009). 
However, the Cape dune mole-rat frequently forages on the surface for grasses (Bennett et al. 2009), and some 
Zambian mole-rats may often be seen aboveground (Scharff and Grütjen 1996). During these surface forays, or 
during mound construction, mole-rats are vulnerable to predators such as serval cat (Leptailurus serval, Ramesh 
and Downs 2015), jackal (Canis mesomelas, Humphries et al. 2015), African wild cats (Felis lybica cafra, Greyling 
et al. 2022), caracal (Caracal caracal, de Graaff 1981), domestic dogs (Canis lupus familiaris, de Graaff 1981), 
herons (Taylor 1948, Bennett et al. 2006, Kopij 2006, Virtual Museum 2022), and owls (Genelly 1965, de Graff 
1981, Patzenhauerová et al. 2013). Few predators are able to break into the burrows of mole-rats, only the 
striped weasel (Poecilogale albinucha, Ansell 1960) and some snakes (Brett 1986, Davies and Jarvis 1986, Jarvis 
and Sherman 2002, Bennett et al. 2004, 2006, Finn et al. 2020) may be able to do this. 

The Family Bathyergidae is divided into six genera with at least 30 species, and many cryptic species may 
be present within recognized species (Faulkes et al. 2004, Ingram et al. 2004, Van Daele et al. 2007,2013, Faulkes 
et al. 2017, Visser et al. 2019a, b, Uhrová et al. 2022; Figure 1.1). Major tectonic activity (e.g., rifting, uplift, 
volcanism), expansion of grasslands habitat, contraction of forest habitat, and fluctuating climate cycles starting 
in the Miocene (20 mya) and continuing through the Pleistocene (< 2.5 mya) likely caused the major speciation 
of mole-rats in East and Southern Africa (Faulkes et al. 2010a, 2017). Mountainous habitat in the region of 
Tanzania, as well as Lake Tanganyika and Lake Nyasa, may have forced radiation and dispersal south into Zambia 
and Southern Africa between 3.2 and 1.9 mya. Mole-rats now occur in a variety of habitats including woodland, 
grassland, savanna, and fynbos which encompass a range of rainfall zones from highly arid (<200mm/year) to 
mesic tropical regions with high annual rainfall (> 900mm/year). The family is one of the few groups of mammals 
to exhibit the entire range of social structure, from solitary to family groups with high reproductive skew. All the 
solitary species (Heliophobius, Bathyergus, and Georychus) occur in regions with relatively high rainfall, while 
social species (Cryptomys, Fukomys) may occur in both arid and tropical mesic environments (Bennett and 
Faulkes 2000, Lövy et al. 2012). The aridity food distribution hypothesis (AFDH) has been put forward to explain 
how the evolution of sociality may have arisen in the African mole-rats due to the clumped and scattered 
distribution of food resources in an arid environment (Jarvis et al. 1994). Ecological constraints such as soil 
hardness and low annual rainfall limit dispersal which have forced mole-rats to live in groups in order to increase 
survival. The hypothesis implies that solitary individuals are unlikely to survive long term in arid environments 
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and group living must have evolved to ensure survival. This hypothesis has been questioned due to the 
occurrence of both social and solitary species occurring in sympatry, similarities in geophyte distribution and 
biomass in both habitat types, and άmoderateέ ecological constraints in some social species living in areas of 
high annual rainfall ό.ǳǊŘŀ Ŝǘ ŀƭΦ нлллΣ [ǀǾȅ Ŝǘ ŀƭΦ нлмнΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмнΣ ~ǳƳōŜǊŀ Ŝǘ ŀƭΦ 2007, 2012). Various 
authors have continued to stress that a host of environmental factors (e.g., annual precipitation, geophyte 
distribution/biomass, soil temperatures, soil moisture, soil type) have greatly influenced the level of sociality in 
mole-rats and have shaped their morphology, distribution, behaviour, and even physiology (Bennett 1989, 
Lovegrove 1989, Jarvis et al. 1994, Yeboah and Akyeampong 2001, Faulkes and Bennett 2015, Okrouhlík et al. 
нлмрΣ wƻǎŀǊƛƻ /ŀǊƻǘŜƴǳǘƻ Ŝǘ ŀƭΦ нлнлΣ ±ŜƧƳŠƭƪŀ Ŝǘ ŀƭΦ нлнмΣ IŀǊǘ Ŝǘ ŀƭΦ нлнмa, b, Oosthuizen et al. 2021, Wallace 
et al. 2021, Kraus et al. 2022). 
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Figure 1.1: Phylogenetic relationships among the genera of the Family Bathyergidae and the greater cane 
rat (T. swinderianus) their closest relative. Highly social bathyergids are highlighted in blue, less social 
species in purple, and solitary species in green. Phylogeny based on Visser et al. (2019) and Uhrová et al. 
(2022). Silhouettes were scaled to relative size between species. Silhouettes of Bathyergus, Georychus, 
Heliophobius, and Heterocephalus were created by Kai Caspar and are available under a Creative Commons 
Licence (https://creativecommons.org/licenses/by/3.0/) from Phylopic.org. 
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The solitary species only pair up during the breeding season, and otherwise spend their lives in their own 
burrow systems (Bennett and Faulkes 2000). The mating system of solitary mole-rats appears to be polygynous, 
with multiple paternity evident within a single litter (Bray et al. 2012, Patzenhauerová et al. 2010, Visser et al. 
2017). The social species (Heterocephalus, Cryptomys and Fukomys) live in family groups which can reach 300 
individuals in naked mole-rats (mean 80, Brett 1991), over 40 in Fukomys (mean 7 ς 16, Bennett et al. 1994, 
Scharff 1998, Bennett and Faulkes 2000, Sichilima et al. 2011, ~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмнΣ Finn et al. 2018) and up to 20 
in Cryptomys (means 5 ς 11, Moolman et al. 1998, Spinks et al. 2000b, c, Lutermann et al. 2013a, b, Hart et al. 
2021a). There are exceptions; for example, the Mashona mole-rat (Fukomys darlingi) may have small group sizes 
(5 ς 9) which are more comparable to mole-rats of the genus Cryptomys (Bennett et al. 1994). Social mole-rats 
are generally obligate outbreeders, preferring breeding with an unrelated partner (Ciszek 2000, Bishop et al. 
2004, Burland et al. 2004, Patzenhauerova et al. 2013); however, naked mole-rats may become inbreed due to 
population isolation (Reeve et al. 1990, Braude et al. 2020). Family groups are typically composed of unrelated 
individuals and a monogamous breeding system (Jarvis and Bennett 1993, Bennett et al. 1996, Braude 2000, 
Molteno and Bennett 2000, Patzenhauerova et al. 2013). Extra-pair paternity is uncommon to rŀǊŜ ƛƴ !ƴǎŜƭƭΩǎ 
mole-rat (Patzenhauerová et al. 2013), but extra pair paternity can occur in over 20% of family groups in both 
common (Bishop et al. 2004) and Damaraland mole-rats (Burland et al. 2004). Juveniles delay dispersal and as a 
result multiple generations may be present within a group at any given time (Bennett and Faulkes 2000, Burda 
et al. 2000, Torrents-Ticó et al. 2018). The social species exhibit a range of cooperative breeding strategies and 
levels of reproductive suppression ŦǊƻƳ ǘƘŜ άƭŜǎǎ ǎƻŎƛŀƭέ Cryptomys ǘƻ ǘƘŜ άƘƛƎƘƭȅ ǎƻŎƛŀƭέ Fukomys and the 
άŜǳǎƻŎƛŀƭέ ƴŀƪŜŘ ƳƻƭŜ-rats (Jarvis et al. 1994, Gabathuler et al. 1996, Bennett et al. 1997, Moolman et al. 1998, 
Bennett and Faulkes 2000). The application of the term eusocial to various social mole-rats has been a debated 
topic for over 20 years (Jarvis et al. 1994, Sherman et al. 1995, Bennett et al. 1997, Burda et al. 2000, Burda 
2007, Zöttl et al. 2016b, ~klíba et al. 2016a, Siegmann et al. 2021). Some authors consider many of the social 
mole-rats to be eusocial based on the high reproductive skew, overlap of successive generations, and long-term 
philopatry of non-reproductive individuals evident in many species (Jarvis et al. 1994, Bennett and Faulkes 2000, 
Burda et al. 2000, Scantlebury et al. 2006, Burda 2007, Braude et al. 2020). While other authors do not consider 
ǘƘŜƳ ŜǳǎƻŎƛŀƭ ōŜŎŀǳǎŜ ǘƘŜȅ ƭŀŎƪ ōŜƘŀǾƛƻǳǊŀƭ ƻǊ ƳƻǊǇƘƻƭƻƎƛŎŀƭ άŎŀǎǘŜǎέ (i.e., task specialization), and the division 
of labour is a result of age-related shifts in contribution effort (~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмсa, Zöttl et al. 2016b, Thorley et 
al. 2018, Houslay et al. 2020, Siegmann et al. 2021).  

Most authors do agree that social mole-rats are cooperative breeders (Bennett and Faulkes 2000, 
Faulkes and Bennett 2007, Zöttl et al. 2016b, Van Daele et al. 2019, Braude et al. 2020, Houslay et al. 2020). All 
social mole-rats exhibit cooperative behaviours that benefit the entire group such as collective foraging, tunnel 
construction, burrow defence, and helpers assist with the rearing of subsequent generations (Bennett and 
Faulkes 2000). Group members assist with these helping behaviours to a varying degree, and contributions may 
decrease with age or differ between reproductive and non-ǊŜǇǊƻŘǳŎǘƛǾŜ ƛƴŘƛǾƛŘǳŀƭǎ ό.ŜƴƴŜǘǘ мффлΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ 
2014, 2016, Francioli et al. 2020, Zöttl et al. 2016b, 2022, Thorley et al. 2018, Van Daele et al. 2019, Siegmann 
et al. 2021). Social mole-rat species exhibit a strong dominance hierarchy with the reproductive individuals at 
the top and subordinate helpers ranked below, typically by decreasing body mass (Bennett 1989, Jacobs et al. 
1991, Gabathuler et al. 1996, Moolman et al. 1998, Clarke and Faulkes 2001). There appears to be a continuum 
of individual contributions to cooperative behaviour across the Bathyergidae. Studies on activity levels in wild 
mole-rats have shown that reproductive females are less active than other group members across the three 
social genera, and this decrŜŀǎŜ ƛƴ ŀŎǘƛǾƛǘȅ Ƴŀȅ ōŜ ŀ ǿŀȅ ǘƻ ǇǊƻǘŜŎǘ ǘƘŜƳǎŜƭǾŜǎ ƻǊ ŎƻƴǎŜǊǾŜ ŜƴŜǊƎȅ ό~ƪƭƝōŀ Ŝǘ ŀƭΦ 
2014,2016, Francioli et al. 2020, Zöttl et al. 2022). The differences in activity levels between reproductive males 
and non-reproductive individuals was most pronounced in naked mole-rats, intermediate in Damaraland mole-
rats, and less defined in Cryptomys species (Zöttl et al. 2022). Group members gain many direct and indirect 
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benefits as a result of sociality (Jarvis et al. 1994, Jarvis et al. 1998, Cornwallis et al. 2009, Faulkes and Bennett 
2013). Long reproductive tenure of dominant females combined with the suppression of subordinates suggests 
that cooperative breeding facilitated exponential increases in female fecundity (Clutton-Brock 2009, Schmidt et 
al. 2013, Houslay et al. 2020). For example, a reproductive female naked mole-rat could potentially produce 
over 900 offspring in her 25 or more years of life (Sherman and Jarvis 2002), while a giant mole-rat may produce 
over 120 offspring in her 16-year life span (Dammann et al. 2011). Direct fitness for the breeders is expected to 
increase with group size, but decrease for non-reproductive subordinates since they delay dispersal due to 
ecological or extrinsic factors (Lacey and Sherman 1997, Lacey 2004, Safran et al. 2007, Houslay et al. 2020). 
Indeed, individual growth rates may decrease with increasing group size (Zöttl et al. 2016a).  

Subordinate individuals in a group exhibit a marked reproductive suppression maintained by a 
combination of inbreeding avoidance (Jarvis and Bennett 1993, Cooney and Bennett 2000), social inhibition via 
dominance control (Molteno and Bennett 2000, but see Cooney and Bennett 2000), interference with mating 
attempts (Cooney 2002), and possibly other as yet unknown methods (Bennett et al. 1996, Faulkes and Bennett 
2007). Non-reproductive females exhibit a clear physiological block to reproduction, where ovulation is blocked 
at the ovary due to reduced secretion of luteinizing hormone (Bennett et al. 1996, Molteno and Bennett 2000). 
This suppression remains until an unrelated male presents himself, or dispersal occurs, likely triggered by 
increased rainfall (Rickard and Bennett 1997, Molteno and Bennett 2002, Young et al. 2010). In captive colonies, 
non-reproductive females removed from the presence of the reproductive female will begin to ovulate 
spontaneously, providing support that anovulation is likely a form of dominance control by the reproductive 
female (Molteno and Bennett 2000). Cooney and Bennett (2000) believe that dominance control has little effect 
because non-reproductive individuals avoid breeding with opposite sex group members in the absence of the 
dominant female. Indeed, levels of aggression among Fukomys mole-rats is low (Dammann et al. 2011). 
Unrelated immigrant males (including transient immigrants) are frequent in wild mole-rat family groups, 
providing evidence that non-reproductive females are presented with opportunities to mate with extra-group 
members and inbreeding avoidance alone is not enough to maintain reproductive skew (Bishop et al. 2004, 
Burland et al. 2004). When foreign male intruders are introduced to a group, dominant males will prevent 
copulation with resident females by attacking the intruder to interrupt sexual solicitations (Cooney 2002). In 
Damaraland mole-rats, non-reproductive males have similar testosterone levels to reproductive males, but have 
an increased frequency of immature sperm (Bennett 1994, Maswanganye et al. 1999). In other mole-rats, 
differences between reproductive and non-reproductive male sperm counts or testosterone levels are minimal 
(Spinks et al. 1997, Janse van Rensburg et al. 2003, Hart et al. 2021a). In contrast, female reproduction is 
regulated though physiological suppression by dominance control, males refrain from breeding with female 
group members likely due to inbreeding avoidance alone (Bennett 1994, Cooney and Bennett 2000). As a result, 
males must disperse from the group to gain any direct fitness benefits. Immigrant females are rare in established 
colonies limiting the mate choice of males while they remain with the group (Hazell et al. 2000, Burland et al. 
2002, Burland et al. 2004, Thorley et al. 2021). 

Non-reproductive individuals must disperse in order to secure reproductive opportunities and avoid 
inbreeding. Dispersal opportunities may be limited to times when the soil is soft enough to promote digging 
(Jarvis and Bennett 1993, Torrents-Ticó et al. 2018, Thorley et al. 2021). Life time reproductive success in 
subordinates has been shown to increase in conjunction with the relaxation of ecological constraints (e.g., 
seasonal rainfall events) since there are more opportunities for them to disperse and breed independently 
(Spinks et al. 2000c, Young et al. 2010). Due to the hard soils during the dry seasons (even in tropical regions) 
and unpredictable seasonal rainfall in arid habitats, dispersal is limited to a few months out of the year. 
Following heavy rains, the soil softens, thereby reducing the energetic costs associated with digging (Jarvis and 
Bennett 1993, Molteno and Bennett 2002, Young et al. 2010). Thus, the majority of offspring remain in the natal 
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group until conditions are favourable, usually one to two years, but some individuals may remain in their natal 
group for over five years (Torrents-Ticó et al. 2018, Thorley et al. 2021). Unrelated immigrant males may join a 
social group to breed with the reproductive female or receptive non-reproductive females (Bishop et al. 2004, 
Burland et al. 2004, Young et al. 2010, Torrents-Ticó et al. 2018, Thorley et al. 2021). Female dispersal in mole-
rats may be controlled by the lowering of hormonal suppression following heavy rains, triggering readiness to 
mate with immigrant males (Molteno and Bennett 2000, Young et al. 2010). Female immigrants to established 
colonies are rare due to the xenophobic nature of mole-rats (Jarvis and Bennett 1993, Cooney 2002, Burland et 
al. 2004, Torrents-Ticó et al. 2018, Thorley et al. 2021). Dispersing females will choose to establish a new burrow 
system for themselves where they may wait a couple of years for a male to find them (Torrents-Ticó et al. 2018, 
Thorley et al. 2021, Finn et al. 2022). Occasionally, cohorts of one sex or mixed sexes will form to disperse, either 
joining an established group or forming a nascent group respectively, but these observations are rare (Jarvis and 
Bennett 1993, Thorley et al. 2021, Finn et al. 2022). Thus, the long tenure of breeding individuals combined with 
ecological constraints against dispersal may further drive population wide reproductive skew in mole-rats.  
 
1.4 Natal Mole-rat and Other Cryptomys Mole-rats 

 
The genus Cryptomys is currently composed of one species with five subspecies: common mole-rat 

(Cryptomys hottentotus hottentotus), Mahali mole-rat (C. h. mahali), Natal mole-rat (C. h. natalensis), highveld 
mole-rat (C. h. pretoriae), and Matabaland mole-rat (C. h. nimrodi). The genus represents a species complex 
because multiple phylogenetic analyses have determined the subspecies may be distinct species (Faulkes et al. 
2004, Ingram et al. 2004, Visser et al. 2019a, b). The species complex occurs in South Africa, Eswatini, Lesotho, 
Zimbabwe, and likely into adjacent Mozambique and Botswana. The taxonomic placement of mole-rats in 
Lesotho is unresolved and mole-rats there may be a different species. Cryptomys mole-rats are absent only from 
the very sandy savanna regions of the Kalahari, or extremely rocky regions (Figure 1.2). 

The distribution of each subspecies is possibly related to subtle differentiation in vegetation types, soil 
composition, climate, or precipitation patterns (Kraus et al. 2022, Uhrová et al. 2022). The stronger bite force of 
common mole-rats may have allowed them to expand into harder, compact soils with a higher rock content 
(Kraus et al. 2022). All the subspecies look similar with fur colour ranging from black to a reddish brown, and 
individuals in each subspecies typically lack a white head marking which differentiates them from members of 
the genus Fukomys (Bennett and Faulkes 2000). Due to their visual similarity, the subspecies can only be 
distinguished by distribution or through molecular methods. The common mole-rat occurs primarily in fynbos, 
karoo, and arid savanna habitats of the Western, Northern, and Eastern Cape. The Natal mole-rat occurs 
primarily in mesic grasslands of the Eastern Cape, KwaZulu-Natal, Mpumalanga Provinces of South Africa, 
throughout Eswatini, into Lesotho and possibly in Mozambique. The highveld mole-rat occurs in the central 
grasslands of South Africa and possibly into Lesotho. Since both the Natal and highveld mole-rat occur in 
grasslands, the range boundary is likely high elevation (2900m or higher) regions of the Great Escarpment as 
proposed in Faulkes et al. (2017) for two other species separated by a mountain range of similar height. The 
range of the Mahali mole-rat is poorly understood, and is expected to prefer more arid savanna habitat than 
the grasslands preferred by the highveld mole-rat. A phylogeographic analysis by Visser et al (2019) found an 
isolated population in the Western Cape (Figure 1.1). The Matabaland mole-rat is found only in Zimbabwe, but 
its range may extend across the Limpopo River into South Africa or into Botswana. The exact distribution of each 
subspecies is poorly understood, and the presence of intergrade or hybridization zones are likely (indicated by 
ǘƘŜ άΚέ ƛƴ CƛƎǳǊŜ мΦ1). For example, mole-rats do occur in Limpopo Province in northern South Africa (iNaturalist 
2022), but the taxonomic placement of those individuals is unknown. They could be either Mahali, Highveld, or 
Matabaland mole-rat. Additionally, the distribution of the Mahali mole-rat is known to reach as far west as Van 
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Zylsrus in the Northern Cape province (K. Finn, pers. obs.), but how far south the range extends into central 
South Africa has not been determined. 

 
Figure 1.2: Range distribution for the Cryptomys species complex in South Africa. Ranges based on Visser 
et al. (2019) and modified with other known records. Note the isolated C. h. mahali population in the 

southwest from Visser et al. (2019). The exact boundaries of each subspecies range are poorly understood 
and were estimated based on major geographical features such as rivers or a change in vegetation types. 
SƻƳŜ ƛƴǘŜƎǊŀǘƛƻƴ Ƴŀȅ ƻŎŎǳǊ όƛƴŘƛŎŀǘŜŘ ōȅ άΚέύΦ ¢ƘŜ ǎǘǳŘȅ ǎƛǘŜ όDƭŜƴƎŀǊǊȅύ ƛǎ ƳŀǊƪŜŘ ǿƛǘƘ ŀ ǎǘŀǊΦ .ƭǳŜ ƭƛƴŜǎ 
indicate major rivers, and dashed lines indicate provincial boundaries.  
 

The Natal mole-rat (Figure 1.3) occurs to the east of the Great Escarpment from sea level to over 3000m 
in the Drakensberg. The region is comprised of grassland with forest patches and experiences predominately 
summer rainfall (700 ς 1000mm/year; Mucina and Rutherford 2010). They live in social groups of 8-9 
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(Lutermann et al. 2013a, b) with up to 17 individuals (Oosthuizen et al. 2008). Studies focusing on group 
composition or life history traits are lacking. As with other social mole-rats the reproductive female shows 
reduced daily activity patterns, but differences between other group members may be minor (Zöttl et al. 2022, 
see Chapter 4). While no studies have assessed the diet of Natal mole-rats, diet studies on the related common 
mole-rat indicate they feed almost exclusively on geophytes, the underground storage organs of plants (Robb 
et al. 2012). Despite living underground and possessing greatly reduced light perception (NŠƳŜŎ et al. 2007), 
Natal mole-rats use light to entrain circadian rhythms in locomotor activity and melatonin secretion (Hart et al. 
2004, Oosthuizen et al. 2021). Natal mole-rats also experience daily and seasonal fluctuations in body 
temperature which are independent of fluctuations in soil temperature (Oosthuizen et al. 2021). This 
heterothermy may be a coping mechanism to deal with increased burrow temperature during summer. During 
summer females have a lower mean body temperature than during winter, which may prevent overheating in 
shallow tunnels during summer (Oosthuizen et al. 2021). Group members may experience synchronous torpor 
to conserve energy (Oosthuizen et al. 2021). Additionally, individuals can regulate their metabolic rate between 
seasons, which may be a further means of energy conservation (Lutermann et al. 2013a). 

 

 
Figure 1.3: Natal mole-rat (Cryptomys hottentotus natalensis) 

 
All Cryptomys are induced ovulators (Spinks et al. 1999, Malherbe et al. 2004, Jackson and Bennett 2005, 

Hart et al. 2020) unlike the related Fukomys which are all spontaneous ovulators (Faulkes et al. 1990, 2010b, 
Molteno and Bennett 2000, Snyman et al. 2006, Bennett et al. 2010), but see Voight et al. (2021). All species in 
the Cryptomys complex have stable circulating levels of reproductive hormones throughout the year indicating 
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reproductive function is maintained regardless of season (Spinks et al. 2000a, Oosthuizen et al. 2008, Hart et al. 
2021a). However, the common and highveld mole-rats have a distinct breeding season during the austral winter 
and early spring (August ς November; Janse van Rensburg et al. 2002, Spinks et al. 1997), but Natal and Mahali 
mole-rats breed throughout the year, though births may be more concentrated during the summer (Oosthuizen 
et al. 2008, Hart et al. 2020, 2021a). Common mole-rats occur in a winter rainfall zone of the Western Cape 
during which time many of the plants will flower, while the other three subspecies occur in summer rainfall 
zones. The reason that the common mole-rat breeds during the rainy season as opposed to just prior to the 
rainy season like the highveld mole-rat and other seasonal breeding mammals is not fully understood. Two 
possible explanations are so that animals can reach maturity during the following rainy season to disperse, or 
higher quality food is available to sustain the reproductive female and pups. Since mole-rats rely on geophytes 
as their primary food source, the flowering period of these plants likely determines when mole-rats breed, with 
some geophytes flowering in autumn and some during spring. 

It has been proposed that members of the genus Cryptomys are the least social taxa due to relaxed 
physiological suppression (Gabathuler et al. 1996, Moolman et al. 1998, Bennett and Faulkes 2000). 
Reproductive suppression in all Cryptomys is controlled primarily by behavioural cues such as incest avoidance, 
aggression from the reproductive female, or lack of reproductive opportunities and the amount of physiological 
suppression varies between the subspecies (Spinks et al. 1997, 2000a; Janse van Rensburg et al. 2002; 
Oosthuizen et al. 2008; Lutermann et al. 2013b; Hart et al. 2020, 2021a, 2022b; Janse van Vuuren 2022). Both 
reproductive and non-reproductive males produce sperm year-round in the common, Mahali, and highveld 
mole-rats (Spinks et al. 1997, Janse van Rensburg et al. 2003, Hart et al. 2021a). Females show no differences in 
luteinizing hormone levels between season and may exhibit follicular development throughout the year (Spinks 
et al. 2000a, Janse van Rensburg et al. 2002, Oosthuizen et al. 2008, Hart et al. 2021a). High prolactin levels in 
nonbreeding female highveld and Mahali mole-rats may cause physiological reproductive suppression (Hart et 
al. 2022b, Janse van Vuuren 2022). However, in the Natal mole-rat, there were no differences in prolactin levels, 
indicating only behavioural suppression occurs (Janse van Vuuren 2022). Female Natal mole-rats exhibit higher 
levels of testosterone than mole-rats with physiological suppression (Lutermann et al. 2013b). During winter 
non-reproductive females had lower testosterone levels than reproductive females, but during summer levels 
were similar (Lutermann et al. 2013b). Intra-sexual aggression and competition between females is likely high 
in Natal mole-rats due to the equal testosterone levels during the wet dispersal period and increased rates of 
unrelated male immigration (Lutermann et al. 2013b). Paternity analysis in the common mole-rat has shown 
that extra pair matings occur more often than in the more physiologically suppressed Damaraland mole-rat 
(Bishop et al. 2004, 2007, Burland et al. 2004) leading support to this hypothesis.  
 
1.5 Study Aims 
 
 There have been studies on the physiology and reproductive suppression of Natal mole-rats (Oosthuizen 
et al. 2008, Lutermann et al. 2013a, Oosthuizen et al. 2021), but their ecology and life history have not been 
reported in detail and are currently in need of further research. This study used capture-mark recapture 
methods to investigate life history, behaviour, and gene flow in Natal mole-rats occurring at a high elevation 
site in the southern Drakensberg Mountains. The aims of this study are to provide data on the composition of 
family groups, seasonal change in individual body condition, model individual growth rates, assess daily and 
seasonal locomotor activity patterns, assess the frequency of dispersal, estimate dispersal distances, determine 
genetic relationships within family groups, and investigate the potential for genetic population structuring.  
 
1.5.1 Chapter 3 
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This chapter focuses on population demographics and individual life history data of the Natal mole-rat. 

It utilizes the scaled mass index to assess how body condition changes with season. Individual growth rates were 
modelled using the interval equation method in wild individuals lacking a known date of birth.  
 
Question 1: What is the composition of family groups and are family groups stable across years? 
 
Question 2: Does individual body condition differ between seasons and is it affected by group size? 
 
Question 3: Do the sexes experience different growth rates and are growth rates affected by group size? 
 
1.5.2 Chapter 4 
 
 This chapter investigates daily and seasonal activity patterns in wild Natal mole-rats using radio 
frequency identification (RFID) technology. This technology allows for non-invasive monitoring of individual 
locomotor movement patterns of marked individuals.  
 
Question 1: What time of day are mole-rats most active?  
 
Question 2: Does the time of activity change between seasons? 
 
Question 3: What is the primary influencing factor of activity time (e.g., body mass, reproductive status, sex, 

temperature, or photoperiod)? 
 
 
1.5.3 Chapter 5 
 
 This chapter uses microsatellite markers and spatial autocorrelation to understand how individuals are 
related to each other and to neighbouring groups. The presence of sex-biased dispersal patterns is assessed by 
comparing within- and between-group relatedness between the sexes. Dispersal distances are estimated using 
effective population size. A non-spatial Bayesian clustering analysis was performed to define genetic clusters 
and determine if geographic features were barriers to dispersal. 
 
Question 1: How closely are individuals within a group related to each other? 
 
Question 2: How well is gene flow maintained across the study site? 
 
Question 3: Is dispersal male-biased and how far do individuals disperse? 
 
Question 4: Does the presence of geographic features (e.g., road, river) present barriers to dispersal and cause 

isolation of sub-populations within the study site? 
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CHAPTER 2 
Study Site 
 
2.1 Glengarry Holiday Farm, KwaZulu-Natal 
 

The study was conducted at Glengarry Holiday Farm (Glengarry; -29.322530°, 29.712982°, 1600m asl.) 
in the KwaZulu-Natal province of South Africa (Figure 2.1). Glengarry is a recreational destination located in the 
Kamberg Valley of the southern Drakensberg with a golf course, camping grounds, and guest chalets. It 
encompasses ca. 48.5 hectares (approximately 600m x 800m) of montane grassland, specifically Northern 
Drakensberg Highland Grassland (Mucina and Rutherford 2010). The Little Mooi River flows down from 
Highmoor Nature Reserve to the west bisecting the property. The habitat is human altered with patches of 
natural grassland interspersed into the gardens and golf course. Natural areas are dominated by grasses 
(Aristida, Brachiaria, Eragrostis, Alloteropsis) with scattered shrubs and non-native trees (Acacia, Eucalyptus 
globulus, Pinus patula, Populus canescens; Mucina and Rutherford 2010). Small trees (Protea spp.) are found on 
the slopes of sandstone cliffs to the south and west, while the plateau tops of ridges were devoid of trees. 
Geophytes present that may be potential food resources for mole-rats include Apple-blossum orchid (Disa 
versicolor), Autumn pineapple lily (Eucomis autumnalis), Variegated pineapple lily (E. bicolor), Asclepias 
oreophila, Miniature eucomis (Eucomis schijffii), Miniature blue squill (Merwilla dracomontana), and common 
bracken (Pteridium aquilinum; Mucina and Rutherford 2010). Another food source which may be present is black 
seed grass (Alloteropsis semialata) which mole-rats are known to eat (Genelly 1965). I focused capturing only 
on the land owned by Glengarry, but Natal mole-rats were present on all adjacent land, especially to the west 
and south of Glengarry (Figure 2.1). 

To assess physical soil composition, soil samples from native grassland habitat were analysed. Soil 
samples were collected at a depth of 10 ς 30 cm (mean 19cm) from 24 locations where mole-rats were present, 
including areas of native and non-native vegetation cover. A total mass of 500g was taken (removing rocks larger 
than 10mm) using a scale accurate to 1g (Pelouze SP5, Rubbermaid, USA) during summer (wet seasons) and 
winter (dry season). The samples were dried overnight in an over and weighted afterwards to determine 
moisture content. During the winter dry season, the soil samples had a mean moisture content of 19.0%, and 
23.9% during summer, and the values were significantly ŘƛŦŦŜǊŜƴǘ ōŜǘǿŜŜƴ ǘƘŜ ǎŜŀǎƻƴǎ ό²ŜƭŎƘΩǎ ǘ-test, p-value 
= 0.03). The bulk density of the soil was 1.00 + 0.07 g/cm3 averaged over five sites at a depth of 20cm. The bulk 
density of the soil indicated that soil conditions are relatively light and soft, and the soil conditions may not pose 
high burrowing costs. Natural areas of the study site were composed of 55% sand, 26% silt, 19% clay, and 8% 
coarse material (>2 mm). Further data on soil properties were taken from the SoilGrid database v2.0 (Poggio et 
al. 2021, Table 2.1). Comparing my soil analysis to SoilGrid values, the percentage of clay was much lower, sand 
was higher, and silt was higher in my analysis. The bulk density was lower at Glengarry compared to values 
averaged over a larger area from the SoilGrid database. 

I observed mole-rat mounds in the region at elevations over 2200m asl. I found that mole-rats preferred 
grassy areas and avoided the forests. During the study I captured Hottentot golden moles (Amblystomus 
hottentotus) as by-catch (ethics NAS220/2021, Ezemvelo permit OP 796/2022). Golden moles were captured in 
both the forest and in areas occupied by mole-rats, and were occasionally captured in the burrow systems of 
mole-rats. I believe golden moles and mole-rats do not permanently share burrows, but the golden moles were 
transient. Mole-rats were often found on hillsides or plateaus with rocky soil (rocks between 5-20mm). Some 
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plateaus often had large granite boulders buried in the ground. The mole-rats did not seem perturbed by the 
boulders and would burrow around and under them. Exploratory digging down to approximately 70cm in an 
area lacking large boulders I discovered a compact layer of shale. The presence of granite and shale layers may 
prevent mole-rats from having deep burrow systems.  

 
Table 2.1: Soil properties at Glengarry Holiday Farm. Data freely available from Soilgrids.org.  

Soil 
Depth 

Bulk Density 
(g/cm3) 

Clay 
(g/kg) 

Sand 
(g/kg) 

Silt 
(g/kg) 

Coarse 
(cm3/dm3) 

0-5 cm 1.16 398 (39.8%) 417 (41.7%) 184 (18.4%) 45 
5-15 cm 1.23 402 (40.2%) 416 (41.6%) 182 (18.2%) 40 

15-30 cm 1.27 423 (42.3%) 400 (40.0%) 177 (17.7%) 64 
30-60 cm 1.31 458 (45.8%) 376 (37.6%) 166 (16.6%) 64 

60-100 cm 1.31 458 (45.8%) 373 (37.3%) 170 (17.0%) 76 

 
 

 
Figure 2.1: The study site at Glengarry Holiday Farm, KwaZulu-Natal Province, South Africa is indicated in 
purple with mole-rat groups shown in green. In the inset the study site is marked with a yellow star. Note 
that many other mole-rat groups were present on the adjacent land to the north, west, and south. 
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2.2 Climate at Glengarry  
 
Climate data for the study site was obtained from the global atmospheric reanalysis dataset ERA5-Land 

monthly climate data from 1950 to 2021 (Muñoz-Sabater et al. 2021; Table 2.2). This data is freely available 
from the Copernicus Climate Change Service (C3S) which holds the intellectual property rights of the raw data 
and the results contain modified C3S data. The dataset has a 9km accuracy (0.1° x 0.1°). All temperatures from 
C3S were converted from K to °C. Mean annual temperatures were calculated by taking the mean across all 
months for each year. Mean seasonal temperatures were calculated by taking the mean of the values across 
months for spring-summer (October ς March) and autumn-winter (April ς September). Mean daily temperatures 
were obtained from the South African Weather Bureau from the Shaleburn weather station at -29.800, 29.350. 
Even though this location is 80km south of Glengarry, the elevation is similar (Glengarry 1600m and Shaleburn 
1640m) and therefore the daily temperatures are a reasonable approximation to the study site. The Shaleburn 
dataset provided by the South African Weather Bureau had a high count of missing data and therefore the C3S 
dataset was used for further analysis. The study site receives primarily summer rainfall falling between October 
and March the following year with occasional rainfall during winter. Monthly total precipitation extracted from 
C3S was the mean rainfall per day within the month. I transformed the values into a true monthly total by 
multiplying by the number of days in each month, then converted to millimetres. The total seasonal 
precipitation for a year was the sum of the precipitation received from July to June of the subsequent year to 
encompass one entire rain season. Mean seasonal rainfall was then averaged over the 71 years in the dataset. 
Seasonal and yearly differences in climate variables were tested with linear regression using Season 
(Summer/Winter), Month, and Year as predictor variables to determine if the study site experiences dramatic 
variation in rainfall or temperature between years.  
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Table 2.2: Variables from ERA5-Land dataset used for analysis, and units indicate those provided by the 
Copernicus Climate Change Service which holds the intellectual property rights of the raw data. 

 
Monthly temperature and rainfall at Glengarry are summarized in Fig. 2.2, and seasonal differences in 

mean monthly climate variation in Table 2.3. Summers (October ς March) are pleasant with a mean monthly Tair 
of 15.5 + 1.5°C, a mean daily minimum of 10.3°C (range -3.9 ς 19.1°C) and a mean daily maximum of 24.8°C 
(range 7.5 ς 37.0°C). Winters (April ς September) in the southern Drakensberg can be quite cold with a mean 
monthly Tair of 9.3 + 2.7°C, a mean daily minimum of 0.8°C (range -12.5 ς 15.5°C) and a mean daily maximum of 
20.7°C (range 1.3 ς 32.8°C). Total rainfall was higher during summer than during winter (summer: 1260.9 + 181.1 
mm, winter: 316.5 + 104.0; Fig. 2.2). The mean seasonal rainfall over the past 70 years was 1577 + 211.1 mm 
(range 1137 ς 2110 mm), with 1393 mm during the 2019ς20 season and 1692 mm during the 2020ς21 season.  

 

Variable Description Units 

2m temperature (Tair) Temperature of the air 2m above the soil surface K 
2m dewpoint temperature (Tdew) Temperature to which the Tair would have to be 

cooled for saturation to occur; used to measure 
the humidity of the air 

K 

Total precipitation Accumulated liquid and frozen water that falls to 
ǘƘŜ 9ŀǊǘƘΩǎ ǎǳǊŦŀŎŜΤ ŀ ƳŜŀƴ ƻŦ daily values 

m 

Air pressure (P) Force per unit area of the atmosphere on the 
surface of the land. 

Pa 

   
Soil temperature level 1 (TS1) Temperature of the soil in layer 1 (depth 0 ς 7cm), 

taken from the middle of each layer 
K 

Soil temperature level 2 (TS2) Temperature of the soil in layer 2 (7 ς 28cm) K 
Soil temperature level 3 (TS3) Temperature of the soil in layer 3 (28 ς 100cm) K 
Soil temperature level 4 (TS4) Temperature of the soil in layer 4 (100 ς 289cm) K 
Volumetric soil water layer 1 (MS1) Volume of water in soil layer 1 (0 ς 7cm);  

a measure of soil moisture 
m3m-3 

Volumetric soil water layer 2 (MS2) Volume of water in soil layer 2 (7 ς 28cm) m3m-3 
Volumetric soil water layer 3 (MS3) Volume of water in soil layer 3 (28 ς 100cm) m3m-3 
Volumetric soil water layer 4 (Ms4) Volume of water in soil layer 4 (100 ς 289cm) m3m-3 
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Figure 2.2: Mean monthly rainfall (blue bars) and air temperature (orange line) at Glengarry. Air 
temperature was measured 2m above the soil surface. Data were obtained from the Copernicus Climate 
Change Service from 1950 ς 2021. 
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Table 2.3: Monthly mean climate differences between spring-summer (October ς March) and autumn-winter (April ς September) at Glengarry. 
Values were obtained from the Copernicus Climate Change Service from 1950 - 2021. Air temperature (Tair) was measured 2m above the soil surface. 
Soil temperature and moisture were measured below the soil surface at 0-7cm (S1), 7-28cm (S2), 28-100cm (S3), and 100-289cm (S4). Mean Diff is 
the difference between summer and winter mean values. Season, Month, and Year results are from a linear regression with the variable as response 
and season (Summer/Winter), Month, and Year as predictors. 

   Mean Season Month Year 
Variable Summer (range) Winter (range) Diff Est. S.E. p-value Est S.E. p-value Est S.E. p-value 

Tair (°C) 15.5 + 1.54 (11.0 ς 18.5) 9.3 + 2.69 (2.3 ς 14.9) 6.23 -6.23 0.14 < 0.001 -0.15 0.02 < 0.001 0.02 0.00 < 0.001 
TS1 (°C) 17.0 + 1.57 (12.3 ς 20.4)   9.5 + 3.21 (1.8 ς 15.7) 7.57 -7.57 0.17 < 0.001 -0.16 0.02 < 0.001 0.02 0.00 < 0.001 
TS2 (°C) 16.7 + 1.58 (12.0 ς 19.8) 9.7 + 3.04 (2.6 ς 15.9) 7.01 -7.01 0.15 < 0.001 -0.21 0.02 < 0.001 0.02 0.00 < 0.001 
TS3 (°C) 15.8 + 1.71 (11.1 ς 18.6) 10.6 + 2.72 (4.8 ς 16.6) 5.21 -5.22 0.13 < 0.001 -0.34 0.02 < 0.001 0.02 0.00 < 0.001 
TS4 (°C) 13.8 + 2.08 (8.8 ς 17.7) 12.6 + 2.59 (7.8 ς 17.5) 1.22 -1.23 0.11 < 0.001 -0.48 0.02 < 0.001 0.02 0.00 < 0.001 
Rainfall (mm) 212.0 + 86.29 (17.9 ς 531.1) 52.1 + 41.94 (0.4 ς 381.3) 159.92 -159.96 4.58 < 0.001 -2.01 0.66 0.003 0.10 0.11 0.354 
MS1 (m3m-3) 0.46 + 0.02 (0.31 ς 0.48) 0.43 + 0.03 (0.31 ς 0.48) 0.034 -7.57 0.16 < 0.001 -0.16 0.02 < 0.001 0.02 0.00 < 0.001 
MS2 (m3m-3) 0.47 + 0.02 (0.30 ς 0.49) 0.43 + 0.03 (0.32 ς 0.48) 0.037 -7.01 0.15 < 0.001 -0.21 0.02 < 0.001 0.02 0.00 < 0.001 
MS3 (m3m-3) 0.47 + 0.03 (0.31 ς 0.50) 0.42 + 0.03 (0.34 ς 0.49) 0.042 -5.22 0.13 < 0.001 -0.34 0.02 < 0.001 0.02 0.00 < 0.001 
MS4 (m3m-3) 0.48 + 0.03 (0.38 ς 0.51) 0.47 + 0.02 (0.38 ς 0.51) 0.009 -1.23 0.11 < 0.001 -0.48 0.02 < 0.001 0.02 0.00 < 0.001 
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Foraging tunnels and nests constructed by Natal mole-rats are typically within 30cm of the soil surface 
(Hickman 1979b, Oosthuizen et al. 2021) which corresponds to TS1 and TS2 from the C3S dataset. Mean monthly 
soil temperatures at < 100cm were often within 2°C of air temperatures and followed a similar seasonal pattern 
(Fig. 2.3a). Mean soil temperature differences at < 100cm varied from 5°C to 7°C between seasons, but the 
entire range of soil temperatures reached a minimum of 2°C during winter and a maximum of 20°C during 
summer. The amplitude of annual variation between soil temperatures was greatest at TS1 (18.6°C) and 
decreased to 9.9°C at a depth of over 100cm. As a result of seasonal rainfall, soil moisture at depths inhabited 
by mole-rats fluctuated with the seasons (Fig. 2.3b). The increased soil moisture during summer may account 
for marginally warmer soil temperatures in the first 30cm because damp soils have a higher thermal capacity, 
retaining heat longer (Burda et al. 2007). Small variation in burrow microclimates may be present as well due to 
bare soil and lack of vegetative cover causing an increase in soil temperature (see Holtze et al. 2018 for results 
comparing bare and vegetated soil in Kenya). The exact temperature differences between burrows constructed 
under the golf course (short or bare vegetation) and natural bunch grasses remains to be studied. The effect of 
vegetation cover on soil temperatures may be why mole-rats avoid constructing burrows in forested areas in 
this location. The shade provided by the trees may cause burrow temperatures to remain below a thermal 
optimum for too long during winter causing increased thermoregulatory costs for mole-rats. It is surprising that 
the soil temperatures inhabited by mole-rats showed such close association with ambient air temperature, and 
it may be that mole-rats in the Drakensberg construct deeper nests. At depths > 1m soil temperatures were 
relatively stable between seasons, varying by an average of 6°C between seasons. However, the presence of a 
hard shale layer at near this depth may prevent mole-rats from benefiting from the stable soil temperatures. At 
the study site mole-rat foraging tunnels were most often within 10cm of the soil surface (Oosthuizen et al. 2021; 
Finn, pers. obs.). However, there have not been any other burrow mapping studies conducted on Natal mole-
rats and it remains to be seen how nest depth varies with elevation. The seasonal variation in soil temperatures 
is surprising in light of previous research on subterranean mammals (Van Wambeke 1992, Bennett et al. 1988), 
but expected due to the drastic seasonal differences experienced at the study site.  

Results of the linear regression analysing climate variables over the past 70 years has shown that only 
seasonal rainfall has not significantly changed between years, while all temperature variables have increased 
significantly (Table 2.3, Figure 2.4). The mean annual air temperature at Glengarry has increased by 
approximately 1.5°C over the last 70 years.  
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Figure 2.3: Mean monthly A) temperatures and B) soil moisture for Glengarry. Winter occurs from June to 
August. Air temperature was measured 2m above the soil surface (Air, solid black line) and other values 
were measured below the soil surface at 0-7cm (S1, solid red line), 7-28cm (S2, red dotted line), 28-100cm 
(S3, red dashed line), and 100-289cm (S4, grey dot-dash line). Data were obtained from the Copernicus 
Climate Change Service from 1950 - 2021. 
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Fig 2.4: Change in seasonal rainfall (A) and mean annual air temperature (B) at Glengarry between 1950 
and 2021. Seasonal rainfall (blue) was taken from June to July the following year to include the entire yearly 
rain season. The mean values for rainfall (blue) and air temperature (red) are shown with trend lines (black) 
with the 95% CI. Mean minimum and maximum values for each are shaded in grey. Data were obtained from 
the Copernicus Climate Change Service from 1950 - 2021.
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CHAPTER 3 
Ecology and Life History of Natal Mole-rats 
 
Abstract 
 
 Both environmental factors and population demographics can have far reaching effects on individual life 
history, including altering spatial arrangement, behaviour, body condition, and fecundity rates. And these 
changes may in turn affect population ecology. Natal mole-rats are a social subterranean rodent living in groups 
with a mean size of 6.1 individuals. Population wide sex ratios were evenly split between males and females, 
but within-group adult sex ratios were skewed towards males. Group demographics did not show any seasonal 
differences, but individual body condition varied between seasons and was affected by group size. During winter 
body condition was reduced overall, and further decreased with increasing group size, while in summer the 
relationship was reversed. Additionally, the body condition in reproductive females increased with group size, 
however their fecundity did not appear to be affected by group size. The expected benefits of collective foraging 
and helping effects from larger groups appears to be reduced in Natal mole-rats. 
 
3.1 Introduction 
 
 Population demographics can have effects on individual fecundity, spatial arrangement, behaviour, body 
condition, and growth rates. Increased food supply can affect social behaviour, causing social groups to disband 
to form individual territories and as a result the population density may increase (Ylönen et al 1988). 
Environmental change can indirectly affect population dynamics. Early or asynchronous rainfall may trigger 
additional litters in seasonally breeding rodents leading to population out-breaks or irruptions (Leirs et al 1993, 
Huan et al. 2010). In yellow-bellied marmots, earlier emergence times from hibernation has resulted in 
increased juvenile growth rates which leads to an overall increase in adult body mass, heavier marmots have 
increased survival and fecundity which in turn causes a significant increase in population density (Ozgul et al. 
2010). Changes in body size may be related to demographic factors (e.g., population density, Brouard et al. 
2020), food availability (Spinks et al. 2000b), or anthropogenic factors (e.g., habitat alteration, Myakusho 2021). 
The effects of these factors can be observed in relatively short time frames. Voles exhibit cyclical fluctuations in 
population density every 3-5 years, and adult body mass may increase by 20-30% during the high-density phase 
(Chitty 1967). Myakusho (2021) showed that body size has decreased by over 25% during the past 50 years in a 
long term continuously monitored population of bank voles (Myodes glareolus) despite natural cycles of 
increasing and decreasing population density, and concluded habitat alteration was the most likely cause. 
Knowledge of demographic data and life history processes such as female age of maturity, mean female mass 
at maturity, basal metabolic rate, and annual fecundity can be used to calculate population growth rates (Oli 
and Dobson 2003, Duncan et al. 2007, Lynch and Fagan 2009, Hone et al. 2010). 

The Natal mole-rat (Cryptomys hottentotus natalensis) is a social subterranean rodent which occurs in 
the mesic grasslands of the KwaZulu-Natal and Mpumalanga provinces of South Africa. Mole-rats forage on the 
underground storage organs of plants, collectively called geophytes (Bennett and Faulkes 2000). Geophyte 
distribution and biomass has been suggested to affect multiple aspects of mole-rat ecology including foraging 
success (Spinks and Plagányi 1999), social organization (Jarvis et al. 1994), population density (Spinks et al. 
2000b, c, Finn et al. 2018), and growth (Spinks et al. 2000b, Finn et al. 2018). Within a species, mole-rats living 
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in areas of higher rainfall have been shown to have a larger body size and higher population density compared 
to populations living in areas of reduced rainfall (Spinks et al. 2000b, Finn et al. 2018). Studying the growth 
curves of different animal populations may shed light on environmental, demographic, as well as life history 
processes inherent to their local conditions. In this context a άpopulationέ refers to the animals living within a 
specific study site (e.g., Glengarry). Growth rates of social mole-rats indicate that individuals from larger groups 
tend to have slower growth rates as a result of within-group competition (Young et al. 2015, Zöttl et al. 2016a, 
Thorley et al. 2021). The majority of studies on growth rates in bathyergids have been on captive individuals 
(Bennett et al. 1991, Begall and Burda 1998, Bennett and Navarro 1997, Scharff et al. 1999, Zöttl et al. 2016a). 
This is due to the ease of modelling growth rates using the Gompertz model and other growth curves on animals 
of a known age. Few studies have monitored growth rates in wild mole-rats (Young and Bennett 2013, Young et 
al. 2015, Finn et al. 2018, Thorley and Clutton-Brock 2019). Recently, Thorley and Clutton-Brock (2019) applied 
interval equations to model growth rate curves of individuals of an unknown age.  

The current study looked into the group demography and individual life history trajectories of Natal 
mole-rats. While there have been a few studies on Natal mole-rats, there have not been any studies to date 
which report population demography, such as population density, sex ratios, or mean group size. I fill this 
knowledge gap by reporting on the demographic characteristics of wild Natal mole-rats at a high elevation mesic 
habitat in the southern Drakensberg of the KwaZulu-Natal Province, South Africa. Additionally, I assessed the 
effects of season on sex ratios, group size, and group biomass. I subsequently checked for the presence of sexual 
size dimorphism between the sexes and tested to see if body condition changes between seasons or 
reproductive class. I used interval growth equations to model growth rates of recaptured individuals to 
determine if growth rates are comparable to other social mole-rats. Finally, body mass of reproductive females, 
litter size, metabolic rate (Bennett et al. 1993a, c) was used to estimate age of female maturation and population 
growth rates. 

 
3.2 Methods 
 
3.2.1 Animal Capture and Sample Collection 
 

Natal mole-rats were captured from January 2020 through July 2021 during summer (February to March) 
and winter through early spring (July to October), which are the wet and dry seasons, respectively (see Chapter 
2), for a total of 2 captures per year. A group was first located by the presence of surface mounds which are 
created during tunnel construction where the mole-rats extrude excess soil onto the surface as distinct rounded 
mounds. Each group location was marked using a handheld GPS unit (Garmin, USA) and then plotted in Google 
Earth. The tunnels of the burrow system typically run underneath the mounds and were located by digging a 
trench perpendicular to the line of mounds or straight under a mound until breaching the tunnel. A Hickman 
live trap (Hickman 1979a) baited with sweet potato (Ipomoea batatas) was placed into each open tunnel and 
covered with soil (Fig. 3.1a). At each burrow system, two trap sites were typically established to decrease 
capture time, and were checked every 1-2 hours from sunrise to at the latest 23h00. During summer the traps 
were left activated for 24 hours a day because even in direct sun the traps and soil were not hot enough to 
cause heat stress. However, during winter traps were inactivated if the overnight low dropped below 0°C by 
removing the door to prevent mortality, and then resetting the trap the next morning. This method allowed 
mole-rats still present in the burrow access to the food and to potentially become habituated to using the trap 
as a food source, thereby increasing capture success.  

I usually had more than one active trapping location per group burrow system because I found this 
method reduced the capture time per group in the Damaraland mole-rat (3.4 + 1.7 days; Finn 2021). Colony 
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membership of individuals was initially determined by capture location, a lack of aggression between 
individuals, and later confirmed by recapture of individuals in the same colony (as opposed to capture in 
neighbouring colonies) during subsequent captures. If traps were inactive (i.e. ς no mole-rat captured, no fresh 
mound, not blocked with soil, and/or food uneaten) for 48 hours after the last captured mole-rat, I assumed all 
individuals present in the group haŘ ōŜŜƴ ŎŀǇǘǳǊŜŘΦ L ŎƻƴǎƛŘŜǊŜŘ ŀ ŎŀǇǘǳǊŜ άŎƻƳǇƭŜǘŜέ ƛŦ ǘƘŜǊŜ ǿŜǊŜ ƴƻ ǎƛƎƴǎ ƻŦ 
ŀŎǘƛǾƛǘȅ ŦƻǊ ǘƘŜǎŜ пу ƘƻǳǊǎΣ ŀƴŘ άƛƴŎƻƳǇƭŜǘŜέ ǿƘŜƴ ŀŎǘƛǾƛǘȅ ƛƴŘƛŎŀǘŜŘ ŀƴƛƳŀƭǎ ǿŜǊŜ ǎǘƛƭƭ ǇǊŜǎŜƴǘ ƛƴ ǘƘŜ ōǳǊǊƻǿ 
system. After the 48-hour period, the mole-rat family was released back into the same capture location as soon 
as possible. Every effort was made to capture the entire group within 7 days from the traps being activated to 
avoid disrupting their social structure. However, some individuals in a group evaded capture (mostly 
reproductive females), continually blocking the traps with soil and forcing me to extend the capture period. In 
these cases, after a maximum of 10 days from capture of the first animal I stopped attempting to capture the 
last animals and instead released the family back into their burrow. Thus, no animal was kept in captivity for 
longer than 10 days. Groups were recaptured at six-month intervals to prevent damage to their tunnel system 
and undue stress from frequent capture. 

All animals were sexed on capture by pressing the skin above the genital region to evert the penis. 
Female mole-rats also have prominent genitals, but when everted are much shorter than males. Thus, if no 
penis was observed the animal was considered to be a female. Individuals were always re-sexed on subsequent 
captures to confirm sex. Tissue samples were collected by removing the distal 1-2mm of tail tissue with a single 
use sterile scalpel. Blood was then collected from the tail tip up to a maximum of 0.6ml, and always less than 
1% of the animals body mass. The wound was left to clot on its own or if it continued bleeding after blood 
collection (rarely) a piece of paper towel was place on to stop the bleeding. The blood samples were used to 
analyse oxidative stress (Jacobs et al. 2022) and hormones related to reproductive suppression (Janse van 
Vuuren 2022). Other samples (faeces, hair, and toe nails) were also collected for a subsequent stable isotope 
diet analysis. The distal ends of the two longest toe nails of the hindfeet were clipped with scissors, and an 
approximately 1cm2 patch of hair on the rump was removed with scissors. After capture individuals were placed 
alone in a bucket with small air holes in the lid to collect faeces (Bensch et al. 2022). Animals were provided with 
paper towels and sweet potato, and checked every 2 hours. Animals were left for a maximum of 12 hours in the 
bucket to ensure enough faeces was collected for faecal glutocorticoid analysis (Janse van Vuuren 2022), gut 
microbiome analysis, and diet analysis. After collecting faeces the buckets were disinfected with 70% ethanol. 
To uniquely identify study animals, all individuals greater >20g were implanted with a subcutaneous passive 
integrated transponder (PIT) tag (Trovan Unique, DorsetID, Netherlands) using a single use sterile needle. The 
use of PIT tags is widely accepted as a more ethical alternative to toe clipping for animal identification (Sikes 
2016). Small pups (8-19g) were not implanted with a transponder nor measured, but only weighed. Prior to 
release, the presence of a transponder was verified using a hand-held transponder reader in all newly marked 
individuals. The transponders remained in the animals to ensure that individuals could be re-identified in future 
studies. 

Captured mole-rats were housed with family members at ambient temperature (15-25°C) in large boxes 
with wood shavings as bedding and provided a towel as nesting material (Fig. 3.1b). Mole-rats were provided 
with wood shavings, a cloth towel to hide under, and food (sweet potato) ad libitum. Fresh water was not 
required since mole-rats derive all their required water from the geophytes they eat and a diet of sweet potatoes 
has been shown to provide all the nutrients captive mole-rats need (Bennett and Jarvis 1995). While I provided 
sand to wild captured Damaraland mole-rats housed in captivity in the past, this method was not feasible at 
Glengarry. The soil at Glengarry contained a much higher moisture and clay content than that of the Kalahari 
sand, and became unsanitary after a few days with the mole-rats. Thus, the addition of a cloth towel provided 
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the mole-Ǌŀǘǎ ǿƛǘƘ ǎƻƳŜǘƘƛƴƎ ǘƻ άōǳǊǊƻǿέ ǳƴŘŜǊ ŀƴŘ ǇǊƻōŀōƭȅ ǊŜŘǳŎŜŘ ǎǘǊŜǎǎ ǎƛƴŎŜ ǘƘŜȅ ǎǇŜƴǘ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ 
time under the towel.  

All protocols were approved by the University of Pretoria ethics committee (permit EC001-19). Permits 
for capture of mole-rats were provided by the Ezemvelo KZN Wildlife authority (permits OP27-20 and OP1545-
2021). 

 

 
Figure 3.1: Capture and housing conditions of mole-rats. A) Hickman live traps were placed in a tunnel to 
catch mole-rats. A metal pin with food attached keeps the door up, and closes when an animal pushes it. 
The doors were covered with a plastic cup to prevent soil from getting stuck in the door area and the whole 
trap was then covered with soil. B) Animals were housed with group members in large bins and provided 
with food and bedding material. 
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3.2.2 Group Demographics Analysis 
 
 For all statistical analyses, R 4.0.5 (R Core Team 2021) was used with various packages, and means are 
reported as mean + SD. Some groups were captured only once during the study period, while others were 
recaptured up to four times to track seasonal variation in demography. Groups were typically captured once 
during each season, but occasionally groups were recaptured again within the same season (e.g., accidentally 
recaptured searching for other groups). As a result, we only used a single capture per group per season for 
analysis. The packages geosphere (Hijmans et al. 2019) and rgeos (Bivand and Rundel 2020) were used to 
measure the Euclidian distance between one ƎǊƻǳǇΩǎ Dt{ ƭƻŎŀǘƛƻƴ ŀƴŘ ǘƘŀǘ ƻŦ another groupΩs location. The 
mean nearest neighbour distance between groups was calculated as the mean of the minimum distance from 
each group to the nearest adjacent group. The mean distance between groups was also calculated. 

The population density during each year of the study was calculated by dividing the number of unique 
individuals captured by the area of the study site. Mean group size was calculated by counting the number of 
animals present in a group at a capture session, summing results from all capture sessions during the study, 
then dividing by the total number of capture sessions. Mean group biomass was calculated similarly using the 
sum of individual body mass at each capture session. As a measure of recruitment, I calculated mean litter size 
across all groups by grouping individuals < 40g into cohorts based on body mass and upper tooth width, then 
taking the average count among cohorts (Spinks et al. 2000c, Finn et al. 2018). Annual population fecundity (b), 
the number of females born each year, can then be estimated as (litter size * number of litters per year)/2 (Hone 
et al. 2010). Maximum annual population growth rate (rm) can be calculated based on a simplified Lotka-Euler 
equation (Caughley 1977, Caswell 2001) assuming juvenile survival rates approximately equal adult survival, and 
age of last reproduction for females approaches infinity (Hone et al. 2010): 

 
                                                               ὰέὫὶ ὰέὫÌÎὦ ὰέὫ‌ (1) 
 

²ƘŜǊŜ ʰ Ŝǉǳŀƭǎ ŀƎŜ ŀǘ ŦƛǊǎǘ ǊŜǇǊƻŘǳŎǘƛƻƴ ŀƴŘ b ƛǎ ŀƴƴǳŀƭ ŦŜŎǳƴŘƛǘȅΣ ŀƴŘ ʰ Ŏŀƴ ōŜ ŜǎǘƛƳŀǘŜŘ ōȅ ǘƘŜ ǊŜƭŀǘƛƻƴǎƘƛǇ 
between basal metabolic rate (B = 0.94 ml ὕ  zὫ Ὤz  from Bennett et al. 1993c) and mean body mass at 
maturity (M = 80g, estimated from growth rates, see section 3.3.3 below) using the formula from Duncan et al. 
(2007): 

                                                                                                  ɻ    (2) 

 
I then calculated population and within group sex ratios. Methods to calculate sex ratios in animal 

populations has varied depending on the author and study species (reviewed in Ancona et al. 2017). Many of 
these classifications of sex ratios would be difficult to assign individuals to for this study. For example, counting 
the number of independent or mature individuals is problematic in mole-rats due to delayed dispersal and 
reproductive suppression inherent in mole-rats. Therefore, I calculated three different sex ratio values both for 
the population as a whole and within groups: (i) secondary sex ratio (SSR) as all individuals captured during the 
study period, (ii) adult sex ratio (ASR) as all individuals > 60g, and (iii) juvenile sex ratio (JSR) as individuals < 40g. 
Post mortem of individuals has previously indicated that individuals below 40g were not reproductively active 
(Spinks et al. 2000c, Oosthuizen 2007, Hart et al. 2021a). Each sex ratio was calculated by dividing the number 
of captured males by the total number of individuals based on the recommendations of Ancona et al. (2017). 
This method provides more accurate representation of sex ratios as a proportion of total individuals instead of 
simply dividing number of males by number of females which causes the values to be asymmetric and unbound 
if there are no females. Thus, the sex ratios have a value between 0 and 1, where values closer to 0 indicated 
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female sex-bias and those closer to 1 indicate male sex-bias. The deviation from parity in each sex ratio was 
compared using a Fisher exact test (Fisher 1935) for both years combined and for 2020 and 2021 separately.  
 Group demographics may fluctuate with recruitment depending on the time of the year. A series of 
independent generalized linear mixed models (GLMM) were used to investigate fluctuations in group 
demographics between seasons. All GLMMs in this chapter were run in R using the glmmTMB package (Brooks 
et al. 2017). Season (Spring-Summer/Autumn-Winter) was used as the predictor and group demographic 
variables were selected as the response for each independent model. The demographic variables used as 
response variables included group size (Poisson distribution), group biomass (gamma distribution), ASR (beta 
distribution), or JSR (beta distribution). A very small value (0.001) was added or subtracted from the sex ratios 
if it equalled 1 or 0 to conform to a beta distribution. There was not a significant difference between the SSR 
and ASR (T-test: df = 148.4, t = 1.83, p-value = 0.070), thus only ASR was use for this test. In the ASR model, 
groups with less than 2 individuals were excluded because group sizes of 2 can only have sex ratio values of 0, 
0.5, or 1. Likewise for the JSR model groups without juveniles were excluded. Group size was z-transformed and 
added as a predictor for the ASR and JSR models to determine if sex ratios varied with group size. In all models 
group identity was included as a random factor to control for repeated measures of groups and non-
independence.  
 
3.2.3 Sexual Size Dimorphism and Body Condition 
 
 I compared sexual size dimorphism between sex and reproductive status of adult (> 60 g) Natal mole-
rats. At capture animals were weighed to the nearest gram (accurate to 1g; Pelouze SP5, Rubbermaid, USA) and 
morphological measurements were collected by restraining mole-rats in a thick towel. Upper tooth width (TW) 
was measured at the base of the gums using digital callipers (accurate to + 0.01mm; HM Müllner 10109, Austria). 
TW was measured by two observers to reduce bias and ensure accuracy, and the mean TW was used for analysis. 
For some individuals, standard mammal measurements (total length, tail length, right hind foot) were taken 
with a ruler (accurate to 1mm). Total length was measured ventrally from the tip of the nose to the tail tip (sans 
hair). Tail length was measured along the side of the tail from tip to the base of the hips. This measurement was 
slightly more accurate compared to measuring from tail base to tail tip when holding the tail at a 90° angle due 
to the loose skin of mole-rats gathering at the tail base and decreasing the measurement. Hind foot length was 
measured from heel to end of the longest toe, claw included.  

Individuals were assigned a reproductive status, either reproductive or non-reproductive. Reproductive 
females were easily recognized by having both a perforate vagina and prominent nipples (Bennett and Faulkes 
2000). Some females had a perforate vagina, but barely visible nipples indicating that they had not raised a litter 
of pups yet; these were classified as non-reproductive females. It was more difficult to classify reproductive 
status for males. Male mole-rats possess inguinal testes above or adjacent to the penis which may sometimes 
be felt by palpation in reproductive individuals and can even bulge out of the inguinal pocket (Bennett and 
Faulkes 2000). However, testes were not always felt, even in large males. Reproductive males have longer 
tenure in a group than non-reproductive individuals (Torrents-Ticó et al. 2018), and therefore prolonged 
presence in the group across captures was also considered to determine if a male was reproductive or not. I 
tested for sexual size dimorphism in body mass, tooth width, total length, tail length, and hind foot lengths of 
adult individuals by sex and reproductive status. This dataset included a total of 426 body mass and tooth width 
values (males n = 245; females n = 181) from 306 unique adult individuals (males n = 173; females n = 134), and 
151 measurements of total, tail, and hindfoot lengths from 144 adults (males n = 79; females n = 65). A single 
morphology variable (body mass, tooth width, total length, tail, or hind-foot) was selected as the response and 
the interaction between sex and reproductive status as predictors with a Gamma distribution. Models including 
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the interaction between sex and reproductive status provided a better fit (i.e., lower AIC scores) than including 
both as fixed factors. Individual identity was added as a random factor to control for repeated measurements 
of individuals.  

I then assessed how body condition changed with season and group size using the same data set of adult 
individuals as the sexual dimorphism tests. I used the scaled mass index (SMI, Peig and Green 2009, 2010) which 
relates body mass and body size to estimate the energy reserves available to an individual when absolute 
measures are unavailable (e.g., body fat, dry mass, water content). The SMI calculates body condition by scaling 
the relationship between body size and mass in order to remove the covariation between the variables which 
allows for a more accurate comparison between individuals of a similar size (Peig and Green 2009, 2010). My 
dataset on body lengths was small (n = 151), and did not include repeated measurements of individuals in 
different seasons. Therefore, I relied upon upper incisor width (TW, n = 426) for which I had repeated 
measurements taken during both seasons. Previous work has shown that TW is a consistent feature which does 
not require anaesthesia to accurately measure skeletal features in mole-rats (Young and Bennett 2010, Thorley 
and Clutton-Brock 2019). The SMI method is a two-step process which first estimates the slope of the regression 
line and then uses it and the mean population body size to scale body mass (Peig and Green 2009). Due to the 
strong sexual size dimorphism in mole-rats (Caspar et al. 2021), I first tested if there were significant differences 
between sex (males/females) or reproductive status (reproductive/non-reproductive) by performing major axis 
regression of body mass against TW with either sex or status added using the smatr package (Warton et al. 

2012). Results indicated that regression slopes were significantly different between the sexes (Ⱶ  = 5.76, p-

value = 0.02), but not significantly different between reproductive status (Ⱶ  = 0.13, p-value = 0.71). 
Subsequently body mass was plotted against TW for males and females separately to identify and remove 
outliers in order to provide a better fit for the regression line. After outliers were removed, a major axis 
regression of log-transformed body mass against log-transformed TW was performed on males and females 
separately to find the slope of the regression lines. The SMI for each individual was then calculated using the 
following formula:  

                                                                              ὛὓὍ ὓ  (3) 

 
Where Mi is the body mass and Li the body size (i.e., TW in this case) of individual i, bSMA is the slope of the 
regression line, and Lo is the mean body size of the population (Pieg and Green 2009). I then used a GLMM for 
all individuals with a SMI score to determine if body condition differed between the sexes, reproductive status, 
seasons, or was affected by group size. SMI was selected as the response and the predicters were interactions 
between i) sex and reproductive status, ii) sex and season, iii) sex and group size, and iv) reproductive status 
and group size, and v) season and group size. Model testing showed that including the interactions allowed for 
better model fit. Individual identity was included as a random factor to control for repeat measurements. 
Models were visually checked for homogeneity of variance. 

The number of helper individuals in cooperatively breeding mole-rat societies are expected to provide 
increased fecundity and decreased workload benefits to reproductive females (Young et al. 2015, Houslay et al. 
2020). Following this assumption, I assessed the fecundity of reproductive females (queens) by testing whether 
the number of juveniles captured in groups (as a proxy for litter size) was affected by the number of non-
reproductive helpers, reproductive female SMI, or within-group adult sex ratios. At the study site queens often 
evaded capture and were not captured for every trapping session of a group. Because queens are known to 
have long tenure (Dammann and Burda 2007, Dammann et al. 2011, Torrents-Ticó et al. 2018, Begall et al. 2021, 
Thorley et al. 2021) I made the assumption that they were most likely present in a group even if they were not 
captured. Thus, I first selected only groups where a queen was captured, or assumed to be present with high 
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confidence (n = 56). SMI and ASR were calculated for each female as described previously. Helpers were non-
breeding individuals with a body mass over 40g. A GLMM with a zero-inflated negative binomial distribution 
was used to model the number of juveniles as the response with the predictors z-transformed queen SMI, the 
number of helpers, and group size. A zero-inflated negative binomial distribution was selected due to many of 
the groups having zero juveniles (66.1%, n = 37). Group identity and season (summer/winter) were added as 
random factors to account for repeated measures of groups within each season. Helper effects on queen body 
condition were further explored by testing whether number of helpers, adult sex ratio, or season predicted 
queen SMI. I expect that both queen SMI and number of helpers may cause an increase in number of juveniles, 
and that number of helpers improves queen SMI. 
 
3.2.4 Growth Rates of Natal Mole-rats 
 

I used upper incisor width (TW) and body mass to model growth rates of juvenile and adult mole-rats for 
males and females separately. Reproductive females were excluded from the dataset because variation in 
growth is minimal once they give birth (Thorley et al. 2018, Thorley and Clutton-Brock 2019). The male dataset 
included 52 individuals with 170 measures, and the female dataset included 43 individuals with 138 measures. 
The age of wild individuals was unknown, therefore typical age-related models such as Gompertz or Richards 
are not suitable because these equations require the use of an age or time term. Thorley and Clutton-Brock 
(2019) utilized interval equations to model changes in growth across successive captures when age information 
was missing. I determined interval equations were suitable for my dataset. Interval equations were modelled as 
both von-Bertalanffy (Equation 4) and logistic parameterization (Equation 5) interval equations were fitted as 
non-linear mixed effects models in the nlme package (Pinheiro et al. 2021).  

 
 Ὓ ὃ ὃ  Ὓ Ὡ                                                    (4) 
 

Ὓ ὃ ὛzȾὛ ὃ  Ὓ Ὡ  (5) 
 

Where S1 and S2 are the morphometric measure at first capture (T1) and second capture (T2), D is T2 ς T1, A is 
the upper asymptote to be estimated, and k is the growth rate constant to be estimated. The models estimate 
the population-level asymptotic mass and growth rate constant in the population, while accounting for 
individual variation in morphometric measures. Next, I included a standardized group size term to the von-
Bertalanffy growth model (equation 3) which accounted for effects of group size on individual growth (Thorley 
et al. 2021). 

                                                      Ὓ ὃ  ὃ ὋzὛ ὃ ὃ ὋzὛ Ὓ Ὡ  ᶻ                       (6) 

 
The AGS and kGS terms in equation 6 relate the change in asymptotic mass and growth rate constants with group 
size (GS). The group size for each individual was the mean group size for the first year that individual was 
captured within its group. The group sizes were z-transformed to normalize group sizes so that A and k were 
estimated at the mean group size experienced for each sex.  
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3.3 Results 
 
3.3.1 Group Demographics 
 

A total of 403 individual mole-rats (males n = 203, females n = 200) from 56 groups were captured in 95 
unique capture sessions totalling 638 total animal capture events (Figure 3.2). Of the 95 capture sessions, 44 
were complete captures and the remainder were incomplete captures (46%) where I suspect some individuals 
evaded capture. The proportion of incomplete captures was much higher than efforts to recapture Damaraland 
mole-rats (Thorley et al. 2021, Finn et al. 2022). I first tested whether there was a significant difference between 
group variables using all capture sessions or excluding incomplete captures. I found no significant difference in 
the means when excluding incomplete captures (t-test; group size: df = 96.3, t = 0.85, p = 0.53; biomass: df = 
89.6, t = 0.53, p = 0.79; sex ratio: df = 87.5, t < 0.001, p = 0.90). Thus, both complete and incomplete groups 
were combined to analyse demography. The mean time required to capture a group was 5.1 days + 2.5 (n = 97), 
and animals were kept in the lab for 6.3 days + 2.2 (n = 403). Out of the groups where recaptures were 
attempted, groups were captured 3.4 + 0.8 times (n = 15; groups captured only once: n = 41), where each 
individual was captured 1.9 + 1.0 times (n = 186, range 1 - 4) with a mean recapture rate of 68.1 + 0.11% (Table 
3.1). The overall population density including all captured individuals during the study was 8.3 individuals/ha 
(1.18 groups/ha), with a nearest neighbour distance of 46.3 + 31.7m and mean distance between groups of 
385.1 + 65.6m. The population density during the 2019-2020 season was 5.4 individuals/ha and 4.4 
individuals/ha during 2020-21, for a mean of 4.9 individuals/ha over the period of the study.  
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Figure 3.2: Group sizes across all captures at Glengarry for Natal mole-rats. First captures are marked in 
yellow, second captures in blue, third in green, and fourth capture in orange. Size of the circles indicate 
relative group size. 
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Table 3.1: Recapture rates during each capture period for groups with more than one capture. Capture rate 
was calculated by dividing the number of new individuals by the total number captured in that period. The 
recapture rate for Period 2 was reduced due to two incomplete captures during Period 1 where trapping was 
stopped early. 

Period Start End Groups New 
Individuals 

Recapture 
Individuals 

Tota
l 

Recapture 
Rate 

1 22 Jan 2020 19 Mar 2020 14 87 0 87 -- 
2 5 Aug 2020 12 Oct 2020 15 47 52 99 52.5% 
3 2 Feb 2021 19 Mar 2021 15 20 70 90 77.8% 
4 2 Jul 2021 29 Jul 2021 12 20 57 77 74.0% 

 
The mean group size for Natal mole-rats was 6.1 + 3.6 individuals with a mean biomass of 475.8 + 297.8g 

(Table 3.2). Only one reproductive female was captured in each group, however some non-reproductive females 
had perforate vaginas (n = 6), but never more than one in each group and the frequency was quite low overall 
(6 of 52 groups, 11.5%). The mean litter size was 1.3 + 0.6 pups (n = 23). One reproductive female gave birth to 
a litter of two in August while in captivity, these pups (both males) weighed 4 and 8 g respectively. I estimated 
female age at maturity to be 1.2 years, an annual fecundity of 1.3 pups (mean number of females born per year, 
assuming two litters per year), and therefore the maximum population growth rate was 0.17.  

The population wide sex ratios were evenly divided between males and females when considering 
unique individuals captured in the population (SSR: 0.50, p-value = 0.94; ASR: 0.50, p-value = 1.00; JSR 0.50, p-
value = 1.00). The population SSR for 2020 was slightly higher than the overall SSR, while 2021 was slightly 
female-biased, however neither were significantly skewed (2020: SSR = 0.53, p-value = 0.57; 2021: SSR = 0.49, 
p-value = 1.00). The population ASR for 2020 and 2021 were both male-biased, though statistically not 
significantly different than parity (2020: ASR = 0.59, p = 0.05; 2021: ASR = 0.53, p-value = 0.78). However, within 
group sex ratios varied widely between groups, with some groups consisting predominantly of one sex, and as 
a result within group mean SSR was skewed towards females and ASR was skewed towards males (Table 3.2). 
However, the difference between SSR and ASR was not significant (T-test: df = 148.4, t = 1.83, p-value = 0.07). 
This lack of difference was likely due to the small number of juveniles captured in the population during the 
study (7.4%, n = 30).  

No seasonal differences were uncovered in demographics. Group size, biomass, sex ratios, and presence 
of juveniles did not change significantly between seasons (Table 3.3). During summer the number of within-
group males increased and the number of within-group females decreased, but this relationship did not affect 
the mean ASR (Table 3.2, Fig. 3.3). However, ASR was significantly affected by group size, wherein larger groups 
contained more males (Table 3.3, Fig. 3.3). The JSR did not differ significantly between seasons, and was not 
affected by group size (Table 3.3).  
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Table 3.2: Mean group demographics for Natal mole-rats across all capture sessions (n = 95). Biomass is the 
mean total body mass of all individuals across groups. Litter size is the number of juveniles (< 40g) of similar 
body size at capture. Sex ratios are the mean proportion of males within groups, and only included groups with 
more than two individuals. A score of 0 is a group composed of all females, and a score of 1 is composed of all 
males. Secondary sex ratio is all individuals, adult sex ratio includes individuals > 60g, and juvenile sex ratio is 
individuals < 40g within each group. Males and females per group is the mean number of each sex present in a 
group across all groups. 

 Overall Summer Winter 
 Mean + SD Range Mean + SD Range Mean + SD Range 

Group Size 6.1 + 3.6 1 ς 18  6.1 + 3.8 1 ς 18 6.0 + 3.4 1 ς 14 

Biomass (g) 475.8 + 297.8 42 ς 1361 484.1 + 321.0 57 - 1361 465.8 + 270.5 42 ς 1111 

Litter Size 1.3 + 0.6 1 ς 2 1.3 + 0.6 1 ς 3 1.4 + 0.7 1 ς 3 

Secondary Sex Ratio 0.46 + 0.2 0 ς 1 0.46 + 0.2 0 ς 1 0.47 + 0.2 0 ς 1 

    Males per group 3.1 + 2.8 0 ς 13  3.2 + 3.2 0 ς 13 3.0 + 2.2 0 ς 9 

    Females per group 3.0 + 1.6 0 ς 7 3.0 + 1.5 0 ς 7 3.1 + 1.7 0 ς 6 

Adult Sex Ratio 0.53 + 0.3 0 ς 1 0.54 + 0.3 0 ς 1 0.55 + 0.2 0 ς 1 

    Males per group 2.9 + 2.6 0 ς 13  2.7 + 2.9 0 ς 12 2.4 + 1.8 0 ς 6 

    Females per group 2.8 + 1.5 0 ς 6  1.8 + 1.3 0 ς 4 2.1 + 1.3 0 ς 5 

Juvenile Sex Ratio 0.46 + 0.5 0 ς 1  0.40 + 0.5 0 ς 1  0.52 + 0.5 0 ς 1  

    Males per group 0.2 + 0.4 0 ς 2 0.1 + 0.3 0 ς 1 0.2 + 0.6 0 ς 2  

    Females per group 0.2 + 0.4 0 ς 2 0.2 + 0.4 0 ς 2 0.1 + 0.4 0 ς 1 

 
Table 3.3: Results from GLMM comparing group demographics between seasons and group size. ASR ς adult 
sex ratio (individuals > 60g), JSR ς juvenile sex ratio (individuals < 40g). Sex ratios were calculated as the 
proportion of males in a group.  

Predictor Estimate S.E. p-value 

Group Size    
Intercept 1.700 0.087 < 0.001* 
Season 0.002 0.094        0.98 
Biomass    
Intercept 6.100 0.103 < 0.001* 
Season -0.018 0.127        0.89 
ASR    
Intercept -0.697 0.360        0.05 
Season -0.016 0.220        0.94 
Group Size 0.132 0.046    0.004* 
JSR    
Intercept -0.693 0.828        0.40  
Season 0.258 0.579        0.66 
Group Size 0.055 0.082        0.50 
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Fig 3.3: Difference in adult sex ratio between A) seasons and B) group size. Sex ratios were calculated as 
the proportion of adult males (body mass > 60g) in a group. A group composed of all males has a score of 1, 
and 0 represents a group of all females. Box plots represent median and 25/75% quartiles, with whiskers 
extending 1.5x beyond interquartile range. Blue line in B indicates regression line with 95% confidence 
intervals in grey, and data points represent a single capture of a family group.  

 
3.3.2 Sexual Size Dimorphism and Body Condition 
 
 Sexual size dimorphism was prominent in Natal mole-rats, with differences in body mass and upper 
incisor width the most pronounced (Table 3.4, Figure 3.4). Males were significantly heavier, longer, and 
possessed larger skulls (as measured by upper incisor width) compared to females, and the same results were 
present when reproductive and non-reproductive individuals were compared (Table 3.5). Allometry results from 
major axis regression showed that males had a stepper relationship between body mass and skeletal changes 
regardless of reproductive class (Figure 3.5a). The scaled mass index (SMI) followed similar trends to body mass, 
with significant differences in SMI between the sexes, and reproductive classes within each sex (Table 3.6). 
Mean SMI was significantly higher overall for males compared to females (males = 94.2 + 13.4, females = 79.5 + 
10.8), and reproductive individuals of both sexes had higher mean SMI than non-reproductive conspecifics 
(reproductive: males = 96.0 + 13.5, females = 84.8 + 11.5; non-reproductive: males = 93.0 + 13.2, females = 77.6 
+ 10.0; Figure 3.5b). Additionally, SMI was significantly affected by both season and group size (Table 3.6, Figure 
3.5). Reproductive males had higher mean SMI during summer compared to winter (summer: 98.6 + 12.9, winter 
= 92.5 + 13.8), while reproductive females had lower mean SMI during summer (summer = 84.2 + 11.8, winter 
= 85.6 + 11.4; Figure 3.5b). For non-reproductive females mean SMI was similar between seasons (summer = 
77.6 + 10.4, winter = 77.7 + 9.5), but non-reproductive males had a lower mean SMI during summer (summer = 
91.5 + 13.1, winter 94.9 + 13.2; Figure 3.5b). The relationship between sex, reproductive status, and season (i.e., 
sex*status*season) was not significant (est. = 5.28, SE = 3.00, p = 0.08) and was removed to improve the model 
fit. During winter SMI was positively correlated with group size in females of both status classes and for 
reproductive males only, while non-reproductive males showed minimal group size effects on SMI (Figure 3.5c). 
During summer SMI was negatively correlated with group size in non-reproductive males, and females of both 
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status classes, while SMI was positively correlated with group size for reproductive males (Figure 3.5d). Results 
assessing fecundity of reproductive females showed that neither number of helpers, SMI, nor ASR significantly 
affected the number of juveniles found within groups (helpers: est. = 0.10, S.E. = 0.9, p-value = 0.26; SMI: est. = 
0.04, S.E. = 0.02, p-value = 0.13; ASR: est. = -0.83, S.E. = 1.22, p-value = 0.49). Further analysis revealed that 
number of helpers improved SMI in reproductive females (est. = 1.18, S.E. = 0.58, p-value = 0.04). 
 
Table 3.4: Body size of male and female Natal mole-rats (Cryptomys hottentotus natalensis). Values are for 
adult individuals (body mass > 60g). Sample size (n) is the total number of measurements across all individuals. 
Sexual size dimorphism (SSD) is the male mean divided by the female mean. 

 Male Range n Female Range n SSD 

All         
Body Mass (g) 94.8 + 22.8 60 ς 160 244 79.6 + 14.5 60 ς 122 183 1.19 
Tooth Width (mm) 5.37 + 0.55 3.72 ς 6.78 244 4.89 + 0.32 3.94 ς 5.67 183 1.10 
Total Length (mm) 155.9 + 10.8 120 ς 176 74 147.0 + 8.2 130 ς 161 43 1.06 
Tail (mm) 20.4 + 2.9 12 ς 26 74 20.3 + 2.9 13 ς 27 43 1.00 
Hindfoot (mm) 25.8 + 1.7 22 ς 30 74 24.3 + 1.4 21 - 28 43 1.06 
        
Non-reproductive        
Body Mass (g) 84.2 + 17.6 60 ς 135 171 75.2 + 12.6 60 ς 122 225 1.12 
Tooth Width (mm) 5.15 + 0.50 3.72 ς 6.55 171 4.83 + 0.33 3.94 ς 5.67 226 1.07 
Total Length (mm) 152.5 + 10.8 133 ς 176 47 143.9 + 6.9 130 ς 156 55 1.06 
Tail (mm) 19.9 + 2.7 15 ς 24 47 20.1 + 3.0 13 ς 27 55 0.99 
Hindfoot (mm) 25.5 + 1.6 22 ς 29 47 24.1 + 1.3 21 ς 27 55 1.06 
        
Reproductive        
Body Mass (g) 110.7 + 20.4 61 ς 160 101 92.2 + 12.2 71 ς 118 46 1.20 
Tooth Width (mm) 5.71 + 0.45 4.64 ς 6.78 101 5.04 + 0.23 4.67 ς 5.58 46 1.13 
Total Length (mm) 159.7 + 9.6 120 ς 176 36 154.3 + 6.2 142 ς 161 13 1.03 
Tail (mm) 20.9 + 3.1 12 ς 26 36 20.9 + 2.5 16 ς 24 13 1.00 
Hindfoot (mm) 26.2 + 1.7 22 - 30 36 24.8 + 1.6 22 ς 28 13 1.06 
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Figure 3.4: Sexual size dimorphism in adult Natal mole-rats (Cryptomys hottentotus natalensis) showing 
A) body mass, B) upper incisor width, C) total length, D) tail length, and E) hindfoot length. Adults are 
individuals with a body mass over 60g. Box plots represent median and 25/75% quartiles, with whiskers 
extending 1.5x beyond interquartile range and outliers as black circles. 
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Table 3.5: Results of GLMMs comparing sexual size dimorphism of Natal mole-rats (Cryptomys hottentotus 
natalensis). 

Predictor Estimate S.E. p-value 

Body Mass    
Intercept 4.31 0.02       < 0.001* 
Sex 0.12 0.02       < 0.001* 
Status 0.19 0.03       < 0.001* 
Sex * Status 0.06 0.04          0.13 
Tooth Width    
Intercept 1.57 0.01       < 0.001* 
Sex 0.07 0.01       < 0.001* 
Status 0.04 0.01          0.005* 
Sex * Status 0.06 0.02          0.003* 
Total Length    
Intercept 4.97 0.01       < 0.001* 
Sex 0.06 0.01       < 0.001* 
Status 0.07 0.02       < 0.001* 
Sex * Status -0.02 0.02          0.33 
Tail Length    
Intercept 3.00 0.02       < 0.001* 
Sex -0.01 0.03          0.77 
Status 0.04 0.05          0.40 
Sex * Status 0.01 0.06          0.83 
Hind-foot Length    
Intercept 3.18 0.01       < 0.001* 
Sex 0.06 0.01       < 0.001* 
Status 0.03 0.02               0.12 
Sex * Status -0.01 0.02          0.83 

 
Table 3.6: Results from a GLMM testing the effects of sex, reproductive status, group size, and season on 
scaled mass index. The scaled mass index (SMI) is a representation of body condition which scaled body mass 
based on the relationship between body mass and upper incisor width.  

Predictor Estimate S.E. p-value 

Intercept 76.63 2.44 < 0.001* 
Sex 20.91 3.28 < 0.001* 
Reproductive Status 3.45 3.15    0.27 
Season 3.44 1.74 < 0.05* 
Group Size 0.19 0.30    0.52 
Sex * Status -6.49 2.95    0.03* 
Sex * Season 0.46 1.38    0.74 
Sex * Group Size -0.56 0.36    0.11 
Status * Group Size 0.57 0.35    0.10 
Season * Group Size -0.47 0.18    0.009* 
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Figure 3.5: Relationships between body condition (scaled mass index), season, and reproductive status 
among adult Natal mole-rats. A) Relationship between tooth width and body mass for males (blue) and 
females (red). There was no significant difference between the slopes of reproductive (triangles) and non-
reproductive (circles) individuals (p-value = 0.71). B) Box plot showing scaled mass index and season for non-
reproductive and reproductive individuals of both sexes. Box plots represent median and 25/75% quartiles, 
with whiskers extending 1.5x beyond interquartile range and outliers as black circles. C) The relationship 
between group size and scaled mass index during the winter season (yellow outline) for reproductive 
(dashed) and non-reproductive (solid) males (blue) and females (red). D) Shows the same as C for the 
summer season (blue outline). Data points are plotted behind and were jittered to prevent overplotting.  
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3.3.3 Growth Rates of Natal Mole-rats 
 
 The von Bertalanffy growth model provided a better fit to the data than the logistic model (Table 3.7). 
This implies that the shape of the growth curve is concave and lacks an obvious inflection point. The results 
show that males exhibited a higher maximum body mass as well as a greater skull size compared to females, in 
line with my above results. Males had a greater maximum growth rate in both body mass and skull size 
compared to females (Figures 3.6 & 3.7). Including the group size term did not significantly change the models 
(Tables 3.8 & 3.9), and therefore group size did not significantly affect growth rates. 
 
Table 3.7: Estimates from growth models fitted to incisor width and body mass in wild Natal mole-rats. A is 
the upper asymptote, k is the relative maximum growth rate, SE is standard errors, gmax is the absolute 
maximum growth rate estimated from the model, and AIC is the Akaike Information Criterion.  

 Model A (SE) k (SE) gmax AIC 

Males      
Incisor width von Bertalanffy 6.13 (0.12) 0.00215 (0.00031) 0.00667mm/day 14.02 
 Logistic 5.96 (0.09) 0.00323 (0.00043) 0.00477mm/day 26.44 
Body Mass von Bertalanffy 98.46 (3.25) 0.00484 (0.00071) 0.253g/day 637.39 
 Logistic 97.60 (2.97) 0.00749 (0.00070) 0.159g/day 642.93 
Females      
Incisor width von Bertalanffy 5.26 (0.08) 0.00237 (0.00032) 0.00551mm/day -53.36 
 Logistic 5.02 (0.07) 0.00433 (0.00051) 0.00526mm/day -17.25 
Body Mass von Bertalanffy 78.64 (4.37) 0.00370 (0.00096) 0.158g/day 497.39 
 Logistic 75.31 (3.19) 0.00672 (0.00122) 0.118g/day 507.61 

 
 

 
Figure 3.6: Body mass growth rates in wild Natal mole-rats from repeated capture sessions. Asymptotic 
mass and growth rate were estimated from repeat captures using a von Bertalanffy growth model. This 
equation models change in growth between capture times (t1 Ҧ t2). A) Raw body mass data from repeated 
captures of males (blue) and females (red). The horizontal line indicates the population-level asymptote 
estimate from the growth curve. B) Fitted growth rates for males (blue circles) and females (red triangles), 
where each point represents a single slope from A. 
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Figure 3.7: Skull growth rates in wild Natal mole-rats from repeated capture sessions. Asymptotic upper 
incisor width and growth rate were estimated from repeat measures of the upper tooth width using a von 
Bertalanffy growth model. This equation models change in growth between capture times (t1 Ҧ ǘ2). A) Raw 
incisor width data from repeated captures of males (blue) and females (red). The horizontal line indicates 
the population-level asymptote estimate from the growth curve. B) Fitted growth rates for males (blue 
circles) and females (red triangles), where each point represents a single slope from A. 

 
Table 3.8: Body mass growth related to group size in wild Natal mole-rats. Results are from non-linear mixed 
effect models that included a group size effect in von Bertalanffy interval growth equations. Models were 
fitted on repeated measures separately for males (n = 170) and females (n = 138).  

 Estimate S. E. DF t-value p-value 

Females (n = 43)      
Fixed effects      
A 109.99 21.25 23 5.17 < 0.001* 
AGS      1.84 15.57 23 0.12    0.907 
k 0.19000 0.08298 23 2.35    0.028* 
kGS -0.00024 0.00034 23 -0.72    0.476 
Random effect Variance Residual    
A ~ 1|AnimalID 0.00439 7.19    
k ~ 1|AnimalID 0.08302     

Males (n = 52) Estimate S.E. DF t-value p-value 
Fixed effects      

A 122.35 7.15 30 17.12 < 0.001* 
AGS     9.99 6.57 30 1.52    0.139 
k     0.32263 0.05698 30 5.66 < 0.001* 
kGS     0.00008 0.00031 30 0.26    0.797 
Random effect Variance Residual    
A ~ 1|AnimalID 0.00798 9.58    
k ~ 1|AnimalID 0.00001     
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Table 3.9: Skull growth related to group size in wild Natal mole-rats. Skull growth was estimated from repeat 
measurements of the upper tooth width. Results are from non-linear mixed effect models that included a 
group size effect in von Bertalanffy interval growth equations. Models were fitted on repeated measures 
separately for males (n = 170) and females (n = 138).  

 Estimate S. E. DF t-value p-value 

Females (n = 43)      
Fixed effects      
A      5.09 0.08 23 63.37 < 0.001* 
AGS      0.10 0.07 23 1.35    0.190 
k 0.55556 0.08782 23 6.33 < 0.001* 
kGS -0.00030 0.00050 23 -0.59    0.558 
Random effect Variance Residual    
A ~ 1|AnimalID 0.13643 0.12    
k ~ 1|AnimalID 0.24473     

Males (n = 52) Estimate S.E. DF t-value p-value 
Fixed effects      

A     6.05 0.11 30 53.84 < 0.001* 
AGS     0.08 0.10 30 0.76    0.456 
k     0.44005 0.06494 30 6.78 < 0.001* 
kGS     0.00024 0.00035 30 0.69    0.493 
Random effect Variance Residual    
A ~ 1|AnimalID 0.00002 0.20    
k ~ 1|AnimalID 0.21870     

 
3.4 Discussion 
 

This study assessed the population demography and body size in a population of Natal mole-rats at a 
high elevation in the KwaZulu Natal midlands of South Africa (annual rainfall 1577mm). Group sizes in the Natal 
mole-rats (6.1 + 3.6 individuals, range 2 ς 18) were comparable to previous studies on subspecies of the genus 
Cryptomys (Spinks et al. 2000b, Janse van Rensberg et al. 2002, Oosthuizen et al. 2008), although the mean 
group size was much smaller than the mean group size in a previous study at the same location (9.1 + 2.8 
individuals, Lutermann et al. 2013a) as well as the Mahali mole-rat (Cryptomys hottentotus mahali, 11.3 + 0.4) 
from north of Pretoria, South Africa (Hart et al 2021). The annual population density of mole-rats in the 
Drakensberg (4.9 individuals/ha) was higher than in arid dwelling mole-rats (Damaraland mole-rat: 3.9 
individuals/ha, Finn et al. 2018 and 2.2 individuals/ha, Mynhardt et al. 2021; common mole-rat: 1.8 
individuals/ha, Spinks et al. 2000b,c), and two populations of mole-rats inhabiting regions receiving over 800mm 
ƻŦ ǊŀƛƴŦŀƭƭ ǇŜǊ ȅŜŀǊ ό!ƴǎŜƭƭΩǎ ƳƻƭŜ-rats: 2.1 individuals/ha, ~ƪƭƝōŀ et al. 2012; silvery mole-rats: 4.6 individuals/ha, 
~ƪƭƝōŀ et al. 2016). The population density at my study site was lower than a population of common mole-rat 
receiving 828mm of rain per year (Cryptomys hottentotus hottentotus; 18.7 individuals/ha, Spinks et al. 2000b, 
c). Annual rainfall alone may not explain population density differences in bathyergids, and knowledge of the 
geophytes available is required to understand the differences in population density between species or study 
sites. Soil characteristics may affect distribution of geophytes, the food sources mole-rats rely on, more than 
precipitation, and in turn the biomass of geophytes may differ in areas receiving the same rainfall (Lövy et al. 
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2012). Resource availability, litter size, and even individual growth rates may affect population trends more than 
rainfall or soil characteristics alone (Ylönen et al 1988, Leirs et al 1993, Huan et al. 2010, Ozgul et al. 2010).  

Few studies on social mole-rats have provided data to differentiate between population-level and 
within-group sex ratios or even between SSR (secondary sex ratio) and ASR (adult sex ratio) (Scharff et al. 2001, 
Sichilima et al. 2011, ~ƪƭƝōŀ Ŝǘ ŀƭΦ 2012), instead the majority have only reported total population sex ratios and 
SSR (Brett 1986, Spinks et al. 2000c, Finn et al. 2018). In social species such as mole-rats, being able to determine 
differences between population and within-group sex ratios provide better clarity on demographic processes. 
For example, within-group ASR may provide clues to sex-biased philopatry and dispersal trends. Both the 
Zambian mole-rat species from a region of high annual rainfall possessed female-biased within-group ASR 
(Fukomys mechowii: Scharff et al. 2001, Sichilima et al. 2011; Fukomys anselliΥ лΦпсΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмнύΦ My results 
indicate a female-bias in within-group SSR (0.46) and JSR (0.46), but a male-bias in within-group ASR (0.53); 
although the difference may be minor or related to the small number of juveniles captured during the study. 
Therefore sex-biased mortality among juveniles may be limited, and the higher ASR would not be due to 
generational overlap. While the only study on mole-rats in the genus Cryptomys comparing rainfall patterns on 
demographics (Spinks et al. 2000b, c) did not provide data to calculate within-group sex ratios, the authors found 
that sex ratios of recruits and missing individuals was significantly male-biased at the site with a higher rainfall. 
This may imply that a male-biased ASR may be the result of increased annual rainfall, which may also be related 
to dispersal tendencies because natal dispersal is more likely to occur when the soil softens after heavy rain. A 
higher male dispersal rate may explain the female-biased within-group sex ratios in Zambian mole-rats if male 
mortality is also high during dispersal. I also found that sex ratios became more male-biased as group size 
increased. The strong positive relationship between group size and sex ratio indicates two possible scenarios: 
high female competition, or high male immigration. Higher female competition between females may force 
females to disperse sooner than males to establish their own territories for breeding opportunities. I suspect 
that the females will disperse alone and construct new burrow systems to wait for males to find them and thus 
create a new family group as seen in Damaraland mole-rats (Thorley et al. 2021). Males may emigrate earlier 
than females and may immigrate into established groups while searching for receptive females as proposed 
before in social mole-rats (Spinks et al. 2000c, Torrents-Ticó et al. 2018, Thorley et al. 2021, Finn et al. 2022). 
Territory size increases with group size (Thomas et al. 2016) and it may be easier for dispersing males to locate 
these larger groups based on random change, and have a higher success rate in finding receptive females in 
larger groups. A high male immigration rate may be present in habitats with softer soils, increased soil moisture 
and higher population density. It would be of interest to further test this hypothesis if within-group sex ratios 
vary with rainfall and group size in other social mole-rats. 

The number of juveniles in a group did not vary between seasons, and juveniles were captured between 
February ς April and again from July ς October. The captured pups were likely 2 ς 3 months old at time of capture 
(Thorley 2018), and therefore most likely born in summer (approximately November ς February) and winter 
(April ς August) respectively. Based on a gestation length of 55 ς 66 days in Cryptomys (Bennett 1989), breeding 
would have occurred between September and October and again in February and March. This result confirms 
that births were not limited to a single season in Natal mole-rats (Oosthuizen et al. 2008), and at least two litters 
per year can occur. Breeding likely occurs just prior to (Sept ς Oct) or just after (Feb - March) the peak in yearly 
rainfall so that births coincide with plant growth and water availability in geophytes, as suggested by Janse van 
Rensburg (2003) for the related highveld mole-rat (Cryptomys hottentotus pretoriae). The mean litter size of 1.5 
pups is reduced compared to previous studies in Cryptomys (3 pups, Bennett et al. 1991; 2.3 ς 2.6 pups, Spinks 
et al. 2000c). Cryptomys in general have reduced litter sizes compared to Fukomys mole-rats (Fukomys anselli: 
2.4 ς 2.7 pups, Begall and Burda 1998, Sichilima et al. 2011; Fukomys damarensis: 2.8 ς 3.0 pups, Bennett and 
Jarvis 1988, Bennett et al. 1991; Fukomys darlingi: 1.7 pups, Bennett et al. 1994; Fukomys mechowii: 2.1 pups, 
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Scharff et al. 1999) and it has been proposed that a reduction of follicle number in Cryptomys may cause the 
reduced litter size (Janse van Rensburg et al. 2002). The predicted recruitment rate for a reproductive female 
would be 2.6 pups per year, and this would equate to a population wide recruitment rate of approximately 80 
juveniles per year population wide (based on approximately 30 reproductive females). However, I only captured 
30 juveniles during the entire 2-year study, and this value agrees more closely with the low population growth 
rate. Low recruitment was also found in giant mole-rats (Kawalika and Burda 2007). The similar sex ratios of 
juveniles between each season likely means that juvenile mortality is very low, which was an assumption of the 
population growth rate calculation (0.17). The small litter sizes, reduced number of captured juveniles, and low 
estimated population growth rate indicates that the population size is expected to remain constant or possibly 
decline across multiple generations. [ƛŦŜ ƘƛǎǘƻǊȅ ŎƻƳǇŀǊƛǎƻƴǎ ƻŦ ƳŀƳƳŀƭǎ Ƙŀǎ ƭŜŘ ǘƻ ǘƘŜ άŦŀǎǘ-ǎƭƻǿ ŎƻƴǘƛƴǳǳƳέ 
in which species can be placed based on lƛŦŜ ƘƛǎǘƻǊȅ ǘǊŀƛǘǎ όhƭƛ ŀƴŘ 5ƻōǎƻƴ нллоύΦ aŀƴȅ ǊƻŘŜƴǘǎ ŀǊŜ άŦŀǎǘέ 
species, characterized by high fecundity, short maturation times, and high mortality. Mole-rats have more in 
ŎƻƳƳƻƴ ǿƛǘƘ ƻǘƘŜǊ άǎƭƻǿέ ǎǇŜŎƛŜǎ ǎǳŎƘ ŀǎ cetaceans and bats which exhibit delayed maturity, high juvenile and 
adult survival rates, low fecundity, and long lifespans (Oli 2004, Lynch and Fagan 2009, Hone et al. 2010). Thus, 
the low population growth rate is to be expected.  

The strong sexual size dimorphism in Natal mole-rats is in agreement with other studies on sexual 
dimorphism in social mole-rats (reviewed in Caspar et al. 2021). Mean body mass of all individuals was reduced 
compared to previous work by Oosthuizen (2007) almost 20 years ago at the same study site. This result is 
difficult to interpret. It may be due to the larger sample size of this study (n = 427) compared to Oosthuizen (n 
= 201; 2007). For example, Yom-Tov and Geffen (2010) found that the statistical ability to detect temporal 
changes in body mass increased dramatically in sample sizes over 100 individuals. The difference in body masses 
between the time periods may also be related to trends observed in other small mammal populations which 
have experienced a reduction in body mass due to the combined effects of climate change and anthropogenic 
habitat alteration (Ozgul et al. 2010, Villar and Naya 2018, Myakusho 2021). The study site has been modified 
by the land owners since the previous study, but the owners do not provide extra water or fertilizer to the areas 
where I captured mole-rats (G. Sivright, pers. comm.). I found that mean annual temperatures have increased 
by 1.5°C since the early 1950s at the study site (see Chapter 2). There is a possibility that body mass has 
decreased as a result of a changing environment. However, a larger sample size of individuals across South Africa 
with morphometric measures (e.g., total length, hindfoot length, cranial length, etc) collected over a larger time 
frame would be better suited to assessing temporal changes in body mass in mole-rats (sensu Villar and Naya 
2018, Myakusho 2021). For other confounding factors influencing temporal changes in body mass see Yom-Tov 
and Geffen (2010). 

I found that scaled mass index (SMI, a measure of body condition (Peig and Green 2009, 2010)), was 
higher in reproductive individuals compared to non-reproductive individuals. Additionally, body condition 
increased in large groups during summer (the wet season), but decreased in larger groups during winter, the 
drier season. This result echoes previous work which showed that fat stores decreased in winter, and daily 
energy expenditure increased in larger groups (Lutermann et al. 2013a). My result may indicate both a 
difference in quality of geophytes between seasons and increased foraging efficiency of large groups. The 
negative correlation between group size and body condition in winter may mean that food resources are 
reduced in winter (in either quality or quantity), despite the assumption that mole-rats cache food to get 
through lean times. Therefore, within-group competition may increase, and larger groups may have more 
difficulty in locating enough geophytes during the dry winter, and as a result body condition decreased in 
individuals from larger groups. In pocket gophers, it was found that individuals consumed more during winter 
(Howard and Childs 1959), and body mass decreased with rainfall in pouched mice (Saccostomus campestris, 
Ellison et al 1993). A similar relationship may be present in mole-rats, with the combination of greater 
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consumption and reduced food during the drier winter season may cause reduced body condition. Additionally, 
burrow size may increase with group size, and individuals in larger groups may travel further and expend more 
energy while searching for food during winter. I do not believe the decrease in SMI during winter as group size 
increases would be related to thermoregulatory costs from colder temperatures because larger groups are 
expected to provide greater energy saving benefits via huddling (Kotze et al. 2008). The relationship between 
body condition and food availability is speculative and a detailed analysis of seasonal changes in geophyte 
quality and quantity is required to fully understand the changes in body condition between seasons.  

Some studies have found similar growth rates in body mass between the sexes (Bennett et al. 1991, 
Bennett and Navarro 1997, Scharff et al. 1999, Young and Bennett 2013), but two recent studies found male 
Damaraland mole-rats gain body mass faster than females (Zöttl et al. 2016a, Thorley and Clutton-Brock 2018). 
My results were similar to Thorley and Clutton-Brock (2018) using von Bertalanffy growth models which found 
differences in skeletal growth between the sexes. Male Natal mole-rats exhibited a higher upper asymptote in 
both body mass and skull size as well as a higher maximum growth rate compared to females. Males reach a 
peak in body mass at approximately 100g whereas females peak at approximately 80g, and these body mass 
values are very similar to the mean adult body masses. This body mass likely indicates when most individuals 
reach full maturity (mean adult body mass) which would be at 344 days for males and 449 days for females. This 
calculated time to adult body mass for females is exactly the same as the 1.2 years to maturity of reproductive 
females which was estimated from life history data. Other studies on mole-rats have found that individuals may 
leave the burrow to find reproductive opportunities between 1 and 2 years old (Torrents-Ticó et al. 2018, 
Thorley et al. 2021) which is in line with the maturity ages estimated in this study. Applying the growth rates 
(0.22g/day) from Bennett et al. (1991) to the mean adult body mass of Natal mole-rats from this study show 
that males reach adult body mass in 395 days and females at 323 days. Direct comparisons between the von 
Bertalanffy and Gompertz methods are challenging, and should be taken with caution (Thorley and Clutton-
Brock 2018). Asymptote values and absolute growth rates were higher in Damaraland mole-rats compared to 
Natal mole-rats (Thorley and Clutton-Brock 2018). This result is most likely due to the greater adult body size 
attained by Damaraland mole-rats. It may also be related to collective foraging benefits from a larger work force 
in Damaraland mole-rats (Young et al. 2015, Houslay et al. 2020).  

A larger workforce is expected to increase group survival overall, but specifically reduce workload of the 
reproductive female which allows for greater conservation of energy, which results in higher fecundity and 
better body condition (Houslay et al. 2020). Maximum and mean group sizes of Natal mole-rats were lower 
compared to previously recorded group sizes of Damaraland mole-rats (Jarvis et al. 1994, Finn et al. 2018), and 
therefore the collective foraging and helping effects may be reduced in Natal mole-rats. My results only partially 
agree with the predictions of collective foraging benefits and helper effects on improving group efficiency and 
reproductive female fecundity or body condition. I did not find any group size effects on individual growth rates 
of group members, nor helper effects on reproductive female fecundity in Natal mole-rats, unlike studies on 
Damaraland mole-rats (Young et al. 2015, Zöttl et al. 2016a, Houslay et al. 2020, Thorley et al. 2021). The lack 
of group size effects on growth rates may indicate that within-group competition is reduced or perhaps that 
food quality and availability is increased compared to the Kalahari. The SMI of all non-reproductive individuals 
and reproductive males increased with group size during summer, but decreased with group size in winter. 
Group size effects on SMI during winter is therefore more likely to be related to either food availability or costs 
of locating food in larger groups than within-group competition. However, reproductive female SMI increased 
with the number of helpers during both seasons. The result that only female growth rates increased with group 
size during winter while decreasing for all other group members indicates that group size affects have a strong 
positive benefit for only reproductive females.  The lack of effects on reproductive female fecundity may be due 
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to the juvenile sample size (7.4%, n = 30) since other results indicate improved body condition with increasing 
group size, especially during winter when geophyte quality may be reduced.  

This study provides baseline population demography on the subterranean Natal mole-rat living in a high 
elevation grassland habitat. Group size was reduced compared to various species of mole-rats from the genus 
Fukomys, but are within the range for other Cryptomys populations. The majority of individuals remained in 
their group for 1 year, and some were recaptured at every attempt over the 2-year study. The low mean litter 
size translates to a slow overall population growth rate. The reduction in group size compared to other social 
mole-rats may have consequences on collective foraging and body condition of group members during different 
seasons. Body condition of individuals varied between seasons and was also affected by group size. During 
summer body condition increased with increasing group size, and the opposite trend was found during winter. 
This change in condition could be related to better geophyte quality as it would be expected that geophyte 
quality deceases as soil moisture decreases into winter. However, larger groups would be expected to 
compensate for this by having more workers to locate food. Even though litter sizes were slightly reduced 
compared to other studies on subspecies of the genus Cryptomys, population density at my study site was higher 
than most previous studies, with one exception. The population at Glengarry, a human altered semi-natural 
landscape, seems to be stable although with a slow population growth rate. However, the effects of climate 
change may be present due to reduced mean body mass compared to a study 20 years ago. 
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CHAPTER 4 
Seasonal changes in locomotor activity patterns of 
wild Natal mole-rats  

This chapter has been published in Frontiers in Ecology and Evolution: 
Finn KT, Janse van Vuuren AK, Hart DW, Süess T, Zöttl M and Bennett NC. (2022). Seasonal changes in locomotor 
activity patterns of wild social Natal mole-rats (Cryptomys hottentotus natalensis). Front. Ecol. Evol. 10:819393. 
DOI: 10.3389/fevo.2022.819393 
 
Abstract 
 Differences in individual locomotor activity patterns may be linked to a number of ecological factors, 
such as changes in ambient temperature or photoperiod. Observations on subterranean mammals suggest that 
they exhibit diel rhythms despite the lack of visual cues in their underground burrows, but it is unknown how 
seasonality and individual characteristics affects their activity. In this study we use RFID technology to monitor 
daily activity patterns of wild, social Natal mole-rats (Cryptomys hottentotus natalensis) during the summer and 
winter to investigate how their activity varies with season and whether their activity depends on individual 
characteristics such as body mass, sex and reproductive status. I found that in winter, individuals were more 
active during the time with the highest soil temperatures, whereas in summer, they showed a bimodal activity 
pattern during early morning and late afternoon coinciding with cooler soil temperatures. Individual 
characteristics, including reproductive status, did not affect general activity indicating that reproductive and 
non-reproductive individuals contribute equally to cooperative behaviours. It appears that the activity patterns 
may be a behavioural adaptation to avoid extreme burrow temperatures and a mechanism to maintain a stable 
core body temperature. This chapter highlights the advantages of RFID technology to study wild small mammal 
movements. 
 
4.1 Introduction  
 

Animal locomotor activity patterns have been the subject of much interest in the study of animal 
behaviour. These activity patterns may be influenced by endogenous (i.e., intrinsic) or exogenous (i.e., 
environmental) factors, which may or may not persist under constant conditions (Hazlerigg and Tyler 2019). 
When a biological rhythm persists in a near-24-hour period under constant conditions (e.g., complete darkness), 
ǘƘŜ ŎƛǊŎŀŘƛŀƴ ǊƘȅǘƘƳ ƛǎ ŀǎǎǳƳŜŘ ǘƻ άŦǊŜŜ ǊǳƴέΣ ǎƘƻǿƛƴƎ ŜǾƛŘŜƴŎŜ ŦƻǊ ŎƻƴǘǊƻƭ ōȅ ŀ ōƛƻƭƻƎƛŎŀƭ ŎƭƻŎƪ ό.Ŝƴǎǘŀŀƭƛ Ŝǘ 
al. 2001). Conversely, the lack of an endogenous clock may result in the degradation of rhythmic patterns under 
constant conditions (Hazlerigg and Tyler 2019). Biological clocks conform to daily and predictable exogenous 
cues known as zeitgebers ƛƴ ŀ ǇǊƻŎŜǎǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŜƴǘǊŀƛƴƳŜƴǘ ƛƴ ǿƘƛŎƘ ǘƘŜ ŎƭƻŎƪΩǎ ǊƘȅǘƘƳ ōŜcomes equal to 
the cycle of the zeitgeber (Johnson et al. 2003).  

It is widely accepted that the light-dark cycle (i.e., rising and setting of the sun) is the most common 
zeitgeber for the entrainment of circadian rhythms (Benstaali et al. 2001). Ambient temperature may also affect 
circadian rhythms in both homeothermic (e.g., most mammals) and heterothermic (e.g., birds, squamates, some 
mammals) vertebrates (Rensing and Ruoff 2002, Refinetti 2015). Some mammals dwelling in arid or arctic 
regions exhibit adaptive heterothermy, where the core body temperature may fluctuate with ambient 

https://www.frontiersin.org/articles/10.3389/fevo.2022.819393/full
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temperature under certain conditions (Cain et al. 2006, Williams et al. 2012, Allali et al. 2013; Farsi et al. 2020b). 
For example, camels (Camelus dromedarius) exhibit heterothermy when dehydrated (Allali et al. 2013) and 
arctic ground squirrels (Urocitellus parryii) during hibernation (Williams et al. 2012). Recently it has been 
discovered that ambient temperature instead of the light-dark cycle may entrain circadian rhythms in body 
temperature, melatonin cycles and locomotor activity in some of these species (Allali et al. 2013; Farsi et al. 
2020a, b). While ambient temperature may not be a strong zeitgeber in most homeothermic mammals, many 
will adjust their activity patterns in response to ambient temperature to avoid exposure in harsh environments 
(Cain et al. 2006, Roll et al. 2006, however see Farsi et al. 2020b). For example, arid dwelling rodents avoid the 
hottest period of the day and by becoming nocturnal (Randall 1993, Roll et al. 2006). Lastly, biotic cues, such as 
feeding time, food availability, social cues, or predation, may also affect activity patterns (Mistlberger and Skene 
2004, Beale et al. 2006, Getz 2009). Individuals in a population may synchronize their activity patterns via social 
cues to be active nearly simultaneously even in complete darkness (e.g., under snowfall, Korslund 2006), and 
isolated individuals may exhibit asynchronous activity patterns (Getz 2009, Lövy et al. 2013). It has been 
suggested that simultaneous activity in voles provides an individual with protection against predation due to 
άǎŀŦŜǘȅ ƛƴ ƴǳƳōŜǊǎέ ƻǊ Ǉƻǎǎƛōƭȅ ŎƻƴŦǳǎƛƴƎ ǇǊŜŘŀǘƻǊǎ ōȅ ŀ άǎǿŀǊƳƛƴƎέ ŜŦŦŜŎǘ όDŜǊƪŜƳŀ ŀƴŘ 5ŀŀƴ мфурΣ LƴƳŀƴ 
and Krebs 1987) and species may alter their activity patterns in response to predation pressure which may act 
as a weak zeitgeber (Getz 2009, Vlasatá et al. 2017).  

In the subterranean ecotope, and other photic void environments, occupants are rarely, if ever, exposed 
to light. Despite limited exposure to light, many subterranean mammals kept in constant darkness and 
temperature whilst under laboratory conditions still exhibit strong circadian rhythms of locomotor and 
physiological activity (e.g., melatonin and body temperature cycles). A large body of work has focused on 
physiological circadian rhythms and entrainment to photoperiod in many species including African mole-rats 
(Family Bathyergidae: Riccio and Goldman 2000, Oosthuizen et al. 2003, Van Jaarsveld et al. 2019, Hart et al. 
2021b), blind mole rats (Family Spalacidae: Rado et al. 1993), coruros (Family Octodonidae: Begall et al. 2002), 
and tuco-tucos (Family Ctenomyidae: Jannetti et al. 2019, Flôres et al. 2021). However, the majority of these 
experiments lack the complex environmental conditions that these animals may experience in the wild, 
including changes in infrequent light pulses, atmospheric conditions, burrow microclimate, social cues, or 
predator-prey interactions. Therefore, other zeitgebers may be involved in entraining circadian rhythms in these 
animals (reviewed in Beale et al. 2006). Observations of free-ranging subterranean mammals have revealed that 
some species may exhibit arrhythmic activity patterns over the 24-hour period, such as some pocket gophers 
(Thomomys; Andersen and MacMahon 1981, Gettinger 1984), yet many other species exhibit distinct daily peaks 
of activity, including root rats (Tachyoryctes: Jarvis 1973), African mole-rats (Heterocephalus: Jarvis 1973; 
Heliophobius: ~klíba et al. 2007; Fukomys: ~klíba et al. 2014, ~ƪƭƝōŀ et al. 2016a), blind mole rats (Spalax: Rado 
Ŝǘ ŀƭΦ мффоΣ ~ƪƭƝōŀ et al. 2016b), coruros (Spalacopus: Rezende et al. 2003), and tuco-tucos (Ctenomys: Jannetti 
et al. 2019, Flôres et al. 2021). These activity patterns suggest entrainment of a circadian clock, which has led 
some authors to conclude that temperature may be an essential zeitgeber for the entrainment of activity 
rhythms in subterranean mammals (Benedix 1994, ~klíba et al. 2014, Hart et al. 2021b). Homeothermic 
regulation of body temperature suggests that animals are less sensitive to environmental changes (Rensing and 
Ruoff 2002), but some African mole-rats exhibit heterothermy (Buffenstein and Yahav 1991, Bennett et al. 
1993a, c; Oosthuizen et al. 2021) and therefore, fluctuations in ambient temperature are more likely to affect 
their activity patterns. 

African mole-rats are a unique clade of subterranean rodents, with some species being strictly solitary 
and others occurring in large family groups (Bennett and Faulkes 2000). Living underground offers thermal 
buffering to extreme temperature fluctuations with burrow depth varying with species (Bennett et al. 1988). 
Soil properties and food availability likely explain why tunnels are constructed at specific depths (Broekman et 
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al. 2006, Lövy et al. 2015). The depth of tunnels and the nests are greatest for mole-rats inhabiting arid regions 
with sandy soils, like the Damaraland mole-rat (Fukomys damarensis), where foraging tunnels are between 30 
ς 40 cm below ground, and nests may exceed 2 m in depth (Lovegrove and Painting 1987, Bennett et al. 1988). 
In the common mole-rat (Cryptomys hottentotus), which lives in loamy and rocky soil types, foraging tunnels 
are at more shallow depths of around 10 ς 20 cm with nests between 30 ς 60 cm deep (Hickman 1979b, Spinks 
Ŝǘ ŀƭΦ мфффΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмнΣ ~ǳƳōŜǊŀ Ŝǘ ŀƭΦ нлмнύΦ 5ŜŜǇ ŘŜŀŘ-end tunnels may help regulate burrow 
temperatures or humidity, and these features vary between 78 cm in loamy soil types of the Natal region in 
South Africa (Hickman 1979b) to over 3 m in the sand of the Kalahari (Lovegrove and Painting 1987). The deeper 
tunnels of the Damaraland mole-rat provide a greater thermal buffer against the extreme daily and seasonal 
temperatures of the Kalahari compared to the shallow tunnels of common mole-rats, which generally occur in 
more mesic habitats, such as the Natal region in South Africa (Bennett et al. 1988). Even with deep tunnels, the 
foraging burrows of mole-rats experience seasonal temperature fluctuations, and it has been suggested that 
temperature may act as a zeitgeber for daily activity patterns in mole-rats όDƻƭŘƳŀƴ Ŝǘ ŀƭΦ мффтΣ ~ƪƭíba et al. 
2007, Hart et al. 2021b). The activity patterns and circadian rhythms of mole-rats have been well studied in 
laboratory settings (Hickman 1980, Bennett 1992, Riccio and Goldman 2000, Oosthuizen et al. 2003, Van 
Jaarsveld et al. 2019, Hart et al. 2021b). In two recent studies under laboratory conditions, homeothermic mole-
rat species showed decreased activity during periods of higher temperature and the authors suggested that 
temperature may drive nocturnal behaviour (van Jaarsveld et al. 2019, Hart et al. 2021b). The observed activity 
entrainment by ambient temperature may be due to a thermoregulatory response to avoid over-heating while 
digging during periods of increased burrow temperatures (Hart et al. 2021b). Few studies have been conducted 
on wild mole-rats (~klíba et al. 2007, 2014, 2015) and even fewer still on seasonal variation in activity (~klíba et 
al. 2007). 

This study set out to determine if daily activity patterns fluctuated with seasonal temperature changes 
in the Natal mole-rat (Cryptomys hottentotus natalensis), a social species inhabiting mesic grasslands of 
southeastern South Africa and Lesotho at altitudes from sea level to the Drakensberg escarpment (ca. 3000m). 
The montane regions they inhabit experience hot summer days and cold winter nights, with snow often 
accumulating at the highest elevations during winter. Unlike most other bathyergids, Natal mole-rats exhibit 
heterothermy (Oosthuzien et al. 2021), and they would be expected to respond to changes in burrow 
temperature to a greater degree in comparison to their homeothermic counterparts (~umbera 2019, Wallace 
et al. 2021). The link between ambient temperature and activity patterns in African mole-rats has not been 
thoroughly investigated in a field-based study, and never in a heterothermic mole-rat species. Previous 
laboratory experiments on entrainment of circadian rhythm in Natal mole-rats indicate the entrainment of an 
endogenous circadian rhythms in both melatonin and activity cycles under a light-dark cycle and free-running 
cycles under constant conditions (Hart et al. 2004). In this study, I used a radio-frequency identification (RFID) 
reader array to monitor individual activity in free-ranging Natal mole-rats. This non-invasive method allows for 
automated continuous monitoring of activity patterns in a natural habitat without disturbing the subjects 
(Korslund 2006, Francioli et al. 2020). Activity rhythms may show plasticity, where individuals or populations 
adjust to seasonal changes in the environment (Halle 1995, Rezende et al. 2003, Beale et al. 2006). Therefore, 
it was predicted that Natal mole-rats would alter their activity patterns seasonally to cope with the fluctuating 
burrow temperatures due to their shallow tunnels (Hickman 1979b). Additionally, trapping efforts indicated that 
mole-rats appeared to exhibit reduced activity during periods of rain when compared to clear days. It is possible 
that mole-rats may be able to respond to the change in air pressure or temperature caused by the rain or cold 
fronts as seen in other animals (Garthe et al. 2009, Boyer and MacDougall-Shackleton 2020). Lastly, because 
Natal mole-rats exhibit only behavioural reproductive suppression compared to that of the Damaraland mole-
rats, which exhibit behavioural and physiological suppression (Bennett et al. 1996, Molteno and Bennett 2000, 
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Oosthuizen et al. 2008), I predicted that locomotor activity differences between the breeders and non-
reproductive individuals would be less distinct than in species with higher reproductive skew. I emphasize that 
the current study did not investigate entrainment of circadian rhythms by environmental zeitgebers, but rather 
investigated the potential role of environmental variables on the diel activity rhythms of colonies of a 
subterranean mammal during the summer and winter months of the Southern Hemisphere. 

 
4.2 Methods 
 
4.2.1 Animal Capture 
 

Natal mole-rats were captured using Hickman live traps during the wet summer (February to March) and 
dry winter (July to October) seasons from January 2020 to July 2021 at Glengarry Holiday Farm in KwaZulu-Natal, 
South Africa (-29.322530°, 29.712982°, 1600m a. s. l.; Supplementary Figure S1). Detailed capture methods are 
outlined in Chapter 2. A total of 13 distinct colonies (including 118 unique animals) were used for the study, 
with a mean colony size of 8.8 + 3.2 (range 4 - 13); 10 of the 13 groups were complete colonies (i.e., included 
reproductive individuals and all non-reproductive subordinates). Mole-rat family groups were selected from 
groups with at least 2 captures to ensure repeatability of activity recording during both seasons.  Captured mole-
rats were housed with family members at ambient temperature (15 ς 25°C), provided with wood shavings as 
bedding and fed sweet potato ad libitum. All animals were sexed, weighed to the nearest gram (Pelouze SP5, 
Rubbermaid, USA), and assigned a reproductive status at capture. Reproductive females were identified by a 
perforate vagina and prominent teats (Bennett and Faulkes 2000). Male reproductive status was determined by 
body mass, presence of testes, and prolonged presence in the colony (Finn et al. 2018). All individuals greater 
>20g were implanted with a subcutaneous passive integrated transponder tag (Trovan Unique, DorsetID, The 
Netherlands) to uniquely identify them. After 48 hours without any signs of individuals present in the burrow 
system (i.e., no blocked tunnels, fresh mounds, triggered traps, or bait eaten), the colony was assumed to be 
completely captured and the colony was released back into their burrow.  
 
4.2.2 Hourly Climate Data 
 
 Hourly air pressure, air temperature, soil temperature, and rainfall during winter 2020 and summer 2021 
were obtained for the study site from the global atmospheric reanalysis dataset ERA5-Land (see Chapter 1, Table 
1; Muñoz-Sabater et al. 2021). The ERA5-Land dataset is a global climate analysis model based on satellite and 
weather station climate observations allowing for accurate estimates of climate variables at specific locations 
with a 9 km accuracy (0.1° x 0.1°; Muñoz-Sabater et al. 2021). Users can specify the boundary GPS points of less 
than 9 km to query data from the database, and I selected a 1 km radius to encompass the study site. The dataset 
is freely available from the Copernicus Climate Change Service, and holds the intellectual property rights of the 
raw data. The results contain modified Copernicus Climate Change Service information. Soil temperature was 
measured at depths of 0 ς 7 cm (TS1), 7 ς 28 cm (TS2), and 28 ς 100 cm (TS3), which correspond to the depths of 
foraging tunnels (5 ς 20cm) and the nest (17 - 30cm; Hickman 1979b).  

A temperature logger (DS1922L iButton, Maxim Integrated Products, Dallas, TX, USA) was buried at the 
study site at 15 cm below the soil surface in an area of direct sunlight and set to record hourly temperatures 
from August to October 2020 (winter). The temperature logger was also buried in summer as well as 50 cm 
below the surface, but neither were recovered and therefore the ERA5 dataset was used for climate data.  I 
compared the soil temperatures from the data logger and TS2 from the ERA5-Land dataset. Soil temperatures 
from the data logger were on average 3.67 + 1.32 °C higher than TS2, yet the daily fluctuation in temperature 
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was similar between temperature loggers and ERA5-Land values (Figure 4.1). Therefore, I assumed that soil 
temperatures from ERA5-Land were a modest representation of actual variability of soil temperatures. It is 
important to note that the soil temperatures in this study may not accurately represent burrow temperatures, 
and furthermore, that ambient temperature in tunnels may be higher than the surrounding soil (sensu Holtze 
Ŝǘ ŀƭΦ нлмтύΦ ¢ƘŜ ŎƘŀƴƎŜ ƛƴ ƘƻǳǊƭȅ ŀƛǊ ǇǊŜǎǎǳǊŜ όɲt) from hour 1 to hour 2 was calculated to determine whether 
changes in air pressure predicted activity. The climatic variables were compared by conducting a one-way 
ANOVA to determine if climate varied between hour and season. Climate variables were then combined with 
the activity data to determine the environmental effects of daily and seasonal activity patterns. 
 

 
Figure 4.1: Hourly fluctuation in soil temperatures obtained from temperature loggers (red) and the ERA5-
Land dataset (blue). Temperature loggers were buried ca. 15 cm below the surface to correspond with the 
soil temperature at 7-28 cm from ERA5. 

 
4.2.3 RFID Array Placement 
 

I utilized an RFID reader array (LID650/608, DorsetID, The Netherlands; Figure 4.2) and the methods of 
Francioli et al. (2020) to monitor mole-rat activity during winter (August ς October 2020) and summer (February 
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ς April 2021). The array consisted of a scanning panel (Trovan ANT 612) measuring 47.5 × 40 × 4 cm and a 
decoder box (Figure 4.3). The array was powered by a 12v battery and could be attached to a solar panel to 
prolong battery life. A shovel was occasionally used to remove grass and level the ground so the reader rested 
flush to the ground. As a result, the mole-rat activity directly following reader placement was unlikely to be due 
to tunnel repairs or attempts to block the tunnel. The array was programmed to scan continuously for 
transponder tags within the range with a read delay of 3 seconds. When an animal with a transponder tag passed 
within range, the numeric code of the tag was recorded with a time stamp on a USB drive attached to the 
decoder. Thus, if an animal remained in the range of the panel for longer than 3 seconds, it would have multiple 
entries at 3-second intervals. 

The array was placed at a mole-rat group and left stationary during each reading session. The array was 
always placed in close proximity to fresh mounds near where animals were captured and released. Thus, tunnels 
under the reader were foraging tunnels.  Mole-rat mounds were probed until the tunnel was located and the 
reader panel was placed directly over the tunnel (Figure 2). The panel had a detection range of 20 ς 30 cm, 
which is greater than the depth of mole-rat tunnels at the study site, and therefore the chance of animals passing 
undetected under the panel is minimal. Reading sessions had a mean duration 3.5 + 1.59 days (range 2 ς 7). 
Reading sessions were attempted for each group in both seasons; however, some groups went missing and 
additional groups were selected to maintain an even sample size. Therefore, the mean number of reading 
sessions per group was 1.3 + 0.46.  
  

 
Figure 4.2: RFID reader array. The array has a custom-made decoder LID650 (white box; DorsetID, Aalten, 
Netherlands) attached to the panel antenna ANT612 (black square). The antenna scans for passive 
integrated transponder tags at regular intervals, which are stored on a USB drive. Red and black cables are 
attached to a power source. A metal guard was added to prevent mole-rats from chewing on the cable. 
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Figure 4.3: Placement of the reader array in the field. The panel (P) is placed directly over a burrow tunnel 
and continuously scans for PIT tags within 30cm. Data are stored in internal memory or a USB drive I. The 
array is attached to a battery (B) and/or solar panel (S) for power. 

 
4.2.4 Activity Analysis 
 

The dataset included 9972 raw activity points at 3-second intervals from 77 wild mole-rats (41 individuals 
were captured before array placement, but not recorded) over 16 reader sessions at independent groups 
(winter n = 8, summer n = 8). The reader remained stationary for the recording duration, and it would be 
reasonable to assume that each animal would have at least two readings present in the data, one for the initial 
pass under the reader and another for a return pass. Interconnected tunnels in mole-rat burrows systems may 
allow for multiple paths leading between the reader and the nest (~ƪƭƝōŀ et al. 2012, ~umbera et al. 2012). Thus, 
animals may continue to be active for an unknown length of time after a single reading was recorded. Radio 
telemetry studies have indicated that activity bouts of mole-rats can last for up to 1 hour (Lovegrove 1988), and 
therefore I assumed that activity bouts lasted for 1 hour. To confirm this, I also assumed that activity bouts 
lasted 30 minutes since visual inspection of activity duration indicated that the time between first and last 
detection was < 40 minutes (Figure 4.4). Animals were given an active score of 1 if at least one reading was 
detected on the array during a 30 or 60-minute interval, and a score of 0 if not detected during this interval. The 
two datasets were analysed independently. An animal would not gain a further activity point until detected 
beyond the activity period. Visual inspection of the raw data indicated that animals rarely remained motionless 
under the reader array. Individuals captured in the colony but not recorded by the RFID reader array were 
assigned activity scores of zero. All potential variables affecting daily activity were analysed by fitting a 
generalized linear mixed model with negative binomial distribution using the glmmTMB package (Brooks et al. 
2017) in R 4.0.5 (R Core Team 2021). The negative binomial distribution (values of 0 or 1 in the response) 
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prevents over dispersion in parameters. Predictors for the full model included life history variables such as sex, 
body mass, reproductive status (reproductive/non-reproductive), group size; abiotic factors such as Tair, TS1, TS2, 
TS3, ɲt, rainfall, season (wet/dry), time (as sine and cosine wave expressed in radians ς ǿƘŜǊŜ л ƛǎ ллΥлмΣ ˉ ƛǎ 
мнΥллΣ ŀƴŘ нˉ ƛǎ ƳƛŘƴƛƎƘǘύΣ ŀƴŘ ǘƘŜ Řŀƛƭȅ ŎǳƳǳƭŀǘƛǾŜ ƘƻǳǊǎ ƻŦ ǎǳƴƭƛƎƘǘ ŦǊƻƳ ǎǳƴǊƛǎŜ ŜŀŎƘ ƘƻǳǊ ǳƴǘƛƭ ǎǳƴǎŜǘ όǿƛǘƘ 
hours of darkness equal to 0). Non-significant predictor variables were dropped until a model with the lowest 
AIC was generated. Predictors for the final model included: interactions between sex and reproductive status; 
sex and body mass; season and time; season, time, and Tair; season, time, and TS1; and season, time, and TS2. 
Individual identity and reading session were specified as nested random intercepts to control for non-
independence among observations. All continuous predictors were scaled, and body mass was scaled within sex 
because males were heavier than females. The proportion of explained variance was estimated using marginal 
and conditional R2. An excess mass test for unimodality using the package multimode (Ameijeiras-Alonso et al. 
2019, 2021) was used to determine if the peaks of activity were unimodal or bimodal by comparing the hours 
of activity within each season. The activity patterns of groups were plotted in actograms because the 
experimental design does not allow for analysis of individual activity patterns.  

 

 
Figure 4.4: Histogram of activity bout duration in minutes of Natal mole-rats across all recorded data 
points. Activity points were summed and grouped into 5-minute intervals.  
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4.3 Results 
 
4.3.1 Hourly Climate Data 
 
 All hourly climate variables varied significantly between seasons, except rainfall which varied 
significantly by time of day between season. All variables except TS2 and TS3 varied significantly with time of day 
within each season (Table 4.1 & 4.2, Figure 4.5 & 4.6). The greatest daily difference in soil temperatures occurred 
during winter. The maximum day length was 13.28 hours during summer and 12.75 hours during winter, with a 
minimum day length of 11.68 and 11.00 hours respectively.  
 
Table 4.1: Daily climate variables during the study period at Glengarry (mean + SD). Tair is the air temperature 
at 2m above the soil; soil temperatures were measured at depths of 0 ς 7 cm (TS1), 7 ς 28 cm (TS2), and 28 ς 100 
cm (TS3ύΤ ŀƴŘ ɲt ƛǎ ǘƘŜ ŎƘŀƴƎŜ ƛƴ ŀƛǊ Ǉressure from one hour to the next. Rain is hourly precipitation. 

 Mean Min Max 

Winter 2020 (August ς October, n = 65 days) 
Tair 11.1 + 3.66 °C 5.3 + 3.15 °C 17.7 + 5.08 °C 
TS1 11.9 + 2.93 °C 7.0 + 2.78 °C 17.7 + 3.93 °C 
TS2 11.6 + 2.38 °C 10.3 + 2.30 °C 12.7 + 2.51 °C 
TS3 10.9 + 1.50 °C 10.8 + 1.49 °C 11.0 + 1.50 °C 
ɲt 37.1 + 6.84 kPa 3.2 + 3.08 kPa 95.0. + 23.25 kPa 
Rain 1.0 + 1.99 mm 0.0 + 0.19 mm  3.3 + 4.52 mm 
    
Summer 2021 (February ς April, n = 57 days) 
TAir 15.9 + 2.33 °C 11.6 + 1.91 °C 20.8 + 3.60 °C 
TS1 17.5 + 1.88 °C 13.8 + 1.66 °C 22.0 + 2.97 °C 
TS2 17.5 + 1.37 °C 16.6 + 1.33 °C 18.4 + 1.45 °C 
TS3 17.4 + 0.62 °C 17.4 + 0.62 °C 17.5 + 0.62 °C 
ɲt 28.9 + 3.60 kPa 2.0 + 3.31 kPa 76.1 + 17.82 kPa 
Rain 2.5 + 4.41 mm 0.1 + 0.40 mm 9.1 + 12.34 mm 
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Figure 4.5: Mean daily air and soil temperatures at Glengarry during winter (August ς October) 2020. Raw 
data temperatures are plotted in the background. The date range coincided with the placement of an RFID 
reader array to measure mole-rat activity. Air temperature (red, dashed) was measured 2m above the 
surface of the Earth. Soil temperatures were measured at 0-7cm (green), 7-28cm (violet), and 28-100cm 
(blue). Data are freely available from the Copernicus Climate Change Service which holds the intellectual 
property rights of the raw data. 
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Figure 4.6: Mean daily air and soil temperatures at Glengarry during summer (February ς April) 2021. Raw 
data temperatures are plotted in the background. The date range coincided with the placement of an RFID 
reader array to measure mole-rat activity. Air temperature (red, dashed) was measured 2m above the 
surface of the Earth. Soil temperatures were measured at 0-7cm (green), 7-28cm (violet), and 28-100cm 
(blue). Data are freely available from the Copernicus Climate Change Service which holds the intellectual 
property rights of the raw data. 
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Table 4.2: One-way ANOVA results from linear mixed model comparing climate variables between seasons 
and time of day.  

Predictor Estimate S.E. p-value 

Tair    
Intercept 20.41 0.28 < 0.001* 
Season -5.48 0.17 < 0.001* 
Hour 0.03 0.02        0.12 
Season * Hour 0.03 0.01 0.006* 

TS1    
Intercept 22.55 0.23 < 0.001* 
Season -6.30 0.14 < 0.001* 
Hour 0.05 0.02 0.002* 
Season * Hour 0.04 0.01 < 0.001* 

TS2    
Intercept 22.75 0.12 < 0.001* 
Season -6.18 0.07 < 0.001* 
Hour 0.05 0.01 < 0.001* 
Season * Hour 0.01 0.01        0.10 

TS3    
Intercept 24.20 0.06 < 0.001* 
Season -6.91 0.04 < 0.001* 
Hour -0.01 0.00        0.23 
Season * Hour 0.00 0.00        0.10 

ɲt    
Intercept 13.25 1.36 < 0.001* 
Season 12.40 0.82 < 0.001* 
Hour 0.52 0.10 < 0.001* 
Season * Hour -0.27 0.06 < 0.001* 

Rain    
Intercept 0.01 0.18        0.95 
Season 0.12 0.11        0.29 
Hour 0.19 0.01 < 0.001* 
Season * Hour -0.06 0.01 < 0.001* 

 
4.3.2 Activity Patterns 

 
Assuming an activity period of one hour, the dataset of 9972 raw activity points was reduced to 433 total 

activity points (summer n = 184, winter n = 249). The results from the model revealed that body mass, Tair, TS1 
and interactions between those temperatures with time of day and season had the greatest effect on predicting 
periods of activity (Table 4.3). See table 4.4 for results assuming activity length was 30 minutes. Hours of 
daylight, rainfall, TS2, Ts3Σ ŀƴŘ ɲt ŀǎ ǿŜƭƭ ŀǎ ƭƛŦŜ-history traits (sex, reproductive status, and group size) did not 
affect the likelihood of activity for activity lengths of 30 or 60 minutes. However, the effect of reproductive 
status was barely not significant (p-value = 0.06). Mole-rats were most active when soil temperatures were 
between 12 and 16°C. Individuals exhibited a mean of 1.9 + 1.0 activity bouts per day during summer (range 1 
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ς 6 bouts per day) and 2.2 + 1.8 bouts per day during winter (range 1 ς 10 bouts per day). Locomotor activity 
patterns were similar for reproductive and non-reproductive individuals in the colony suggesting no specific 
specialization of activity based on reproductive status. The total amount of activity did not differ between 
seasons (i.e., season variable), but the time of day during which individuals were active was significantly 
different between seasons (i.e., season * time variable; Figure 4.7 & 4.8). Further regression analysis of the 
relationship between activity and Tair indicated a significant relationship in both seasons (ANOVA: winter: F(1) = 
33.59, p-value < 0.001; summer: F(1) = 34.10, p-value < 0.001). The relationship between activity and TS1 was 
only significant in winter (ANOVA: winter: F(1) = 10.21, p-value < 0.01; summer: F(1) = 0.02, p-value = 0.89). 

During winter, animals exhibited a single peak in activity during midday when burrow temperatures were 
highest (excess mass = 0.02 p-value = 0.92). While during summer, daily activity exhibited a bimodal distribution 
where animals were more active during the cooler morning and evening temperatures (excess mass = 0.10, p-
value < 0.001). Group actograms showing total number of activity points summed across individuals within 
groups are provided in Figure 4.9. 
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Table 4.3: Predictors of daily activity of Natal mole-rat when assuming activity bouts last 60 minutes. Values 
are from a general linear mixed model with negative binomial distribution. AIC = 2859.9, Condition R2 = 0.02, 
Marginal R2 = 0.06. All continuous predictors were scaled to the mean and unit variance for model fitting. 

Predictor Estimate S. E. P-value 

Intercept -5.38 2.01        0.007* 
Body Mass -0.06 0.26        0.02* 
Reproductive Status 1.14 0.62        0.06 
Sex 0.29 0.33        0.38 
Body Mass * Sex 0.46 0.35        0.18 
Reproductive Status * Sex -0.55 0.78        0.48 
Group Size -0.05 0.17        0.76 
sin(time in radians) 1.16 0.26        0.04* 
cos(time in radians) -0.19 0.30        0.53 
Season 0.13 1.03        0.90 
Season * sin(time in radians) -0.95 0.78        0.22 
Daylight -0.89 0.80        0.27 
Daylight * Season 0.57 0.43        0.19 
Daylight * sin(time in radians) -0.79 0.81        0.33 
ɲt 0.00 0.22        0.99 
ɲt ϝ {Ŝŀǎƻƴ 0.03 0.13        0.83 
ɲt ϝ ǎƛƴόǘƛƳŜ ƛƴ radians) 0.42 0.32        0.20 
Tair 4.49 1.15     < 0.001* 
Tair * Season -2.35 0.67     < 0.001* 
Tair * sin(time in radians) -4.13 1.34        0.002*  
TS1 -4.68 1.68        0.005* 
TS1 * Season 2.71 0.98        0.006* 
TS1 * sin(time in radians)  6.50 1.86     < 0.001* 
TS2 -1.98 1.19        0.10 
TS2 * Season 0.78 0.70        0.27 
TS2 * sin(time in radians) -0.63 1.12        0.57 
TS3 4.09 2.38        0.09 
TS3 * Season  -2.13 1.38        0.12 
TS3 * sin(time in radians) -1.40 1.79        0.44 
Season * sin(time in radians) * Daylight 0.51 0.45        0.25 
{Ŝŀǎƻƴ ϝ ǎƛƴόǘƛƳŜ ƛƴ ǊŀŘƛŀƴǎύ ϝ ɲt -0.17 0.19        0.36 
Season * sin(time in radians) * Tair 1.39 0.81        0.09 
Season * sin(time in radians) * TS1 -2.67 1.09        0.01* 
Season * sin(time in radians) * TS2 0.45 0.65        0.49 
Season * sin(time in radians) * TS3 0.27 1.00        0.78 
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Table 4.4: Predictors of daily activity of Natal mole-rat when assuming activity bouts last 30 minutes. Values 
are from a general linear mixed model with negative binomial distribution. AIC = 3137.7, Condition R2 = 0.03, 
Marginal R2 = 0.08. All continuous predictors were scaled to the mean and unit variance for model fitting. 

Predictor Estimate S. E. P-value 

Intercept -4.64 2.01        0.02* 
Body Mass 0.04 0.23        0.87 
Sex -0.17 0.37        0.63 
Reproductive Status -0.06 0.61        0.92 
Body Mass * Sex -0.53 0.32        0.10 
Reproductive Status * Sex 1.06 0.79        0.18 
Group Size -0.00 0.16        0.99 
sin(time in radians) 0.87 1.54        0.57 
cos(time in radians) -0.18 0.30        0.55 
Season 0.10 1.04        0.92 
Season * sin(time in radians) -0.71 0.81        0.38 
Daylight -1.29 0.82        0.11 
Daylight * Season 0.82 0.44        0.06 
Daylight * sin(time in radians) -0.95 0.84        0.25 
ɲt -0.17 0.24        0.48 
ɲt ϝ {Ŝŀǎƻƴ 0.10 0.13        0.43 
ɲt ϝ ǎƛƴόǘƛƳŜ ƛƴ radians) 0.20 0.34        0.55 
Tair 3.92 1.17     < 0.001* 
Tair * Season -1.99 0.68        0.003* 
Tair * sin(time in radians) -3.43 1.34        0.01*  
TS1 -3.90 1.71        0.02* 
TS1 * Season 2.17 0.99        0.02* 
TS1 * sin(time in radians)  5.89 1.89        0.002* 
TS2 -0.79 1.26        0.53 
TS2 * Season 0.28 0.72        0.70 
TS2 * sin(time in radians) -0.99 1.13        0.38 
TS3 2.31 2.24        0.30 
TS3 * Season  -1.26 1.26        0.32 
TS3 * sin(time in radians) -0.86 1.82        0.63 
Season * sin(time in radians) * Daylight 0.65 0.46        0.16 
{Ŝŀǎƻƴ ϝ ǎƛƴόǘƛƳŜ ƛƴ ǊŀŘƛŀƴǎύ ϝ ɲt -0.08 0.19        0.69 
Season * sin(time in radians) * Tair 1.12 0.80        0.16 
Season * sin(time in radians) * TS1 -2.47 1.10        0.02* 
Season * sin(time in radians) * TS2 0.69 0.65        0.29 
Season * sin(time in radians) * TS3 0.03 1.01        0.98 
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Fig 4.7: Daily activity patterns of mole-rats during winter (August ς October). Mean daily air temperature 
(red) and soil temperature at 0 ς 7 cm (blue) are plotted on the right axis. The median time mole-rats were 
active is highlighted in purple. Hours of darkness are indicated by the shaded blocks. Climate data were 
obtained from the Copernicus Climate Change Service, which holds the intellectual property rights of the 
raw data. 
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Fig 4.8: Daily activity patterns of mole-rats during summer (February ς April). Mean daily air temperature 
(red) and soil temperatures at 0 ς 7 cm (blue) are plotted on the right axis. The median time mole-rats were 
active is highlighted in purple. Hours of darkness are indicated by the shaded blocks. Climate data were 
obtained from the Copernicus Climate Change Service, which holds the intellectual property rights of the 
raw data. 
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Figure 4.9. Single plotted actograms of group locomotor activity periods. Each row corresponds to the total 
recorded activity points at a group and each column represents the duration of the reading session in days. 
Vertical bars represent the total number of recorded readings per minute for the group during that hour. 
Shaded areas represent hours of darkness. 
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4.4 Discussion 
 

In this study, soil temperatures at < 7 cm and time of day were the best predictors of activity patterns in 
the heterothermic Natal mole-rat, with soil temperature varying significantly over the course of a day and 
between seasons. During summer individuals avoided activity during the hottest part of the day (becoming more 
crepuscular), while in winter they were more active during this time (becoming diurnal). These patterns are 
similar to responses observed in other rodents (both heterothermic and homeothermic) living in high altitudes 
or latitudes (Hinze and Pillay 2006, Williams et al. 2012, Vlasatá et al. 2017, Flôres et al. 2021). This result also 
confirms recent work on activity patterns in mole-rats observed in a captive setting (Hart et al. 2021b). 
Oosthuizen et al. (2021) observed that wild Natal mole-rats at the same study site exhibited unimodal body 
temperature fluctuations in winter and bimodal fluctuations in summer and proposed that increased body 
temperature coincided with bouts of activity. Our results may validate this prediction because in summer, Natal 
mole-rats showed bimodal peaks in activity during the cooler soil temperatures and a unimodal peak in activity 
during winter when soil temperatures were highest. Oosthuizen et al. (2021) found that mean body temperature 
was higher during winter than during summer, and this result may have indicated increased activity during 
winter. In contrast to that suggestion and previous studies on a related mole-rat species (~klíba et al. 2007), I 
did not find a significant difference in the frequency of daily activity between seasons.  

Previous work on bathyergids, including the Natal mole-rat, has shown that circadian rhythms free-run 
under constant conditions and both light and temperature may entrain circadian rhythms (Hart et al. 2004, van 
Jaarsveld et al. 2019, Hart et al. 2021b). In laboratory studies, mole rats preferred temperatures between 18 ς 
22°C while in complete darkness (Hart et al. 2021b). Interestingly, I found that even though TS1 was consistently 
below this range during winter (5 ς 17°C, Supplementary Figure 4) and rarely greater than 20°C during summer 
(ς2 - 21°C, Supplementary Figure 5), mole-rats did not show an even distribution of activity periods over a 24-
hour period during either of the two seasons. However, I must note that soil temperatures from the ERA5-Land 
dataset were 3°C lower than temperatures recorded via temperature loggers at the study site, and thus may 
not reflect actual burrow temperatures. Minute temperature changes may be enough to elicit a change in 
ŀŎǘƛǾƛǘȅ ǊƘȅǘƘƳǎ ƛƴ ǎǳōǘŜǊǊŀƴŜŀƴ ǊƻŘŜƴǘǎ όDƻƭŘƳŀƴ Ŝǘ ŀƭΦ мффтΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ нллтΣ ǘƘƛǎ ǎǘǳŘȅύΦ ¢ŜƳǇŜǊŀǘǳǊŜ 
changes in foraging tunnels may well be a primary driving force in the entrainment of circadian rhythms since 
bimodal and unimodal activity patterns were found in various subterranean mammals (this study, Benedix 1994, 
wŜȊŜƴŘŜ Ŝǘ ŀƭΦ нллоΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ нллтύΦ aƻƭŜ-rats spend over 70% of their time in the nest (Bennett 1990), which 
may be at the deepest part of their burrow system where the microclimate is stable (Bennett 1988). Animals 
resting inside a nest at a stable temperature may be unable to detect temperature changes to trigger an activity 
ōƻǳǘ όhǎǘŜǊ Ŝǘ ŀƭΦ нллнΣ ~ƪƭƝōŀ et al. 2014). Temperatures in the nest may be higher than the surrounding burrow 
system due to increased heat generated through huddling and body heat of animals confined in a small space 
(Buffenstein and Yahav 1991, Kotze et al. 2008). Hazlerigg et al. (2019) suggested that the better a retreat 
insulates an animal against environmental extremes, the less information the animal may obtain about external 
conditions and when to emerge. However, the relatively shallow nests of the Natal mole-rat may experience 
greater temperature fluctuations despite the thermal benefits of huddling (Marhold and Nagel 1995). Exact 
thermal conditions inside mole-rat nests are still unknown and would be of interest to understand 
thermoregulation and activity patterns.  

Seasonal changes in environmental characters may also affect locomotor activity such as the availability 
of food, and specifically in the subterranean ecotope, changes in humidity and gas composition in the 
microhabitat of the burrows. Decreased food availability during the warmer late dry season caused a related 
decrease in outside the nest forays in the Ethiopian giant root rat (Tachyoryctes macrocephalus) which feeds on 
aboveground grasses and forbs (Vlasatá et al. 2017). Vlasatá et al. (2017) concluded that food caching and 
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availability may be of minimal importance compared to thermoregulatory demands. The seasonal differences 
in activity observed in this study are unlikely to be affected by seasonal food availability since mole-rats rely 
upon the underground storage organs of plants (tubers and corms, collectively referred to as geophytes) for 
their nutritional needs (Bennett and Faulkes 2000). These geophytes are available year-round, and bathyergids 
famously cache food, which root rats tend not to do, and caching is presumed to provide the group with 
resources through droughts and periods of decreased availability (Bennett and Faulkes 2000). Seasonal changes 
in carbon dioxide and oxygen concentrations could potentially affect locomotor activity. The seasonal 
fluctuation of burrow gases of bathyergids is understudied and completely unknown at the study site. Levels of 
carbon dioxide may increase during periods of rain due to increased soil moisture and decreased gas 
permeability, which may in turn trigger increased digging activity (Burda et al. 2007). While our study did not 
find an effect of rainfall on locomotor activity, our methods prevented an assessment of digging behaviour. A 
study on seasonal changes in gas composition in the burrows of the giant root rat that lives at a similar elevation, 
climate, and annual rainfall to our study site found minimal fluctuations in carbon dioxide and oxygen levels 
ōŜǘǿŜŜƴ ǘƘŜ ǎŜŀǎƻƴǎ ό~ǳƳōŜǊŀ Ŝǘ ŀƭΦ нлнлύΦ CǳǊǘƘŜǊƳƻǊŜΣ ƘǳƳƛŘƛǘȅ ǿŀǎ ƴƻǘ ŦƻǳƴŘ ǘƻ ŎƘŀƴƎŜ ōŜǘǿŜŜƴ ǎŜŀǎƻƴǎ 
in the burrows of the silvery mole-rat (Heliophobius argenteocinereusύ ƛƴ aŀƭŀǿƛ ό~ǳƳōŜǊŀ Ŝǘ ŀƭΦ нллпύΦ 

Natal mole-rats are among the few heterothermic mammals, exhibiting the lowest body temperatures 
of bathyergids, the narrowest thermal neutral zone, and one of the highest resting metabolic rates in 
bathyergids (Bennett et al. 1993cΣ ~ǳƳōŜǊŀ нлмфΣ hƻǎǘƘǳƛȊŜƴ Ŝǘ ŀƭΦ нлнмύΦ The thermal neutral zone of 
bathyergids may increase at higher altitudes, and a lower body temperature has been suggested to be an 
adaptation to colder environments, enabling animals to expend less energy maintaining their body temperature 
at lower ambient temperatures (Broekman et al. 2006). I found that soil temperatures in foraging tunnels vary 
between 5°C or 30°C below their thermal neutral zone during summer and winter, respectively, and these 
physiological adaptations may be an evolutionary response to shallow tunnels and the resultant seasonal 
climate fluctuations they experience. Body temperature was found to fluctuate with activity periods in 
laboratory studies, but the authors could not determine if activity caused an increase in body temperature 
(Haupt et al. 2017, van Jaarsveld et al. 2019). Digging and other burrow maintenance behaviours may increase 
body temperature in mole-rats (Zelová et al. 2010, Okrouhlík et al. 2015). Mole-rats living in shallow tunnels 
which experience greater temperature variation may need to be selective in their activity periods to prevent 
overheating due to their poor heat dissipating abilities (Luna et al. 2020, Wallace et al. 2021). However, 
increased soil moisture during summer may provide a cooling effect via conduction to decrease body 
temperature during or after activity bouts by pressing their ventral surface against a cooler surface (Okrouhlík 
Ŝǘ ŀƭΦ нлмрΣ ±ŜƧƳŠlka et al. 2021). Seasonal changes in daily activity would be an effective thermoregulatory 
adaptation to reduce the risk of overheating while digging (Goldman et al. 1997, McGowan et al. 2020). 
Locomotor activity was concentrated during periods of lower temperatures in laboratory studies (van Jaarsveld 
et al. 2019, Hart et al. 2021bύ ŀƴŘ ƛƴ ǇŜǊƛƻŘǎ ƻŦ ƳƻŘŜǊŀǘŜ ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ǿƛƭŘ ǎǘǳŘƛŜǎ όǘƘƛǎ ǎǘǳŘȅΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ 
нлмпΣ ~ƪƭƝōŀ et al. 2015). It cannot be determined if body temperature fluctuated due to fluctuations in burrow 
temperature or as a response to activity, or a combination of the two. Therefore, I cannot discern if a drop in 
body temperature stimulated an activity bout for the animal to increase core body temperature via 
thermogenesis (Block 1994) or if body temperature increased due to rising burrow temperatures as seen in 
naked mole-rats (Buffenstein and Yahav 1991). While increased body temperature may be associated with 
higher activity levels in other rodents, circadian rhythms of body temperature may not result from daily activity 
rhythms (Refinetti 1999, Refinetti and Kenagy 2018). Future studies should attempt to determine the correlates 
of body temperature, tunnel temperature and activity patterns utilizing temperature loggers, RFID technology, 
or accelerometers (Williams et al. 2020). 
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Laboratory studies found differences in activity patterns between the sexes (Haupt et al. 2017, van 
Jaarsveld et al. 2019), yet I did not find sex-biased differences in activity patterns in colonies of free-ranging 
Natal mole-rats. Our study did identify an effect of body size on activity similar to radio-telemetry studies on 
wild mole-rats of the genus Fukomys which found that larger individuals were less active than smaller ones 
ό[ƻǾŜƎǊƻǾŜ мфууΣ [ǀǾȅ Ŝǘ ŀƭΦ нлмоΣ ~ƪƭƝōŀ et al. 2016a). However, Francioli et al. (2020) found that body mass did 
not predict activity even though reproductive individuals were overall heavier than non-reproductive 
individuals. Relatedly, I did not find a difference in activity patterns between reproductive and non-reproductive 
individuals contrary to studies on the social mole-rats of the genus Fukomys which found that reproductive 
individuals were less active than non-reproductive individuals (Lovegrove 1988, Oosthuizen and Bennett 2015, 
~ƪƭƝōŀ et al. 2016a, Van Daele et al. 2019, Francioli et al. 2020, Houslay et al. 2020). These results may indicate 
that reproductive individuals of Fukomys mole-rats must regulate energy expenditure between reproductive 
and burrow defence tasks. In Damaraland mole-rats reproductive suppression is controlled by physiological and 
behavioural mechanisms. Ovulation is blocked in non-reproductive females, but incest avoidance prevents 
breeding in males (Bennett et al. 1996, Molteno and Bennett 2000). This suppression remains until the individual 
disperses from the group or an unrelated individual joins the group. In contrast, Natal mole-rats lack 
physiological reproductive suppression, and incest avoidance or aggressive interactions appear enough to 
prevent inbreeding (Oosthuizen et al. 2008). The similarities in activity patterns in Natal mole-rats may indicate 
more equal contributions to burrow maintenance and other cooperative behaviours between dominant and 
subordinate group members. It may also indicate that food resources are not as limited or scattered at the study 
site compared to the Kalahari where Damaraland mole-rats occur. Therefore, reproductive Natal mole-rats may 
not be required to conserve energy by reducing activity or relying on other group members to collect food. It 
may also indicate that reproductive individuals may need to be constantly on guard to prevent the intrusion of 
non-group members since groups are much closer together at this study site (see Chapter 3 & 5). 

Activity patterns in social species may be affected by social cues, and social mole-rats observed singly 
may exhibit up to double the activity period of those in a complete colony (Hickman 1980, Riccio and Goldman 
2000, Lövy et al. 2013). The findings of Lövy et al. (2013) particularly highlight the importance of maintaining 
social groups during observations. The authors found that a solitary female giant mole-rat (Fukomys mechowii) 
in natural conditions was more active during midday when temperatures were highest, compared to complete 
family groups which were more active at night (Lövy et al. 2013). Social mole-rats conserve heat via huddling 
and are more prone to heat loss during periods of lower burrow temperatures (Kotze et al. 2008, ~ǳƳōŜǊŀ 
2019). Lövy et al. (2013) proposed that being active during the hottest part of the day minimized heat loss 
because solitary individuals cannot conserve heat via huddling. Mole-rats can shed excess heat from their feet, 
ventral surface, and via behavioural adjustments, such as rolling on their back or pressing their belly to the 
ŎƻƻƭŜǊ ǎƻƛƭ ƻŦ ǘƘŜ ǘǳƴƴŜƭ ό±ŜƧƳŠƭƪŀ Ŝǘ ŀƭΦ нлнмύΦ ¢Ƙƛǎ ŘƛǎǎƛǇŀǘƛƻƴ ǎǘŀȅǎ ǊŜƭŀǘƛǾŜƭȅ Ŏƻƴǎǘŀƴǘ ǊŜƎŀǊŘƭŜǎǎ ƻŦ ŀƳōƛŜƴǘ 
temperature. When ambient temperature drops, heat can be conserved through the vascular constriction in 
ǘƘŜƛǊ ŦŜŜǘΣ ŎƘŀƴƎŜǎ ƛƴ ōƻŘȅ ǇƻǎǘǳǊŜΣ ƻǊ ƘǳŘŘƭƛƴƎ ǿƛǘƘ ŎƻƴǎǇŜŎƛŦƛŎǎ όYƻǘȊŜ Ŝǘ ŀƭΦ нллуΣ ±ŜƧƳŠƭƪŀ Ŝǘ ŀƭΦ нлнмύΦ ¢ƘŜ 
fur of common mole-rats (Cryptomys hottentotus) was found to have better insulating properties compared to 
related species that live in tropical environments, and this may be an adaptation to greater fluctuations in 
ōǳǊǊƻǿ ǘŜƳǇŜǊŀǘǳǊŜǎ ό±ŜƧƳŠƭƪŀ Ŝǘ ŀƭΦ нлнмύΦ .ŜƘŀǾƛƻural thermoregulation (huddling, changes in body posture, 
or moving to warmer or colder areas of the burrow) may help mole-rats to maintain body temperature within 
their thermal neutral zone. It can be assumed that a decrease in body temperature may trigger an activity bout, 
forcing an animal to become active to increase its body temperature (Block 1994). However, mole-rats huddle 
with other group members in a nest during rest periods to conserve heat (Kotze et al. 2008). Thus, it would be 
unlikely that body temperature would significantly decrease while huddling. Therefore, mole-rats may time their 
periods of wakefulness and rest to coincide with daily burrow temperatures. Future studies investigating activity 
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patterns in social mole-rats should maintain group cohesion to account for the effects of social cues on activity 
patterns. RFID technology can easily be applied in a laboratory setting to track individual activity patterns of 
group-living animals with the implementation of new open-source and 3D printing technology to decrease costs 
(Schielke et al. 2012, Habedank et al. 2021). 

Predation avoidance has been suggested to affect activity patterns in other small mammals such as voles 
(Microtus ochrogaster, Getz 2009). Activity periods for black-backed jackals (Canis mesomelas) and serval 
(Leptailurus serval), both known predators of Natal mole-rats, were primarily nocturnal during winter and 
crepuscular during summer (Ramesh and Downs 2013, Humphries et al. 2015). Our results indicated that mole-
rats reduced activity during these periods in winter, but during summer were more active during predator 
activity periods. In both serval and jackal, mole-rats make up < 5% of their diet and may be a seasonally available 
prey item (Ramesh and Downs 2015, Humphries et al. 2015). Therefore, it is more likely that the low instances 
of predation on mole-rats by serval and jackal are due to a low encounter rate or greater effort required for 
capture, instead of mole-rats altering their daily activity patterns in response to predation pressure. 

Van Jaarsveld et al. (2019) argued that tunnel breaches did not occur frequently enough to allow 
circadian rhythm entrainment via photoperiod. However, exposure to light pulses at infrequent intervals was 
enough to entrain the circadian rhythm in other subterranean rodents (Decoursey and Menon 1991, Rado et al. 
1993). Recent work in South American tuco-tucos (Ctenomys aff. knighti) has shown that individuals may entrain 
their circadian rhythms by infrequent exposure to light during surface excursions (Jannetti et al. 2019, Flôres et 
al. 2021). At the study site, many groups of mole-rats occupied areas covered with a thick carpet of grass which 
would require chewing through before soil could be extruded from the burrow. Most mounds encountered at 
this site had a neat circular hole leading into the tunnel, indicating that mole-rats may spend considerable effort 
ǘƻ άŎƭŜŀƴέ ǘƘŜ ǘǳƴƴŜƭ ŜȄƛǘ όYΦ CƛƴƴΣ !Φ WŀƴǎŜ Ǿŀƴ ±ǳǳǊŜƴΣ ǇŜǊǎΦ ƻōǎύΦ 9ƭƻŦŦ όмфрмύ ƴƻǘŜŘ ǘƘŀǘ Cryptomys would 
άƻǇŜƴ ŀ ƘƻƭŜ ǘƻ ǘƘŜ ǎǳǊŦŀŎŜ ώŀƴŘϐ Ǉǳǘ ƛǘǎ ƴƻǎŜ ƻǳǘέ ŘǳǊƛƴƎ ƳƻǳƴŘ construction. At the study site, mole-rats 
continued to make mounds through the dry season, likely due to increased soil moisture of mesic grasslands in 
the Natal region compared to more arid regions of South Africa (K. Finn, A. Janse van Vuuren, pers. obs.). Thus, 
mole-rats may be exposed to light throughout the year during mound construction. A family group of mole-rats 
may produce between 6 ς 7 mounds per day during the rainy season (Genelly 1965, Jarvis et al. 1998). During 
mound construction, one individual may lead digging while other group members assist with sweeping excess 
soil away and most individuals in a group contribute to digging (Zelová et al. 2010). Since light may penetrate 
along the tunnel for less than a metre when the surface is breached (Kott et al. 2014), other individuals in the 
digging chain may be exposed to light instead of just the lead digging animal. Therefore, whether light or 
temperature is the dominant entrainer of circadian rhythms in mole-rats remains unclear.   

This study used RFID technology as a non-invasive method to monitor activity patterns in a wild 
subterranean mammal. This method can be easily adapted to monitor activity in small mammals in areas that 
may involve safety risks to researchers, such as African reserves occupied by large predators. Hickman (1980) 
recommended studies to understand the effects of temperature and other non-photic cues on activity patterns 
in subterranean mammals. Surprisingly, in the 40 years since this suggestion, few laboratory studies have 
explored the effects of varying ambient temperatures on activity and only recently started gaining attention 
(Goldman et al. 1997, Haupt et al. 2017, Van Jaarsveld et al. 2019, Hart et al. 2021b, Flôres et al. 2021). There 
have been many field studies in various subterranean species where burrow or soil temperatures and activity 
ǇŀǘǘŜǊƴǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ όDŜǘǘƛƴƎŜǊ мфупΤ /ŀƳŜǊƻƴ Ŝǘ ŀƭΦ мфууΤ [ƻǾŜƎǊƻǾŜ мфууΤ [ǀǾȅ Ŝǘ ŀƭΦ нлмоΤ ~ƪƭƝōŀ Ŝǘ ŀƭΦ 
2007, 2014, 2015, 2016b; Vlasatá et al. 2017, Jannetti et al. 2019), with only a handful combining both laboratory 
and field observations (Rezende et al. 2003, Flôres et al. 2021). Results from studies on activity may differ 
significantly between wild and laboratory subjects of the same species due to artificial laboratory conditions 
όwŜȊŜƴŘŜ Ŝǘ ŀƭΦ нллоΣ ~ƪƭƝōŀ et al. 2014 and references therein). To date, only two studies have employed daily 
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temperature fluctuations during observation while keeping animals under constant darkness (van Jaarsveld et 
al. 2019, Hart et al. 2021b); however, these studies were on isolated individuals of a social species. One study 
has mimicked the periodic light pulses from mound construction (Rado et al. 1993), but they maintained a 
constant temperature during the experiment. Laboratory studies would benefit from maintaining social species 
in a tunnel-like atmosphere (sensu Zöttl et al. 2016b) kept under constant darkness with and without infrequent 
light pulses and exposed to daily temperature fluctuations to simulate natural variations they experience in 
foraging tunnels during both winter and summer. The ingenious addition of photo-sensors and accelerometers 
on wild subterranean mammals (Flôres et al. 2021) would provide valuable data on individual daily activity 
bouts, quantify exposure to light, and shed light on the effects of photoperiod on the entrainment of circadian 
rhythms in bathyergids. 

 
4.5 Data Availability 
 
Data for this chapter is available on Figshare: https://doi.org/10.6084/m9.figshare.17041496.v3 
 

https://doi.org/10.6084/m9.figshare.17041496.v3
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Chapter 5 
Relatedness, population structure, and dispersal 
dynamics among family groups of the social Natal 
mole-rat  

Abstract 
Habitat features and mating systems shape genetic structure of species populations. Microsatellites are 

useful genetic markers which can be utilized to estimate connectivity, population trends, kinship, and dispersal 
patterns. Population-level analyses, such as FST, focus on genetic relatedness among social groupings, while 
relatedness coefficients determine relatedness between individuals in the population. This study used 
microsatellite markers to assess spatial grouping of family groups in the landscape and gene flow between these 
groups to uncover patterns of relatedness and dispersal. I found that landscape features, such as a road and a 
river, did not present major barriers to dispersal in Natal mole-rats. Dispersal distances estimated from genetic 
markers indicated that gene flow is maintained well within the study site. Females had shorter estimated 
dispersal distances and were more related to neighbouring versus distant females. This result implies that 
females are more philopatric than males, and dispersal is likely male-biased. 
 
5.1 Introduction 
 

Habitat features, mating systems, and spatial distribution of resources as well as individuals in the 
landscape all shape the genetic structure of species populations (Balloux and Lugon-Moulin 2002 and references 
therein). Genetic markers, such as microsatellites, can be used to estimate population connectivity, historic 
population trends (e.g., bottlenecks), migration, kinship, in addition to dispersal patterns and other population 
dynamics (Telfer et al. 2003a, b, Selkoe and Toonen 2006, Waser et al. 2006, Taylor et al. 2007, Peery et al 2008, 
Pemberton 2008). Microsatellites are useful in studies of present demography or connectivity patterns and 
other changes within recent generations (10 ς 100) due to their higher mutation rates (Selkoe and Toonen 
2006). Small isolated populations are subject to genetic drift (Balloux and Lugon-Moulin 2002), but dispersal 
may occasionally allow individuals to leave their local area to colonize new habitat or immigrate into 
neighbouring areas. Thus, dispersal affects the spatial organization of allele frequencies in both individuals and 
populations to maintain gene flow and metapopulation dynamics between populations (Sutherland et al. 2000). 
Knowledge of dispersal patterns are important for understanding population structure, the consequences of 
habitat fragmentation, and to implement conservation measures (Chetkiewicz et al. 2006, Heinz and Strand 
2006). 

Prior to the advancements of molecular techniques to uncover dispersal dynamics (i.e., indirect 
methods), most studies assessed dispersal dynamics from direct observational studies, such as capture-mark 
recapture or radio telemetry (Broquet and Petit 2009). These direct methods provide valuable data on the 
transience and settlement stages of dispersal, and often reveal sex-biased patterns in dispersal behaviour 
(Clobert et al. 2009). However, direct methods can be both time and labour intensive due to the nature of 
tracking individuals which often requires tracking individuals outside the study area (Maag et al. 2022), or relying 
on large study areas to ensure recapture of dispersing individuals (Finn et al. 2022). In all dispersal studies the 
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likelihood of detecting rare long-distance dispersal events or understanding sex bias in dispersal patterns is 
severely limited (Koenig et al. 1996). Indirect methods using genetic material allow the measure of effective 
dispersal by comparing allele frequencies in molecular markers, such as microsatellites, between populations 
(Goudet et al. 2002, Banks and Peakall 2012). These methods can be employed through population-level or 
individual-level analysis. Population-level analyses focus on a location or social groupings to compute F-statistics 
(Weir and Cockerham 1984, Goudet et al. 1996). By comparing the total genetic variance of a population (FST) 
between the sexes, sex-biased dispersal frequencies can be detected (Goudet et al. 2002, Vitalis 2002). The 
other method relies upon multilocus genotypes of individuals at different locations to identify differences in 
spatial patterning of genetic markers between locations or genetic similarities between males and females 
(Banks et al 2005, Double et al. 2005). Strong genetic spatial autocorrelation can be detected even when subtle 
sex-biases in dispersal patterns are present, but only when sample sizes are large (> 200 individuals sampled, 
Banks and Peakall 2012). Parentage analyses are also useful in species where adults are relatively sedentary, 
avoid mate searching after settling in a territory, and offspring can be grouped into pre- and post-reproductive 
classes (Woltmann et al. 2012). By matching offspring to a parent pair using likelihood ratios, the geographical 
distances between parent-offspring pairs can then be used to infer dispersal distances. Individual based spatial 
autocorrelation analyses are more appropriate when dispersal distances are over tens to hundreds of metres 
rather than kilometres (Banks and Peakall 2012), and would be appropriate for African mole-rats due to the 
majority of dispersal distances being less than 1000m (Mynhardt et al. 2021, Finn et al. 2022).  

Roads often act as a barrier to movement and dispersal for small mammals (Esperandio et al. 2019), but 
even small steams (< 4m) may be barriers for small mammals (Savidge 1974). Species may avoid roads due to 
noise (Parris and Schneider 2009), artificial lighting (Outen 2002), or mortality (Alexander et al. 2005), but more 
often due to the fact that a physical obstacle is present preventing movement across (Fahrig and Ford 2008, 
Balkenhold and Waits 2009). For example, Fahrig and Ford (2008) found that small mammals avoid crossing 
roads due to the road surface itself. Seasonal variation in behaviour, such as mate searching during the breeding 
season can cause temporal variation in the effects of roads on species (Bond and Jones 2008). As a result, roads 
may prevent access to mates, food, or breeding sites and may lead to habitat fragmentation, genetic isolation 
of populations, and increased local extinction risks (Balkenhold and Waits 2009, Holderegger and Di Giulio 2010). 
The effect of roads and streams on habitat fragmentation may be exacerbated in small mammal species that 
are exclusively subterranean, such as African mole-rats or tuco-tucos (Esperandio et al. 2019). Molecular 
analyses can be highly informative to evaluate the relative impact of roads on gene flow and population genetic 
structure (Balkenhold and Waits 2009). 

Direct observations of dispersal events in mole-rats are rare (Jarvis and Bennett 1993, Hazell et al. 2000, 
Finn et al. 2022) and recapture of known dispersers is uncommon (Jarvis and Bennett 1993, Spinks et al. 2000c, 
Young et al. 2010, Torrent-Ticó et al. 2018, Finn et al. 2022). Some species of mole-rats are capable of travelling 
over 2000m during dispersal (Braude 2000, Bray et al. 2012), with the Damaraland mole-rat capable of travelling 
over 5000m (Finn et al. 2022). In the social species, offspring of the reproductive pair rarely, if ever, become 
breeders in their natal group (Torrents-Ticó et al. 2018, Thorley et al. 2021). Males will readily disperse from 
their natal group either alone or occasionally in coalitions to join established colonies and are more likely to find 
a potential mate in the process (Jarvis and Bennett 1993, Burland et al. 2004, Torrents-Ticó et al. 2018, Thorley 
et al. 2021). Females on the other hand primarily disperse alone to establish a new burrow system for 
themselves to wait for a mate to find them, but rarely do they disperse in coalitions (Patzenhauerova et al. 2013, 
Torrents-Ticó et al. 2018, Finn 2021, Mynhardt et al. 2021, Thorley et al. 2021). Dispersal likely occurs primarily 
above ground (Hazell et al. 2000, Bray et al. 2012, Finn 2021, Finn et al. 2022), but may also occur through 
territory budding where individuals establish a new territory for themselves in rarely used sections of the natal 
burrow (Lövy et al. 2013, Mynhardt et al. 2021, Finn et al. 2022, Thorley et al. 2021). 
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Previous genetic analysis of Cryptomys mole-rats have focused on paternity-maternity analysis (Bishop 
et al. 2004, 2007) or phylogenetics (Faulkes et al. 2004, Ingram et al. 2004, Visser et al. 2019a, b). This study 
assessed spatial relatedness and compared within- and between-group relatedness in the Natal mole-rat, a 
member of the Cryptomys species complex. The aims of this study are to determine aspects related to spatial 
population structure of the Natal mole-rat in the KwaZulu-Natal Province of South Africa. Specifically, I wanted 
to investigate the presence of sex-biased dispersal in both frequency and distances travelled during natal 
dispersal for each sex as well as I assess individual relatedness both within and between social groups. Lastly, 
this study investigated the hypothesis that roads and rivers may act as dispersal barriers to a subterranean 
mammal. Spatial population structure and indirect methods of estimating dispersal distances in mole-rats has 
only been explored for the arid dwelling Damaraland mole-rat (Mynhardt et al. 2021). Due to the higher and 
more reliable rainfall in KwaZulu-Natal, the constraints against dispersal are expected to be relaxed. Therefore, 
I predict that both dispersal rates as well as relatedness between groups would be higher than mole-rats from 
arid regions. I would also expect that spatial autocorrelation of genetic relatedness and geographic distance to 
remain consistent over long distances as seen in Mynhardt et al. (2021). In other words, neighbouring groups 
are expected to be just as related to each other as two more distant groups because the environmental 
conditions are more amicable in mesic grasslands compared to the Kalahari. 
 
5.2 Methods 
 
5.2.1 Animal Capture 
 

Natal mole-rats were captured as outlined in Chapter 3. Briefly, animals were captured at the study site 
in approximately 6-month intervals from January 2020 until July 2021 and marked with a transponder tag at 
capture for unique identification. Sixteen of the 52 groups were captured more than once and the remaining 
groups in the study area were only captured once. At capture a GPS location of the groupΩǎ location was taken 
for spatial analysis. I calculated the mean distance between all groups at the study site as well as the mean 
nearest neighbour distance between groups (i.e., the minimum distance to the nearest adjacent group averaged 
among all groups) using the Haversine method in geosphere (Hijmans et al. 2019) and rgeos (Bivand and Rundel 
2020) in R 4.0.5 (R Core Team 2021). These spatial distances between groups provide a better context for the 
dispersal distances in terms of spatial organization of social groups in the landscape, and distances individuals 
may be required to travel to locate mates or create a new burrow.  

 
5.2.2 DNA Extraction and Microsatellite Genotyping 
 

Tissue samples were collected from the tail tip of each individual upon capture and stored in 90% ethanol 
at -20°C. The distal 1-2mm of the tail tip was collected from each individual using a single use sterile scalpel. The 
wound was also used to collect a blood sample and then bleeding was stopped with a paper towel. Blood 
samples were used for hormone and oxidative stress analysis (see Chapter 3). DNA was extracted from tissue 
samples using QIAGEN DNasy® Blood & Tissue kits (QIAGEN, Hilden, Germany) following ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 
instructions and stored at -20°C. A total of 14 microsatellite markers were used to genotype the samples, 
including 13 bathyergid specific markers (Moore et al. 1998, Burland et al. 2001, Ingram 2004). The markers 
were divided into two multiplexes (Table 5.1). tǊƛƳŜǊǎ ǿŜǊŜ рΩ ŦƭǳƻǊŜǎŎŜƴǘ ƭŀōŜƭƭŜŘ ό!ǇǇƭƛŜŘ .ƛƻǎȅǎǘŜƳǎύΦ PCR 
ŀƳǇƭƛŦƛŎŀǘƛƻƴ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ нл˃[ ǊŜŀŎǘƛƻƴ ǾƻƭǳƳŜǎ using 12.5ul of PlatinumTM Multiplex PCR Master Mix 
(Applied Biosystems, Foster City, CA), 0.5uM of each primer, and 20 ς 100ng DNA. PCR was performed on a 
SimpliAmp Thermal Cycler (Applied Biosystems) in 0.2mL PCR tubes.  Cycling conditions for both multiplex mixes 
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were as follows:  an initial denature for 2 minutes at 95°C, then 35 cycles at 95°C for 30 seconds, 54°C for 90 
seconds, and 72°C for 30 seconds, and ending with a final extension step of 30 minutes at 72°C. PCR products 
were checked for contamination against a negative control on 1% agarose gel. Genotypes were generated using 
an ABI3500xl automated sequencer (Applied Biosystems) and analysed using Genemarker V2.7 (SoftGenetics, 
State College, PA). 

Of the 403 individuals captured during the study, three individuals were missing genotypes for more 
than half of the markers and were excluded, leaving a sample size of 400 individuals (202 males and 198 
females). Of the 14 markers tested, two were dropped due to poor amplification (DMR2 and CH4), one was 
monomorphic in the population (Cmech6), and DMR4 was dropped due to high levels of null alleles (Table 5.1). 
Three of the markers were modified from Burland et al. (2001) and renamed to DMRN1, DMRN3, DMRN7 (Table 
5.2; Mynhardt et al. 2021). The allele frequencies, observed and expected heterozygosity, presence of null 
alleles, and Hardy-Weinberg equilibrium values were obtained using the Genepop package in R (Rousset 2008; 
Table 5.1). 
 
Table 5.1: Microsatellite markers used in this study. TA: annealing temperature, k: number of alleles in the 
population, Ho observed heterozygosity, HE: expected heterozygosity, HW: Hardy-Weinberg equilibrium where 
ns = not significant and * = level of significance, F (null): frequency of null alleles. 

Marker Dye Size 
Range 

TA (°C) k HO/ HE HW F (null) 

Multiplex 1 
CH1 a 6-FAM 103 ς 137 60 8 0.766/0.757 ns 0.0603 
CH2 a VIC 110 -134 60 10 0.767/0.808 ***  0.2094 
CH3 a PET 120 ς 136 59 ς 57 7 0.656/0.708 **  0.0511 
DMRN1 b PET 264 ς 308 59.2 13 0.465/0.856 ***  0.2207 
DMRN7 b VIC 190 ς 206 60.3 8 0.788/0.802 **  0.1808 
Cmech3 c 6-FAM 264 ς 294 58 5 0.258/0.263 ***  0.1362 
Multiplex 2 
DMRN3 b VIC 198 ς 226 57.6 6 0.608/0.572 ns 0.0000 
DMR5 a 6-FAM 244 ς 274 57 ς 55 8 0.354/0.461 ***  0.1019 
Cmech4 c PET 354 ς 296 58 9 0.744/0.752 *  0.0178 
NCAM d NED 230 - 270 55 8 0.830/0.800 ***  0.1927 

aBurland et al. 2001; bMynhardt et al. 2021; cIngram 2004; dMoore et al 1998 
 
Table 5.2: Redesigned primer sequences from Mynhardt et al. (2021) 

Marker tǊƛƳŜǊ ǎŜǉǳŜƴŎŜ όрΩ-оΩύ 
(forward sequence first) 

Repeat motif 

DMRN1 TCTACTCGGATACACCTCTC 
TTGGCCTAGACAGAACCAAC 

(CT)18 

DMRN3 GGCAGTGACTGGGATTATGAG 
TTAAGGGAGGGAAGGCTAG 

(CT)17 

DMRN7 CATAGCACTTTAGCTTCACGTTC 
CTTAGCTCATCCCTAGCAGC 

(TG)16 
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5.2.3 Spatial Relatedness Analysis 
 

The program SPAGeDI 1.5 (Hardy and Vekemans 2002) was used to calculate population-level FST and 
individual-level relatedness coefficient (r). Population FST is the proportion of the total genetic variance that 
resides among populations, or family groups in the case of social species (Hartl and Clark 1997). A high FST value 
would indicate reduced similarity of alleles (i.e., genetically distinct), while a low FST would indicate that groups 
are more genetically similar. Generally, an FST below 0.05 is considered low genetic differentiation and over 0.15 
as significant differentiation (Hartl and Clark 1997, Frankham et al. 2010). Additionally, the sex which remains 
longer in the social group (i.e., philopatric sex) is expected to have higher FST and r values than the sex which 
more frequently disperses (Weir and Cokerham 1984, Goudet et al. 2002). At the individual level, relatedness 
coefficient (r) measure pairwise values between individuals in the population are to each other, or in the case 
of social species individuals within family groups, to determine how related each pair of individuals are to one 
another. Relatedness values range from 0 to 1, with values of 0.5 indicating parent-offspring or sibling 
relationships, and 0.25 indicating half-sibling relationships. Negative r values may also occur when a pair of 
individuals has a lower genetic relatedness compared to two individuals taken at random from the population 
(Queller and Goodnight 1989, Rousset 2002). At the population level, pairwise FST was analysed using a nested 
ANOVA to assess genetic variance among the 52 social groups (Weir and Cockerham 1984). At the individual 
level the relationship coefficient, r, was used to assess the relatedness between individuals both within and 
between groups (i.e., within- and between-group relatedness) over the distance classes (Queller and Goodnight 
1989).  

To explore the presence and direction of sex-biased dispersal both FST and r were calculated separately 
for all males (n = 202 in 46 groups) and all females (n = 198 in 52 groups) by permutation analysis in SPAGeDI 
and then compared using t-tests in R 4.0.5 (R Core Team 2021). The maximum geographic distance between 
groups in my dataset calculated by SPAGeDI was 970m, so in my spatial analysis a distance range of 0 ς 1000 m 
was used over 10 distance classes in 100 m increments for all individuals (n = 400). Because the genes of 
immigrants would be carried by offspring of the immigrants, any genetic differences between the sexes may 
disappear if offspring are included in the analysis (Goudet et al. 2002). Ideally only reproductive females would 
be analysed, but FST calculations require more than one individual in a group or population, and likewise within-
group r would not be available. Therefore, I repeated comparisons of FST and r within sexes for adults only to 
reduce the influence of philopatric individuals on FST and relatedness. Adult individuals were selected based on 
body mass, with females weighing over 80g and males weighing over 100g. These values were based on results 
from asymptotic growth rates (see Chapter 3). This dataset included 61 females and 73 males.  
 
5.2.4 Isolation by Distance 
 

Isolation by distance (IBD) refers to the genetic variation among populations or individuals resulting from 
dispersal (Broquet and Petit 2009). In other words, the situation where neighbouring individuals are more 
genetically related than distant individuals. IBD can be used to uncover sex-biased dispersal patterns (Balloux 
and Lugon-Moulin 2002). IBD relies upon regression of pairwise genetic distance values (e.g., FSTΣ wƻǳǎǎŜǘΩǎ 
distance, kinship coefficient, relatedness coefficient) against the logarithm of corresponding geographic 
distances (Rousset 1997, 2000). The slope of the regression line (blog) is informative to show the direction of 
IBD across distance classes (Hardy and Vekemans 1999).  

IBD was tested in both males and females for datasets including all individuals (n = 400) and reproductive 
individuals only (n = 105) across 10 distance classes of 100m. First permutation matrices of genetic distances 
(pairwise FST and r values) and corresponding geographic distances for individuals were calculated in SPAGeDI 
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with 1000 permutations each. Using these matrices, a Mantel test was performed in SPAGeDI to assess the 
correlation between genetic distances and geographic distances for males and females by comparing observed 
and permutation values (Hardy and Vekemans 1999).  
 
5.2.5 Direct Estimates of Dispersal Distance 
 

IƻǿŀǊŘ όмфслύ ŘŜŦƛƴŜŘ ŘƛǎǇŜǊǎŀƭ ŀǎ άƳƻǾŜƳŜƴǘ ǘƘŜ ŀƴƛƳŀƭ ƳŀƪŜǎ ŦǊƻƳ ƛǘǎ Ǉƻƛƴǘ ƻŦ ƻǊƛƎƛƴ ǘƻ ǘƘŜ ǇƭŀŎŜ 
where it ǊŜǇǊƻŘǳŎŜǎέ. Greenwood (1980) expanded on this definition by defining natal and breeding dispersal. 
Natal dispersal refers specifically to dispersal performed by juveniles during their movement from the birth site 
to their first breeding territory (Greenwood 1980). Adult individuals which have already undertaken natal 
dispersal, reproduced, but subsequently move to a new breeding location in search of mates is considered 
breeding dispersal (Greenwood 1980). For social mole-rats it is expected that females perform only natal 
dispersal because once they establish themselves as a breeding individual they do not move to a new burrow 
(Mynhardt et al. 2021, Thorley et al. 2021, Finn et al. 2022). It is exceedingly rare that breeding dispersal occurs 
in males of social mole-rats since genetic studies have not detected a male siring a litter in multiple groups 
within the same year (Bishop et al. 2004, 2007; Burland et al. 2004; Bray et al. 2012), but Patzenhauerová et al. 
(2013) detected a case of extra pair-paternity in a neighbouring group. Mynhardt et al. (2021) observed two 
cases where males dispersed multiple times and concluded they performed breeding dispersal.  

During the study, previously captured individuals were occasionally recaptured in a new location distinct 
from their natal group and suspected to have performed dispersal. These known dispersers were identified by 
the presence of a transponder tag, having been captured and marked previously, and were not recaptured with 
members of their natal group. The Euclidian distance between the original capture location (i.e., natal group 
GPS point) and recapture location (i.e., immigration group GPS point) of known dispersers was measured to the 
nearest metre using the Haversine method in the package geosphere (Hijmans et al. 2019) in R 4.0.5 (R Core 
Team 2021). The total sex ratio of dispersing individuals was calculated by taking the number of males divided 
by the total number of dispersers. Then the sex ratio of known dispersers was compared to the mean adult sex 
Ǌŀǘƛƻ ƻŦ ǘƘŜ ǇƻǇǳƭŀǘƛƻƴ ǳǎƛƴƎ ŀ CƛǎƘŜǊΩǎ ŜȄŀŎǘ ǘŜǎǘΦ 

 
5.2.6 Indirect Estimates of Dispersal Distance 

 
Dispersal distances were estimated from genetic data for reproductive males and females only to 

remove any confounding effects of pre-dispersal individuals. The gene dispersal distance parameter, sigma („), 
can be calculated based on genetic distances, effective neighbourhood size (Nb) and effective population density 
(De). Sigma alone is not a measure of dispersal distance but is used to calculated dispersal distances. SPAGeDI 
(Hardy and Vekemans 2002) was used to ŎŀƭŎǳƭŀǘŜ wƻǳǎǎŜǘΩǎ distance which is the genetic distance between 
gene copies within individuals for each category (Rousset 2000). The regression slope of pairwise values of 
genetic distance on the log of spatial distance for all pairs of individuals (blog) can be used to estimate Nb: 

 
                                                                           ὔ ρȾὦὰέὫ (1) 
 
Effective population size (Ne) is required to calculate De, which represents the number of breeding 

individuals in the population (Wright 1931). Thus, a large population can behave genetically like a small one if 
reproduction is limited to a few individuals (Lynch and Conery 2003), as is the case in mole-rats with high 
reproductive skew where only a single female reproduces in each group and reproductive pairs are generally 
monogamous (Bennett and Faulkes 2000, Bishop et al. 2004, Burland et al. 2004, Patzenhauerová et al. 2013). 
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Ne estimates can vary widely depending on the estimation method employed and as a result the estimated 
genetic dispersal distance can also vary (sensu Athrey et al. 2015). Therefore, two methods were employed to 
estimate Ne: linkage disequilibrium (LD) and sib-ship assignment (SA). LD is a single sample estimator of Ne based 
on estimates of associations of alleles at different loci in a sample and is considered reliable when the sample 
size is large (England et al. 2006). The SA method utilizes the allele frequencies of full and half-sib dyads in the 
sample population to estimate Ne (Wang 2009). I used NeEstimator 2.1 to estimate Ne based on the LD method 
assuming monogamous mating and the lowest allele frequency of 0.05 (Do et al. 2014). I used COLONY 2.0.6.8 
to estimate Ne using the SA method assuming non-random mating (Jones and Wang 2010). Both methods 
utilized allele frequencies from all genotyped individuals in the population.  

Then De and Nb can be used to calculate sigma using Wright (1931) equation for Nb: 
 

                                                                                      Ὀ
 

 (2) 

 
 
                                                                                           ὔ τ“Ὀ„      (3) 

 

                                                                  „   (4) 

 
Since „ is the square root of half the mean square parent-offspring distance, the genetic dispersal distance can 
be calculated as: 

                                                                                        Distance = Ѝς„  (5) 
 
Lastly the effective number of migrants per generation (Nem) were estimated for each sex using Wright (1943). 
This relationship can also calculate the effective rate of new immigrants into the population if effective 
population size (Ne) is known. 
 

                                                                      Ὂ   (6) 

 
5.2.7 Genetic Clustering Analysis 
 

The study site has three landscape features which may act as physical barriers to dispersal: a) a gravel 
road to the south, b) the Little Mooi River to the north, and c) a steep isolated hill bordered by a forest to the 
east (Figure 5.1). The road spans 13 ς 17m including the verge, while the river spans roughly 5 ς 7m. The water 
depth of the river varies between seasons and due to rainfall upstream from less than 30cm during winter to 
over 1m with a swift current during summer. Additionally, some sections of the river have steep banks to a 
height well over 1m. Thus, based on these potential barriers, the individuals were divided into 4 different άsub-
populationsέ to correspond to south of road (Road), north of river (River), top of the hill (Hill), or central primary 
population (Core).  
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Figure 5.1: Assumed population clusters for genetic clustering analysis. The purple area indicates the study 
area in which trapping for mole-rat groups was focused. Mole-rat family groups were assigned into one of 
four populations based on geographic features which may act as dispersal barriers. Groups south of the road 
were asǎƛƎƴŜŘ ǘƘŜ άwƻŀŘέ ǇƻǇǳƭŀǘƛƻƴΣ ƎǊƻǳǇǎ ƴƻǊǘƘ ƻŦ ǘƘŜ ǊƛǾŜǊ ǘƘŜ άwƛǾŜǊέ ǇƻǇǳƭŀǘƛƻƴΣ ƎǊƻǳǇǎ ƻƴ ǘƘŜ ǘƻǇ ƻŦ 
ŀ ǎǘŜŜǇ ƛƴŎƭƛƴŜ ǘƘŜ άIƛƭƭέ ǇƻǇǳƭŀǘƛƻƴΣ ŀƴŘ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ƎǊƻǳǇǎ ǿŜǊŜ ǘƘŜ ά/ƻǊŜέ ǇƻǇǳƭŀǘƛƻƴΦ  

 
A non-spatial Bayesian clustering analysis was performed in STRUCTURE 2.3.4 (Pritchard et al. 2000) to 

assign individuals to a genetic cluster. In addition to defining genetic structure based on shared alleles, this 
method would show the presence of barriers to dispersal if individuals from certain geographic areas were 
clustered together into distinct sub-units in the population. STRUCTURE requires setting a range of assumed 
number of populations (K) from 1 to Y Ҍ мΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ {¢w¦/¢¦w9 Ƙŀǎ ŀ ŘŜŦŀǳƭǘ ŀƴŎŜǎǘǊȅ ǇǊƛƻǊ όʰύ ƻŦ мΦл ǿƘƛŎƘ 
yields accurate individual assignment only under balanced sampling (Wang 2017). Specifically, individuals from 
a population with small sample sizes are frequently assigned to a single cluster while individuals from a larger 
sample are split into multiple clusters (Wang 2017). Wang (2017) therefore recommended setting the prior 
value equal to 1/K and allowed to vary between populations (i.e., the alternative ancestry prior) when sample 
sizes were unbalanced.  
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I performed two analyses, one where the individuals were divided geographically based on suspected 
barriers mentioned above, and another where the individuals were divided into family groups. The K values and 
alpha prior values were adjusted for the two analysis methods. First to determine if the population was 
geographically fragmented based on landscape features, individuals were assigned to one of four populations 
based on their location: Core (n = 295), River (n = 57), Hill (n = 22), or Road (n = 26); Figure 5.1). Due to the 
unbalanced sample sizes of the populations, an alternate ancestry prior and non-default alpha of 0.25 was 
selected and K varied from 1 to 5 for this analysis. Population differentiation was measured for the four 
populations by calculating population pairwise FST (Weir and Cockerham 1984) in SPAGeDI using 1000 
permutations. The data set was then subdivided by family group based on initial capture location for a total of 
52 clusters of varying group sizes (2 ς 18 individuals). The group sizes were fairly balanced, less than a quarter 
contained more than 10 individuals (n = 10). I varied the K value from 1 to 53, selected an alternate alpha prior 
and non-default starting alpha of 0.02. Population differentiation was measured for the 52 family groups already 
in section 5.2.3.  

The two datasets were analysed using the admixture model, assuming that allele frequencies were 
correlated between populations, a burn in of 10,000, 100,000 iterations, and with 10 independent runs for each 
K value. The results from the two models were each run separately in STRUCTURE HARVESTER (Earl and von 
Holdt 2012) to determine the most likely K, indicated by both ɲY ŦǊƻƳ 9Ǿŀƴƴƻ Ŝǘ ŀƭΦ όнллрύ and ln Pr(X|K) from 
Pritchard et al. (2000). After the likely K value was determined, the datasets were reanalysed in STRUCTURE 
using the same assumptions and alpha priors, but with 20 independent runs at the single ɲY ǾŀƭǳŜ for each 
dataset with a burn in of 100,000 and 1,000,000 iterations to produce a final output. Results were visualized 
using CLUMPAK (Kopelman et al. 2015).  

 
5.3 Results 
 
5.3.1 Spatial Relatedness 

 
The spatial relatedness of all genotyped individuals in the population (n = 400) and adult individuals only 

(n = 135) were compared. The two datasets showed important differences. Considering the all individuals 
dataset, mean pairwise FST was 0.174, the mean within-group relatedness coefficient (r) was 0.299, and the 
mean between-group r was -0.003 (Table 5.3). However, when the dataset was reduced to just adult individuals, 
mean pairwise FST decreased considerably to 0.097, mean within-group r decreased to 0.276, and mean 
between-group r decreased to -0.0082. However, many of the other results for males and females were reversed 
in the two datasets. Males in the all individuals dataset had a significantly higher pairwise- FST (0.179), but 
females in the adult dataset had a significantly higher pairwise- FST (0.188). The all individuals dataset found 
within-group r was higher for males (0.294) than females (0.281), but adults females had a much higher within-
group r compared to adult males (males = 0.279, females = 0.375). The between-group r for adult females (-
0.174) decreased dramatically compared to all females (-0.0053), and was now lower than the values for adult 
males (-0.0149) and all males (-0.0058).  

There are many indications of male-biased dispersal in this population when the adult only dataset is 
considered. Adult males exhibited a lower pairwise FST, a lower within-group r, and a higher between-group r 
compared to adult females. These results indicated that gene flow and relatedness is higher among males 
between groups compared to females, males are more closely related to each other in the population than 
reproductive females, and males may frequently immigrate into other groups for breeding opportunities. Since 
males from different groups were more closely related to each other it may indicate males disperse as part of a 
coalition of related individuals for breeding opportunities and to increase the chances of at least one individual 



 Chapter 5 ς Population Structure of Natal Mole-rats 
 

   
P a g e| 83 

breeding. The higher FST and lower between-group r values for adult females indicated that there is strong 
genetic differentiation among adult females in the population, which is to be expected in a species where a 
single female dominates reproduction in each family group. The higher within-group relatedness among adult 
females indicated that female offspring may remain in the natal group well past maturity before dispersal. 
Alternatively, it may indicate that females sometimes disperse in female-female coalitions. Even if this dispersal 
tactic occurs, only one female would become the breeding female in a new group and the high reproductive 
skew in the population is maintained.  It should be noted that some of these differences between the sexes 
were not significant, which may indicate that sex-biased dispersal patterns may be slight.  
 
5.3.2 Isolation by Distance 
 

For the datasets including all individuals of both sexes and reduced to adults only, FST increased 
significantly in both datasets as distance between family groups increased (Table 5.3). When comparing FST over 
the distance classes in males and females separately, only the all males dataset was found to increase 
significantly with distance (Table 5.3). The slope of the regression line of genetic distance (r) against spatial 
distance (blog) was not significantly different than zero across all distance classes for all comparisons (Table 
5.3). Even though adult females show strong genetic differentiation and lower relatedness to neighbouring adult 
females, there is no evidence for pronounced spatial distribution of adult females. It appears that both sexes 
are capable of dispersing similar distances and gene flow is well maintained in adults and reproductive 
individuals across all distance classes in the study site. Therefore, isolation by distance was not present (Figure 
5.2 & 5.3). The differences between the all individuals and adult only dataset are likely due to the presence of 
pre-dispersal offspring with high relatedness in the all individuals dataset. 
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Table 5.3: Results of spatial genetic analysis in the Natal mole-rat. Pairwise FST, relatedness coefficient (r) for both within and between groups, and 
slope of the regression line for pairwise r against spatial distance (blog). P-values for FST and r indicate comparisons between males and females. FST 
and r blog represent the slope of the regression comparing spatial matrices of genetic distances (FST or r) and log-transformed geographic distances. 
P-values indicted results from Mantel tests on blog where the alternative hypothesis is the slope is significantly different than zero.  

 
FST DF P-value 

Within 
Group r DF P-value 

Between 
Group r DF P-value FST blog P-value r blog P-value 

All individuals 
(n = 400) 

0.174 -- -- 0.299 -- -- -0.0028 -- -- 0.0188 < 0.001* 0.0101 0.06 

Males (n = 202) 0.179 2060.8 < 0.001* 0.294 837.6 0.44 -0.0058 38576    0.02* 0.0182 < 0.001* -0.0034 0.72 
Females (n = 198) 0.163 -- -- 0.281 -- -- -0.0053 -- -- 0.0098    0.07 -0.0127 0.12 
              
Adults (n = 134) 0.097 -- -- 0.276 -- -- -0.0082 -- -- 0.0310    0.005* -0.0131 0.08 
Males (n = 73) 0.138 830.2 < 0.001* 0.279 40.1 0.10 -0.0149 3818.1    0.55 0.0103    0.16 -0.0093 0.32 
Females (n = 60) 0.188   0.375   -0.0174   -0.0003    0.96 -0.0145 0.18 
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Figure 5.2: Population level FST within 52 family groups of Natal mole-rats. Pairwise FST was calculated 
separately for males and females over 10 distance classes for (A) all individuals (males = 202, females = 198) 
and (B) adults only (males = 73, females = 60). Points represent the mean FST within each distance class for 
males (blue) and females (red), with lines representing linear regression. Error bars represent upper and 
lower 95% CI from permutation matrices, and points outside the error bars indicate that observed values 
were significantly different from expected values.  
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Figure 5.3: Individual spatial autocorrelation of relatedness in Natal mole-rats. Relatedness was calculated 
separately for males and females over 10 distance classes for (A) all individuals (males = 202, females = 198) 
and (B) adults only (males = 73, females = 60). Points represent the mean within each distance class for 
males (blue) and females (red), with lines indicating the linear regression line for each. Error bars represent 
upper and lower 95% CI from permutation matrices, and points outside the error bars indicate that observed 
values were significantly different than expected values.  
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5.3.3 Direct Estimates of Dispersal Distances  
 

The mean distance between groups at the study site was 385.1 + 65.6 m, with a mean nearest neighbour 
distance of 47.3 + 31.2 m. I recaptured 19 dispersing individuals in new groups over the study period (Table 5.4). 
The mean distance travelled by all known dispersers was 77.3 + 42.1 m (range 5 ς 166 m), less than twice the 
nearest neighbour distance between groups and considerably less than the mean distance between groups. The 
sex ratio of known dispersers was female-biased (0.42), though not significantly different than parity (p-value = 
0.74), nor different from the adult sex ratio (ASR) in the population (ASR = 0.44, p-value = 0.47).  

There were two dispersal observations of note. One male was recaptured in winter (150 days between 
captures) on the opposite bank of the Little Mooi River, 107m from his natal group. This observation implies 
that he either swam across, or dug under the river between February and July 2021. Another male was 
confirmed to explore the burrow of an adjacent group 5m away, and may have been seeking breeding 
opportunities. This male was first captured as an adult (102g) in February 2020 and twice in August 2020 in 
group #18. On 3 February 2021 he was recaptured (134g) in an adjacent group (#19) and possessed noticeable 
testes whereas previously testes were not obvious when examined. He was then recaptured again with his 
original group (#18) on 11 February and again in July 2021. There was no noticeable aggression between him 
and other group members in the group he immigrated into, and the two groups had a mean pairwise relatedness 
coefficient of 0.006 indicating that they were distinct groups (only 56 of 430 paired individuals had r > 0.25). 
This observation is the second confirmed case of a mole-rat exploring the burrow of a neighbouring family group 
(see ~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмсa, b). It is unclear whether this intrusion led to permanent dispersal or whether connection 
between groups was maintained or closed after the intrusion on the 3rd of February.  

 
Table 5.4: Proportions of recaptured and dispersing individuals. Percent is the proportion out of the preceding 
category. Dispersers recaptured in a group are individuals which were captured in another established group. 
Dispersers recaptured in a pair are individuals which were captured with only one other individual. 

 Males Females Total Percent 

Captured Individuals 203 200 403 -- 
Recaptured Individuals 58 60 118 29.3% 
Total Dispersers 8 11 19 16.1% 
   Dispersers Recaptured in a Group 7 8 15  
   Dispersers Recaptured in a Pair 1 1 2  
   Dispersers Recaptured Alone 0 2 2  

 
5.3.4 Indirect Estimates of Dispersal Distances 
 

Population size estimates were similar between the LD (Ne = 95.6 individuals (95% CI 83.6 ς 109.2)) and 
SA methods (Ne = 94.0 individuals (95% CI 71 ς 127)). These values are similar to the number of reproductive 
individuals I captured in the population. The Ne estimates equate to a De of 197.1 individuals/km2 and 193.8 
individuals/km2, respectively. The ǎƭƻǇŜ ƻŦ wƻǳǎǎŜǘΩǎ ŘƛǎǘŀƴŎŜ ƻƴ ǘƘŜ ƭƻƎ ƻŦ ǎǇŀǘƛŀƭ ŘƛǎǘŀƴŎŜǎ όblog) varied 
between sexes and as a result neighbourhood size (Nb) and gene dispersal distance parameter („) also differed 
(Table 5.5). Dispersal distances estimated from sigma varied between 393.6 ς 396.9m for females and 462.8 ς 
466.7 for males, with a mean distance of 419.6 ς 432.2m for reproductive individuals. The estimated dispersal 
distance of Natal mole-rats was above the values estimated from genetic markers for Damaraland mole-rats 
(Mynhardt et al. 2021). The mean estimated dispersal distance was above the predicted range based on body 
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mass when plotted against other published studies on dispersal distances in rodents (see Finn et al. 2022 for 
methods; Figure 5.4). Generally, estimated dispersal distances decrease with decreasing population density due 
ǘƻ ǘƘŜ ŎŀƭŎǳƭŀǘƛƻƴǎ ƻŦ ²ǊƛƎƘǘΩǎ ƴŜƛƎƘōƻǳǊƘƻƻŘ ǎƛȊŜΦ CƻǊ comparison, when the total captured population (i.e., 
census population) was used to estimate population density (403 individuals/0.485km2), the estimated dispersal 
distance was 191.8m for females and 225.5m for males. The estimated immigration rate of individuals into the 
population per generation was lower for females (1.08) compared to males (1.57) which further supports the 
assumption that dispersal rates are male-biased. ¢Ƙƛǎ ǾŀƭǳŜ ƛǎ ōŀǎŜŘ ƻƴ ²ǊƛƎƘǘΩǎ ƛǎƭŀƴŘ ƳƻŘŜƭΣ ŀƴŘ ŀǎǎǳƳŜǎ 
random mating which may not occur in mole-rats with high reproductive skew. Thus, the estimated immigration 
rate should be taken with caution. 
 
Table 5.5: Dispersal distances estimated from ²ǊƛƎƘǘΩǎ ƴŜƛƎƘōƻurhood size (Nb). Two population densities (De) 
were estimated from effective population size (Ne) based on linkage disequilibrium and sib-ship assignment. N 
= sample size, blog Ґ ǎƭƻǇŜ ƻŦ ǘƘŜ ǊŜƎǊŜǎǎƛƻƴ ƭƛƴŜ ŦƻǊ wƻǳǎǎŜǘΩǎ ŘƛǎǘŀƴŎŜ ŀƎŀƛƴǎǘ log-transformed spatial distance, 
Nb = neighbourhood size, De = effective population density, „ = gene dispersal parameter.  

 N blog Nb De Ɑ Distance 

All Reproductive 105 0.0068 218.1 193.8 0.299 432.2m 
Individuals  -- -- 197.1 0.297 419.6m 
Males 73 0.0062 265.2 193.8 0.330 466.7m 
  -- -- 197.1 0.327 462.8m 
Females 32 0.0052 191.8 193.8 0.281 396.9m 
  -- -- 197.1 0.278 393.6m 
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Figure 5.4: Relationship of dispersal distance to body mass in rodents. The mean dispersal distance of the 
Natal mole-rat is highlighted in green, other subterranean rodents in purple, and open circles indicate all 
other rodents. Modified from Finn et al. (2022). 

 
5.3.5 Genetic Clustering Analysis 
 
 The overall pairwise FST for the four populations was 0.056, and the pairwise FST between the Core-River 
populations was 0.040, Core-Hill FST = 0.057, Core-Road FST = 0.036, River-Hill FST = 0.048, River-Road FST = 0.076, 
Hill-Road FST = 0.081. The pairwise FST was not significantly different between populations (p-value = 0.29). The 
Core-River, Core-Road, River-Hill population pairings show low genetic variation (FST < 0.05) which indicate 
frequent gene flow between the populations (Hartl and Clark 1997, Frankham et al. 2010). The River-Road and 
Hill-Road pairings showed more genetic variation indicating reduced gene flow between those populations, and 
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this makes sense because dispersing individuals between the two populations would be more likely to join the 
Core population. But the values were still much lower than pairwise FST between family groups.  Therefore, 
these geographic features do not present significant barriers to dispersal since populations adjacent to those 
features had low FST values.  

The assignment test In STRUCTURE when the populations were grouped based on geographic features 
and K = 5 indicated that the most likely number of populations was 2 ǳǎƛƴƎ ǘƘŜ ɲY ƳŜǘƘƻŘ ŀƴŘ р ǳǎƛƴƎ ǘƘŜ 
Pr[X|K] method (Figure 5.5). When the data were grouped into 53 populations based on family groups (K = 53), 
the most likely number of populations was 3 using the ɲY ƳŜǘƘƻŘ (Figure 5.6). The STRUCTURE histogram 
indicated that individuals showed similar composition at the study site and distinct clustering was not present 
between either geographic populations (Figure 5.7) or between family groups (Figure 5.8). 
 

 
Figure 5.5Υ wŜǎǳƭǘǎ ŦǊƻƳ {¢w¦/¢¦w9 IŀǊǾŜǎǘŜǊ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ Ƴƻǎǘ ƭƛƪŜƭȅ Y ǾŀƭǳŜ ǳǎƛƴƎ ǘƘŜ ɲY ƳŜǘƘƻŘ 
when assuming populations were divided by landscape features. Population structure was clustered by 
four populations by location: Core, Road, River, and Hill. K was set to vary from 1 to 5.  
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CƛƎǳǊŜ рΦсΥ wŜǎǳƭǘǎ ŦǊƻƳ {¢w¦/¢¦w9 IŀǊǾŜǎǘŜǊ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ Ƴƻǎǘ ƭƛƪŜƭȅ Y ǾŀƭǳŜ ǳǎƛƴƎ ǘƘŜ ɲY ƳŜǘƘƻŘ 
when assuming populations were divided by family groups. Population structure was clustered into distinct 
family groups captured at the study site K was set to vary from 1 to 53. 
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Figure 5.7: Figure 5.7: STRUCTURE results indicating the proportional membership probability of individual 
Natal mole-rats to geographic populations. Individuals were grouped into 4 populations based on 
geographic features which may act as barriers: Core (1), Road (2), River (3), and Hill (4). The suspected 
number of populations (K value) was set at either A) K = 2, B) K = 3, C) K = 4, or D) K = 5. 
 

 
Figure 5.8: STRUCTURE results indicating the proportional membership probability of individuals Natal 
mole-rats based on family groups. Individuals were grouped based on original location at first capture and 
numbered based on group identity. The suspected number of populations (K value) was set at 3.  

 
5.4 Discussion 
 
 The understanding of relatedness within social groups and frequency of gene flow between groups in a 
population can have far reaching effects. I used microsatellite markers to assess within- and between- group 
relatedness, assess the presence of sex-biased dispersal patterns, and predict dispersal distances in a population 
of Natal mole-rats. This study suggests that dispersal is male-biased and individuals of either sex may disperse 
between 394 ς 466m during natal dispersal, with males dispersing farther. These values are similar to the mean 
distance between groups, and almost half the value of the greatest distance between groups in this population. 
The lack of isolation by distance in reproductive individuals implies that gene flow is well maintained for 
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distances up to 1000m. The genetic clustering analysis indicated that the study area is composed of a single 
population and geographic features (e.g., roads and rivers) may not represent significant barriers to dispersal. 

Similar to other social mole-rats, Natal mole-rat family groups are more related to each other than other 
groups in the population, and this characteristic was especially pronounced in adult females. I found that the 
mean relatedness coefficients for all individuals (r = 0.299) was similar to that of Damaraland mole-rats in the 
Kalahari (r = 0.2899, Mynhardt et al. 2021), but lower than Damaraland mole-rats in Namibia (r = 0.46, Burland 
et al. 2002). The higher relatedness of mole-rats in Namibia may be explained by a combination of soil properties 
and higher unpredictability of rainfall events. The harder rocky soil and infrequent rains in Namibia likely 
imposes high constraints against dispersal which may cause a higher within group relatedness.  Although this 
relationship has yet to be explored. Thus, even with higher annual rainfall in the Drakensberg, and presumably 
more dispersal opportunities, family relationships  of Natal mole-rats were similar to the arid dwelling 
Damaraland mole-rat. This result is surprising considering previous assumptions that members of the genus 
Cryptomys are άless ǎƻŎƛŀƭέ compared to Fukomys mole-rats and that dispersal constraints are relaxed in 
Cryptomys mole-rats (Gabathuler et al. 1996, Moolman et al. 1998, Bennett and Faulkes 2000). Clearly the Natal 
mole-rat groups exhibit comparable familial relationships to the άƘƛƎƘƭȅ όŜǳύǎƻŎƛŀƭέ cooperatively breeding 
Damaraland mole-rat. Therefore, any differences in social organization or helping behaviour between the two 
genera may not derive from kin discrimination. 

Gene flow between groups decreased as distance increased, as indicated by increasing FST values, which 
is in line with expectations for individuals exhibiting relatively short dispersal distances. However, the slope of 
the trend line was not significantly different than zero, so no evidence for isolation by distance was found for 
reproductive individuals in my study area of 48.5ha. This result confirms the hypothesis that higher annual 
rainfall and increased soil moisture would not pose dispersal constraints to limit gene flow in the study area. A 
similar result was found in Damaraland mole-rats within a study area of 85ha (Mynhardt et al. 2021). However, 
the solitary silvery mole-rat may show isolation by distance even in areas of less than 10 hectares 
(Patzenhauerová et al. 2010). Perhaps social mole-rats are better able to find mates than solitary mole-rats. 
Population pairwise FST values of Natal mole-rats (FST = 0.174) were greater than Damaraland mole-rats (FST = 
0.167, Mynhardt et al. 2021), but this difference (0.07) may not be significant. My results indicate that mesic 
dwelling Natal mole-rats family groups exhibit similar genetic differentiation to the arid dwelling Damaraland 
mole-rats. This result is surprising considering the harsh conditions of the Kalahari (e.g., low and sporadic annual 
rainfall, comparatively harder soil) are supposed to limit dispersal opportunities compared to the Drakensberg 
(e.g., high annual rainfall, comparatively softer soils throughout the year).  

Sex-biases in dispersal may result from avoiding inbreeding or kin-competition (Perrin and Goudet 2001), 
which can be alleviated by long distance dispersal (Goudet et al. 2002).  Similar to other studies on social mole-
rats (Hazell et al. 2000, Patzenhauerová et al. 2013, Torrents-Ticó et al. 2018, Mynhardt et al. 2021), dispersal 
appears to be male-biased in Natal mole-rats. Though the magnitude of bias may be slight because the 
difference in FST and r values between sexes of adult individuals was not significantly different, while the 
comparison using all individuals showed some significant differences. When the all individual and adult 
individual datasets were analysed using combined sexes, a significant correlation between genetic distances and 
spatial distances was found in this population. However, when comparing within the sexes, no correlation was 
found (i.e., regression slopes were not different from zero) which indicates no isolation by distance. The 
relatedness among females decreased with distance, and adult females had a much higher within-group 
relatedness (r value) compared to adult males. The FST values increased with increasing distance for both adult 
males and adult females for adult females, with females consistently having a higher FST than males. This 
indicates that gene flow between females in other groups is reduced compared to males. Additionally, males in 
the last distance class had a higher relatedness than females, which confirms that males may disperse further 
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more frequently than females. These results indicate that adult female offspring remain longer in the natal 
group and may disperse shorter distances compared to males. Alternatively, it may indicate new groups may 
contain or have been formed from coalitions of sisters.  

The long duration of reproductive tenure for reproductive female mole-rats prevents her female 
offspring from waiting to inherit family burrow and breeding status (Dammann and Burda 2007, Dammann et 
al 2011, Torrents-Ticó et al. 2018, Begall et al. 2021), and therefore females must disperse to obtain breeding 
opportunities. Likewise, males must disperse from their natal group to avoid inbreeding with closely related kin, 
and males may locate mates by immigrating into established groups (Torrents-Ticó et al. 2018, Mynhardt et al. 
2021, Thorley et al. 2021). Previous work indicated that females will disperse from their natal group to establish 
a burrow system for themselves and await a male to join them, and rarely immigrate into other groups (Thorley 
et al. 2021). I found two females which had dispersed from their respective natal groups and were recaptured 
alone in a new burrow system. However, I found an equal number of males and females who were recaptured 
in established groups, which was surprising given the typically assumed xenophobic nature of mole-rats. Female 
Natal mole-rats exhibit primarily behavioural reproductive suppression in the form of incest avoidance, but are 
otherwise able to breed throughout the year (Oosthuizen et al. 2008, Janse van Vuuren 2022). It appears that 
Cryptomys mole-rats may be more willing to accept immigrant individuals compared to those species which 
have both behavioural and physiological reproductive suppression, like the Damaraland mole-rat (Bennett et al. 
1993b). The proclivity for males to join established groups and for females to remain within the natal group may 
provide opportunities for immigrant males to mate with receptive subordinate females throughout the year, 
unlike Damaraland mole-rats where relaxed reproductive suppression only occurs during the rainy season 
(Young et al. 2010). These immigrant males and their new mates may then burrow away from the group to 
establish a family group of their own (Mynhardt et al. 2021, Finn et al. 2022).  

Effective population size (Ne) depends on the reproductive success of individuals (Nunney 1999). In mole-
rats, approximately 10% of the population may contribute to breeding due to the high reproductive skew and 
limited dispersal opportunities (Jarvis and Bennett 1993, Jarvis et al. 1994, Thorley et al. 2021). In this study the 
estimates of Ne were approximately 95 individuals which equates to 23.5% of the census size (N = 403) captured 
at the study site over two years (i.e., the ratio of Ne to N). At face value the higher percentage appears to imply 
that more individuals in the mesic grassland habitat contribute to breeding. This relationship has often been 
suggested, that mesic conditions (i.e., higher rainfall) reduce dispersal constraints and allow for more individuals 
to find reproductive opportunities. However, the low ratio means that less than one quarter of the individuals 
in the study size contribute to breeding. This result agrees with the assumption that Natal mole-rats exhibit high 
reproductive skew, where reproduction in each family group is limited to a single reproductive female and at 
least one reproductive male (Bishop et al. 2004, Burland et al. 2004, Patzenhauerová et al. 2013). It should be 
noted that I only captured 32 reproductive females, with two others which had dispersed and would become 
queens shortly, during the 2 years of the study. Therefore, if some groups did lack a reproductive female, it 
amounts to 2.9 breeding individuals per group (one female and two males). Dispersal costs may be reduced in 
the mesic grasslands of the Natal region, allowing for more individuals to find breeding opportunities. Since the 
dispersal distance estimates of 393 ς 466m were based on an Ne = 95, I assume they are also accurate.  

Groups at the study site were spaced roughly 50m apart (mean nearest neighbour distance), while the 
mean distance between groups was a little under 400m. I would expect that the nearest neighbour distance 
may better represent the distances females may be required to overcome when searching for an empty 
territory, and the mean distance between groups the distances males would be expected to travel searching for 
a mate. This previous hypothesis does not appear correct and the difference in dispersal distances between the 
sexes was only about 60m, which may or may not be significant to a small subterranean mammal. The clustering 
of family groups may not be due to differences in the predicted dispersal distances, and it should be expected 
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that individuals can disperse about 400 - 450m. The greatest estimate dispersal distance (466m) was half the 
greatest distance between groups (970m). This result combined with the lack of isolation by distance indicates 
that gene flow is well maintained for distances up to 1000m. While data on territory size of Natal mole-rats is 
lacking, Hickman (1979b) reported a mean burrow length of 181m (range 58 ς 340m, n = 4). My observations of 
different trapping locations per group seems to agree with this estimate with some animals being captured up 
to 200m away from previous locations. Males would easily be able to find females, and females easily find a 
vacant territory within their respective dispersal ranges. Natal mole-rats may travel just one or two burrow 
lengths away from their natal burrow before establishing a new group.  

It has always been a challenge to estimate dispersal distances from both direct observations and genetic 
markers. It is especially so for a species which may only disperse once in its exceptionally long life, and otherwise 
spends the remainder of its life below ground. A recent study on Damaraland mole-rats using capture-mark 
recapture methods (Finn et al. 2022) found that dispersal distances exhibited a strong leptokurtic distribution 
and maximum dispersal distances were almost 10 times greater than genetically estimated distances (Mynhardt 
et al. 2021). If the relationships between observed and genetically estimated dispersal distances are reliable, it 
would mean that maximum dispersal distances for Natal mole-rats may be in the range of 4000m, similar to that 
of Damaraland mole-rats (Finn et al. 2022). However, the observed dispersal distances in this study were 3 to 5 
times lower than the dispersal distances I estimated from genetic data. This difference may be due to the small 
size of the study area (approximately 48.5ha, compared with 1950ha in Finn et al. 2022) and relatively short 
duration of the study (biannual trips over 2 years, compared with 7 years in Finn et al. 2022). The majority of 
Natal mole-rat groups at the study site were within 200m of the perimeter and this arrangement may have 
prevented recapture of dispersers because animals are more likely to disperse outside the study area. Secondly, 
biannual visits to the study site prevented me from recapturing all groups or spending extra time searching for 
newly established groups unlike the study on Damaraland mole-rats (Finn et al. 2022). Thus, it is possible that 
the dispersal distances of Natal mole-rats exhibit a similar distribution to Damaraland mole-rats and maximum 
dispersal distances are under estimated in my data. It remains to be determined if Natal mole-rats can partake 
in such extraordinarily long dispersal distances observed in other mole-rats (>2000m, Braude 2000, Bray et al. 
2012, Finn et al. 2022). The available data is not enough to determine if dispersal occurs primarily above ground 
or below ground, the estimated distances are within a range which could be travelled underground. 

Accuracy of dispersal distance estimates using genetic markers relies heavily upon the accuracy of the 
gene dispersal parameter, sigma, which in turn relies ǳǇƻƴ ²ǊƛƎƘǘΩǎ ƴŜƛƎƘōƻǳǊƘƻƻŘ ǎƛȊŜ όNb), effective 
population size (Ne), and effective population density (De). As a result, estimated dispersal distance decreases 
with increasing De. For example, if the census population density (i.e., total number of individuals in an area) is 
used instead of effective population density (i.e., number of breeding individuals), dispersal distances estimated 
through genetic data may be underestimated. Additionally, if the study area is smaller than the distances 
dispersers actually move, then estimated dispersal distances may be underestimated (Diekmann et al. 1999). 
Therefore, larger study areas may better estimate both genetically estimated or directly observed dispersal 
distances (Bray et al. 2012, Finn et al. 2022). The social organization of the study species should be taken into 
consideration for genetic studies based on effective number of breeding individuals in the population (Banks 
and Peakall 2012). Relying upon census population size or density in social species with philopatry, such as 
African mole-rats, can cause analysis problems because pre-dispersal individuals will be present within a family 
group and these individuals share close kinship with the reproductive individuals and other group members 
(Burland et al. 2002, 2004, Bishop et al. 2004, Patzenhauerova et al. 2013). The inclusion of pre-dispersal 
individuals may mask spatial autocorrelation results or underestimate dispersal distances (Banks and Peakall 
2012). The results from the dataset using adult individuals only more accurately represents the true gene flow 
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and dispersal dynamics in the Natal mole-rat because it removes the confounding factor of highly related 
offspring which may persist in the group after maturity. 

Roads were found to act as minor barriers to dispersal in Ctenomys minutus (Esperandio et al. 2019) 
where dispersal across roads was limited, but did not completely impede connectivity between populations. In 
this study, the most likely number of populations was 2 when grouping the populations by geographic location, 
and 3 when grouping by family groups. Both methods showed shared alleles between individuals in the core 
area, north of the river, and south of the road which indicated that the road and river did not impede gene flow. 
Thus, neither the road, nor the river appeared to be a barrier to dispersal, and one male disperser was 
recaptured across the river with another dispersing female. I suspect that this male had dispersed above ground, 
and swam across the river because burrowing under the river is the less likely alternative. Swimming tests on 
Natal mole-rats revealed they are able to sustain swimming above water for about 5 minutes (and in an extreme 
case for over 14 minutes) at a rate of 0.122m/second (Hickman 1978). The Little Mooi River has a gentle current 
through most of the year with a depth of about 1m in summer and < 10cm in winter. During the 2020 season, 
the river flooded and the water level rose to over 2m from the riverbed, flooding adjacent sections of the 
grasslands and mole-rat burrows. The water receded over the following days and the mole-rat groups occupying 
those burrows survived. These flood conditions occur rarely, in an approximately 50-year cycle (R. Sivright, pers. 
comm.). Thus, under normal conditions it would be well within the capabilities of a mole-rat to cross the 5 - 7m 
river before drowning, even if the current carried it downstream.  

The most likely number of populations should be taken with caution when the sample size is unbalanced 
or the number of populations is large (Wang 2017), as in this study where the Core population which had over 
мн ǘƛƳŜǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ƛƴŘƛǾƛŘǳŀƭǎ ƻŦ ǘƘŜ ǎƳŀƭƭŜǎǘ ŎƭǳǎǘŜǊ όwƻŀŘύΦ [ƻŎŀƭ άǎŜƭŦ-ǊŜŎǊǳƛǘƳŜƴǘέ ǿƘŜǊŜ ƛƴŘƛǾƛŘǳŀƭǎ Řƻ 
not disperse between neighbouring populations may lead to fine-scale population structuring (Coltman et al. 
2003, Cabe et al. 2007). άbŜƛƎƘōƻǳǊƛƴƎ ǇƻǇǳƭŀǘƛƻƴǎέ ƛƴ ǘƘƛǎ ǎŜƴǎŜ ǊŜŦŜǊǎ ǘƻ ƭƻƴƎ ŘƛǎǘŀƴŎŜ ŘƛǎǇŜǊǎŀƭ ƛƴ ƳƻƭŜ-rats 
where individuals transfer to an adjacent geographical location composed of genetically distinct individuals. 
Therefore, self-recruitment means that mole-rats perform local dispersal between family groups more 
frequently than long distance dispersal to distant distinct populations. The estimated dispersal distances in this 
study were less than the maximum distance between groups, which indicated that individuals were more likely 
to disperse within the study area (or to approximately 800m outside the boundary) than dispersing to a 
neighbouring population many kilometres away. The low immigration rates for males and females (<2 
individuals/generation) also indicate that new individuals may rarely immigrate into the population from 
outside. ¢ƘǳǎΣ άǎŜƭŦ-ǊŜŎǊǳƛǘƳŜƴǘέ Ƴŀȅ ōŜ ƻŎŎǳǊǊƛƴƎ ŀǘ ǘƘƛǎ ǎǘǳŘȅ ǎƛǘŜ, long distance dispersal is rare, and fine 
scale population structuring may be present with each family group representing a population.  
 In conclusion, this study investigated gene flow among family groups of Natal mole-rats. Adult females 
had consistently lower gene flow between family groups compared to males across distance classes. Overall, 
the mean individual relatedness is nearly identical to Damaraland mole-rats and females are more related to 
each other within groups, while males are more related to each other over longer distances. The estimated 
effective population size confirms that high reproductive skew is present in Natal mole-rats and indicates up to 
3 reproductive individuals are likely present per group. Dispersal is male-biased, with males expected to travel 
slightly farther than females. The estimated dispersal distances were similar to the mean distance between 
groups indicating that gene flow is well maintained within the study site and no isolation by distance is present. 
Surprisingly, the geographic features are not likely to impose major barriers to dispersal and one male had 
dispersed across the river during the study. Fine scale population structure may still be present, which is 
inherent in populations structured into family groups.  
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Chapter 6 
Synthesis  

6.1 Cost-benefit Trade-off Drives Sociality 
 

The Natal mole-rat is a social subspecies of the common mole-rat (Cryptomys hottentotus) which 
inhabits mesic grassland on the eastern side of the Great Escarpment of South Africa. The Natal mole-rat can be 
found from coastal regions to well over 2000m elevation. There have been studies on their physiology and 
reproductive suppression (Oosthuizen et al. 2008, Lutermann et al. 2013a, Oosthuizen et al. 2021), but their 
ecology and life history have not been reported in detail and are currently in need of further research. This study 
used capture-mark recapture methods to investigate life history, behaviour, and gene flow in Natal mole-rats 
occurring at a high elevation site in the southern Drakensberg Mountains. I found they live in relatively small 
groups with a mean size of 6 individuals (maximum 18), though a previous study found mean group sizes of 8-9 
at the same study site (Lutermann et al. 2013a, b). The majority of individuals remained in their group for one 
year, and some were recaptured at every attempt over the 2-year study. I assume that animals which 
disappeared are more likely to have dispersed rather than have died while in the burrow or have been predated 
upon. Capture data and calculations of effective population size confirm that reproduction is limited to a few 
individuals within the group, at the most about three individuals (one female and 1-2 males). No evidence of 
plural breeding in females was found. Even though litter sizes were reduced compared to other studies on 
subspecies of the Cryptomys genus, population density at my study site was higher than most previous studies, 
with one exception (see Spinks et al. 2000b, c). The population at Glengarry, a human altered semi-natural 
landscape, seems to be stable although a slow population growth rate was observed. However, the effects of 
climate change may be present due to reduced mean body mass compared to a study 20 years ago (Oosthuizen 
2007). Females exhibit a relatively long time to first reproduction compared to other rodents (1.2 years), and 
this time is comparable to the findings in other African mole-rats (Bennett and Faulkes 2000, Spinks et al. 2000b, 
c, Thorley et al. 2021). Growth rates of Natal mole-rats were comparable to other social mole-rats and reduced 
compared to solitary species (Bennett et al. 1991). ¢ƘŜǎŜ ƭƛŦŜ ƘƛǎǘƻǊȅ ǘǊŀƛǘǎ ƛƴŘƛŎŀǘŜ ŀ άǎƭƻǿέ ƭƛŦŜ ǎǘȅƭŜ ƻƴ ǘƘŜ Ŧŀǎǘ-
slow continuum (Promislow and Harvey 1990, Oli 2004, Réale et al. 2010), as seen in other mole-rats (Bennett 
et al. 1991, Dammann et al. 2007, Thorley et al. 2021). This study suggests that Natal mole-rats should be 
considered singular cooperative breeders: reproduction is limited to one reproductive female, offspring exhibit 
reproductive suppression and delayed dispersal, and group members contribute to helping behaviours (the 
presence of allo-parental care still remains to be investigated).  

The higher annual rainfall in the Drakensberg (and present throughout the range of the Natal mole-rat) 
begs the question: why are Natal mole-rats social if ecological constraints are relaxed? Which factor is the critical 
cause of philopatry in Natal mole-rats? Solomon (2003) suggested that the aridity food distribution hypothesis 
(Jarvis et al. 1994) and the life-history hypothesis (Burda et al. 2000) could be combined into a cost-benefit 
equation (cf. Lacey and Sherman 1997). Recently, Hart et al. (2022aύ ǇǊƻǇƻǎŜŘ ǘƘŜ άǎǳǎǘŀƛƴŜŘ ƳŜǘŀōƻƭƛŎ 
ƘȅǇƻǘƘŜǎƛǎέ ǿƘƛŎƘ ǎǳƎƎŜǎǘs that the unique physiological, metabolic and thermoregulatory traits of mole-rats 
are more important drivers to maintain sociality than simply ecological conditions. Natal mole-rats have a lower 
body temperature, narrower thermoneutral zone, and higher resting metabolic rate compared to other mole-
rats (Bennett et al. 1993c; ~umbera 2019). These unique traits are likely physiological adaptations to their high 
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elevation habitat which experiences cold winters, and by living in social groups individuals are able to gain 
positive energetic benefits they would otherwise be lacking by living a solitary existence. 

Clearly living in groups provides multiple physiological benefits to Natal mole-rats that they may not gain 
from remaining solitary. Group living in Natal mole-rats may be promoted by collective foraging and 
thermoregulatory benefits. Group size did not seem to have an effect on growth rates. The more even 
distribution of geophytes in mesic landscapes (Spinks and Plagányi 1999) may allow group sizes to be smaller, 
which may alleviate the effects of resource competition on growth rates. I found that body condition of group 
members increased during summer in larger groups. These results highlight the increased efficiency and 
collective foraging benefits of larger groups being better able to locate and cache geophytes. Reproductive 
female body condition increased with group size during winter when all other individuals experienced a 
decrease. This supports findings in other cooperative breeders where the reproductive female gains preferential 
benefits from the presence of helpers (Hauber and Lacey 2005, West et al. 2007, Ebensperger et al. 2012). 
Previous studies have found that Natal mole-rats living in larger groups have reduced parasite burdens, 
decreased metabolic rate, and increased fat stores (Lutermann et al. 2013a). I estimated that the reproductive 
female gives birth twice a year, once during summer and once during winter. With the shallow nests of Natal 
mole-rats and the cold burrow conditions, I suspect that group huddling ensures offspring survival and that 
young pups would not be able to survive long during winter without other mole-rats occupying the nest. This 
babysitting could be considered a form of allo-parental care. Although the more typical examples are pup 
feeding, allo-lactation, or babysitting in the sense of protecting the pups or retrieving them if they stray too far 
from the nest (Russell 2004). 

The reduction in group size compared to other social mole-rats may have some consequences. Body 
condition decreased during winter as group size increased, despite similar activity levels between seasons, and 
the assumption that mole-rats cache food to survive lean times. This result is surprising since larger groups 
would be expected to compensate by having more workers to locate food. Daily energy expenditure appears to 
be higher than daily energy gain during winter, despite their ability to regulate metabolic rate and core body 
temperature between seasons (Bennett et al. 1993, Oosthuzien et al. 2021). I believe this deficit is due to the 
combination of stable activity levels throughout the year requiring constant energy expenditure, longer burrows 
of larger groups, increased geophyte consumption in colder temperatures, and decreased food quality or 
quantity during winter. I suspect that during winter individuals may be required to continue digging and 
searching for geophytes which are likely of reduced quality and this energy expenditure results in the decreased 
body condition observed at the study site. Digging is more energetically expensive during winter since soil 
moisture decreases during this time, and any geophytes found may have reduced water content. While group 
size did not affect individual growth rates, seasonal resource competition over limited food stores in larger 
groups cannot be ruled out. In voles, territory size increased during winter due to increased competition for 
food (Johnsen et al. 2018). A similar trend may occur in mole-rats. Larger groups would be expected to have 
greater burrow sizes, and individuals may be required to travel greater distances to find food, or prevent 
intrusions compared to individuals in smaller groups. While actual burrow size may not increase due to 
increased costs of burrowing (Lovegrove 1989), the space use patterns of individuals may increase during 
ǿƛƴǘŜǊΦ ¢ƘǳǎΣ ŀƴ ƛƴŘƛǾƛŘǳŀƭΩǎ ŜƴŜǊƎȅ ŜȄǇŜƴŘƛǘǳǊŜ Ƴŀȅ ƛƴŎǊŜŀǎŜ ŘǳǊƛƴƎ ǿƛƴǘŜǊ ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ ŀƴȅ ǿƛǘƘƛƴ-group 
eŦŦŜŎǘǎ ƻŦ ŎƻƳǇŜǘƛǘƛƻƴΦ ¢ŜǎǘƛƴƎ ǘƘƛǎ ƘȅǇƻǘƘŜǎƛǎ ǿƻǳƭŘ ǊŜǉǳƛǊŜ ƛƴǘŜƴǎƛǾŜ ƳƻƴƛǘƻǊƛƴƎ ƻŦ ǿƛƭŘ ƛƴŘƛǾƛŘǳŀƭΩǎ 
movement patterns within the burrow system, either through radio frequency identification (RFID) or radio 
telemetry. As group size increases over the optimal group size, per capita costs of sociality may accrue. This may 
force individuals to leave the group when costs outweigh benefits, resulting in an optimal group size of around 
6 individuals. 
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Another cost to living in groups is increased female-female reproductive competition (reviewed in 
Clutton-Brock and Huchard 2013). Lutermann et al. (2013b) noted increased levels of aggression between group 
members while capturing Natal mole-rats. I also noted frequent aggression among both male and female group 
members, but I did not attempt to quantify the frequency of aggressive occurrences. Increased aggression due 
to higher testosterone in reproductive females suggests the presence of sexual selection and strong female 
competition (Lutermann et al. 2013b, Janse van Vuuren 2022). A high male immigration rate is expected in 
habitats with softer soils, increased soil moisture and higher population density, all of which were present at 
the study site. I found that male-biased dispersal occurs in Natal mole-rats. While seasonal changes in adult sex 
ratio were not significantly different between seasons, group sex ratios become more male-biased as group size 
increases. The higher number of males in larger groups may indicate that females are exposed to frequent 
unrelated immigrant males. Indeed, some subordinate females (11%) showed signs they had already mated 
while in the natal group. For comparison, the occurrence of female non-reproductive Damaraland mole-rats 
which exhibit signs of mating while in the natal group are exceedingly rare (<0.5% of individuals, K. Finn, pers. 
obs.). The relaxed physiological reproductive suppression present in Natal mole-rats (Janse van Vuuren 2022) 
may lead to more breeding opportunities for non-reproductive females. The increased rates of immigration 
from unrelated males will provide breeding opportunities for subordinate females. Evidence of mating could 
make them the target of heightened aggression from the reproductive female, and either trigger dispersal or 
forceful evictions. Thus, as rainfall increases reproductive opportunities for both sexes, physiological 
suppression in this subspecies has been removed, testosterone-mediated aggression between females may 
increase during the breeding season, and subordinate females may disperse (possibly with their new mate) to 
avoid sexual competition. Ultimately this can further drive a decrease in mean group size.  

Smaller group sizes may have implications for individual contributions to helping behaviour and other 
benefits from sociality. Activity levels were similar between reproductive and non-reproductive individuals. I 
hypothesis that reproductive individuals may not need to regulate energy expenditure between reproductive 
and helping tasks and as a result they provide more equal contributions. Helping behaviours such as burrow 
maintenance, locating and caching food (and by extension provisioning of pups), and territory patrol may be 
equally shared between all group members because of the smaller mean group sizes. Alternatively, reproductive 
individuals may be required to contribute more to helping behaviours due to the small group sizes. It is assumed 
that food resources are not as limited or scattered in mesic environments (Spinks and Plagányi 1999) and 
ultimately individuals may not need to conserve energy. However, other reproductive benefits such as increased 
litter sizes, increased juvenile survival, or faster juvenile growth rates may not be present. However, I suspect 
that offspring survival during winter would drastically decrease without the presence of other group members 
to provide thermal benefits to pups. Individual contributions to helping behaviours may increase in small groups, 
and thus the ǇŜǊ ŎŀǇƛǘŀ Ŏƻǎǘǎ ƻŦ ƘŜƭǇƛƴƎ ƛƴŎǊŜŀǎŜΣ ŀƴŘ Řƻǳōƭȅ ǎƻ ƛŦ ƛƴŘƛǾƛŘǳŀƭǎ άŎƘŜŀǘέ ōȅ ƛƴǘŜƴǘƛƻƴŀƭƭȅ ǊŜŘǳŎƛƴƎ 
their contributions (Kokko et al. 2001). I found that daily and seasonal activity patterns were similar between 
reproductive and non-reproductive individuaƭǎΦ ¢Ƙƛǎ ǊŜǎǳƭǘ ƛǎ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ ŦƛƴŘƛƴƎǎ ƛƴ ǘƘŜ άƳƻǊŜ ǎƻŎƛŀƭέ Fukomys 
mole-Ǌŀǘǎ όCǊŀƴŎƛƻƭƛ Ŝǘ ŀƭΦ нлнлΣ ~ƪƭƝōŀ Ŝǘ ŀƭΦ нлмпΣ нлмсŀύΦ LƴŘŜŜŘΣ ƛƴ ŀ ǊŜŎŜƴǘ ŎƻƳǇŀǊƛǎƻƴ ƻŦ ŀŎǘƛǾƛǘȅ ƭŜǾŜƭǎ ƛƴ 
wild naked, Damaraland, Mahali and Natal mole-rats, the authors found that naked mole-rats showed the most 
pronounced division of activity patterns between reproductive and non-reproductive individuals, with 
Damaraland mole-rat division intermediate, and division in both Mahali and Natal mole-rats minor (Zöttl et al. 
2022). The lack of differences in daily activity levels between reproductive and non-reproductive Natal mole-rat 
helpers may indicate that all group members regardless of sex or reproductive status contribute equally to 
cooperative tasks. The real question is: are breeders helping more or are non-breeders helping less? Answering 
this question would require detailed knowledge of baseline contributions to helping behaviour across mole-rat 
species as well as observations of helping behaviour in Natal mole-rats. The use of accelerometers attached to 
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wild mole-rats would provide the necessary data to begin answering this question. Accelerometers measure the 
g-forces generated from locomotor activity (Williams et al. 2020), and subtle differences between amplitude 
and frequency allows researchers to assign the g-force wavelength graphs to specific activities performed by 
mole-rats, such as sweeping, running, or digging. Monitoring of wild Natal mole-rats over a longer time period 
would help to answer the questions related to reproductive benefits to females and ƎǊƻǳǇ ƳŜƳōŜǊΩs 
contributions to helping behaviours. 

While ecological conditions during the Pleistocene may have caused the evolution of philopatry, life 
history aspects may have continued to promote philopatry (SolƻƳƻƴ нллоύΦ ¢ƘŜ ǊŜŎŜƴǘ άǎǳǎǘŀƛƴŜŘ ƳŜǘŀōƻƭƛŎ 
ƘȅǇƻǘƘŜǎƛǎέ όIŀǊǘ Ŝǘ ŀƭΦ нлннŀύ ŀƭǎƻ ŎŀƳŜ ǘƻ ŀ ǎƛƳƛƭŀǊ ŎƻƴŎƭǳǎƛƻƴΣ the authors hypothesize while group living 
evolved in ancestral bathyergids, energetic benefits continue to promote sociality. In mole-rats which 
experience physiological reproductive suppression (e.g., Damaraland and naked mole-rats) larger groups are 
allowed to form. I suspect the reduced group sizes in Natal mole-rats can be attributed to a) higher costs 
accompanying sociality as group size increases, b) reduced indirect fitness benefits to group members, c) mild 
ecological constraints increase dispersal opportunities. These hypotheses may not be mutually exclusive. Both 
Damaraland and naked mole-rats have much larger litters, and therefore subordinate group members have 
more incentives to contribute to helping behaviours to care for their siblings and cousins. Reduced litter sizes in 
Natal mole-rats may indicate that indirect fitness benefits are reduced. Natal mole-rats do not experience 
physiological suppression to the same extent as other mole-rats (Janse van Vuuren 2022), and this may lead to 
more breeding opportunities for non-reproductive females. The higher male-biased sex ratio in larger groups 
may indicate that behavioural reproductive suppression through incest taboos may break down in very large 
groups due to frequent unrelated immigrant males breeding with subordinate females. Very few non-
reproductive females (11%) showed evidence of mating with males while in a group with a reproductive female. 
Yet I found that each group had only a single reproductive female. I suspect that non-reproductive females 
which mate with immigrant males would experience high competition from the reproductive female and may 
soon disperse as a result of targeted aggression. Social groups with a high frequency of unrelated immigrant 
males are more likely to have increased occurrences of female conflicts of interest (Ebensperger and Hayes 
2008, Clutton-Brock 2021). This may in turn lead to increased aggression, dispersal, group fission, or possibly 
eviction. In other cooperatively breeding species, subordinate individuals which have breed may be targeted 
with aggression by the dominant female, as seen in meerkats (Clutton-Brock et al. 1998), banded mongooses 
(Cant et al. 2010), or naked mole-rats (Clarke and Faulkes 2001). This aggression can increase as group size 
increases (e.g., banded mongoose, Cant et al. 2010) or if a subordinate becomes pregnant (e.g., meerkats, 
Clutton-Brock et al. 1998), leading to abortion, infanticide, or eviction from the group (Clutton-Brock et al. 1998, 
Cant et al. 2010).  If eviction were to occur in a species of mole-rat it would be more likely to occur in a species 
which shows reduced helping contributions, limited physiological reproductive suppression, increased 
aggression between group members, and more breeding opportunities from unrelated immigrants. The Natal 
mole-rat appears to satisfy all these conditions, but whether eviction occurs is still to be discovered.  

It has been proposed that mole-rats in the genus Cryptomys ŜȄƘƛōƛǘ άƭƻǿŜǊ ŘŜƎǊŜŜǎ ƻŦ ǎƻŎƛŀƭƛǘȅέ 
compared to mole-rats in the genus Fukomys (Gabathuler et al. 1996, Moolman et al. 1998, Bennett and Faulkes 
2000, Burda 2007). The smaller group size, presence of non-reproductive females which have mated with males, 
and relaxed constraints against dispersal have been used to support this assumption (Moolman et al. 1998). I 
believe that Natal mole-rats, as well as other subspecies of the genus Cryptomys, share many attributes of the 
the other highly social mole-rat species, namely the naked and Damaraland mole-rats. High kinship among 
individuals has always been assumed to be a prerequisite for the presence of indirect fitness benefits to group 
members and the evolution of cooperative behaviour (Hamilton 1964, Emlen 1982, Cornwallis et al. 2009, Lukas 
and Clutton-Brock 2012a, b). This study has shown that familial relatedness values are comparable to the highly 
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social Damaraland mole-rat, and it is likely that some form of helping behaviour provides fitness benefits to 
reproductive female Natal mole-rats. The primary differences are the lack of a physiological reproductive 
suppression and ambiguous contributions to cooperative behaviour in helpers of Natal mole-rats. Mole-rats in 
the genus Cryptomys exhibit instances of extra-pair paternity (Bishop et al. 2004, 2007), reduced reproductive 
suppression (Janse van Vuuren 2022), and little to no difference in activity levels between reproductive males 
and non-reproductive individuals (this study, Zöttl et al. 2022). These features indicate that mole-rats in the 
genus Cryptomys have very flexible reproductive suppression across their distribution and between subspecies. 
While it may be easy to recommend that Cryptomys mole-rats be placed  in line with previous assumptions that 
Cryptomys should be placed on the lower end of the sociality continuum scale (Gabathuler et al. 1996, Moolman 
et al. 1998, Bennett and Faulkes 2000), However, due to the uncertainty of the taxonomic placement of the 
various subspecies of Cryptomys hottentotus and the wide variety of ecological conditions they experience 
makes generalizations hazardous.  

Referring to Cryptomys mole-rats ŀǎ άƭŜŀǎǘ ǎƻŎƛŀƭέ ŎŀǊǊƛŜǎ Ŏƻƴƴƻǘŀǘƛƻƴǎ ǘƘŀǘ groups may disband 
completely under ideal conditions, as seen in striped mice (Schradin et al. 2011) or degus (Ebensperger et al. 
2021). Additionally, these terms imply that solitary individuals are frequently encountered, or even that mating 
strategies vary between ecological conditions or population density as seen in some arvicoline rodents 
(Andreassen et al. 2021). Yet I only found 2 single females out of 52 family groups captured at the study site, 
neither of these single females showed evidence of having young offspring, and no evidence of plural breeding 
was discovered. Many non-reproductive individuals were lost between captures in this study, but some were 
also present every season, or missing one season and recaptured the following attempt. For example, some 
non-reproductive individuals were present at capture time 1, absent at capture 2, but present again at capture 
3; or present on the RFID reader, but not captured during that season. Reproductive females frequently evaded 
capture and therefore, the exact duration of philopatry in Natal mole-rats is challenging at best to estimate. Due 
to the trouble of consistently recapturing even breeding individuals I hesitate to draw firm conclusions as to the 
exact duration of philopatry for subordinate group members, but it seems most individuals remain in their natal 
group for one to two years. The duration of philopatry of non-reproductive individuals may be comparable to 
Damaraland mole-rats (Torrents-Ticó et al. 2018, Thorley et al. 2021). I also suspect that reproductive females 
have a long tenure (5+ years) as seen in other social mole-rats (Spinks et al. 2000b, c, Dammann et al. 2007, 
Thorley et al. 2021). Therefore, from a social group cohesion aspect Cryptomys mole-Ǌŀǘǎ ŀǊŜ ƴƻǘ άƭŜǎǎ ǎƻŎƛŀƭέ 
than naked or Damaraland mole-rats. Their reproductive suppression is among the most relaxed of all mole-rats 
(Janse van Vuuren 2022), but high relatedness among family members and natal philopatry in both sexes 
maintains family groups for multiple generations (this study). Natal mole-rats could be considered cooperative 
breeders based on the more lenient definition by Solomon and French (1997). If the presence of allo-parental 
care by helpers can be confirmed and subordinate contributions to helping behaviour could be quantified they 
can be considered cooperative breeders based on the stricter definitions by Lukas and Clutton-Brock (2012a, b). 

 
6.2 Climate Change Affects in Montane Habitats 

 
Climate change effects on montane habitats are expected to be more pronounced than on habitats at 

lower elevations (Bhusal et al. 2016, Mukwada and Manatsa 2018). The effects of changing plant communities 
in montane habitats may have effects on bird or mammal species by changing species distribution (Moritz et al. 
2008, Zurell et al. 2012), reducing food availability (Jackson et al. 2015, Bhattacharyya et al. 2019), altering 
behaviour and fecundity (Ozgul et al. 2010), and in extreme cases local extinction and replacement by another 
species (Taylor et al. 2015). The mean annual temperature in the Drakensberg has risen by at least 1.0°C over 
the past 70 years and is predicted to continue rising (this study, Mukwada and Manatsa 2018). An increase in 
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mean annual temperatures in the Drakensberg can lead to a longer growing season and increased plant 
productivity (Mukwada and Manatsa 2018) as seen in other montane habitats (Ozgul et al. 2010, Eastman et al. 
2012). In the Rocky Mountains, shorter winters lead to a longer growing season and earlier times of emergence 
from hibernation in yellow-bellied marmots (Marmota flaviventris, Ozgul et al. 2010). The early emergence 
times meant marmots had more time to forage, gain body mass, and give birth before hibernation which led to 
downstream effects of increased fecundity, increased survival rates, and increased population growth (Ozgul et 
al. 2010). Two other montane species of ground squirrel experienced an increase in body size due to the longer 
growing season, while a related lower elevation species showed no effect (Eastman et al. 2012). In high-latitude 
regions of Finland, mild autumn and winter temperatures, as well as increased summer rainfall have increased 
vole population growth trends, which the authors believed resulted from improved food availability or 
decreased available cover for small predators (Korpela et al. 2013). These results indicate that food quality and 
availability promote phenotypic changes in mammals.  

Consequences are more likely for mole-rats than positive benefits due to climate change. The 
Drakensberg grasslands are dominated by C3 grasses and home to many endemic plants and geophytes (Scott 
1989, Mucina and Rutherford 2010). The increase in mean ambient temperature is expected to lead to fewer 
days of frost in the Drakensberg which may cause a shift in plant communities and woody plant encroachment 
(Mukwada and Manatsa 2018, Stevens et al. 2016). Increasing temperatures in montane habitats causes 
άǘƘŜǊƳƻǇƘƛƭƛȊŀǘƛƻƴέ ǿƘŜǊŜ ƘƛƎƘ ŜƭŜǾŀǘƛƻƴ ŎƻƭŘ-adapted plants are out competed and replaced by lower 
elevation warm-adapted plants which decreases the overall plant diversity (Gottfried et al. 2012). Temperate 
spring flowering geophytes may show decreased seedling emergence or flowering time delays when exposed 
to warmer winters which would reduce their distribution and abundance over time (Kwembeya 2021, 
Vangansbeke et al. 2022). The decrease in available plant diversity to herbivores has been predicted to affect 
the survival of montane mammals which rely upon them (Bhattacharyya et al. 2018). Diet analysis of mole-rats 
indicate that common mole-rats feed primarily on C3 geophytes (Robb et al. 2012), and it is likely the Natal mole-
rat has similar diet preferences. A plant community shift from C3 to C4 grasses and encroachment of wood shrubs 
with climate change may have long-term consequences in geophyte abundance and the long-term persistence 
of mole-rats in the Drakensberg.  

Additionally, warmer winters may provide for a longer period of activity due to higher burrow 
temperatures. The Natal mole-rats increase their resting metabolism when ambient temperatures decrease 
during winter (Bennett et al. 1993c, Lutermann et al. 2013a). Longer periods of increased burrow temperatures 
may cause their activity periods to shift to a nocturnal life style during summer to avoid overheating during 
projected higher daytime temperatures in the near future. My capture records indicate that animals were less 
likely to captured from 06:00 to 10:00 during winter (Figure 6.1). Often during winter, the soil could still be 
frozen until as late at 08:00 in shaded areas (K. Finn, pers. obs.). I suspect this observation indicated animals 
were resting in the nest or otherwise decreased locomotor activity as an energy saving technique to avoid the 
cold morning burrow temperatures. If geophyte abundance decreases due to a shift in montane plant 
communities in the Drakensberg, prolonged activity periods would cause a strong decrease in body condition 
and increase risk of starvation during winter. Rodents which experience high pressure to dissipate heat were 
found to decrease body mass to cope with increasing effects of climate change (Villar and Naya 2018). Thus, it 
is possible that the decrease in body mass in the Natal mole-rat over the past 20 years could be an energy saving 
mechanism due to climate change. In the short-term, seasonal body condition could decrease further during 
winter and in the long term a reduction in mean body mass or size may occur, and in an extreme case local 
extinction. These trends have already been observed in the Namaqua dune mole-rat (Bathyergus janetta) in the 
Karoo (N. Bennett, pers. comm.). The abundance of plant species, including geophytes, is projected to drastically 
decrease over the next 60 years in the succulent Karoo with as many as 75% of species going extinct (McLean 
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et al. 2005). As a result, Namaqua dune mole-rats already exhibit decreased body condition and a dramatic 
reduction in abundance (N. Bennett, pers. comm.).  

 

 
Figure 6.1: Proportion of individuals captured at each trap check. Capture times were rounded down. Each 
bar represents the number of animals captured during that hour. Values were scaled to the total number of 
captures during each season. Trap checks occurred in two-hour intervals, and animals would have been 
active up to two hours previously. During summer (yellow) and winter (blue) traps were last checked 
between 21:00 and 22:00. Traps were left open overnight during summer, and therefore individuals 
captured at 06:00 could have been captured any time between 22:00 and 06:00. During winter, traps were 
disarmed at the last trap check, and reactivated between 06:00 and 07:00. Thus, the earliest animals could 
be captured was 08:00. 

 
Extrapolating potential effects based on quality of suitable habitat or projected increases in annual 

temperature may under- or over-estimate the risk of extinction due to the correlated effects of rainfall, 
temperature, food availability, life history, physiology, and habitat (Yom-Tov and Geffen 2010, Zurell et al. 2012). 
For example, a decrease in a species body mass over time suggested to be related to temperature may in fact 
be related to a decrease in food availability (Yom-Tov and Geffen 2010). Morphology traits like body mass, 
cranial length, or limb length may show interannual variation without an overall positive or negative trend over 
the decades (Yom-Tov and Geffen 2010). Some small mammal species showed minimal altitudinal shifts in 
distribution in the montane habitats, despite a 1.7°C increase in mean annual temperatures over the past 100 
years (Moritz et al. 2008, Moser et al. 2009). However, the Drakensberg may act as a refugia for plant diversity, 
with plant diversity projected to increase in high elevation areas (McLean et al. 2005), but the effect of increased 
plant diversity on the persistence of geophytes in the Drakensberg is unknown. It is difficult to predict if the 
projected increased temperatures in the montane habitat of the Drakensberg may either positively or negatively 
impact Natal mole-rats. Natal mole-rats have unique adaptations to their high elevation habitat including a 
lower body temperature, a narrow thermoneutral zone, and higher resting metabolic rate compared to other 
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mole-rats (Bennett et al. 1993c; ~umbera 2019). It appears they have prioritized physiological mechanisms to 
reduce heat loss instead of mechanisms to remove excess heat (McGowan et al. 2020). A reduction in body size 
would decrease the surface to volume ratio and promote heat loss in warmer conditions. They may be more 
prone than other mole-rats to detrimental effects of increasing temperatures due to climate change. However, 
Natal mole-rats are able to adjust their activity patterns (this study) and their metabolic rate (Lutermann et al. 
2013a) with ambient temperature. If increased temperatures in montane habitats cause an increase in plant 
productivity and food availability for mole-rats, they may be able to adjust their behaviour to forage during 
cooler temperatures. But if increased winter temperatures cause decreases in abundance of geophytes, Natal 
mole-rats are likely to show decreases in body size and condition over time. Small mammals with slow life history 
traits may not be able to adjust their distribution up or down slope in response to climate change as effectively 
as fast species (Moritz et al. 2008). Natal mole-rats may be more prone to local extinction in a similar fashion 
due to their subterranean lifestyle, relatively short dispersal distances, long life, and low reproductive rates. The 
true effects of climate change on Natal mole-rats may not be discovered until studies investigate the responses 
of mesic geophytes to increased winter temperatures as well as temporal changes in body size in mole-rats using 
historic (i.e., museum) records.  
 
6.3 Future Directions 
 

There are still many future opportunities to use Natal or other related Cryptomys mole-rats to 
understand interactions between life history, population dynamics, physiology, and the ecology of this 
understudied group of mole-rats. It would be interesting to see if within-group sex ratios exhibit the same 
seasonal variation or effects of group size in other species of mole-rats. For example, in mole-rats living in 
regions experiencing more variability in seasonal rainfall, such as in the Karoo or Kalahari, or in regions with 
higher annual rainfall such as in Zambia or Malawi. Repeating a capture-mark recapture study such as the one 
presented in Chapter 3 should be conducted on a different population of the Natal mole-rat ς preferably one at 
a much lower elevation ς to determine if the findings presented here are representative of the entire subspecies 
or just mole-rats living in montane habitats. Longer term studies (> 3 years) on the subspecies of Cryptomys may 
provide improved data on litter sizes, juvenile body mass, and offspring survival to assess long term helper 
effects on reproductive female fecundity and better place the subspecies of Cryptomys on the sociality 
continuum. However, some of these data may only be reliably collected on captive family groups. Quantifying 
individual daily activity in wild mole-rats (as opposed to group level activity) would help with detecting subtle 
changes in activity patterns between either individuals or seasons. Daily activity patterns could be determined 
through radio telemetry which would also provide territory size and spatial use estimates. Activity budgets and 
percentage of time spent performing various behaviours can be assessed in wild mole-rats using accelerometer 
collars (Williams et al. 2020). These methods would help to quantify how much each individual contributes to 
helping behaviours such as digging or tunnel patrols. Knowledge of the exact burrow conditions, including nest 
and burrow temperatures (Holtze et al. 2018), gas composition (~ǳƳōŜǊŀ Ŝǘ ŀƭΦ нлнлύ, and humidity could help 
understand how these conditions affect thermoregulatory choices. This data could be combined with activity or 
body temperature data to understand physiological changes in response to activity bouts, changing burrow 
temperatures, and seasonal variation. The use of accelerometers combined with a body temperature logger 
would allow for exact data tracking body temperature changes when an animal becomes active. Few studies 
have assessed exactly which geophytes mole-rats eat and in what proportions (Davies and Jarvis 1986, 
Lovegrove and Jarvis 1986, Robb et al. 2012). It is a daunting, laborious task to assess geophyte diversity, 
availability, seasonal quality, or even spatial arrangement in the habitats occupied by mole-rats. Collecting hair, 
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faeces, toe nails, or blood samples from mole-rats could assess dietary preference and seasonal changes in diet 
using stable isotopes (Ben-David and Flaherty 2012) or DNA metabarcoding (De Barba et al. 2014).  
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