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ohe was interested in roots
he burrowed under trees and growing plants
he tunneled into green mounds
he ceased to look up at the hlps
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 af her
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J.R.R. Tolkien used these wotdslescribethe creatureGollum
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Sociality in African moleats: exploring how rainfall affects dispersal and geneéikchange
in the Natal molerat (Cryptomys hottentotus natalasis

SUMMARY

TheNatal molerat (Cryptomys hottentotusatalensigis a sociakulspecies of African moleat related
to the common molerat (Cryptomys hottentotus hottentotysTheyinhabit mesic grassland easternSouth
Africa from coastal regions to well over 2000m elevation. There havediewnstudies on their physiology and
reproductive suppression, but their ecology and life history has not been reported in detail. Thysusted
capturemark recapture methods to investigate life history, population demographics, behaviour, and gene flown
in wild Natal molerats living at a high elevation site in the southern Drakensberg Mountagagtured a total
of 403 individuals acros§2 family groups. Individuals were weighed, measured, sexed, and assigned ¢
reproductive status on captureTissue samples were collected for genetic analysis and theg were
implanted with a passive integrated transponder for identification at recegtGroups were captured every six
months over the course of 2 years.

Both environmental factors and population demographics can have far reaching effects on individual lifi
history, including altering spatial arrangement, behaviour, body condition, acgntéty rates.| found that
Natal moleratshave reduced group sizésmean 6)compared to the more arid dwelling African mekg species
Population wide sex ratios were evenly split between males and fentd@@sever, withirgroup adult sex ratios
were skewed towards males, and this skew became more pronounced in larger groups. Sex ratios, group Si
and group biomass did not show any seasonal differertsenll litter sizes (1.3), slow population growthest
(0.17), long maturation time (1.2 yearspf femalesindicatea d af 2 6 ¢ A dhd HKrdng Sexudle ©
dimorphism, with males being larger than femal&&ale exhibited daster growth ratecompared to females,
but growth rates were not affected by gup size Thisindicates that within-group competition is reduced or
absent likelydue tothe smallermean groupsize or increased availability of food resourdeslividual body
condition varied between seassemnd was affected by group size. Durgsgmmer body condition increased
with increasing group size, highlighting the benefits of collective foraging. But dunmgr body condition
decreased with increasing group sitigely due to low quality of food and a necessity to continue foraging
through winter. Interestingly,the body condition in reproductive females increased with group dinéng
winter, when all others decreasetiHowever, heir fecundity did not appear to be affected by group size. The
expected benefits of helping effects from larger gronpesy be reduced in Natal moleats.

Observations on subterranean mammals suggest that they exhibit diel rhythms despite the lacklof visu
cues in their underground burrows, but it is unknown hambient temperature, photoperiod, oindividual
characteristics affects their activityused RFID technology to monitor daily activity patterns of wild rmmaits
during the summer and wintesea®ns. | combined the activity data with satellite climate daianvestigate
how their activity patterns vary between seasols and whether their activity depends on individual
characteristics such as body mass, sex and reproductive shatligdual charateristics, including reproductive
status, did not affect general activity. This ressuggestghat reproductive and nomeproductive individuals
contribute equally to cooperative behaviours unlike other maés where reproductive individuals exhibit
reduced contributions] found that in winter, individuals were more active duringd-day to coincide with
highe soil temperatures, whereas in summer, they showed a bimodal activity pattern during early morning anc
late afternoon coinciding with cooler $o6emperaturesActivity patternsare thereforea behavioural adaptation
to avoid extreme burrow temperatures and a mechanism to maintain a stable core body temperature.
Thermoregulatory behavioural adaptationp@ear to bemore important than differencesin cooperative
contributionsto Natal molerats.



| extracted DNA from tissue samples and then usastom designednicrosatellite markers to assess
spatial grouping and gene flow in the populatidPopulatiorlevel analyses, such d&s3 focus on genetic
relatedness among social groupings, while relatedness coefficients determine relatedness between individue
in the population.| found that pairwiseelatedness coefficients were surprisingly similar to the arid dwelling
Damaraland moleat (Fukomys damarengis the southern Kalahardespite assumptions that higher rainfall
would provide more dispersal opportunitiesmd higher immigration ratef®0opulation leveFstvalues indicated
the presence of makbiased dispersaRelatedly, females were more related to females in neighbouring family
groups than malesThe study site had threlandscape features/hich may act as dispersal barriessich as a
road, a river,and a steep rocky hillside. A ngpatial Bayesian clustegranalysis determined that these features
did not pose major dispersal barriers to makgs. | estimated aspersal distancet® be between350¢ 400m,
with males having slightly higher dispersal distances compared to females. There was no evidenag&asf isol
by distance, angene flow isvell maintained within the study site.

In conclusion this study found that Natal mekgs continue to exhibit delayed dispersal amdh levels
of within-group relatedness despite increased annual rainfall. Theihlg®ry and physiological adaptations
allow them to cope with living in an environment with extreme seasonal fluctuatigvith the projected
increased ambient temperatures due to climate change, nanate living at higher altitude may not cope well
with very minor deviations from the conditions they have adapted to. | found that body mass appeared reduce
compared to 20 years ago, and this decrease may be due to climate change or habitat alt@tztiewvolution
of various physiological traits unique katal molerats means they may be more susceptitehe effects of
climate change than other subterranean roderfsevious labelling of NatalmeNd G &4 | &4 af Saa a
avoided and theres evidence to support the claim that they are singular cooperative breeders.
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Figure 1.1: Phylogenetic relationships among the genera of the FaBulhyergidae and the greater cane rat

(T. swinderianu} 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. (201@henvd et al. (2022
Silhouettes were scaled to relative size between species. Silhouettatloyergus GeorychusHeliophobius

and Heterocephaluswvere created by Kai Caspar and are available under a Creative Commons Licenc
(https://creativecommons.org/licenses/by/3.0/) from Phylopic.org.

Figure 1.2: Range distribution for th€ryptomysspecies complex in South AfricRanges based on Visser et

al. (2019) and modified with other known recordsote the isolatedC. h. mahalpopulation in the southwest
from Visser et al. (2019 he exact boundaries of each subspecies range are poorly understood and were
estimated based on major geographical feawiseich as rivers or a change in vegetation types. Some integration
YIed 200dz2NJ 0AYRAOIGSR 0& aKeéO® ¢KS adGdzRe aiaidsS oDt
and dashed lines indicate provincial boundaries.

Figure 13: Natalmole-rat (Cryptomys hottentotus natalens)s

Figure 2.1: The study site at Glengarry Holiday Farm, KwaRidtal Province, South Africa is indicated in
purple with mole-rat groups shown in greenn the inset the study site is marked with a yellow shwte that
many other molerat 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 Glengairgtemperature
was measured 2m above the soil surface. Dra¢ae obtained from the Copernicus Climate Change Service from
1950¢ 2021.

Figure 2.3: Mean monthly A) temperatures and B) soil moisture for Glengainter occurs fromJune to
August Air temperature was measured 2m above the soil surféde golid black line) and other values were
measured below the soil surface af7f@m §1 solid red line), 28cm G2 red dotted line), 28.L00cm &3 red
dashed line), and 16R89cm §4 grey dotdash line). Data were obtained from the Copernicus Climate @g&han
Service from 19502021.

Fig 2.4: Change in seasonal rainfall (A) and mean annual air temperature (B) at Glengarry between 1950 an
2021.Seasonal rainfall (blue) was taken from June to July the following year to include the entire yearly rai
seasonThe 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 tt
Copernicus Climate Change Service from 138121 Daa were obtained from the Copernicus Climate Change
Service from 19502021.

Figure 3.1: Capture and housing conditions of moéts. A) Hickman live traps were placed in a tunnel to catch
mole-rats. A metal pin with food attached keeps the door up, alides 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 thel
covered with soil. B) After capture animals were housed with group members in large bins and prenided
food and bedding material.



Figure 3.2: Group sizes across all captures at Glengarry for Natal-natdeFirst captures are marked in yellow,
second captures in blue, third in green, and fourth capture in orange. Size of the circles inglatie group
size.

Fig 3.3: Difference in adult sex ratio between A) seasons and B) group Sezeratios were calculated as the
proportion of adult males (body mags60g) in a group. A group composed of all males has a score of 1, and C
represents a gpup of all females. Box plots represent median and 25/75% quatrtiles, with whiskers extending
1.5x beyond interquartile range. Blue line in B indicates regression line with 95% confidence intervals in gr
and data points represent a single capture of mifg group.

Figure 3.4: Sexual size dimorphism in adult Natal modés (Cryptomys hottentotus natalens)sshowing A)

body mass, B) upper incisor width, C) total length, D) tail length, and E) hindfoot lenglnlts are individuals

with a body mass ove#0g. 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 amon
adult Natal molerats. 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) arrépraauctive (circles)
individuals (pvalue = 0.71). B) Boxablshowing scaled mass index and season for-mregmoductive and
reproductive individuals of both sexes. Box plots represent median and 25/75% quartiles, with whisker
extending 1.5x beyond interquartile range and outliers as black circles. C) The sHgiibetween group size

and scaled mass index during the winter season (yellow outline) for reproductive (dashed) amgpraguctive
(solid) males (blue) and females (red). D) Shows the same as C for the summer season (blue outline). Data pc
are ploted behind and were jittered to prevent overplotting.

Figure 3.6: Body mass growth rates in wild Natal moés from repeated capture sessionfsymptotic mass

and growth rate were estimated from repeat captures using a von Bertalanffy growth modeleduason
models change in growth between capture timeslty 2)i A) Raw body mass data from repeated captures of
males (blue) and females (red). The horizontal line indicates the populietehasymptote estimate from the
growth curve. B) Fittedjrowth 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 metats from repeated capture sessiondsymptotic upper incisor
width and growth rate werestimated from repeat measures of the upper tooth width using a von Bertalanffy
growth model. This equation models change in growth between capture tim&$) (k)i A) Raw incisor width
data from repeated captures of males (blue) and females (red). Thedmbal line indicates the populatien
level asymptote estimate from the growth curve. B) Fitted growth rates for males (blue circles) and females (re
triangles), where each point represents a single slope from A.

Figure 4.1Hourly fluctuation in soil teperatures obtained from temperature loggers (red) and the ERa#l
dataset (blue). Temperature loggers were buried ca. 15 cm below the surface to correspond with the so
temperature at 728 cm from ERAb.

Figure 4.2:RFID reader arrayThe array has a stommade decoder LID650 (white box; DorsetID, Aalten,
Netherlands) attached to the panel antenna ANT612 (black squBhe)antenna scans for passive integrated
transponder tags at regular intervals, which are stored on a USB drive. Red and black reaatesched to a
power source. A metal guard was added to prevent mralks from chewing on the cahle



Figure 4.3: Placement of the reader array in the fielthe panel (P) is placed directly over a burrow tunnel and
continuously scans for PIT tags witBidcm. 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 makgs across all recorded data points.
Activity pants were summed and grouped interBinute intervals.

Figure 4.5: Mean daily air and soil temperatures at Glengarry during winter (AuguSctober) 2020 Raw

data temperatures are plotted in the background. The date range coincided with the placemantRFID
reader array to measure molat activity. Air temperature (red, dashed) was measured 2m above the surface
of the Earth. Soil temperatures were measured atddn (green), 28cm (violet), and 2800cm (blue). Data

are freely available from the Copecus 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 (Febrg&pril) 2021.Raw

data temperatures are plotted in the background. The daege coincided with the placement of an RFID
reader array to measure mol&at activity. Air temperature (red, dashed) was measured 2m above the surface
of the Earth. Soil temperatures were measured atddn (green), 28cm (violet), and 2800cm (blue). Da

are freely available from the Copernicus Climate Change Service which holds the intellectual property rights
the raw data.

Fig 4.7: Dally activity patterns of moleats during winter (August, October).Mean daily air temperature (red)

and soil tempeature at 0¢ 7 cm (blue) are plotted on the right axis. The median time rnats were active is
highlighted in purple. Hours of darkness are indicated by the shaded blocks. Climate data were obtained fro
the Copernicus Climate Change Service, whichshiblel intellectual property rights of the raw data.

Fig 4.8: Daily activity patterns of moleats during summer (February April). Mean daily air temperature (red)

and soil temperatures at 7 cm (blue) are plotted on the right axis. The median timeennats were active is
highlighted in purple. Hours of darkness are indicated by the shaded blocks. Climate data were obtained fro
the Copernicus Climate Change Service, which holds the intellectual property rights of the raw data.

Figure 4.9. Single plogd actograms of group locomotor activity period&ach row corresponds to the total
recorded activity points at a group and each column represents the duration of the reading session in day
Vertical bars represent the total number of recorded readingsrpiaute for the group during that hour. Shaded
areas represent hours of darkness.

Figure 5.1: Assumed population clusters for genetic clustering analydi® purple area indicates the study
area in which trapping for moleat groups was focused/ole-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 we
FadaA3adySR GKS daw2l RE LILIzZ FGA2Yy > INRdAzZLIA efcp Nia Kteep T
AYOftAyS G(KS al Affé LRLMAIFIGA2YT YR GKS NBYIFAYyAyYy3

Figure 5.2: Population levekst within 52 family groups of Natal moleats. Pairwise Fstwas calculated
separately for males and females over 10 distaclasses for (A) all individuals (males = 202, females = 198) and
(B) adults only (males = 73, females = 60). Points represent the Faeaithin each distance class for males
(blue) and females (red), with lines representing linear regression. Errordyaesent 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 mod¢s. Relatednessvas calculated
separately for males and females over 10 distance classes for (A) all individuals (males = 202, females = 198)
(B) adults only (males = 73, females = 60). Points represent the mean within each distance class for males (b
and females (red), with lines indicating the linear regression line for each. Error bars represent upper and low:
95% CI from permutation matrices, and points outside the error bars indicate that observed values wer:
significantly different than expectkvalues.

Figure 5.4: Relationship of dispersal distance to body mass in rodéifis.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 kn et al. (2022).

CAIdzNBE podpY wSadz Ga FNRBY {¢w!/ ¢! w9 | FNBSAGSNI G2
when assuming populations were divided by landscape featurBspulation structure was clustered by four
populations by location: Cor&oad, River, and Hill. K was set to vary from 1 to 5.

CAIdzNBE podcY wSadzZ Ga FNRBY {¢w!/ ¢! w9 | FNBSAGSNI G2
when assuming populations were divided by family grougopulation structure was clustered intastinct
family groups captured at the study site K was set to vary from 1 to 53.

Figure 5.7: STRUCTURE resinitiicating the proportional membershipprobability of individual Natal mole

rats to geographic populationsindividuals were grouped into 4 populations based on geographic features
which may act as barriers: Core (1), Road (2), River (3), and Hill (8uspeeted number of population& (
value) was set at either AKX =2, B)K =3, C)K =4, or D)K =5 popuations.

Figure 5.8: STRUCTURE resultiscating theproportional membershipprobability of individuals Natal mole
rats based on family groupsndividuals were grouped based on original location at first capture and numbered
based on group identity. Theuspected number of populations (K value) was set at 3.

Figure 6.1: Proportion of individuals captured at each trap cheCkpture times were rounded dowBkach bar
represents the number of animals captured during that hmusummer (yellow) and winter (blueyalues were
scaled to the total number of captures during each season. Trap checks occurred-hiouwmtervals, and
animals would have been active up to two hours previouBlps were last checked between 21:0da22:00.
Traps were left open overnight during summer, and therefore individuals captured at 06:00 could have bee
captured any time between 22:00 and 06:00. During winter, traps were disarmed at the last trap check, an
reactivated between 06:00 and 000Thus, the earliest animals could be captured was 08:00.
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distances. Rralues indicted results from Mantel tests biog where the alternative hypothesis is theopk is
significantly different than zero.

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

¢FrofS pdpY B5AALISNEIT RAAGEYyOSa \).dwopbpild&ich danditRHg) 2 NJ
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CHAPTER 1
Introduction

1.1Evolution of Socialitywithin Rodentia

Living in groups occurs frequently in mammals with a wide range of sogaizations from cmmunal
aggregations of unrelated individudtscooperativdy breedingsocieties of closely related kigbensperger and
Hayes 2008Clutton-Brock 202). Group livingmay have evolved due to environmental conditio(esg., low
rainfall, long winters), antipredator advantages (Ylonen and Brown 20@ng/or dispersed esources(e.g.,
hibernacula, nesting sites, food)arvis et al. 1994Hayes 2000Armitage 2007, Maher and Burger 2011,
Macdonald and Johnson 2015)kas and ClutteBrock 201Y. These hypotheses may not be mutually exclusive
(Solomon 2003)The resource dispersion hypothesis suggests tlztipiness of @ésources may promote group
living and sharing faresources among individuals duettte benefits of group living outweighing the costs of
either accepting the presence of conspecifics or persisting a{dfeecdonald and Johnson 201#rmitage
(2007) suggested that sociality in marm@kdarmota spp.)evolved due taharsh winters which forces family
groups to hibernate, and these hibernacula sites magdstered acrosthe environment Sociality in African
mole-rats (Family Bathyergidaehas been suggested to arise from the patchy distributwériood resources
combined with limited opportunities for dispersal (Jarvis et al. 1984hough the exact reasons for group
formationin certain species aré&ely based on ecological conditions, life history, and individual fithess benefits
(reviewed n Solomon 2003)or example, iprairie voles{icrotus ochrogastgr thermal benefits or increased
access to food are unlikely to be primary reasons for group formation, and reproductive fithess increases are
more likely cause (McGuire et al. 2002).

Within Rodentia loth temporaland permanensocialorganization levelsccur, notablyin Bathyergidae
(Bennett and Faulkes 2000Faviomorpha(Maher and Burger 2011 ricetidae(Andreassen et al. 2021
Ctenomyidae (Lacesnd Wieczorek2004), Muridae Shargal et al. 2000chradin et al. 2011kbnig and
Lindholm 2012, Petromuridae (Coete 2002) andSciuridaeichener 1983Hoogland 195, Waterman 2002,
Armitage 2007)Many species of arvicoline rodents (voles and lemmings) have a flexible social system whel
territorial behaviour relaxeduring wintercausingsocial bondgo form, andindividuals will huddle for warmth
(see Adreassen et al. Z1 and references therein Another example of temporal sociality is when an ever
abundance of food resourcésads to increased population densjignd subsequentlgocial groups may either
form (Randall et al. 2005 chradin et al. 2011) alisband(Ybnenet al. 1988 Eccard et al. 20)1Many other
species oflonglived rodents live continuously in extended family groups which exhaverlap of multiple
generations of offspring due to philopat(g.g., molerats, Bennett and Faulkes 200tharmots,Armitage and
Schwartz 2000prairie volesMcGuire et al. 2002 o0lomon 2003)n these speciekin groups are not temporary
aggregations, but evolved from both polygynous and monogamous mating systems where one sex dispers
and the other remaing the natal territory (Greenwood 1980, Dobson 1982, Koenig et al. 1992, Solomon 2003)
Thistype ofsocial systen,s morelikely to be found in species whitifie in habitats experiencing environmental
stochasticity(Armitage 2007, Ebensperger and Hay@008, Lukas and CluttoBrock 201Y. However, some
terrestrial small rodents living in arid ecosystemgh high environmental stochasticityshow density or
resourcedependentsocial flexibilityinstead of stable groupgfeater gerbilsRhombomys opimydRandall et
al. 2005striped mice Rhabdomys pumilidschradin et al. 201@legus Octodon deguEbensperger et al. 2021)
Therefore, the ultimate factors affecting permanence of social groups may not be solely related tc
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environmental caditions, but maybe affected by life historyr physiologicatraits as well[Ebensperger and
Hayes 2008, Lukas and CluttBrock 2012a).

Social groups are defined based on which individuals within the group reproduce and the degree of soci
interactions (reviewed in ClutteBrock 2021)Plural breeding societies (sometimes referred to as communal
breeding or communal nesting, Hayes 2000pleed 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, wheree
cooperative breeding societies have evolved from monogamous breeding ancestorspandiucion is limited
to a single female (Lukas and ClutiBrock 2012a)Plural breeding rodents (e.gMicrotus spp., Mus spp.,
Peromyscusi LILJ®0 R2 y20 RAFFSNBYIGAIGS 06SG6SSy SI OK 20K
will combine littersand share nursing responsibilities (reviewed in Hayes 2000, CiBttock 2021). Plural
breeding rodent societietypically breed seasonally, and therefore social groups tend &elsonal or density
dependent compared to cooperatively breeding socie(idayes 2000Randall et al. 2005Andreassen et al.
2021, CluttorBrock 2021). Conversely, cooperatively breeding rodent societies tetgrocephalus glaber
Fukomysspp., Marmota marmotg Microtus ochrogast@rare temporally stable, characterized bysimgle
reproductive female, the reproductive suppression of subordinate females, and the presence of offspring whic
assist in rearing the young, which are often their siblings or couSiol®rfion and French 199HAayes 2000,
Lukas and ClutteBrock 2012 Many of the same mutualistic behaviours can occur in both plural breeders and
cooperative breeders, including alparental care, cooperative foraging or hunting, predator vigilance and
alarm calls (Russell 200Zhe primary difference between pluratdeding and singular cooperatively breeding
is that in cooperatively breeding societies offspring remain to help care for the young (GRritck 2021).
Thus, philopatry alone is not enough to explain the differences in social structure between singlfaueal
breeding rodents The formation of social groups from related individuals is necessary for the evolution of
cooperative behaviour (Hamilton 1964, EmIE82, Lukas and ClutteBrock 2012a, b) because individuals are
more likely to provide assistance to kin than Adan (Cornwallis et al. 2009, Briga et al. 2012). In cooperatively
breeding social systems juvenidslay dispersal until after maturity ara$ a result various forms of cooperative
behaviour evolve (Kingma etal. 2014)K SaS G KSf LISNBREé¢ O2YyGNRO6dziS G2 O2
to increase reproductive success of the breeders, or at least increase offspring survival (Haubeep2@Qac
West et al. 2007, Ebensperger et al. 2012). The higher levels of féamadde competition in plural breeding
rodents due to reduced relatedness between individuals as well as the (usually) temporary aggregations a
likely reasons why helping batiour in these species has not evolved to cooperatively breeding social groups
(CluttonBrock 2021). Helper contributions in plural breeding rodents may not consistently provide reproductive
benefits.

Living in social groups provides many well documenttedefits (Safran et al. 200Briga et al. 201)2
Social groups can act as information centres where individuals with prior knowledge of resource locations lez
others to resources (Berdoy and Drickamer 20Q&xger groups are better able to keep vigdanagainst
invading conspecifics or predators by alerting group members via alarm calimground squirrel¢§Sherman
1977,Hoogland 1995Blumstein 2007pr mobbingasin Siberian chipmunkéutamias sibiricysKobayashi
1996) Larger group sizemay increase survival rates by either reducing the risks of predation or starvation
(Lovegrove 1988, Armitage and Schwartz 2000, Ebensperger and Walleml2@@)eme climates, huddling
in groups can decreasbe energetic costs throagh sharing body heat, even raising the ambient air temperature
of the den (e.g.marmots, Armitage 20Q7molerats, Kotze et al. 2008see Gilbert et al. 201For review).
Parental care by individuals other than the mother is common when groups are cethpbselated females
as seen in meerkat$(ricata suricattaCluttonBrock et al. 2000)Although sometimes unrelated females will
share nursingesponsibilitiesas seen irhouse mice(Hayes 2000 Reproductive benefit®f socialityinclude
assistance withoffspring care from othefemales,earlier female maturation timesincreased rates of infant
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growth, and increased probability of juvenile survivalgnen and Viitala 199Blumstein 1997YI6nen et al.
1997, Hayes 200(Houslay eal. 2020. However especially ipluralbreeding societies, sexual competition may
increase with group sizer with decreased relatedness among femalbdkGuire et al. 2002CIutton-Brock
2021). This competitiormay result in reproductive suppression (e.gdecreased number of reproductive
females increased maturation times in stdglults) in subordinateindividuals (Bennett and Faulkes 2000,
McGuire et al. 2002Waterman 2002 Konig and Lindholm 2012), decreasedr capitafemale fecundity
(Hoogland 1995Armitage and Schwartz 200Dacey 2004), or decreased offspring survival (Sherman, 1981
McGuire et al. 2002Waterman 2002 The primary cost to individualBving in social groups imcrease
competition among group members, which can lead to feeding interferemeésiction in individual foraging
efficiency and ultimately reduced growth ratésloogland 1979, Sherman 198Xeves 2000Young et al. 2015,
Zottl et al. 2016, b). As group sizécreases, so too does the territory and homange area which can lead to
high energetic costs of movemelgading to weight los¢McNab 1963Hayes et al. 20QAVaterman 2002)
Large group sizes maglsolead to higher parasite loads in group memberedgland 1995, Alitzer et al 2003)
or susceptibilityto predation (McGuire et al. 2008yhich may decrease individual survivdltimately,there is
an optimal group size angroups may fissionr go extinctif the costs to individualsutweigh the benefits of
sociality(Armitage and Schwartz 200WcGuire et al. 2002Naterman 2002

Gooperative breeding is maintained by indirect and direct fitness benefits to individuals provided by
group augmentation, gemal reciprocity, group selection, or kin selectiéoénig et al. 199 okko et al. 2001,
Russell 2004)Vest et al. 2007Cornwallis et al. 2009¢Broup members can take turns babysitting young at the
burrow while the rest of the group foragegtotecting pups from predators, and provide food for pups or the
lactating female (CluttoBrock et al. 1999a, 2000, McGuire et al. 2002)e presence of helpers has been
attributed to a decrease in body mass loss in the dominant female during pregmadagtions in between
birth intervals, increased survival of offspring and increased vigilance against predators (Solomon 1992, Cluttc
Brock et al. 1999a, 2001b$econdary benefits to group members in cooperative breeding societies include
increased vidgance, larger territory sizes, increased reproductive success, and increased surviviratse (
and Ruxton 2002, Ward and Webster 2D16fetime reproductive success in cooperative breeders is influenced
by severalfactors including, but not limitedat the degree of ecological constraint on A@productive
individuals preventing independent breeding, thember of helpersthe chances ofurvival during dispersal,
potential life spanand chances of obtaining a breeding position in a social gidipr and Reeve 199#auber
and Lacey 200%bensperger et al. 201Houslay et al. 2020Reproductive success of breeding females is
strongly correlated with the number of helpers in dwarf mongooses (Rood 1990), wild dogs (Creel and Cre
2002), molerats (Houslay et al. 2020), and meerkats (CluBrock et al. 2001bsome cooperatively breeding
species possess a much longer lifespan than predicted for their body size, but there is not agreement as to t
cause(Healy 2015, Thorley 2020). The increabsspan may be a result ohé cooperative breeding mating
system or instead may bmore related to physiology or environmental conditioAslong life span ensures that
a female may produce more offspring once dominasta&tus is attainted. For exampledominant female
meerkats can produce ov&0 surviving offspring itheir approximately 16/earlife span(CluttonBrock et al.
2006).By comparison, a reproductive female naked malecould potentially produce over 900 offspring in
her 25 or more years of life (Sherman and Jarvis R00%e life span of subordinatasay besignificantly
reduced compared to those of dominant individsiafurther limiting their lifetime reproductive success
compared to breeding individuals (Clutt@rock et al. 2006, Dammann and Burda 20®3hmidt et al. 2013,
Begall et al. 2021).

Many species of cooperative breeders exhibit reproductive suppressismbairdinate group members
which may be physiologically or socially induced, or simply due to the lack of reproductive oppor{iRusssl|
2004).In many social moteats, subordinate males and females have a physiological block preventing them
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from reproduction (Bennett and Faulkes 2000).Gtethrionomysroles, subordinate females exhibit delayed
sexual maturity and abnormal ovulation, and therefore must disperse in order to breed (Carter and Robert
1997, Solomon and Getz 1997). Additionally, theealbe of unrelated males in both metats and voles may
prevent females from reproducin@(rda 1995Carter and Roberts 1997, Cooney and Bennett 2000). Although
the mechanisms for physiological reproductive suppression vary between speciesspeaiggexhibit reduced
levels of luteinizing hormone, oestrogen, or testosterone (Bennett et 80} 8r even underdeveloped ovaries

or testes (Faulkes and Abbott 1997). The decreaséutinizing hormore causes a reproductive block
preventing ovulation which can be alleviated upon the introduction of an unrelated male or the removal of the
dominant female (Benett et al. 1999, Cooney and Bennett 2000, Molteno and Bennett 200&ppearsthe
presence of the dominant female alocausessuppres#on insubordinate group members (Carter and Roberts
1997,Rickard and Bennett 19972 KA f S Ay 2 (i K SNEat kin keto§nition yardd Sntet @Qvbidayice
prevent breeding with related kin (Burda 199%) naked molerats and Natal molerats suppression may be
facilitated through agonistic behavioufsom the dominant female to subordinatg€faulkes and Abbott 199
Lutermann et al. 2013bbut no such aggression has been observed in Damaralandratsig_utermann et al.
2013b) For example, @ovulation in subordinate Damaraland metats Fukomys damarengisippears to be
caused by a combination of both thpgesence of the dominant female and inbreeding avoidance (Bennett et
al. 1996, Cooney and Bennett 2000, Molteno and Bennett 2@er molerat species may experience only
social suppression, and incest avoidance appears to prevent inbreeBemmétt etal. 1997,Spinks et al.
19972000a,Janse van Vuuren 2022ee Section 1.4 belgw

1.2 Life History and itsRole in Population Ecology

The variation of biological processeferentin all specieso maximizetheir reproduction and survival
leads to the evolution of different life history strategies for each particular species (Stearns 1992). Both extrins
and intrinsic forces have resulted in the evolutionary developnardifferent life history trajectoriescros
species Extrinsic forces include predation, climate, or other environmental aspects (e.g., aquatic vs. terrestriz
life styles), and intrinsic forces inclugdaysiological, behavioural, or other evolutionarily derived tréds.,
body mass, sexual domphism) Ecological conditionsiay initially drivethe evolution of life history traits, and
as a resultclosely related species may differ in physiology, behayior morphology as a result ef/olving in
environments that favours specifidife history strategyOli 2004 Réale et al. 2010)Thispace of lifesyndrome
hypothesis incorporates aspects of thes®ected vs. #§elected concept (Pianka 1970) as well as the kst
continuum Promislow and Harvey 1990, Oli 2003y induding behaviour and physiologyo account for
individual variation (Réale et al. 2016)C | & (i ¢  &Hake Previddsly tohslleredselected characterized
by early maturity, short lifespan, low survival rates, high fertilityv parental carglack ofphilopatry, and high
metabolic rates (Réale et al. 2089) ¢ { f 2 ¢ ¢ KaelelSed Anf arehbracterized by the oppositeends,
chiefly long lifeJow fertility, low metabolism, and the presencemtiilopatry. Variation in life history strategies
between speciess 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 allwely affect population dynamics (Cole 1954, Lewontin 1965, Oli and
Dobson 2003)Many of these traits showa close correlation. For exampleggiation length, age of maturity,
and offspring body mass are closely linked to survival rates (Promislow agdSHar M dpdpn 0 @ C2 NJ
fecundity and age of maturity va a greater influence on population growth, while juvenile and adult survival
rates have a greater influender & & f 2 ¢ ¢ (Hédpil € &l 600, Gaillard and Yoc20@3, Lima et al. 2003,

Oli and Dobson 2003, Oli 2004)a & f 2 ¢ ¢ (edy | IBddlat&sFariation in juvenile survival was higher than
that of adults, but ind F I & 0 ¢ & IsiSadradsrits) thie $rand i® Feversed, with more variation in adult

Pagel 4



Chapter 1¢ Introduction

sunival rates(Gaillardand Yoccoz 2003). In other words, environmental facters. ( stochastic climate events,
predation, and population density) can greatly affect juvenile survival, but adult females can reduce
reproductive effort during harsh conditiorte ensure their own survival (Albon et al. 1983, ClutBnock et al.
1983, Russell et al. 1998aillardand Yoccoz 2003)linor seasonal changes in demographic mechanisms, such
as reproduction or survival rates, may cause rapid changes in populatisityd@rima et al. 2003Adult survival

rates can affect annual population growth in some species, while for others fecundity may affect populatior
growth more strongly (Lima et al. 2003)herefore, knowledge of demographic data and these life history
processes are important for understanding population dynamics, sudalaslatingpopulation growth rates
(Leirs et al. 1997, Duncan et al. 2007, Lynch and Fagan 2009, Hone et al. 2010).

Population growth can bedensitydependent in many speciess population density increass, the
population growth ratedecreass steeply until it flattens out near carrying capacity for the populatiaich
creates a concave slop@&ibly et al. 2005)Population fluctuations can be quite dramatic in some small
mammals with many species experiencing eithewltiannual cyclical trends or frequenirruptions when
conditions are favourabléeviewed in Andreassen et al. 202¥ples and lemmings are famous for experiencing
cyclical fluctuations in population density exy 35 years (Chitty 1967Krebs et al. 1973Stenseth 1999
Andreassen et al. 2021Small mammal irruptionsan cause Ifold increasesesultingin populationdensities
of 1500 individuals/ha to over 3000 individuals/ha (Leirsl. 2010). Banges in reproductive maturation time
may drive these densitgependent cyclesvhich may trigger additional litters in seasonally breeding rodents
(Leirs et al. 1997, Stenseth 1999) other species, stochastic climate events sucleatly or asynchronous
seasonal rainfall (Leirs et 41997, Lima et al. 2003, Huan et al. 20d@pulsed variation in food availability (e.g.,
mast occurrencesAplin and Lalsiamliana 2010, Imholt et al. 2D&&n cause rapid increases in population
density. Agricultural and land use practices may also affect small mammal population trends, including increase
irrigation due to drought (Lugukarena et al. 2013)jncreasedood crop planting Brown et al. 2005Htwe et
al. 2013)the density of livestock (Zhang et al. 200Babitat fragmentation (Huitu et al. 2004), and connectivity
between natural and agricultural areas (Halliez et al. 2013 frequency of these conditions atiek likelihood
of subsequent ppulation outbreaks are likely to increase due to climate change and anthropogeniadand
(Andreassen et al. 2021).

There can also be densitiependent effects orphenotypic variation inndividual life history aspects
(Brook and Bradshaw 2006, Bielbyatt 2007 Wright et al. 2018 Life history theories predict a tradeff
between body mass and reproducte capabilitieswhen resources are limited (Stearns 19%bwler 1987,
Saether 199Y. Body mass and growth rates can decrease witheasing population densiip small mammals
(Ann et al. 2018)¢arnivores (Macdonald et al. 2002y)d manyungulates Choquenot 1991, Leberg and Smith
1993, CluttorBrock et al. 1982, Bonenfant et al. 2002, Klein 1968, Gaillard et al. 2888gver,other small
mammals may experience an increasebody masswith increasing population density, which macrease
fecundity, further driving an increase in population dens@iyifty 1967, Spinks et al. 2d8)@_.ambin et al. 2006,

Oli 20190zgul et al. 200, Berris et al. 20201n other speciefemalefecundityand the number of young reared

to weaning may decrease withopulation density or wittgroup sizein species wherghilopatry is favoured
(Hoogland 1995, Armitage and Schwartz 20@8¢donald et al. 2002,acey 2004Spinks et al. 20@)Wolff et

al. 2002, Krebs 200Reed and Slade 2008 he age of sexual maturity has also been shown to decrease with
increasing dengy in many mammal speciecluding hopping mice (Berris et al. 2020gd deer Cervus
elaphus Albon et al. 1983), roe deeCépreolus capreolu&aillard et al. 1992), reindeeRéngifer tarandus
Skogland 1985), and bighorn she&is canadensislagenson et al. 1993), European badgers (Rogers et al.
1997), black bears (Nagy and Haroldson 1990), and brown bears (Stringham 1990).

Variation inmating systemsnay also be densitgependent(Kokko and Rankin 2006) some rodents
(families Cricetidae and Muridae), omogamous paibonds 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 197
Lambin and Krebs 1991, Randall et al. 200@5 Andreasse et al. 202). At high densiesfemale rodents are
more likely to nesting communally due to lack of open territories (Wolff 1994, Lambin and Yoccoz 1998, Solom:
and Getz 1997 Latham and Mason 20D4Additionally, sukadults may become socially inhibitefrom
reproducirg, 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
Ims 2001 Berris et al. 2020 Survivalrates can also belensitydependent, decreasing with increasing
population density (Leirs et al. 1997ima et al. 2003High density has been found to cause increased levels of
corticosterone and decreased testosterone in greater gerbils, a roliieng in large social groups (Rogovin et
al. 2003) and social stress has been linked to decreased survival rates in areas of high population dens
(Sapolsky 1983, Wingfield et al. 1990). In social rodents the decrease in juvenile recruitment mayedebgaus
increased rates of infanticide when density is high (Sherman 1981, Hoogland 1995, Blumstein 1997, Agrell et
1998). Other dasity-dependent dereases in survival rates have been found in desert ge®asbfllusspp.,
Yl6nen and Brown 2007rvicoline rodentAndreassen et al. 2021), red deer (Clut®rock et al. 1985, Albon
et al. 2000, Gaillard et al. 2000), soay she&@yig aries(Milner et al. 1999), and African buffal®yncerus caffer
Sinclair 1974)and meerkatsuricata suricattalMaag et al. 2022)

Population density can affethe spatial organization of individuals in the landscape. High population
densitymayreduce home range size in many species (Vincent et al. 1995, Nagy and Haroldsokl&B80@ghlin
et al. 2000 Dahle and Swenson 2003emales may be more scattered low densities but more clumped
during higher densitiesvhereindaughters more frequently nesgt close proximity to their mother@Volff 1994,
Lambin and Yoccoz 1998, Sulmn and Getz 199Busch et al. 20Q09The distribution of resources influences
the distribution of females, which in turn affects male dispersal rates and the subsequent distances moved d
to the fact that males need to monopolize multiple partners (Dob&981).In small mammals, dispersal rates
may increase with population density (Windberg and Keith 1976, Boutin et al. 1985, Spinks et @), BOO0
more often dispersal rateare highest at low densities (Gaines and McClenaghan 1980, Jones et aMi8I§8
et al. 1988, McGuire et al. 1993, Getz et al. 1993, Wolff 188dreassen and Ims 2001, Kokko and Lundberg
2001). This suggests dispersal rates decrease when fewer potential new territories are available due t
competition for resources, hinderirdjspersalwith the resultant effect ofin increased philopatryAdditionally,
reduced dispersal at high densities may result from suppressed sexual maturation in species such as voles wh
delayed natal dispersal occurs (Clobetral. 2004) Dispersal usually occurs from higher density patches to lower
density patches and the costs of dispersal increase when density is high (SolomonVZhéa)population
densities are highindividualsmay be required to disperse farther to encounter an uatetl potential mate
and thus,to avoid breeding with relativesi¢nes et al. 1988Volff 1994, Andreassen and Ims 2001, Lambin et
al. 2001 Busch et al. 200®Maag et al. 2013

Variation in social organization and dispersal patterns is widespread asmal) mammals (Madison
1990, Andreassen et al. 2002, Schradin et al. 20M4a)ing systems,ife history aspectsand phylogenyaffect
sexbiaseddispersal patternswith malebiased dispersal frequently occurring in mammals (Greenwood 1980,
Clutton-Brock and Lukas 201Robson 2018 but exceptions do occur (séarve et al. 199°'Hanski and Selonen
2009).Dobson (1982) suggested that competition for mates may have acted in conjunction with inbreedinc
avoidance in shaping mat#ased disperdan rodents. However, in monogamous societies both sexes would be
required to disperse to avoid breeding with saisex parents (Dobson 1982, Busch et al. 20 rodents,
dispersal timing varies froust afterweaning todelaying dispersal until condiins improve individuals may
perform breeding dispersal where an individual may leivegroup they immigrated into to seek new mating
opportunities (Le Galliard et al. 2012). Most studies report more frequent dispersal in juveniles compared t
adults, although quantitative analysis of published studies did not detect a difference in age classes in som«
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rodents (Le Galliard et al. 2012). The transigiiae/el during dispersagnd settlemenfterritory establishment
post-dispersal)stages are the leasttiglied stages due tdhe reliance on tracking methods such as radio
telemetryto gather data on movement patterr{€lobert et al. 2009)Settlement may be the result of multiple
unsuccessful explorative moves into potential territories (Le Galliard 0al7, Bmy et al. 2011 Maag et al.
20198, a singldong-distance tip (Steen 1994), cad & ( SR YWF ¢ LI GGSNY BHKSNB SY
days in one patch before moving to another and repeated until settlement occurs (Fisher et glV2@@pet

al. 2018. Dispersal kernels in rodents primarily exhibitdgfewed distribution with comparatively infrequent

to rare longdistance dispersal events within species (Telfer et al. 2003, Le Galliard et al. 2012, Whitmee ar
Orme2013. Long distace dispersatay bemale-biased in polygynous species (Steen 1984 see Gauffre et

al. 2009, and assists witmaintainingpopulation connectivity between patcheGéuffre et al. 2009). Individuals
more often disperse into highuality habitats, althouly competitive exclusion between sympatric species may
cause the less competitive species to disperse into lequality habitats ¢ensuLin and Bazli 2001, 2002).

Natal dispersal is an important ecological procdes teduces the effects of inbreeding depression and
maintairs genetic diversity within a populatioor among widely separate populatioriforahim et al. 1996,
Dobson 2007/Nunes 2007)Dispersal influencethe genetic structure of a population and alleviatbe effects
of genetic drift by causing changes in gene frequencies (Wright 1969, Cockburn 1992). Measures of individt
movement rates and demographic processes can provide context for gene flow estimates. For example, reduc
dispersal propensity, habitdragmentation, and isolation of individuaisay result in local genetic structure
leading to reduced genetic diversity and ultimately may cause genetic drift (Frankham 1995, Leberg et al. 200
Species populations occurring in patchy, fragmented lamuseaan sometimes retain high connectivity and
genetic variability if individuals have the potential for long distance dispersal, high reproductive success, ar
monogamous mating systems (Aars et al. 200@nes 200y, Dispersal distanceacross mammalsan be highly
variable andcorrelate strongly with phylogeny, geographic range size, body mass, population density, and ag
at weaning (Sutherland et al. 200Bantini et al. 2013)Nhitmee and Orme 2013T.he ceevolution of dispersal
distances in males ang@male prevent one seitom remainingwithout a mate (Meier et al 2011)Dispersal
rates andthe distances travelledan be estimatedndirectly based onthe effective population densitythe
number of breeding individuals within a populatjoand the frequency of exchange of genetic information
(Coulon et al. 2010, Sumner et al. 20@threy et al. 201p There are two primary methods of determining
population structure for each sex:dfatistics and assignment indicdsstatistics, such absand Fsr, rely on
population level comparisons of gene flow between grouBeth Fs and Fstare concerned with genetic
frequency and variance between locations (either populations or family groups), and the sex which disperse
more frequently would haveimilar genetic signatures and therefdnggher values\Weir and Cockerham 1984,
Goudet et al 2002).Individual level analyses are more applicable to uncoveringsioade dispersal patterns.
Dispersal distances can be estimated through comparisons of relatedness coefficients and spatial distanc
between individualg§Spong and Creel 2001, Baaksl Peakall 2012, Mynhardt et al. 2021) or through parentage
analysis and geographic distances between paddfapring pairs (Telfer et al. 2083h Aars et al. 2006, Jones
et al. 2010) Both methods tend to provide similar results (Athrey et al. 20I8)have accurate results in spatial
autocorrelation analysis researchers shotddus 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 (Ban
and Peakall 2012). Specificalsampling should be focused on the scale of dispersal distances in the study
species if known. Additionall8anks and Peakall (2012) recommehdt sample collection should be timed
after dispersal and before seasonal breeaglinccurs, and thercompaing loci from postdispersal adult
individuals
1.3 African Mole-rats
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African molerats (Family Bathyergidae) are a group of specialized subterraneants endemic to sub
Saharan Africavhichlive in elaborately excavated burrow systems (Bennett and Faulkes, 2@00omber et al.
2002. The underground niche provides advantages including protection from climate fluctuations, dehydration
ultraviolet radiation, and predation (Jarvis 1978, McNab 1¥#nnett et al. 1988Shams et al 2005, Firt al.
2020) The subterranean niche may have selected for extended lifegpapecies occupying this nicfiehorley
2020) African molerats have developed vaous morphological and physiologicaladaptations to their
subterranean environmentSimilar to other subterranean mammals they havéong cylindrical bodyg wide
flat cranium,procumbent incisors, and reduced pinnae (Stein 2000, Gomes Rodrigues @1&).They have
even adapted specialized processes on limb bones which aid in digging undergroueder naked mokeats
(Heterocephalus glabgipossess less specialized limb bofidsentoyaSanhueza et al. 2022)1ole-rats have
reduced eyes and visual acuity which makes distishingshapes difficult and allows them to see only chasnge
in light intensity b SYS O S i, Kbtf ebal. 201 The diet of nole-rats consistspredominantly @
underground storage organs of pis, such as bulbs, tubers, and corifesllectively referred to as geophytes)
but the Cape dune moieat (Bathyergus suillysand Cape moteat (Georychus capensisiclude large portions
of grassesand clover in their dieBennett and Faulkes 200Robb et al. 2012 All molerats spend the majority
of their lives undergroungBennett and Fakes 2000). Individualypically onlyperform surface exploration
during dispersalHazell et al. 200Gcharff and Gritjen 1996,dzY 6 S NI  SBilaude &b 2020Finro284,
Finn et al. 202Por when their tunnels are flooded from heavy rairfGenelly 1965Bennet et al. 2006, 2009)
However the Cape dune moteat frequently forages on the surface for grasses (Bennett et al. 2@@8some
Zambian moleats mayoften be seemaboveground Scharff and Gritjen 1996puring these surface foraysr
during mound constructiormole-rats are vulnerable tongedators such as serveat(Leptailurus servaRamesh
and Downs 208), jackal Canis mesmelas Humphries et al. 2015)fricanwild cats Felis lybica cafrareyling
et al. 2022)caracal Caracal caracalde Graaff 1981)Jomestic dogs@anis lupus familiarigle Graaff 198)]
herons (Taylor 194&8ennett et al. 2006Kopij 2006 Virtual Museum 202R and owls (Genelly 1965, de Graff
1981, Patzenhauerova et al. 20L3ew predators are able toreak into the burrows ofnole-rats, onlythe
striped weaselRoecilogale albinuch@nsell 1960and somesnakes (Brett 198@®avies and Jarvis 198Rrvis
and Sherman 20QBennett et al. 20042006, Finnet al.2020)may be able to do this

TheFamilyBathyergidaés 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 alV200Baele et al. 2002013,Faulkes
et al. 2017 Visser et al. 2018 b Uhrova et al. 2022Hgure 1.). Major tectonic activity (e.g., riftinguplift,
volcanisn), expansion of grasslands habitagntraction of forest habitatandfluctuating climate cyclestarting
in the Mioceng(20 mya)and continuing through the Pleistocelfe2.5 mya)likely caused the major speciation
of molerats in East andSouthern Africa (Faulkes et al. 204®2017).Mountainous habitat in the region of
Tanzaniaas well as Lake Tanganyskal Lake Nyasaay havdorced radiation and dispersal southtanZzambia
and Southern Africabetween3.2and 1.9 mya Mole-ratsnow occur in avarietyof habitatsincluding woodland,
grassland, savanna, and fynbekich encompasa range ofrainfall zones from highly arig200mm/year)to
mesictropical regions with high annual rainf@i900mm/year) Thefamilyis one of the fewgroupsof mammals
to exhibit the entire range of social structure, from solitary to family groups with higlodetive skewAll the
solitary speciegHeliophobius, Bathyerguand Georychusoccur in regions with relatively high rainfall, while
social speciegCryptomys Fukomy¥ may occur in botharid and tropicalmesicenvironments(Bennett and
Faulkes 2000, Lovy et al. 201Zhe aridity food distribution hypothesis (AFDH) has been put forward to explain
how the evolution of sociality may have arisen in the African mnale due to the clumped and scattered
distribution of food resurces in an arid environmer{@arvis et al. 1994Fcological constraints such as soil
hardness andbw annual rainfall limit dispersal which have forced madés to live in groups in order to increase
survival.The hypothesis implies that solitary indiuals 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 th
occurrence of both social and solitary species occurring in sympstnylarities in geoplte distribution and
biomass in both habitat typesnd édmoderate ecological constraints in some social spetivdag in areas of

high annual rainfalb . dzZNRI S |t ® wnnnx [| @& S 1200m2082n\anods ~ |
authors have continued to stress thathost ofenvironmental factors (e.g., annual precipitation, geophyte
distribution/biomass, soil temperatures, soil moisture, soil type) have greatly influenced the level of sociality ir
mole-rats and have shaped themorphology, distribution, behaviour, and even physiology (Bennett 1989,
Lovegrove 1989, Jarvis et al. 1994, Yeboah and AkyeampongFR20ies and Bennett 20168krouhlik et al.
HAaMpPpXE W2aFNAR2 /I NRGSYydziz SiG I & hHOosthoizen et 8 2025 Wallhce S
et al. 2021, Kraus et al. 2022).
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F. kafuensis

F. anselli

F. damarensis
F. darlingi

F. whytei

F. amatus

Is

F. hanangensis

F. mechowii

F. zechi
Fukomys

C. hottentotus

C. nimrodi

C. pretoriae

Cryptomys C. natalensis

C. mahali

B. janetta

Bathyergus B. suillus

G. capensis ‘
Georychus

— H. argenteocinereus
Heliophobius | M= H. kapiti
o=
H. glaber
Heterocephalus g
T. swinderian
Thryonomys

Figure 1.1: Phylogenetic relationships among the genera of the Family Bathyergiddehe greater cane
rat (T. swinderianu} their closest relative Highly sociabathyergids are higighted inblue, less socidl
species in purple, and solitary species iaegr Phylogeny based on Visser et al. (2019) dhdova et al.
(2022). Silhouetteswere scalal to relative size between speciesilhouettesof Bathyergus Georytius
Heliophobiusand Heterocephalusvere created by Kai Caspar ane available under a Creative Commans
Licence lfttps://creativecommons.org/licenses/by/3.0from Phylopic.org
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Thesolitaryspecies only pair up during the breeding season, and otherwise spend their lives in their owr
burrow systems (Bennett and Faulkes 200®)e mating system of solitary metats appears to beolygynous,
with multiple paternityevidentwithin a single liter (Bray et al 2012 Patzenhauerova et al. 201WVisser et al.
2017). Thesocial speciedHeterocephalusCryptomysand Fukomyslive in family groupsvhich can reaci300
individuals innaked molerats (mean80, Brett 199}, over 40 in Fukomygmean7 ¢ 16, Bennett et al. 1994,
Scharff 1998Bennett and Faulkes 2000, Sichilima et al. 2611,f No I Sinn 6t dl. 01pand Mpitd20
in Cryptomygmears5 ¢ 11, Moolman et al. 1998Spinks et al. 2000 ¢, Lutermann et al. 2018 h Hart et al.
2021a). There are exception$or example, the Mashona moi&at (Fukomys darlingimayhave small group sizes
(5¢ 9) whicharemore comparable to moleats of thegenusCryptomygBennett et al. 1994)Social moleats
are generallyobligate outbreeders, preferring breeding with an unrelated partner (Ciszek 2000, Bishop et al
2004, Burland et al. 2004, Patzenhauerova et al. 2013); however, nakeerat®imay become inbreed due to
population isolation (Reeve et al. 1990, Braude e28P0). Family groups are typically composed of unrelated
individuals and a monogamous breeding system (Jarvis and Bennett 1993, Bennett et al. 1996, Braude 20
Molteno and Bennett 2000, Patzenhauerova et al. 2013). Bpdamapaternity is uncommon to-rNBE Ay |y
mole-rat (Patzenhauerové et al. 2013), but extra pair paternity can occur in over 20% of family groups in bot
common (Bishop et al. 2004) and Damaraland rmats (Burland et al. 2004Juveniles delay dispersal and as a
result multiple gaerations may be present within a group at any given time (Bennett and Faulkes 2000, Burd:
et al. 2000, TorrentJicoet al. 2018)The social speciesxhibit a range of cooperative breeding strategiesl
levels of reproductive suppressichNR Y (i RE O&dydodngsi 2 (0 KS & K KuHoihfsénd tie2 O A
G Sdza 2 OA I f ératsydarViSeRal. YoR@aBathuler et al. 199@ennett et al. 1997Voolman et al. 1998
Bennett and Faulkes 20p(rhe gplicationof the term eusocial to various social makgs has been a debated
topic for over 20 years (Jarvis et al. 19%herman et al. 1998ennett et al. 1997Burda et al. 2000Burda
2007,z06ttl et al. 2016, ~kliba et al. 2016, Segmannet al. 2021) Some authors considenany of the social
mole-rats to be eusocial based dime highreproductive skewoverlap of successive generatipaadlongterm
philopatry of nonreproductive individualgvident in many specigdarvis et al. 1994 éBnett and Faulkes 2000,
Burda et al. 20005cantlebury et al. 2008urda 2007Braude et al. 2020 While other authorslo not consider
GKSY Sdza20Alf 06SOlIdzasS GKSe& f I ©d,taskShediaratiargaditheidividoN Y z
of labouris a result of ageelated shifts in contribution effort~ { f N6 | & Zi6ttl etfald2016 Thvodey et
al. 2018 Houslayet al. 2020S9egmann et al. 2021).

Most authors do agree that social melats are cooperativébreeders(Bennett and Faulkes 2000,
Faulkes and Bennett 200Zttl et al. 2016, Van Daele et al. 2019, Braude et al. 2020yslayet al. 2020)All
social molerats exhibit cooperative behaviours that benefit the entire group such as collective foraigimgl
construction, burrow defence, and helpers assist with the rearing of subsequent generations (Bennett an:
Faulkes 2000). Group members assist with these helping behaviours to a varying degree, and contributions n
decrease with age or differ betve@ reproductive and noNS LINR RdzO0 A S AYRA QA Rdz f &
2014, 2016, Francioli et al. 2020, Z6ttl et al. 2016b, 2022, Thorley et al. 2018, Van Daele et al. 2019, Siegm
et al. 2021). Social molat species exhibit a strong dominankrarchy with the reproductive individuals at
the top and subordinate helpers ranked below, typically by decreasing body mass (Bennett 1989, Jacobs et
1991, Gabathuler et al. 1996, Moolman et al. 1998, Clarke and Faulkes 2001). There appearsotatinewam
of individual contributions to cooperative behaviour across the Bathyergi@aelies on activity levels in wild
mole-rats have shown that reproductive females are less active than other group members across the thre
social genera, and thisdégtt &S Ay | OQiGAGAGEe Yl & o6S | gl& (2 LINRI
2014,2016, Francioli et.&020, Z6ttl et al. 2022). The differences in activity levels between reproductive males
and nonreproductive individuals was most pronouncednaked molerats, intermediate in Damaraland mele
rats, and less defined iBryptomysspecies (Z6ttl et al. 2022Eroup membergain many direct and indirect
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benefits as a resuldf sociality(Jarvis et al. 1994, Jarvis et al. 1998rnwallis et al. 200%aulkes and Bennett
2013).Long reproductive tenure of dominant females combined with the suppression of subordinates suggest
that cooperative breeding facilitated exponential increasegmdle fecundity (CluttofBrock 2009, Schmidt et

al. 2013,Houslayet al. 2020). For example, a reproductive female naked sratl€ould potentially produce
over900 offspring in her 25 or more years of lifeHerman and Jarvis 200%hile a giant moleat may produce

over 120 offspring in her 1gear life span (Dammann et al. 201Djrect fitness for the breeders is expected to
increase with group size, but decrease for freproductive subordinatessincethey delay dispersatue to
ecological or extrinsic factors (Lacey and Sherman 1997, Lacey 2004, Safran et aloR8@get al. 2020).
Indeed individual growth rates may decrease with increasing group size (Zottl et aR)2016

Subordinate individuals in group exhibit a marked reproductive suppression maintained by a
combination of inbreeding avoidance (Jarvis and Bennett 1993, Cooney and Bennett 2000), social inhibition
dominance control (Molteno and Bennett 2000, but see Cooney and Bennett 2000), interferenceatihg
attempts (Cooney 2002), and possibly other as yet unknown metlgetmtt et al. 1996-aulkes and Bennett
2007). Norreproductive females exhibit a clear physiological block to reproduction, where ovulation is blocked
at the ovary due to reduceslecretion ofluteinizing hormongBennett et al. 1996, Molteno and Bennett 2000).
This suppression remains until an unrelated male presents himself, or dispersal occurs, likely triggered |
increased rainfall (Rickard and Bennett 1997, Molteno and Be20&2, Young et al. 2010). In captive colonies,
non-reproductive females removed from the presence of the reproductive female will begin to ovulate
spontaneouslyproviding 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 effec
becausenon-reproductive individuals avoid breeding witippositesexgroupmembers in the absence of the
dominant female.Indeed, levels of aggression amorfgukomysmole-rats is low (Dammann et al. 2011).
Unrelated immigrant males (including transient immigrants) are frequent wild mole-rat family groups,
providing evidence tat nonreproductive females are presented with opportunities to mate with exgraup
members and inbreeding avoidance alone is not enough to maintain reproductive Biehwo et al. 2004,
Burland et al. 2004). When foreign male intruders are introduaec group, dominant males will prevent
copulation with resident females by attacking the intruder to interrupt sexual solicitations (Cooney 2002).
Damaraland moleats, ron-reproductive malefave similar testosterone levels to reproductive males,Hawe
an increased frequency of immature sperBe(nett 1994 Maswanganye et al. 1999 other molerats,
differences between reproductive and na@aproductive male sperm counts or testosterone levels are minimal
(Spinks et al. 1997, Janse van Rensburgl.eR003, Hart et al. 202)aln contrast,female reproduction is
regulated though physiological suppression by dominance control, males refrain from breeding with femal
group members likely due to inbreeding avoidance alone (Bennett 1994, Cooney arettE28Q0).As a result,
males must disperse from tlggoupto gain any direct fithess benefitsnmigrant females are rare in established
colonies limiting the mate choice of males while they remain with the group (Hazell et al. 2000, Burland et a
2002, Burland et al. 2004, Thorley et al. 2021).

Nonreproductive 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, Torrefiicd et al. 208, 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 aed lbmdependently
(Spinks et al. 2000c, Young et al. 2010). Due to the hard soils during the dry seasons (even in tropical regic
and unpredictable seasonal rainfall in arid habitats, dispersal is limited to a few months out of the year
Following heavyains, the soil softens, thereby reducing the energetic costs associated with digging (Jarvis ar
Bennett 1993, Molteno and Bennett 2002, Young et al. 2010). Thus, the majority of offspring remain in the nat
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group until conditions are favourable, usuatlye to two years, but some individuals may remain in their natal
group for over five years (Torrenfsco et al. 2018, Thorley et al. 2021). Unrelated immigrant males may join a
social group to breed with the reproductive female or receptive sngproducive females (Bishop et al. 2004,
Burland et al. 2004, Young et al. 2010, Torréerit® 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 t
mate with immigrant males (Molteno and Bennett 2000, Young et al. 2010). Female immigrants to establishe
colonies are rare due to the xenophobic nature of mi@es (Jarvis and Bennett 1993, Cooney 2002, Burland et
al. 2004, Torrentd'ico et al. 2018, Thrley 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 (TeFredst al. 2018,
Thorley et al. 2021, Finn et al. 2022). Occasionally, cohortseadenor mixed sexes will form to disperse, either
joining an established group or forming a nascent group respectively, but these observations are rare (Jarvis a
Bennett 1993, Thorley et al. 2021, Finn et al. 2022). Thus, the long tenure of breedwundpiald combined with
ecological constraints against dispersal may further drive population wide reproductive skew natsole

1.4 Natal Mole-rat and Other CryptomysMole-rats

The genusCryptomysis currently composed of one species with five subspecies: common-naiole
(Cryptomys hottentotus hottentotysMahali molerat (C. h. maha)i Natal molerat (C. h. natalens)s highveld
mole-rat (C. h. pretoriag and Matabaland moleat (C. h. nimrodi The genus represents a species complex
because multiple phylogenetic analyses have determined the subspecies may be distinct species (Faulkes e
2004, Ingram et al. 2004, Visser et al. 2019aThe species complex occursSouth AfricaEswatinilLesotho,
Zimbabwe, andikely into adjacent Mozambique and BotswanBhe taxonomic placement of malats in
Lesotho is unresolved amdole-rats theremay be a different specie€ryptomysnole-rats areabsent only from
the very sandysavannaegionsof the Kalaharior extremely rocky region&igure 12).

The distribution of each subspecies is possibly relatesutsile differentiation invegetationtypes soil
composition climate, or precipitation pattern§Kraus et al. 2022, Uhrova et 2022) The stronger bite force of
common molerats may have allowed them to expand into harder, compact soils with a higher rock content
(Kraus et al. 2022RAll 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 «
the genusFukomys(Bennett and Faulkes 2000). Due to their visual similarity, the subspecies can only b
distinguished by distribution or through etecular methodsThe common mokeat occurs primarily in fynbos,
karoo, and arid savanna habitats of the Western, Northern, and Eastern Cape. The Natahtnoaeurs
primarily in mesic grasslands tife Eastern Cape, KwaZtNlatal, Mpumalanga Provincesf South Africa,
throughout Eswatiniinto Lesotho and possibly in Mozambiguehe highveld moleat occurs in the central
grasslands of South Africa and possibly into Lesofilace both the Natal and highveld mabt occur in
grasslands, the range bouary is likely high elevatio2900m or higherjegions of the Great Escarpmeas
proposed in Faulkes et al. (2017) for two other species separated by a mountain range of similarTigEght
range of the Mahali moleat is poorly understood, and is expedtéo prefer more arid savanna habitat than
the grasslands preferred by the highveld modé. A phylogeographic analysis by Visser et al (2019) found an
isolated population in the Western Cape (Figure IThe Matabaland moleat is found only in Zimbabwéut
its rangemay extend across the Limpopo River into South A@ri¢ato BotswanaThe exact distribution of each
subspecies is poorly understooand te presence of intergrade or hybridization zones are likely (indicated by
0KS aKé¢ 1) KoreRamplelzi@eatsidd 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, «
Matabaland molerat. Additionally, the distribution bthe Mahali molerat is known to reach as far west as Van
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Zylsrusin the Northern Cape provingK. Finn, pers. obs.but how farsouth the range extends into central
South Africa has not been determined.

Figure 12: Range distribution for theCryptomysspecies complex in South AfricRanges based oviisser
et al. (2019) and modified with othéinown records Note the isolatedC. h. mahalpopulation in the
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southwestfrom Visser et al. (2019The exact boundaries of each subspecies ranggaoely understood
and were estimated based on major geographical features such as rivers or a change in vegetation types.
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indicate major rivers, andashed lines indicate provincial boundaries.

The Natal moleat (Figure 13) occuisto the east of the Great Escarpment from sea level to over 3000m
in the DrakensbergThe region is comprised of grassland with forest patches and experiences predominatel
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(Lutermann et al. 2013&)) with up to 17 individuals (Oosthuizen at. 2008) Studies focusing on group
compositionor life history traitsare lackingAs with other social moteats the reproductive female shows
reduced dailyactivity patterns but differences between other group members may be miati] et al. 2022,

see Chapter 4)While no studies have assessed the diet of Natal matg, diet studies on the related common
mole-rat indicate they feed almost exclusively on geophytes, the underground storage organs of plants (Rok
et al. 2012) Despite iving underground and possessing greatly reduced light perceptitnY( SeOal. 2®7),

Natal molerats use light to entrain circadian rhythms in locomotor activity and melatonin secretion (Hart et al.
2004, Oosthuizen et al. 2021). Natal mods also exprience 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
sumner 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 torp
to conserve energy (Oosthuizen et al. 202Qditionally, individuals can regulate theiratabolic rate between
seasons, which may lafurther means of energy conservation (Lutermann et al. 2013

=

Figure 13: Natal molerat (Cryptomys hottentotus natalens)s

AllCryptomysare inducedvulators Epinks et al. 1999%alherbe et al. 2004, Jackson and Bennett 2005,
Hart et al. 2020) unlike the relatdeukomyswhich are all spontaneous ovulators (Faulkes et al01291(,
Molteno and Bennett 2000, Snyman et al. 2006, Bennett €Cd0) but see Voight et al. (20214l species in
the Cryptomyscomplexhave stablecirculating levels of reproductive hormon#soughout the yeaindicating

Pagel 15



Chapter 1¢ Introduction

reproductive function is maintained regardless of season (Spinks et ala,2008thuizen et al2008,Hart et al.
2021a). Howeverthe commonandhighveld moleratshave a distinct breeding season during the austriaker

and earlyspring (August November; Jansean Rensburg et al. 2002, Spinks et al. 199®)Nataland Mahali
mole-ratsbreed throughout the year, though births may be more concentrated during the summer (Oosthuizen
et al. 2008, Hart et al. 202@021a). Common molerats occur in a winter rainfalzoneof the Western Cape
during which time many of the plants will flower, while the other three subspecies occur in summer rainfall
zones. The reason th#te common molerat breeds during the rainy season as opposed to just prior to the
rainy season likeéhe highveld molerat and other seasonal breeding mammals is not fully understood. Two
possible explanations are so that animals can reach maturity during the followingsesasgn to disperse, or
higherquality food is available to sustaihe reproductive femalend pups.Since moleats rely on geophytes

as their primary food source, the flowering period of these plants likely determines whenratslbreed, with
some geopytes flowering in autumn and some during spring.

It has been proposed that members of the geriyptomysare the least social taxa due to relaxed
physiological suppression (Gabathuler et al. 1996, Moolman et al. 1998, Bennett and Faulkes 200(
Reproducive suppression in allryptomyss controlled primarily by behavioural cues such as incest avoidance,
aggression from the reproductive female, or lack of reproductive opportunities and the amount of physiologica
suppression varies between the subspec{&pinks et al. 1997, 2080Janse van Rensburg et al. 2002;
Oosthuizen et al. 200&utermann et al. 2018 Hart et al. 2020, 2024 2022; Janse van Vuuren 202Both
reproductive and nosreproductive males produce sperm yeaund inthe common,Mahali, and highveld
mole-rats (Spinks et al. 1997, Janse van Rensburg et al. 2003, Hart et a).Z¥tthales show no differences in
luteinizinghormone levels between seasamd may ekibit follicular development throughout the yeg&&pinks
et al. 200@, Janse van Rensburg et al. 2002, Oosthuizen et al. 2008, Hart et &l).208h prolactin levels in
nonbreeding female highveld and Mahali meoés may cause physiological reproductive suppression (Hart et
al. 202D, Jansevan Vuuren 2022). However, in the Natal mode, there were no differences in prolactin levels,
indicating only behavioural suppression occurs (Janse van Vuuren E@g2jle Natal moleats exhibit higher
levels of testosterong¢han molerats with physblogical suppression (Lutermann et al. 2B1LPuring winter
non-reproductive females had lower testosterone levels than reproductive females, but during summer levels
were similar (Lutermann et al. 2088 Intra-sexual aggression and competition betweemtles is likely high
in Natal molerats due to the equal testosterone levels during the wet dispersal paratincreased rates of
unrelated male immigratiorflLutermann et al. 2013bRaternity analysis in the common meiat has shown
that extra pair méngs occur more often than in themore physiologically suppresséhmaraland moleat
(Bishop et al. 2002007, Burland et al. 2004gading support to this hypothesis

1.5 Study Aims

There have been studies on the physiology eeptoductive suppression of Natal melats (Oosthuizen
et al. 2008, Lutermann et al. 2013a, Oosthuizen et al. Rdait their ecology and life history have not been
reported in detail and are currently in need of further research. This study used captnle recapture
methods to investigate life history, behaviour, and gene flow in Natal fraike occurring at a high elevation
site in the southern Drakensberg Mountaifi$ie aims of this study are to provide data on the composition of
family groups, seasml change in individual body condition, model individual growth rates, assess daily and
seasonal locomotor activity patterns, assess the frequency of dispersal, estimate dispersal distances, determi
genetic relationships within family groups, and invgate 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 Natalmole
It utilizes the scaled mass index to assess how body condition changes with season. Individual growth rates w
modelled using the interval equation ried 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 Natatratsleising radio
frequency identification (RFID)dknology. This technology allows for nmvasive monitoring of individual
locomotor movement patterns of marked individuals.
Question 1: What time of day are matats 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 ar
related to each other and to neighbouring groups. The presence dbissed dispersal patterns is assessed by
comparing within and betweengroup relatedness between the sexes. Dispersal distances are estimated using
effective population sizeA non-spatial Bayesian clustering analysis was performed to define genetic clusters
and determine if geographic features were barriers to dispersal.
Question 1How closely are individuals within a group related to each other?
Question 2: How well igene flow maintained across the study site?

Question3: Is dispersal makbiased and how far do individuals disperse?

Questiond: Does thepresence of geographic features (e.g., road, river) present barriers to dispersal and caus
isolation of sukpopuldions within the study site?
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CHAPTER 2
Study Site

2.1 Glengarry Holiday FarmkwaZuluNatal

The study was conducted @&tlengarry Holiday Far&Glengarry:29.322530°, 29.712982°6Q0m asl.)
in the KwaZuluNatalprovince of South AfricéFigure 21). Glengarryis a recreational destinatiolocated in the
KambergValley of the southern Drakensbewgith a golf course, camping grounds, and guest chalkts
encompasses cal8.5 hectares(approximately 600m x 800mgf montane grassland, specifically Northern
Drakensberg Highland Grassland (Mucina and RutherfodD)20he Little Mooi River flows down from
Highmoor Nature Reserve to the west bisecting the propertye habitat ishuman alteredwith patches of
natural grassland interspersed into the gardens and golf coulsgural areas aralominated bygrasses
(Aristida Brachiaria Eragrostis Alloteropsiy with scattered shrubs andon-native trees Acacia Eucalyptus
globulus Pinus patula, PopuluisanescensMucina and Rutherford 2@). Small treesRroteaspp.) are found on
the slopes of sandstone cliffs to the south and weshile the plateau tops of ridges were devoid of trees
Geophytes present that may be potential food resources for mnate include Appleblossum orchidDisa
versicolo), Autumn pineapple lily(Eucomis autumnaljs Variegated pineapple lilfE. bicoloy, Asclepias
oreophilg Miniature eucomis Eucomis schijffii Miniature blue squill Merwilla dracomontang and common
bracken(Pteridium aquilinumMucina and Rutherford 2M@). Anather food sourcavhich may be present [dack
seed grassAlloteropsis semialajawhich molerats are known to ea(Genelly 1965)l focused capturing only
on the land owned byslengarry, but Natal moleats 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 argdysed.
samples were collecteat a dgth of 10 ¢ 30 cm(mean 19cmjrom 24 locations where moleats were present
including areas of native and narative vegetation coveAtotal mass of 500g was takéremoving rocks larger
than 10mm)using a scale accurate to 18efouze SP5, Rubbermaid, US&A)Jng 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 saegphad a mean moisture content of 19.0%, and
23.9% during summeand the values wersignificantyRA FFSNBy i 0 S 6 S S y-test, p@luad S|
= 0.03).The bulk density of the soil was 1.00.87 g/cnt averaged over five sites at a depth @fcn. The bulk
density of the soil indicated that soil conditions are relatively light and soft, and the soil conditions may not pos
high burrowing costdNatural areas of the study siteexe composed 655% sand, 26% silt, 19% clay, and 8%
coarse material (>2 mmirurther data on soil properties were taken frahe SoilGrid database v2.0 (Poggio et
al. 2021 Table 2.1 Comparing my soil analysis to SoilGrid values, the percentage of clay was muclsémaer,
was higher, and silt was higher in my analy$ise bulk density was lower at Glengarry compared to values
averaged over a larger area from the SoilGrid database.

| observed moleat mounds in the region at elevations over 2200m asl. | found thaémads preferred
grassy areas and avoided the foredBuring the study | capturedtottentot golden moles Amblystomus
hottentotus) as bycatch ethics NAS220/202Ezemvelo permit OP 796/20280lden moles were captured in
both the forest and in areas occupied by meo#ds, and were occasionally captured in the burrow systems of
mole-rats. | believe golden moles and makgs do not permanently share burrows, but the golden moles were
transient. Mole-rats were often found on hillsides or plateaus with rocky soil (rocks betwe2®ntm). Some

Pagel 18



Chapter 2; Study Site

plateaus often had large granite boulders buried in the ground. The natdedid not seem perturbed by the
boulders and would burrow around and under thenxperatory digging down t@approximately70am in an

area lacking large boulders | discovered a compact layer of shale. The presence of granite and shale layers |
prevent molerats from having deep burrow systems.

Table 2.1: Soil properties at GlengarHoliday FarmData freely available from Soilgrids.org.

Soill Bulk Density Clay Sand Silt Coarse
Depth (g/cm?3) (9/kg) (9/kg) (9/kg) (cm?/dm?3)
0-5 cm 1.16 308 (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

Glengarry
*

®
Nottingham

Figure 2.1: The study site at Glengarry Holiday Farm, KwakRlatal Province, South Africa is indicated In
purple with mole-rat groups shown in greenn the inset the study site is marked with a yellow sidote
that many other molerat groups were pres# 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&RIAS
monthly climate data from 1950 to 2021 (Mufi@abateret al. 2@1; Table 2). This data is freely available
from the Copernicus Climate Change Service (C3S) which holds the intellectual property rights of the raw de
and the results entain modified C3S data. Thlataset has a 9km accuracy (0.1° x 0O AlfXemperatures from
C3S were converted from K €. Mean annual temperatures were calculated by taking the mean across all
months for each year. Mean seasonal temperatures wealkeulated by taking the mean of the values across
months forspringsummer Qctober¢ March) andautumnwinter (April¢ September). Mean daily temperatures
were obtained from the South African Weather Bureau from the Shaleburn weather stati#af.800, 29.350.
Even though this location is 80km south of Glengarry, the elevatisimiilar (Glengarry 1600m and Shaleburn
1640m) and therefore the daily temperatures are a reasonable approximation to the studys#&haleburn
dataset provided by the South African Weather Bureau had a high count of missing data and therefore the C
dataset was used for further analysishe study site receives primarily summer rainfall falling between October
and March the following year with occasional rainfall during wintéonthly total precipitation extracted from
C3S was the mean rainfall pgay within the month. | 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 yeawas the sum of the precipitation received from July o€l of the subsequent year to
encompass one entire rain seasdean 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 Seas
(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 ERAband dataset used for analysiend units indicate those providedy the
Copernicus Climate Change Service which holds the intellectual property rights of the raw data.

Variable Description Units
2m temperature (i) Temperature of the air 2m above the soil surface K
2mdewpoint temperature (dew) = Temperature to which the Tair would have to be K
cooled for saturation to occur; used to measure
the humidity of the air

Total precipitation Accumulated liquid and frozen water that falls to m
0KS 91 NIKQa XdiWsBlbe®ST |
Air pressure (P) Force per unit area of the atmosphere on the Pa

surface of the land.

Soil temperature level (Ts) Temperature of the soil in layer 1 (deptlg@cm), K
taken from the middle of each layer

Soil temperature level gls) Temperature of the soil in layer 2 {228cm) K

Soil temperature level Bls) Temperature of the soil in layer 3 (28.00cm) K

Soil temperature level @) Temperature of the soil in layer 4 (1@@289cm) K

Volumetric soil water layer Ms) Volume of water in soil layer 1 €07cm); m3m-3
a measure of soil moisture

Volumetric soil water layer Ms) Volume of water in soil layer 2 €728cm) m3m-3

Volumetric soil water layer Ms3) Volume of water in soil layer 3 (28L00cm) m3m-3

Volumetric soil water layer Mss) Volume of water in soil layer 4 (1@®89cm) m3m-3

Monthly temperature and rainfall at Glengarry are summarized in F&).ahd ®asonal differences in
mean monthly climate variation in Tal#e8. Summers (Octobeg March) arepleasantwith a meammonthly Tir
of 155 + 1.5°C, a mean dailgninimum of 10.3°C (rang8.9 ¢ 19.1°C) and a meaghaily maximumof 24.8°C
(range7.5¢ 37.0°C) Winters (April ¢ September)n the southern Drakensberg can be quite cold with a mean
monthly Tirof 9.3 +2.7°C, a mean dailpinimum of 0.8°C (rangd 2.5¢ 15.5°C) and a meadaily maximum of
20.7°C (rang#.3¢ 32.8C).Total minfall was higher during summer than during winter (summer: 126031.1
mm, winter: 316.5+ 104.Q Fig.2.2). The mean seasonal rainfall over the p#3tyears was 157%211.1 mm
(range 113% 2110 mm), with 1393 mm during the 20420 season and 1692 mm during the 2§20 season.
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Figure 2.2: Mean monthly rainfall (blue bars)and air temperature (orange line) at GIengarry.AirH
temperaturewas measured 2m above the soil surface. Data were obtained from the Copernicus C
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Table 23: Monthly mean climate differences betweespringsummer (Octoberg March) andautumn-winter (April ¢ September) at Glengarry.
Values were obtained from the Copernicus Climate Change Service fromm2@5BD Air temperature @) was measured 2m above the soil surface.
Soil temperature andnoisture were measured below the soil surface atdn §1), 7-28cm G2, 28100cm §3, and 106289cm §4. Mean Diff is
the difference between summer and winter mean valugsason, Month, and Year results are from a linear regression with the varsatdsponse
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 (11.18.5) 9.3 +2.69 (2.8 14.9) 6.23 -6.23 0.14 <0.001] -0.15 0.02 <0.001| 0.02 0.00 <o0.001
Ts1(°C) 17.0 + 1.57 (12.820.4) 9.5+3.21 (1.8 15.7) 7.57 -7.57 0.17 <0.001]| -0.16 0.02 <0.001| 0.02 0.00 <o0.001
Ts2(°C) 16.7 + 1.58 (12.919.8) 9.7 +3.04 (2.6 15.9) 7.01 -7.01 0.15 <0.001| -0.21 0.02 <0.001| 0.02 0.00 <o0.001
Ts3(°C) 15.8+1.71 (11.¢ 18.6) 10.6 + 2.72 (4.8 16.6) 5.21 -5.22 0.13 <0.001| -0.34 0.02 <0.001| 0.02 0.00 <o0.001
Ts4(°C) 13.8 +2.08 (8.8 17.7) 12.6 +2.59 (7.8 17.5) 1.22 -1.23 0.11 <0.001| -0.48 0.02 <0.001| 0.02 0.00 <o0.001
Rainfall (mm) 212.0 + 86.29 (17.8531.1) 52.1 +41.94(0.4381.3) 159.92| -159.96 4.58 <0.001| -2.01 0.66 0.003| 0.10 o0.11 0.354
Ms1(m®m3) 0.46 +0.02 (0.3¢0.48) 0.43 +0.03(0.340.48) 0.034 -7.57 0.16 <0.001| -0.16 0.02 <0.001| 0.02 0.00 <o0.001
Msz2(m®m3) 0.47 +0.02 (0.3§0.49) 0.43+0.03(0.320.48) 0.037 -7.01 0.15 <0.001] -0.21 0.02 <0.001| 0.02 0.00 <o0.001
Ms3z(m®m-3) 0.47 +0.03 (0.3¢0.50) 0.42+0.03(0.3¢0.49) 0.042 -5.22 0.13 <0.001] -0.34 0.02 <0.001| 0.02 0.00 <0.001
Msa(m®m-) 0.48 +0.03 (0.380.51) 0.47 +0.02 (0.380.51) 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 rnate are typically within 30cm of the soil surface
(Hickman 1979b, Oosthuizen et al. 2021) which correspondsitmd k2from the C3S dataseean monthly
soil temperatures at €00cm were often within 2°C of air temperatures and followed a similar seasonal pattern
(Fig. 2.3a)Mean soil temperature differenceat < 100cmvariedfrom 5°Cto 7°Cbetween seasonsbut the
entire range of soil temperatures reachedna@nimum of 2°C duringwinter and a maximum of 2@ during
summer The amplitude of annual variation between soil temperatures was greatestsaf18.6°C) and
decreased t®.9°C at a depth of over 100cis a result of seasonal rainfall, soil moisture at depths inhabited
by molerats fluctuated with the seasons (Fig. 2.3ble increased soil moisture during summer may account
for marginally warmer soil temperatures in the first 30cm because damp soisdaigher thermal capacity,
retaining heat longer (Burda et al. 2003mall variation ifourrow microclimates may be present as well due to
bare soil and lack of vegetative coveusing an increase in soil temperatisee Holtze et al. 2018 for results
comparing bare and vegetated soil in Kenyidle exact temperature differences between burrows constructed
under the golf course (short or bare vegetation) and natural bunch grasses remains to be stidietfect of
vegetationcover on soil temperaturemay be why moleats avoid constructing burrows in forested areas in
this location. The shade provided by the trees may cause burrow temperatures to remain below a therme
optimum for too longduring wintercausing increased thermoregulatory costs forleats. It is surprising that
the soil temperatures inhabited by mehats showed such close association with ambient air temperatame
it may be that molerats in the Drakensberg construct deeper nests. At depths > 1m soil temperatures were
relativelystable between seasons, varying by an average of 6°C between seasons. Htveepsrsence of a
hard shale layer at near this depth may prevent m@ts from benefiting from the stable soil temperatureg.
the study site moleat foraging tunnels werenost 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 mol
rats and it remains to be seen how nest depth varies with elevation. The seasoiadilon in soil temperatures
is surprising in light of previous research on subterranean mammals (Van Wambeke 1992, Bennett et al. 198
but expected due to thelrasticseasonal differences experienced at the study site.

Results of the linear regressi@amalysing climate variables over the past 70 years has shown that only
seasonal rainfall has not significantly changed between years, while all temperature variables have increas
significantly (Table 2.3, Figure 2.4). The mean annual air temperaturglangarry has increased by
approximately 1.5°C over the last 70 years.
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Figure2.3: Mean monthlyA) temperaturesand B) soil moisturdor Glengarry Winter occurs fromJune to
August Air temperature was measured 2m above the solil surfae golid black line) and other value
were measured below the soil surface atbm §1, solid red line), 28cm G2 red dotted line), 28100cm
(S3 red dashed line), and 1e®89cm §4 greydot-dash line).Datawere obtained from theCopernicus
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Fig2.4: Change irseasonal rainfall (A) anthean annual air temperature) at Glengarry between 1950
and 2021 Seasonal rainfa{blue)was taken from June to July the following year to include the entire yearly
rain seasonThemeanvalues for rainfall (blue) anair temperature(red)are shown with trend lines (black
with the 95% CI. Mean minimum and maximum values for each are shagezliData were obtained from
the Copernicus Climate Change Service from 12821.
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CHAPTER 3
Ecology and Life History of Natal Mod¢s

Abstract

Both environmental factors and population demographics can have far reaeti@ags on individual life
history, including alteringspatial arrangement, behaviour, body condition, afetundity rates. And these
changes may in turn affect population ecoloiatal molerats are a social subterranean rodent living in groups
with a mean size of 6.1 individuaRopulation wide sex ratios were evenly split between males and females,
but within-group adultsex ratios were skewed towards males. Group demographics did not show any seasonz
differences, but individual body condition varied between seasum was affected by group size. During winter
body condition was reduced overall, and further decreasedhwitreasing 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 divefi@aging
and helping effectérom larger groupsppeas to be reduced in Natal molats.

3.1Introduction

Population demographics can have effects on individual fecundity, spatial arrangement, behaviour, bod
condition, and growth rates. Increased food supply can affect social behaviour, causing social groups to disba
to form individual territories and as &esult the population density may increase (Ylénen et al 1988).
Environmental change can indirectly affect population dynamics. Early or asynchronous rainfall may trigg
additional litters in seasonally breeding rodents leading to populatiorboesksor irruptions(Leirs et al 1993,
Huan et al. 2010). In yellobellied 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 ha
increased sutival and fecundity which in turn causes a significant increase in population density (Ozgul et a
2010). Changes in body size may be related to demographic factors (e.g., population density, Brouard et
2020), food availability (Spinks et al. 26D0xr 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
population density every-3 years, and adult body mass may increas@®80% during the higldensity phase
(Chitty 1967). Myakusho (2021) showed that body size has decreased by over 25% during the past 50 years
long term continuously monitored population of bank volédybdes glareolus despite natural cycles of
increasng 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 m:
at maturity, basal metabolic rate, and annual feditg can be used to calculate population growth rates (Ol
and Dobson 2003, Duncan et al. 2007, Lynch and Fagan 2009, Hone et al. 2010).

The Natal moleat (Cryptomys hottentotus natalen$iss a social subterranean rodent which occurs in
the mesic grasstals of the KwaZulNatal and Mpumalanga provinces of South Africa. Mals forage on the
underground storage organs of plants, collectively called geophytes (Bennett and Faulkes 2000). Geophy
distribution and biomass has been suggested to affect mel@spects of mokeat ecology including foraging
success (Spinks and Rdagi 1999), social organization (Jarvis et al. 1994), population density (Spinks et al
200, ¢ Finn et al. 2018), and growth (Spinks et al. 2000nn et al. 2018). Within a spes, molerats living
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in areas of higher rainfall have been shown to have a larger body size and higher population density compar
to populations living in areas of reduced rainfall (Spinks et al. 2Z0OBidin et al. 2018). Studying the growth
curves of dferent animal populations may shed light on environmental, demographic, as well as life history
processes inherent to their local conditions.this context aypopulatiore refers to the animals living within a
specific study site (e.g., Glengar@yowth rates of soial molerats indicate that individuals from larger groups
tend to have slower growth rates as a result of witigimup competition (Young et al. 2015, Zéttlak. 2016,
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, Z6ttl edal. 201¢
This is due to thease of modelling growth rates using the Gontganodel and other growth curves on animals

of a known age. Few studies have monitored growth rates in wild matte(Y oung and Bennett 2013 poung et

al. 2015Finn et al. 2018, Thorley and CluttBnock 2019. Recently, Thorley and Cluttddrock (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 trere have been a few studies on Natal modgs, there have not been any studies to date
which report population demography, such as population density, sex ratios, or mean group size. | fill thi
knowledge gap by reporting on the demograptharacteristis of wild Natal moleats at a high elevation mesic
habitat in the southern Drakensberg of the KwazZNltal Province, South Africa. Additionally, | assessed the
effects of season on sex ratios, group size, and group biomass. | subsequently checkeprésethee of sexual
size dimorphism between the sexes and tested to see if body condition changes between seasons
reproductive class. | used interval growth equations to model growth rates of recaptured individuals to
determine if growth rates are compable to other social mokeats. Finally, body mass of reproductive females,
litter size, metabolic rate (Bennett et al. 1998) was used to estimate age of female maturation and population
growth rates.

3.2Methods
3.2.1Animal Capture an&ample Collection

Natal molerats were capturedrom January 202€hroughJuly 21duringsummer(February to March)
andwinter throughearly springJuly to October)which are the wet and drseasonstespectively (see Chapter
2), for a total of 2 captures per year. A group was first located by the presence of surface mounds which at
created during tunnel construction where the melats 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 Goo
Earth. The tunnels of the burrow system typically run underneath the mounds and were located by digging
trench perpendicular to the line of mounds or sghat under a mound until breaching the tunnel. A Hickman
live trap (Hickman 194 baited with sweet potatolpomoea batatasyas placed into each open tunnel and
covered with soil (Fig. 3.1a). At each burrow system, two trap sites were typically estdbiisldecrease
capture time, and were checked every2Ihours 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 t
cause heat stress. Howevaturing 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 ptitdly become habituated to using the trap
as a food source, thereby increasing capture success.

| usually had more than one active trapping location per group burrow system because | found thi:
method reduced the capture time per group in the Damaralamole-rat (3.4+ 1.7 days; Finn 2021). Colony

Pagel 28



Chapter 3; Ecology of Natal Moteats

membership of individuals was initially determined by capture location, a lack of aggression betweer
individuals, and later confirmed by recapture of individuals in the same colony (as opposed to capture i
neighbouringcolonies) during subsequent captures. If traps were inactive¢(he.molerat captured, no fresh
mound, not blocked with soil, and/or food uneaten) for 48 hours after the last captured-raglé assumed all
individuals presentinthegroupRa 6 SSy OF LJidzZNBR® L O2yaA4ARSNBR | Ol
FOGAGAGE FT2NJ 0KS&aS ny K2dz2NBEX YR aAyO2YLX SGSé¢ 6K
system. After the 4$our period, the moleat family was releaseddtk 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 t
avoid disrupting their social structure. However, some individuals in a group evaded capture (mosth
reproductive females), continually blocking the traps with soil and forcing me to extend the capture period. Ir
these cases, after a maximum of 10 days from capture of the first animal | stopped attempting to capture th
last animals and instead releasedetfamily back into their burrow. Thus, no animal was kept in captivity for
longer than 10 days. Groups were recaptured ainsonth 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 peni
Female moleaats also have prominent genitals, but when everted are much shorter than males. Thus, if nc
penis was observed the animal was considered ta lbiemale. Individuals were alwayssexed on subsequent
captures to confirm sex. Tissue samples were collected by removing the distahlof tail tissuevith asingle
usesterile scalpelBlood was then collected from the tail tip up to a maximum ohtl,éand always less than
1% of the animals body mass. The wound was left to clot on its own or if it continued bleeding after bloot
collection (rarely) a piece of paper towel was place on to stop the bleeding. The blood samples were used
analyse oxidatie stress (Jacobs et al. 2022) and hormones related to reproductive suppression (Janse vz
Vuuren 2022). Other samples (faeces, hair, and toe nails) were also collected for a subsequent stable isotc
diet analysis. The distal ends of the two longest tedsnof the hindfeet were clipped with scissors, and an
approximately 1cripatch 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. 26R2als were provided with
paper towels and sweet potato, and checked every 2 hours. Animals were left for a maximum of 12 hours in tf
bucket to ensure enough faeces was collected for faecal glutocorticoid analysis (Janse van Vuuren 2022),
microbiomeanalysis, and diet analysis. After collecting faeces the buckets were disinfected with 70% ethanac
To uniquely identify study animals, all individuals greater >20g were implanted with a subcutaneous passi\
integrated transponder (PIT) tag (Trovan UnigDersetID, 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 (Sik
2016). Small pups {89g) were not implanted with a transponder nor measured{ bnly weighed. Prior to
release, the presence of a transponder was verified using a-haltitransponder reader in all newly marked
individuals. The transponders remained in the animals to ensure that individuals coulddemntiéied in future
studies

Captured molerats were housed with family members at ambient temperature-285C) in large boxes
with wood shavings as bedding and provided a towel as nesting material (Fig. 3.1byakdohere provided
with wood shavings, a cloth towel to hide ungdemnd food (sweet potatoad libitum Hesh water was not
required since moleats 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 mi@es need (Bennett and Jasv1995). While | provided
sand to wild captured Damaraland meiats 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 Kalah:
sand, and beame unsanitary after a few days with the mo#s. Thus, the addition of a cloth towel provided
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themoleN} 6 & 6AGK a2YSOKAYy3 (G2 Godz2NNRgé¢ dzy RSNI I YR
time under the towel.
All protocols were approveldy the University of Pretoria ethics committee (permit EGQOYL Permits

for capture of molerats were provided by the Ezemvelo KZN Wildlife authority (permits QB2ihd OP1545
2021).

A
h aurleiie e
Figure 3.1:

The doors were covered with a plastic cup teyent soil from getting stuck in the door area and the who

with food and bedding material.
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Capture and housing conditions of mo#ts. A) Hickman live traps were placed in a tunnel|to
catch molerats. A metal pin with food attached keeps the door up, and closes when an animal pushes it.
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3.2.2Group Demographics Analysis

For all statistical analyses, R 4.0.5 (R Core Team 2021) was used with various packages, and mean:
reported as meant SD. Some groups were captured only once during the study period, while others were
recaptured up to four times to track seasonal véda in demography. Groups were typically captured once
during each season, but occasionally groups were recaptured again within the same season (e.g., accident:
recaptured searching for other groups). As a result, we only used a single capture perpgroseason for
analysis. The packaggeosphere(Hijmans et al. 2019and rgeos (Bivand and Rundel 202@ere used to
measure the Euclidian distance betweene 3 NP dzLJQ& Dt { f 2dbdthérig@yf3 locstien. Thé | G
mean nearest neighbour distaadetween groups was calculated as the mean of the minimum distance from
each group to the nearestdjacentgroup.The mean distance between groups was also calculated.

The population density during each year of the study was calculated by dividing theenafunique
individuals captured by the area of the study site. Mean group size was calculated by counting the number
animals present in a group at a capture session, summing results from all capture sessions during the stut
then dividing by the tadl 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, | calculated mean litter s
across all groups by grouping individug40g intocohorts based on body mass and upper tooth width, then
taking the average count among cohorts (Spinks et al. 2an et al. 2018 Annual population fecundityby,
the number of femaleborn each yearcanthenbe estimated as (litter size * numberldters per year)/2(Hone
et al. 2010) Maximum annual population growth ratenj can be calculated based on a simplified LeEkder
equation (Caughley 1977, Caswell 2001) assuming juvenile survival rates approximately equal adult survival, :
age of Iat reproduction for females approaches infinity (Hone et al. 2010):

GED aeQId aéR 1)

2 KSNBE 1 Sljdzc- £ta F3S DA T yNED { NFISNRIBRATGRZY YRR b Ol
between basal metabolic rat80.94 ml0 z "Q z"Q from Bennett et al. 1999 and mean body mass at
maturity (M =80g estimated from growtlrates, seesection 3.3.3elow) using the formula from Duncan et al.
(2007):

1 - )

| then calculated population and within group sex ratios. Methods to calculate sex ratios in anima
populations has varied depending on thathor 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, countir
the number of independent or mature individuals is problematic in rrals due to delayed dispersal and
reproductive suppression inherent in melats. Therefore, | calculated three different sex ratio values both for
the population as a whole and within groups: (i) secondary sex ratio (SSR) as all individuals captugetdelurin
study period, (ii) adult sex ratio (ASR) as all individu@gy, and (iii) juvenile sex ratio (JSR) as individuals < 40g.
Post mortem of individual®ias previouslyndicated that individuals below 40g were not reproductively active
(Spinks et al. @0c, Oosthuizen 2007, Hart et al. 2G1Each 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 representatiors@xt 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 unbou
if there are no females. Thus, the sex ratios have a value between 0 and 1, where wadeesocD indicated
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female sexbias and those closer to 1 indicate male -b&s. The deviation from parity in each sex ratio was
compared using a Fisher exact test (Fisher 1833)oth years combined and for 2020 and 2021 separately
Group demographik may fluctuate with recruitment depending on the time of the year. A series of
independent generaized linear mixed models (GLMM) were used to investigate fluctuations in group
demographics between seasarsll GLMMs in this chapter were rimR using thgglmmTMBpackaggBrooks
et al. 2017). SeasorSpringSummerfAutumnWinter) was used as the predictor and group demographic
variables were selected as the response for eamdependentmodel. The demographic variablesed as
response variablescluded group size (Poisson distribution), group biomgam(na distribution), ASR (beta
distribution),or JSR (beta distribution\ very small value (0.001) was added or subtracted from the sex ratios
if it equalled1 or O to conform to a beta distrithion. There was not a significant difference between the SSR
and ASR ffest: df = 148.4, t = 1.83,-yalue = 0.070), thus only ASR was use for this beshe ASRmodel,
groups with lessthan 2individuals wereexcludedbecause group sizes of 2 can only have sex ratio safu@,
0.5, or 1Likewise for the JSRodelgroups without juveniles wereexcluded.Group size wag-transformed and
added as a predictor fahe ASRandJSR model® determine if sex ratios variedith group size. In all models
group identity was included as a random factor to control for repeated measures of groups and non
independence.

3.2.3Sexual Size Dimorphisand Body Condition

| compared sexual size dimorphism between sex @pdoductive status of adult{60 g) Natal mole
rats. At capturenimals were weighed to the nearest gram (accurate to 1g; Pelouze SP5, RubbermaahdJSA)
morphological measurements were collected by restraining anats in a thick towel. pper tooth width (TW)
was measured at the base of the gums using digahipers(accurate to + 0.01mm; HM Mullner 10109, Austria)
TW was measured by two observers to reduce bias and ensure accuracy, and the mean TW was used for anal
For some individualstandard 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 tsar#p (
hair). Tail length was measured along the side of ther@ihftip 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 du
to the loose skin of moleats gathering at the tail base and decreasing the measurentind foot length was
measured from heel to end of the longest toe, claw included.

Individuals were assigned a reproductive status, either reproductive orreproductive. Reproductive
females were easily recognized by havirogh 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 litte
of pups yet; these were classified as a@productive femaleslt was more dficult to classify reproductive
status for males. Male molets possess inguinal testes above or adjacent to the penis which may sometimes
be felt by palpation in reproductive individuals and can ebeige out of the inguinal pocket (Bennett and
Faulkes2000). However, testes were not always felt, even in large males. Reproductive males have long
tenure in a group than noreproductive individuals (TorrerdBico et al. 2018), and therefore prolonged
presence in the group across captures was also cersidto determine if a male was reproductive or ndt
tested for sexual size dimorphisim body mass, tooth width, total length, tail length, and hind foot lengihs
adult individualdy sex and reproductive statu$his dataset included a total of @Body mass and tooth width
values (males = 24; femalesn = 181) from 306 unique adult individuals (males 173; femalesn= 134) and
151 measurementsf total, tail, and hindfoot lengthfrom 144 adults (males = 79; females = 65).A single
morphology variable (body mass, tooth width, total length, tail, or Himot) was selected as the response and
the interaction between sex and reproductive status as prediototis a Gamma distributiorModels including
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the interaction between sex and peoductive status provided a better fit (i.e., lower AIC scores) than including
both as fixed factordndividual identity was added as a random factor to control for repeated measurements
of individuals.

| then assesseldow body condition changed with ason and group siagsing the same data set of adult
individuals as the sexual dimorphism tedtgsed thescaled mass index (SNReig and Green 2009, 2Q1thich
relates body massand body sizeto estimatethe energy reserves available to an individwdlen absolute
measures are unavailable (e.g., body fat, dry mass, water conié@)SMI calculatebody conditionby scaing
the relationship between body size antass in order taemove the covariation betweethe variables which
allows for a more acaate comparisorbetween individuals of a similar sigeeig and Green 2002010. My
dataset on body lengths was smatl £ 151), and did not include repeated measurements of individuals in
different seasons. Therefoyrd relied uponupper incisor width TW, n = 42§ for which | hadrepeated
measurements taken during both seasoRsevious work has shown that TW is a consistent featdmeh does
not require anaesthesit accuratelyneasure skeletal features in metats (Young and Bennett 2010, Thorley
and CluttonBrock 2019)The SMI method is a twstep process which first estimates the slope of the regression
line and then uses it and the mean population b&ieto scale body mss(Pag and Green 2009pue to the
strong sexual size dimorphism in makgs (Caspar et al. 2021), | first tested if there were significant differences
between sex (males/females) or reproductive status (reproductivefreproductive) by performing majaxis
regression of body mass against TW with either sex or status added usisgndtepackage (Warton et al.

2012) Results indicated that regression slopes were significantly different between the $exes5.76, p

value = 0.02), but not significantly different between reproductive statts & 0.13, pvalue = 0.71).

Subsequenthypody masswas plottedagainst TWfor males and females separately identify and remove

outliers in order to provide abetter fit for the regression lineAfter outliers were removeda major axis

regressionof logtransformed body mass against lgnsformed TWwas performed ommales and females
separatelyto find the slope of the regression liseThe SMfor each individualas then calculated using the
following formula:

YO0 — )

Where M; is the body mass and the body siz€i.e., TW in this case)f individuali, bsmais the slope of the
regression line, ant; is the mean body size of the populatihieg and Green 2009)then used a GLMNbr

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 selastbé response andhe predicters werdnteractions
betweeni) sex andreproductive status ii) sex andeason iii) sexand group size, and iv) reproductive status
and group size, and v) season and group $italel testingshowed that including the interactions allowed for
better model fit. Individual identity was included as a randdactor to control for repeat measurements.
Models were visually checked for homogeneity of variance.

The number of helper individuals in cooperativbreeding molerat societies are expected to provide
increased fecundity and decreased workload benéditeeproductive femalesYoung et al. 2015jouslayet al.
2020). Following this assumption, | assessed the fecundity of reproductive fefgatenspy testing whether
the number of juveniles captured in groups (as a proxy for litter size) was affegtéte number of non
reproductive helpers, reproductive female SMI, or witlgimup adult sex ratios. At the study sdeeensoften
evaded capture and were not captured for evergpping session of a groupBecausequeensare known to
have long tenure (Dammann and Burda 2007, Dammann et al. 2011, Tefiea&t al. 2018, Begall et al. 2021,
Thorley et al. 2021)rhade theassumptiornthat they were most likely present in a group even if they were not
captured. Thus, | fit selected only groups wherequeenwas captured, or assumed to be present with high
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confidence i = 56).SMI and ASR weralculated for each female aescribed previouslyHelperswere non-
breeding individuals with a body mass over 40g. A GLMM wiérainflated negative binomial distribution
was used to model the number of juveniles as the respanitie the predictorsz-transformedqueenSMi the
number of helpers, and group siz& zeroinflated negative binomial distribution was selected duentany of

the groups having zero juvenile86(1%,n = 37). Group identity and season (summer/winter) were added as
random factors to account for repeated measures of groups within each sedstper effects on queen body
condition were further explored byesting whether number of helpers, adult sex ratio, or season predicted
gueen SMII expect that both queen SMI and number of helpergycause an increase in number of juvenjles
and that number of helpers improves queen SMI

3.2.4 Growth Rates of Natal Molmts

| usedupper incisor width (TW8nd body mass to model growth ratesjo¥enile andadult moleratsfor
males and females separatelReproductive females were excluded from the dataset because variation in
growth is mininal once they give birth (Thorley et al. 2018, Thorley and CleBtatk 2019)The male dataset
included 52 individuals with 170 measures, and the female dataset included 43 individuals with 138 measure
The age of wild individuals was unknowtherefore typical agerelated models such as Gompertz or Richards
are not suitablebecausethese equations require the use of an age or time term. Thorley and Clatock
(2019)utilizedinterval equations to model changes in growth across successive capturesagdemformation
was missingl determinedinterval equationsvere suitable for my dataset. Interval equations wenedelledas
both vonBertalanffy(Equation4) and logistic parameterization (Equatidhinterval equations were fitteds
non-linear mixed effects modela the nimepackage (Pinheiro et al. 2021)

Y 8 8 YQ @)
YOB8zZYTY 8 Y Q )

Where S and S are the morphometric measure at first capturel(&nd second capture {Jl D is T¢ Ty, Ais
the upper asymptote to be estimated, amkds the growth rate constant to be estimated. The models estimate
the populationlevel asymptotic mass and growth rat®mnstant in the population, while accounting for
individual variation in morphometric measuredext, |included a standardized group size termthe von-
Bertalanffygrowth model(equation 3) whictaccouned for effects of group size on individual growth (Thorley
et al. 2021).

WY 0 0 z'OY O 0 z'OY YQ ’ (6)

The Assandkgstermsin equation6 relate the change in asymptotic mass and growth rate constants with group
size (33. The group sizéor each individuawas the mean group size for the first year that individual was
captured within its group. The group sizes wetteansformed to normalig group sizeso thatA and k were
estimated at the mean group size experienced for each sex
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3.3Results
3.3.1Group Demographics

A total of 403 individual moleats (malesh = 203, females = 200) from 56 groups were captured in 95
unique capture sessions tdteg 638 total animal capture even(Bigure 3.2)Of the 95 capture sessions, 44
were complete captures and the remainder were incomplete captures (46%) where | suspect some itedividue
evaded capture. The proportion of incomplete captures was much higher than efforts to recapture Damaralan
mole-rats (Thorley et al. 202 Finn et al. 2022). | first tested whether there was a significant difference between
group variables using all ciape sessions or excluding incomplete captures. | found no significant difference in
the means when excluding incomplete capturesedt; group size: df = 96.3, t = 0.§b= 0.53; biomass: df =
89.6, t = 0.53p = 0.79; sex ratio: df = 87.5, t < 0.0@15 0.90). Thus, both complete and incomplete groups
were combined tanalysedemographyThe mean time required to capture a group was 5.1 de®¥$ = 97),
and animals were kept in the lab for 6.3 day2.2 (1 = 403). Out of the groups where recaptures were
attempted, groups were captured 340.8 times ( = 15; groups captured only once:= 41), where each
individual was captured 1.81.0 times ( = 186 range 1- 4) with a mean recapture rate of 68410.11% (Table
3.1). The overall population density including all captured individuals during the study was 8.3 individuals/h
(1.18 groups/ha), with amearestneighbourdistance of 46.3+ 31.7m and mean distance between group
385.1 + 65.6m The population density during the 2012020 season was 5.4 individuals/ha and 4.4
individuals/ha during 202@1, for a mean of 4.9 individuals/ha over the period of the study
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Table 3.1: Recapture rates during each capture period for groups with more thancapgure. 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 wa
stopped early.

Period Start End Groups New Recapture Tota Recapture
Individuals Individuals | 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 makgs was 61 + 3.6 individuals with a mean biomass of 475.8 + 297.8¢g
(Table 3.2)Only one reproductive female was captured in each group, however somespooductive females
had perforate vaginas (n = &ut 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 0.6 pups(n =23). Ore reproductive female gave birth to
a litter of two in August while in captivitthesepups (both mé&es) weighed 4 and 8 g respectively. | estimated
female age at maturity to be 1.2 yeassannual fecundity of 1.3 pugsnean number of females born per year,
assuming two litters per yegrandtherefore 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: 0.5(lpe = 0.94; ASR: 0.50yalue = 1.00; JSR 0.56, p
value = 1.00). Thpopulation SSR for 2020 wasdightly higher than the overall SSR, while 2021 was slightly
female-biased, however neither were significantly skewed (2020: SSRB=®8lue = 0.3; 2021: SSR = 0.49,
p-value = 1.00).The populationASR for 2020 and 2021 were both mhblased, thoughstatistically not
significantly different than parity (2020: ASR = 0.59, p = 0.05; 2021: ASR p\vakie = 0.8). However within
group sex ratios varied widely between groups, with some groups consisting predominantly of one sex, and
a result withn group mean SSRas skewed towards femalesd ASR asskewed towards males (Table 3.2).
However, the difference between SSR and ASR was not signifidgast:(d@f = 148.4, t = 1.83,yalue = 0.07).
This lack of difference was likely due to the smalinber of juveniles captured the populationduring the
study (7.4%,n =30).

No seaonal differences were uncovered in demographics. Group size, biomass, sexaradipsesence
of juvenilesdid not change significantly between seasons (Table B@)ng summerte number ofwithin-
group males increased and the numbengthin-group females decreasebut this relationship did not affect
the mean ASRTable 3.2Fig. 3.3)However, ASR wagnificantly 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
affected by group size (Table 3.3).
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Table3.2: Mean goup demographics for Natal moleats across all capture sessions (n 5).Biomass is the
mean total body mass of all individuals across groups. Litter size is the number of juvediles 6f similar
body size at captureSex ratios are the mean proportion of males within gro@msl only included groups with
more than two indviduals. Ascore of O is a group composed of all females, and a score of 1 is composed of a
males. $condary sex ratio iall individuals, adult sex ratio includes individual60g, and juvenile sex ratio is
individuals< 40g within each groupgMales and females per group themean number of eackexpresent in a
group acrossll groups.

Overall Summer Winter
Mean + SD Range Mean+SD  Range Mean+SD  Range
Group Size 6.1+3.6 1¢18 6.1+3.8 1¢18 6.0+3.4 1¢14
BiomasgQ) 475.8+297.8 42¢1361 |484.1+321.0 57-1361 | 465.8+270.5 42¢ 1111
Litter Size 1.3+06 1¢2 13+0.6 1¢3 14+0.7 1¢3
Secondary Sex Ratic 0.46+0.2 0¢1 0.46+0.2 0¢1 0.47+0.2 0¢1
Males per group 3.1+2.8 0¢13 32+3.2 0¢13 3.0+2.2 0¢9
Females per group 3.0+1.6 0q7 3.0+1.5 0q7 31+1.7 0¢6
Adult Sex Ratio 053+0.3 0c1 0.54+0.3 0cl 0.55+0.2 0c1l
Males per group 29+2.6 0¢q13 2.7+2.9 0¢gl2 24+1.8 0¢6
Females per group 2.8+1.5 0¢6 1.8+1.3 0c4 21+1.3 0¢5
Juvenile Sex Ratio  0.46+0.5 0c1 0.40+0.5 0c1l 0.52+0.5 0c1
Males per group 0.2+04 0¢g2 0.1+0.3 0¢gl 0.2+0.6 0¢g2
Females per group 0.2+04 0¢2 02+0.4 0¢g2 0.1+04 0¢1

Table3.3: Results from GLMM comparing groufemographicsbetween seasons and group siz&SR; adult
sex ratio (individuale 60g), JSR 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 -0016 0.220 0.94
Group Size 0.132 0.046 0.004*
JSR
Intercept -0.693 0.828 040
Season 0.258 0.5 0.66
Group Size 0.055 0.082 0.50
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Fig 3.3: Difference iadult sex ratio betweenA) seasonsand B) group sizeSex ratios were calculated gs
the proportion ofadult males(body mass>60g)in a group. A group composed of all males has a score pf 1,
and 0 represents a group of all females. Box plots represent median and 25/75% quatrtiles, with whiskers
extending 1.5x beyond interquartile rangBlue linein Bindicates regression line with 96 confidence
intervals in greyand data points represent a single capture of a family group.

3.3.2Sexual8zeDimorphismand Body Condition

Sexual size dimorphism was prominent in Natal nrals, with differences in body mass and upper
incisor width the most proounced (Table 3.4, Figure 3.4Males were significantly heavietonger, and
possessedarger skulls (as measured by upper incisor widthmpared tofemales andthe same results were
present when reproductive anaon-reproducive individualsvere comparedTable 3). Allometry results from
major axis regression showed that males had a stepper relationship between body mass and skeletal chanc
regardless of reproductive class (Figure 3.5hescaled mass indesM) followed similar trend$o body mass
with significant differencesn SMIbetween thesexes andreproductive classes within each sex (Tabi).3.
Mean SMI wassignificantlyhigher overall for males compared to femalesales = 94.2 13.4, females = 795
10.8) and reproductive individualsef both sexeshad highermean SMI than norreproductive conspecifics
(reproductive: males = 96:013.5, females 84.8+11.5; nonreproductive: males93.0+13.2, females = 77.6
+10.0;Figure 3.5h)Additionally, SMI was significantly affected by both season and group size (Table 3.6, Figul
3.5).Reproductive males had higheeanSMI during summer compared to winte&summer: 98.6-12.9, winter
= 92.5+ 13.8) while reproductive females had lowarean SMI during summefsummer = 84.2 11.8, winter
= 85.6+ 11.4; Figure 3.5h)For nonreproductive femalesnean SMI was similar between seasofssimmer =
77.6+10.4, winter = 77.49.5), but nonreproductive males had a loweneanSMI during summefsummer =
91.5+13.1, winter 94.9+13.2 Figure 3.5h)The relationship between sex, reproductive status, and season (i.e.,
sex*status*season) was not significant (est. = 5.28, SE = 3:00,08) and was removed to improve the model
fit. During winter SMI was positively correlated with group size in females of both status classes and fc
reproductive males only, while nereproductive males showed minimal group size effects on SMI (Fichog 3
During summer SMI was negatively correlated with group size irgmoductive males, and females of both
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status classes, while SMI was positively correlated with group size for reproductive males (FiguRe3dits.
assessing fecundity of repradtive females showed thateither number of helpersSMI, norASRsignificantly
affected the number of juveniles found within groufpelpers: est. = 0.10, S.E. = 0.9gtue = 0.26; SMI: est. =
0.04, S.E. = 0.02;y@alue = 0.13; ASR: est-3:83, S.E= 1.22, pvalue = 0.4% Further analysis revealed that
number of helpers improved SMI in reproductive females (est. = 1.18, S.E. =-0B8e = 0.04).

Table 3.4: Body size of male and female Natal mo¢s (Cryptomys hottentotus natalens)sValues are for
adult individualgbody mass>60g). Sample siZ@) 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¢160 244 | 79.6+145 60¢l1l22 183 1.19
Tooth Width (mm) | 5.37+0.55 3.72¢6.78 244 | 4.89+0.32 3.94¢5.67 183 1.10
Total Length (mm) | 155.9+10.8 120¢176 74 | 147.0+8.2 130¢161 43 1.06
Tail (mm) 20.4+2.9 12¢ 26 74 | 20.3+2.9 13¢ 27 43 1.00
Hindfoot (mm) 25.8+1.7 22¢ 30 74 | 24.3+14 21-28 43 1.06
Non-reproductive
Body Mass (9) 84.2+17.6 60¢135 171| 75.2+12.6 60¢ 122 225 1.12
Tooth Width (mm) | 5.15+0.50 3.72¢6.55 171| 4.83+0.33 3.94¢5.67 226 1.07
Total Length (mm) | 152.5+10.8 133¢ 176 47| 143.9+6.9 130¢156 55 1.06
Tail (mm) 19.9+2.7 15¢24 47 20.1+3.0 13¢27 55 0.99
Hindfoot (mm) 25.5+1.6 22¢29 47 24.1+1.3 21¢27 55 1.06
Reproductive
Body Mass (9) 110.7+20.4 61¢160 101| 92.2+12.2 71¢118 46 1.20
Tooth Width (mm) | 5.71+0.45 4.64¢6.78 101| 5.04+0.23 4.67¢5.58 46 1.13
Total Length (mm) | 159.7+9.6 120¢176 36| 154.3+6.2 142¢161 13 1.03
Tail (mm) 20.9+3.1 12¢26 36 20.9+2.5 16¢24 13 1.00
Hindfoot (mm) 26.2+1.7 22-30 36 24.8+1.6 22¢28 13 1.06
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Figure3.4: Sexual size dimorphism iadult Natal molerats (Cryptomys hottentotus natalensjsshowing
A) body mass, B) uppeéncisor width, C) total length, D) tail length, and E) hindfoot leng#hdults are
individuals with a body mass over 6@px plots represent median and 25/75% quartiles, with whiskiers
extending 1.5x beyond interquartile range and outliers as btachkes.
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Table 3.5: Results of GLMMs comparing sexual size dimorphism of Natal-ratdgCryptomys 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

Table3.6: Results from a GLMM testintipe effects of sex, reproductive statusgroup size and season on
scaled mass inde Thescaled mass indgg€Ml)is a representation of body condition whishaled 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 2091 3.28 <0.001*
Reproductive Status 345 315 0.27
Season 3.4 174 <0.05*
Group Size 019 0.30 0.52
Sex * Status -6.49 295 0.03*
Sex * Season 046 1.3 0.74
Sex * Group Size -0.56 0.36 0.11
Status * Group Size 0.57 0.35 0.10
Season * Group Siz -047 0.18 0.009*
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Figure3.5: Relationshig between body condition (scaled mass indexseason, and reproductive status
among adult Natal molerats. A) Relationship between tooth width and body mdss males (blue) and
females (red). There was no significant difference betwirenslopes ofeproductive {riangles) and non
reproductive (circles) individualp-{alue = 0.7} B)Box plot showingcaled mass index diseasorfor non-
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reproductive and reproductive individuad$ both sexesBox plots represent median and 25/75% quartiles,

with whiskers extending 1.5x beyond interquartile range and outliers as black ci@jl€se relationship
between group sizeand scaled massndex during the winter season (yellovoutline) for reproductive
(dashed) and nomeproductive (solid) males (blue) and females (rdd).Shows the same as C for the
summer season (blueutline). Data pointsare plotted behind andavere jittered to prevent overplotting.
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3.3.3 Growth Rates of Natal Melats

Thevon Bertalanffy growth model provided a better fit to the data than the logistic model (Table 3.
This implies that the shape of the growth curve is concave and lacks an obvious inflection point. The resu
show that males exhibited a higher maximum lgodass a well as a greateskull size compared to females, in
line with my above results. Males had a greater maximum growth rate in both body mass and skull siz
compared to females (Figures &63.7). Including the group size term did not significaotigpnge the models
(Tables 38 & 3.9), and therefore group size did not significantly affect growth rates.

Table 37: Estimates from growth models fitted to incisor width and body mass in wild Natal maes. Ais
the upper asymptotek is the relative maximum growth rate, SE is standard ergissis the absolute
maximum growth rate estimated from the model, and AIC is the Akaike Information Criterion.

Model A (SE) k (SE) Omax 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
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Figure3.6: Body mass growthrates in wild Natal molerats from repeated capture session&symptotic

mass and growth rate were estimated frompeat captures using von Bertalanffy growth model. Thi
equation models change in growth between capture timed$ifjt.). A) Raw body masgsiata fromrepeated

captures of malesb{ue) and femalesréd). The horizontal line indicates the populatibevel asymptote
estimate fromthe growth curve B) Fitted growth rates for males (blue circles) and females (red triangles),
where each point represents a single slope from A. ‘e
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Figure3.7: Skull growthrates in wild Natal molerats from repeated capture sessiong&symptoticupper
incisor widthand growth rate were estimated fromepeat measures of the upper tooth width usiagzon
Bertalanffy growth model. This equation models change in growth betweptugatimes (i 'y 2)i A) Raw
incisor widthdata from repeated captures of maleslife) and femalesréd). The horizontal line indicatgs
the populatiortlevel asymptote estimate from the growth curve. B) Fitted growth rates for males (blue
circles) and femlas (red triangles), where each point represents a single slope from A.

Table 38: Body mass growth related to group size in wild Natal mabgs. Results are froomon-linear mixed
effect modesthat included a group size effect in von Bertalanffy interval grosgbations Models were
fitted on repeated measureseparately for maleén = 170and femalegn = 138)

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

Femalegn =43)
Fixed effects

A 109.99 21.25 23 5.17 <0.001*
Acs 1.84 15.57 23 0.12 0.907
k 0.19000 0.08298 23 2.35 0.028*
Kas -0.00024 0.00034 23 -0.72 0.476

Random effect Variance Residual
A~ 1]AnimallD 0.00439 7.19
k ~ 1|AnimallD 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*

Acs 9.99 6.57 30 152 0.139

k 0.32263 0.05698 30 5.66 <0.001*

Kes 0.00008 0.00031 30 0.26 0.797

Random effect Variance Residual
A~ 1]AnimallD 0.00798 9.58
k ~ 1]AnimallD 0.00001
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Table 39: Skull growth related to group size in wild Natal metats. Skull growth was estimated from repeat
measurements of the upper tooth width. Results are from #iaear mixed effect models that included a
group size effect in von Bertalanffy interval growth equations. Models were fitted on repeated measures
separatey 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*
Acs 0.10 0.07 23 1.35 0.190
Kk 0.55556 0.08782 23 6.33 <0.001*
Kes -0.00030 0.00050 23 -0.59 0.558
Random effect  Variance Residual
A~ 1|AnimallD 0.13643 0.12
k ~ 1|AnimallD 0.24473
Males (n =52) Estimate S.E. DF t-value p-value

Fixed effects

A 6.05 0.11 30 5384 <0.001*
Acs 0.08 0.10 30 0.76 0456
k 0.44005 0.06494 30 6.78 < 0.001*
Kes 0.00®4 0.00B5 30 069 0493
Random effect  Variance Residual
A~ 1|AnimallD 0.00002 0.20
k~ 1]AnimallD 0.21870

3.4 Discussion

This study assesséle populationdemography and body size in a population of Natal rrate at a
high elevation in the KwaZulu Natal midlarmdsSouth Africdannual rainfall 1577mmisroup sizes in the Natal
mole-rats (6.1+ 3.6 individualsrange 2; 18) were comparable to previous sties onsubspecies of the genus
CryptomygSpinks et al. 20@) Janse van Rensberg et al. 2002, Oosthuizen et al. 2808)gh the mean
group sizewas much smaller than thenean group size ia previous study at the same location (%2.8
individuals, Lutermann et al. 204B3as well ashe Mahali molerat (Cryptomys hottentotus mahatl1.3+ 0.4)
from north of Pretoria, South AfricéHart et al2021). The annual population density of moleats in the
Drakensberg(4.9 individuals/ha) was higher than in arid dwelling metats (Damaraland moteat: 3.9
individuals/ha, Finn et al. 201&nd 2.2 individuals/ha, Mynhardt et al. 2021 common molerat: 1.8
individuals/ha, Spinks et al. 206@), and two populations of moleats inhabiting regions receiving over 800mm
2F NI AYTFFEE  LISrats: 219rdiNdudlsing: § $ @ned.RaG12; Silgety Sholeats: 4.6 individuals/ha,
~ 1 f gila.|206). The population density at my study site was lower than a populati@momimon molerat
receiving 828mm of rain per yeaCifyptomys hottentotus hottentotyd.8.7 individuals/ha, Spinks et al. 2000
c). Annual rainfall alone may not explain population density differences in bathyeegidknowledge of the
geophytes available is required to understand the differences in population density between species or stud
sites. Soil characteristics may affect distributioh geophytes, the food sources malats rely on, more than
precipitation, andin turn the biomass of geophytes may differ in areas receiving the same rairidfeyl €t al.
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2012). Resource availability, litter size, and even individual growth rates may affect population trends more tha
rainfall or soil characteristics alond@ien et al 1988, Leirs et al 1993, Huan et al. 2010, Ozgul et al. 2010).

Few studies on social metats have provided data to differentiate between populati@vel and
within-group sex ratios or even between SS&condary sex rati@gnd ASRadult sexratio) (Scharff et al. 2001,
Sichiima et al. 2011~ { f N 6 2012Sifiste&dfthé majority have only reported total population sex ratiod
SSHKBrett 1986, Spinks et al. 2060-inn et al. 2018)n social species such as moés, being able to determine
differences between population andithin-group sex ratios provide better clarity on demographic processes.
For example, withirgroup ASRmay provide clues to sebiased philopatry and disperséiends. Both the
Zambian moleat species from a region of high annual rainfall possessed feniased withingroup ASR
(Fukomys mechowiScharff et al. 2001, Sidhik et al. 2011Fukomys ansei n ®nc = ~ | Mredults S (i
indicate a femalebias inwithin-group SSR (0.46nd JSR0(46), but a malebias inwithin-group ASR(0.53)
although the difference may be minor or related to the small number of juveniles captured during the study.
Theefore sexbiased mortality among juveniles may be limitexhd the higher ASR wouldot be due to
generational overlapwWhile the only study ommole-rats in the genu€ryptomysomparing rainfall patterns on
demographicgSpinks et aR000h c) did not providedata to calculate withirgroup sex ratioghe authors found
that sex ratios of recruits and missing individuals was significantly-biaded at the site with a higher rainfall.
This may imply that a maleiased ASRay be theresult of increased annuahinfall, which may also be related
to dispersal tendencies because natal dispersal is more likely to ad@mrthe soil softensafter heavy rain A
higher male dispersahte may explain thdemale-biasedwithin-groupsex ratios in Zambian mefats if male
mortality is also high during dispersal alsofound that sex ratios became more mdleased as group size
increased The strong positive relationship between group size and sex ratio indicates two possible scenario
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 opportuhitiespect
that the females will disperse alone @wconstruct new burrow systems to wait for males to find them and thus
create a new family group as seen in Damaraland mtie (Thorley et al. 2021Males may emigrate earlier
than females and may immigrate into established groups while searching deptiee femalesas proposed
before in social moleats (Spinks et al. 20@) TorrentsTico et al. 2018, Thorley et al. 2021, Finn et al. 2022).
Territory size increases with group s{Zeomas et al. 201&nd it may be easier for dispersing males to locate
these larger groups based on random change, and have a higher success rate inréioéjptye females in
larger groupsA high male immigration rate may be presémhabitats withsofter soils, incresed soil moisture
and higler population densitylt would be of interest to further test this hypothesis if withgmoup sex ratios
vary with rainfall and group size in other social mides.

The number of juveniles in a group did not vary between segsordjuveniles were captured between
Februaryg April and again from JutyOctober.Thecapturedpups were likely 2 3 months old at time of capture
(Thorley 2018), antherefore most likely born in summer (approximately NovemigelFebruary) and winter
(April¢ Augustxespectively Based on a gestation length of §66 days irCryptomygBennett 1989), breeding
would haveoccurred between September and October and again in February and March. This result confirm
that births were not limited to a singlseason in Natal molats (Oosthuizen et al. 2008and at least two litters
per year can occuBreedinglikely occursjust prior to (Sept; Oct) or just after (FebMarch) the peak in yearly
rainfall so that births coincide with plant growth and water availability in geophytes, as suggested by Janse ve
Rensburd2003)for the related highveld moleat (Cryptomys hottetotus pretoriag. The mean litter size of 1.5
pups is reduced compared fwevious studies i€ryptomyq3 pups, Bennett et al. 1992;3¢ 2.6 pupsSpinks
et al. 200@). Cryptomysn general have reduced litter sizesnepared toFukomysmnole-rats (Fukomys ansetli
2.4¢ 2.7 pups Begall and Burda 1998ichilima et al. 201 Fukomys damarensi2.8¢ 3.0 pugs, Bennett and
Jarvis 1988Bennett et al. 1991Fukomys darlingil.7pups Bennet et al. 1994 Fukomys mechowiR.1pups
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Scharff et al1999 and it has been proposed that a reduction of follicle numbe€igptomysnay cause the
reduced litter size (Janse van Rensburg et al. 2008 predicted recruitment ratéor a reproductive female
would be2.6 pups per year, and this would equate & population wide recruitment ratef approximately 80
juveniles per yeapopulation wide(based on approximately 30 reproductive femalé&dwever, | only captured
30juveniles during the entir@-yearstudy, and this value agrees more closely with tbe population growth

rate. Low recruitment was also found in giant mokds (Kawalika and Burda 200The similar sex ratios of
juveniles between each season likely means that juvenile mortality is very low, which was an assumption of tt
populationgrowth rate calculatiorf0.17) Thesmall litter sizesseduced number of captured juvenileand low
estimaed population growth ratendicatesthat the population size is expected to remain constanpossibly
declineacross multiple generationp. A FS KA a02NE O2YLI NR A2y & 2T O2YWYiIA
in which species can be placed based ®FIS KA &G2NEB (N} AGa ohtA |yR 52
species, characterized by high fecundity, short maturation times, and high mortality-ristslénave more in
02YY2y 6A0K 2iKSNJcéacéadsasd batshibich exbibitlagedz@trityl high juvenile and
adult survival rates, low fecundity, and long lifespans (Oli 2094ch and Fagan 2009, Hone et al. 20T8us,

the low population growth rate is to be expected.

The strong sexual size dimorphism in Natal maks is in ageement with other studies on sexual
dimorphism in social moteats (reviewed in Caspar et al. 202¥eanbody mass of all individuals was reduced
compared to previous work by Oostizen (2007)aImost 20 years agat the same study site. This resist
difficult to interpret. It may be duo the larger sample size of this stu@ly= £27) compared to Oosthuizem (
=201, 2007) For example, Yosiov and Geffen (2010) found that the statistical ability to detect terapo
changes in body mass increased dramatically in sample sizes over 100 individuals. The difference in body ma:
between the time periodsnay alsobe related totrends observed in other small mammal populations which
have experienced eedudion in body mass due tdhe combined effects oflimate changend anthropogenic
habitat alteration Ozgul et al. 2010villar and Naya 2018/yakusho 202 The study site has been modified
by the land owners since the previous studyt the owners do not providextra water or fertilizer to the areas
where | captured moleats G. Sivrightpers. comm.)l found that mearannualtemperatures have increased
by 1.5°C since the early 1958t the study site(see Chapter 2)There is a possibility that body mass has
decreased as a result of a changing environmidotvever, a larger sample size of individuals across South Africa
with morphometricmeasures (e.g., total length, hindfoot length, cranial length, etojlected over a larger time
frame would be better suité to assessing temporal changes in body mass in-natdecensuwVillar and Naya
2018, Myakusho 2021kor other confounding factors influencing temporal changes in body mass se@ ®om
and Geffen (2010).

| found thatscaled mass indexsl, a measure diody condition(Peig and Green 2009, 20),0)as
higher in reproductive individuals compared to nmproductive individuals. Additionally, body condition
increasedin large groupgluringsummer (the wetseasor), but decreasedn larger groupsluring 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. 2013ayesdyt may indicate botha
difference inquality of geophytedetween seasonsand 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 quantityflespite the assumption that molats cache food to get
through lean times. Thereforeyithin-group competitionmay increaseand larger groups may have more
difficulty in locating enough geophytes duritige dry winter, and as a result body condition decreased in
individuals from larger grqus. In pocket gophers, it was found that individuals consumed more during winter
(Howard and Childs 1959ndbody mass decreased with rainfall pouched mice§accostomus campestris
Ellison et al 1993 A similar relationship may be present in modgs, with the combination of greater
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consumption and reduced food duritige drierwinter seasomrmay cause reduced body conditighdditionally,
burrow size may increase with group size, and individuals in larger groups may travel further and expend mo
energy while searching for food during wintédo not believe the decrease in SMI during winter as group size
increases would be related to thermoregulatory costs from colder temperatures because larger groups ar
expected to provide greater energy sagibenefits via huddlin@Kotze et al. 2008)he relationship between
body condition and food availability is speculative and a detailed analysis of seasonal changes in geophy
quality and quantity is required to fully understand tbleanges in body contibn between seasons.

Some studies have found similar growth rates in body mass between the $xeseft et al. 1991,
Bennett and Navarro 1997, Scharff et al. 1998ung and Bennett 20),3but two recent studies found male
Damaraland mole@ats gain bog mass faster than females (Z6ttl et al. 28,16horley and Cluttoirock 2018).

My resultswere smilarto Thorley and CluttofBrock (2018using von Bertalanffy growth models which found
differences in skeletal growth between the sexikle Natalmole-rats exhibited a higher upper asymptote in
both body mass and skull size as well as a higher maximum growth rate compared to féviaddssreacha
peak in body mass at approximately 100gereasfemales peak at approximately 80gnd these body mass
values arevery similar to the mean adult body massé&sis body mass likely indicates when most individuals
reach full maturity(mean adult body massyhich would be aB44 daysfor malesand449 daysfor females This
calculated time to adult body massr femalesis exactly the same as tHe2 yeasto maturity of reproductive
females which wasstimatedfrom life history dataOther studies on moleats have found that individuals may
leave the burrow to find reproductive opportunities between 1 andeang old (Torrentdico et al. 2018,
Thorley et al. 2021) which is in line with the maturity ages estimated in this sipgyying the growth rates
(0.22g/day)from Bennett et al. (1991) to the mean adult body mass of Natal waikefrom this study show
that males reach adult body mass385days and femaleat 323days.Direct comparisons between the von
Bertalanffy andGompertzmethods are challenging, anda@hid be taken with caution (Thorley and Clutton
Brock 2018)Asymptote values andbsolute growth rates were higher in Damaraland mdés compared to
Natal molerats (Thorley and ClutteBrock 2018) Thisresultis mostlikely due to the greater adult bdy size
attained by Damaraland molets. It may also be related toollective foraging benefits from a larger work force
in Damaraland moleats (Young et al. 2013]oushy et al. 2020)

A larger workforce is expected to increase group survival overdlgpecifically reduce workload of the
reproductive female which allows for greater conservation of energy, which results in higher fecundity anc
better body condition (Houslay et al. 2020Jaximum and mean group sizes of Natal m@es were lower
compared to previously recorded group sizes of Damaraland-nadée(Jarvis et al. 1994, Finn et al. 2QE8)d
therefore the collective foraging and helping effects may be reduced in NatatmaisléVy results only partially
agree with the predictions afollective foraging benefits and helper effects on improving group efficiency and
reproductive female fecundity or body conditidrdid not find any group size effects on individual growth rates
of group members, nor helper effects eeproductive femaldecundityin Natal molerats, unlike studies on
Damaraland moleats (Young et al. 2015, Z6ttl et al. 2@1Blouslayet al. 2020, Thorley et al. 202The lack
of group size effects on growth rates may indicate that witpioup competition is reduced grerhaps that
food quality andavailability is increasedompared to the Kalaharfhe SMI of all noneproductive individuals
and reproductive males increased with group size during summer, but decreased with group size in winte
Group size effects on 3Muring winter is therefore more likely to be related to either food availability or costs
of locating food in larger groups than withgroup competition However,reproductive female SMncreased
with the number of helpersgluring both seasond he 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 stror
positive benefit for only reproductive female$he lack of effects on reproduee female fecunditynay be due
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to the juvenile sample size (7.4%, n = 8@ke other results indicate improved body condition with increasing
group size, especially during winter when geophyte quality may be reduced.

This study provides baseline poputat demography on the subterranean Natal maode living in a high
elevation grassland habitat. Group size was reduced compared to various species-oats@lem the genus
Fukomys but are within the range for othe€ryptomyspopulations.The majority ¢ individuals remained in
their group for 1 year, andome were recaptured at every attempt over the/@ar study The low mean litter
size translates to a slow overall population growth rdfiee reduction in group sizeompared to other social
mole-ratsmay have consequences on collective foraging and body condition of group members during differer
seasonsBody condition of individuals varied between seasons and was also affected by group size. Durir
summer body condion 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 geophytc
quality deceases as soil moisture decreases into wintewever, larger groups would be expected to
compensate for this by having more workers to locate foBden thougHitter sizes wereslightly reduced
compared to other studies on subspecies of gemusCryptomyspopulation density at my study site was hey
than most previous studies, with one exceptidrhe population at Glengarry, a human altered sewtiural
landscapeseems to be stablalthough with a slow population growth rate.oMever, the effects of climate
change may be present due to reducedanebody mass compared to a study 20 years ago.
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Chapter4d ¢ Locomotor Activity in Natal Moleats

CHAPTER 4
Seasonal changes mcbmotor activity patterns of
wild Natal molerats

This chapter has been published in Frontiers in Ecologyeantition:

Finn KT, Janse van Vuuren AK, Hart DW, Suess T, Zo6ttl M and Ben(g&2R)Seasonal changes in locomotor
activity patterns of wild social Natal metats Cryptomys hottentotus natalengig-ront. Ecol. Evol. 10:819393.
DOI:10.3389/fev0.2022.819393

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 tF
they exhibit diel rhythms despite the lack oswal 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 monit
daily activity patterns of wild, social Natal meakgs Cryptomys hottentotusatalensi3 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 stdtusid 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 statusd ahot affect general activity indicating that reproductive and
non-reproductive individuals contribute equally to cooperative beharsolt appearghat the activity patterns
may be a behaviaral adaptation to avoid extreme burrow temperatures and a matbhm to maintain a stable
core body temperatureThis chaptehighlighsthe advantages of RFID technology to study wild small mammal
movements.

4.1 Introduction

Animal locomotor activity patterns have been the subject of much interest instbdy of animal
behaviaur. 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 psists in a neaR4-hour period under constant conditions (e.g., complete darkness),
G0KS OANDIRAIY NKeuGKY Aa laadzySR (G2 aFNBS NHzyés> &
al. 2001). Conversely, the lack of an endogenous clock esait in the degradation of rhythmic patterns under
constant conditions (Hazlerigg and Tyler 2019). Biological clocks conform to daily and predictable exogenc
cues known ageitgeberst Yy I LINP OSaad NBFSNNBR G2 I a SymeNdguayfor Sy
the cycle of thezeitgeber(Johnson et al. 2003).

It is widely accepted that the liglttark cycle (i.e., rising and setting of the sun) is the most common
zeitgeberfor the entrainment of circadian rhythms (Benstaali et al. 20Bi)bient €#mperature may also affect
circadian rhythms in both homeothermic (e.g., most mammals) and heterothermic (e.g., birds, squamates, son
mammals) vertebrategRensing and Ruoff 2002, Refinetti 2015pme mammals dwelling in arid or arctic
regions exhibit adptive heterothermy, where the core body temperature may fluctuate with ambient
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temperature under certain conditions (Cain et al. 2006, Williams et al. 2012, Allali et al. 2013; Farsi et al. 2020
For example, camels€Camelus dromedariyiexhibit heterohermy when dehydrated (Allali et al. 2013) and
arctic ground squirrelsUrocitellus parry)i during hibernation (Williams et al. 2012). Recently it has been
discovered that ambient temperature instead of the ligldrk cycle may entrain circadian rhythnmsbody
temperature, melatonin cycles and locomotor activity in some of these species (Allali et al. 2013; Farsi et ¢
20201, b. While ambient temperature may not be a strongjtgeberin most homeothermic mammals, many

will adjust their activity patterng 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
hottest period of the day and by becoming nocturnal (Randall 1B@®# et al. 2006). Lastly, biotic cues, such as
feeding time, food availability, social cues, or predation, may also affect activity patterns (Mistlberger and Sker
2004, Beale et al. 2006, Getz 2009). Individuals in a population may synchronizetihigyr @etterns via social
cues to be active nearly simultaneously even in complete darkness (e.g., under snowfall, Korslund 2006), a
isolated individuals may exhibit asynchronous activity patterns (Getz 2009, Lovy et al. 2013). It has bet
suggested thasimultaneous activity in voles provides an individual with protection against predation due to
Gal ¥SGe Ay ydzYoSNE¢ 2N Ll2aaiofte O2yFdzaAy3a LINBRIF
and Krebs 1987) and species may alter their actiatygpns in response to predation pressure which may act
as a wealkeitgebern(Getz 2009, Vlasata et al. 2017).

In the subterranean ecotope, and other photic void environments, occupants are rarely, if ever, expose
to light. Despite limited exposure to kg 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 woifbdused on
physiological circadian rhythms and entrainment to photoperiod in many species including Africanateole
(Family Bathyergidae: Riccio and Goldman 2000, Oosthuizen et al. 2003, Van Jaarsveld et al. 2019, Hart €
2021b), blind mole rats @&mily Spalacidae: Rado et al. 1993), coruros (Family Octodonidae: Begall et al. 2002
and tucetucos (Family Ctenomyidae: Jannetti et al. 2019, Flores et al. 2021). However, the majority of thes
experiments lack the complex environmental conditions thia@se animals may experience in the wild,
including changes in infrequent light pulses, atmospheric conditions, burrow microclimate, social cues, ¢
predator-prey interactions. Therefore, otheeitgebergnay be involved in entraining circadian rhythmsghase
animals (reviewed in Beale et al. 2006). Observations ofrieging subterranean mammals have revealed that
some species may exhibit arrhythmic activity patterns over thén@dr period, such as some pocket gophers
(ThomomysAndersen and MacMahatB81, Gettinger 1984), yet many other species exhibit distinct daily peaks
of activity, including root ratsT@achyoryctesJarvis 1973), African motats HeterocephalusJarvis 1973;
Heliophobius~kliba et al. 2007Fukomys~kliba et al. 2014+ | f did. [2016a), blind mole rat§palax Rado
S |t o wetgath?0I6b)~chrirgdSpalacopusRezende et al. 2003), and tuttos CtenomysJannetti
et al. 2019, Fléres et al. 2021). These activity patterns suggest entrainment of a circladia which has led
some authors to conclude that temperature may be an esseuagitgeberfor the entrainment of activity
rhythms in subterranean mammals (Benedix 199dljba et al. 2014, Hart et al. 20@1 Homeothermic
regulation of body temperatw suggests that animals are less sensitive to environmental changes (Rensing an
Ruoff 2002), but some African mealats exhibit heterothermy (Buffenstein and Yahav 1991, Bennett et al.
1993, ¢ Oosthuzen et al. 2021) and therefore, fluctuations in amitieemperature are more likely to affect
their activity patterns.

African molerats 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 oodergiffers 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 «

Pagel 52



Chapter4d ¢ Locomotor Activity in Natal Moleats

al. 2006, Lovet al. 2015). The depth of tunnels and the nests are greatest for-nadéeinhabiting arid regions

with sandy soilslike the Damaraland moleat (Fukomys damarengisvhere foraging tunnels are between 30

¢ 40 cm below ground, and nests may exceed 2 m in depth (Lovegrove and Painting 1987, Bennett et al. 198
In the common molerat (Cryptomys hottentotus which lives in loamy and rocky soil typEsaging tunnels

are at more shallow depths of around £@0 cm with nests between 3060 cmdeep (Hickman 1978, Spinks

SG Ftftd mpppE ~1€EtNol Sid I & -erwlrunAnBls magziedpSeglilate Didrrownt:
temperatures or humidity, and these features vdrgtween 78 cm in loamy soil types of the Natal region in
South Africa (Hickman 19@pto over 3 m in the sand of the Kalahari (Lovegrove and Painting 1987). The deepe
tunnels of the Damaraland molat provide a greater thermal buffer against the extremaily and seasonal
temperatures of the Kalahari compared to the shallow tunnels of common -naddewhich generally occur in
more mesic habitats, such as the Natal region in South Africa (Bennett et al. 1988). Even with deep tunnels, t
foraging burrowsof molerats experience seasonal temperature fluctuations, and it has been suggested that
temperature may act as aeitgeberfor daily activity patterns in moleatsd D2 f RY I 'y Sibaétald ™
2007, Hart et al. 204). The activity patterns andrcadian rhythms of moleats have been well studied in
laboratory settings (Hickman 1980, Bennett 1992, Riccio and Goldman 2000, Oosthuizen et al. 2003, V
Jaarsveld et al. 2019, Hart et al. 2021n two recent studies under laboratory conditions, hortiesmic mole

rat species showed decreased activity during periods of higher temperature and the authors suggested th:
temperature may drive nocturnal behawio(van Jaarsveld et al. 2019, Hart et al. 20)2The observed activity
entrainment byambient temperature may be due to a thermoregulatory response to avoid-bgating while
digging during periods of increased burrow temperatures (Hart et al. [lQ0FEw studies have been conducted

on wild molerats (kliba et al. 2007, 2014, 2015) anceefewer still on seasonal variation in activitkl(ba et

al. 2007).

This study set out to determine if daily activity patterns fluctuated with seasonal temperature changes
in the Natal molerat (Cryptomys hottentotus natalen$jsa social species inhdibg mesic grasslands of
southeastern South Africa and Lesotho at altitudes from sea level to the Drakensberg escarpment (ca. 3000r
The montane regions they inhabit experience hot summer days and cold winter nights, with snow ofter
accumulating at the lgihest elevations during winter. Unlike most other bathyergids, Natal wradke 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 homeothermicnterparts (umbera 2019, Wallace
et al. 2021). The link between ambient temperature and activity patterns in African-ratdenas not been
thoroughly investigated in a fieldased study, and never in a heterothermic modé¢ species.Previous
laboratory experiments on entrainment of circadian rhythm in Natal madés indicate the entrainment of an
endogenous circadian rhythms in both melatonin and activity cycles under adbgktcycle and freeunning
cycles under constant conditions (Hart et al. 2004 this study) used a radigrequency identification (RFID)
reader array to monitor individual activity in freanging Natal moleats. This noxinvasive method allows for
automated continuous monitoring of activity patterns in a natural habitat withdisturbing the subjects
(Korslund 2006, Francioli et al. 2020). Activity rhythms may show plasticity, where individuals or populatior
adjust to seasonal changes in the environment (Halle 1995, Rezende et al. 2003, Beale et al. 2006). Theref
it waspredicted that Natal moleats would alter their activity patterns seasonally to cope with the fluctuating
burrow temperatures due to their shallow tunnels (Hickman 1978dditionally, trapping efforts indicated that
mole-rats appeared to exhibit reduceattivity during periods of rain when compared to clear days. It is possible
that molerats may be able to respond to the change in air pressure or temperature caused by the rain or col
fronts as seen in other animals (Garthe et al. 2009, Boyer and Maell&hackleton 2020). Lastly, because
Natal molerats exhibit only behaviaral reproductive suppression compared to that of the Damaraland mole
rats, which exhibit behavigal and physiological suppression (Bennett et al. 1996, Molteno and Bennett 2000,
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Oosthuizen et al. 2008), predicted that locomotor activity differences between the breeders and-non
reproductive individuals would be less distinct than in species with higher reproductive Iskphasize that

the current study d not investigate entraament of circadian rhythms by environmentaditgebersbut 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
4.2.1Animal Capture

Natal molerats were captured using Hickman live traps during the wet summer (February to March) and
dry winter (July to October) seasons frdamuary 202@ July 2021 at Glengarry Holiday Farm in KwaKiaial,
South Africa£9.322530°, 29.712982°, 160Ca. s. |.; Supplementary Figure S1). Detailed capture methods are
outlined in Chapter 2. A total of 13 distinoblonies(including 118 unique animals) were used for the study,
with a mean colony size of 8483.2 (range 4 13); 10 of the 13 groupsere complete colonies (i.e., included
reproductive individuals and all neneproductive subordinatesMole-rat family groups were selected from
groups with at least 2 captures to ensure repeatability of activity recording during both sea&apisired nole-
rats were housed with family members at ambient temperature {125°C), provided with wood shavings as
bedding and fed sweet potatad libitum All animals were sexed, weighed to the nearest gram (Pelouze SP5,
Rubbermaid, USA), and assigned a reprtidacstatus at capture. Reproductive females were identified by a
perforate vagina and prominent teats (Bennett and Faulkes 2000). Male reproductive status was determined t
body mass, presence of testes, and prolonged presence in the colony (Finn@t&L. &Il individuals greater
>20g were implanted with a subcutaneous passive integrated transponder tag (Trovan Unique, DorsetID, T
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 b
completely captured and the colony was released back into their burrow.

4.2.2Hourly Climate Data

Hourlyair pressure, air temperature, soil temperature, and rairdalling winter 2020 and summer 2021
were obtained for the study site from the global atmospheric reanalysis datasetER@see Chapter 1, Table
1; MufiozSabater et al. 201). The ERABand déaset is a global climate analysis model based on satellite and
weather station climate observations allowing for accurate estimates of climate variables at specific location
with a 9 km accuracy (0.1° x 0.0ufiozSabater et al. 2091 Users can specifiie boundary GPS points of less
than 9 km to query data from the database, dse&lected 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 tiights of
raw data.The results contain modified Copernicus Climate Change Service infornttiotemperaturewas
measured at depths of § 7 cm (E1), 7¢ 28 cm (%2, and 28¢ 100 cm (¥3, which correspond to the depths of
foraging tunnelsg ¢ 20cm) and he nest {7- 30cm; Hickman 1979b

A temperature logger (DS1922L iButton, Maxim Integrated Products, Dallas, TX, USA) was buried at
study site at 15 cm below the soil surface in an area of direct sunlight and set to record hourly temperature
from August to October 202@Qwinter). The temperature logger was also buried in sumamell as 50 cm
below the surfacebut neither wererecovered and therefore the ERA5 dataset was used for climate data.
compared the soil temperatures from the data logger argffbm the ERA%.and datasetSoil temperatures
from the data logger were on average 3.671.32 °C higher thansi yet the daily fluctuation in temperature
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was similar between temperature loggers and ERRABd values (Figur¢.1). Therefore,| assumed that soil
temperatures from ERAband 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 surroundingsenis(Holtze

SG Fftd HamTOd ¢ KS OKD fyor Sourkl Yo héur 20xids calculltddNd detiNdire dvitetids
changes in air pressure predicted activifjhe climatic variables were compared by conducting a-wag
ANOVA to determine if climate varied between hour and season. Climate variables werethkeimed with

the activity data to determine the environmental effects of daily and seasonal activity patterns.
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Figure4.1: Hourly fluctuation in soil temperatures obtained from temperature loggers (red) and the-ERA5
Land dataset (bluelemperature loggers were buried ca. 15 cm below the surface to correspond with the
soil temperature at 228 cm from ERAS.

4.2.3RFID Array Placement

| utilized an RFID reader array (LID650/608, DorsetIlD, The Netherlands;&Ryamed the methods of
Francioli et al. (2020) to monitor matat activity during winter (AugustOctober 2020) and summer (February
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¢ April 2021).The arrayconsisted of a@nning panelTrovan ANT 612) measuring 47.5 x 40 x 4aoch a
decoder box (Figurd.3). The array was powered by a 12v battery and could be attached to a solar panel tc
prolong battery life A shovel was occasionally used to remove grass and level@hed)so the reader rested
flush to the ground. As a result, the matat activity directly following reader placement was unlikely to be due
to tunnel repairs or attempts to block the tunnefhe array was programmed to scan continuously for
transponder tays within the range with a read delay of 3 seconds. When an animal with a transponder tag passe
within range, the numeric code of the tag was recorded with a time stamp on a USB drive attached to th
decoder. Thus, if an animal remained in the range efgianel for longer than 3 seconds, it would have multiple
entries at 3second intervals.

The array was placed at a maks group and left stationary during each reading sesside array was
always placed in close proximity to fresh mounds near whenmaalsiwere captured and released. Thus, tunnels
under the reader were foraging tunneld/ole-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 80 26,
which is greater than the depth of matat tunnels at the study site, and therefore the chance of animals passing
undetected under the panel is minimal. Reading sessions had a mean duratierl 5% days (range & 7).
Reading sessions weegtempted 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 readir
sessions per group was 13®.46.

Figure4.2 RFID reader arrayThe array haa custommade decoder LID650 (white box; DorsetID, Aalten,
Netherlands) attached to the panel antenna ANT612 (black squdi®. antenna scans for passive

integrated transponder tags at regular intervals, which are stored on a USB drive. Red and helaregb
attached to a power source. A metal guard was added to prevent-naddefrom chewing on the cahle
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Figure4.3: Placement of the reader array in the field@he panel (P) is placed directly over a burrow tunpel
and continuously scans for PIT sagithin 30cm. Datare stored in internal memory or a USB drivélhe
array is attached to a battery (B) and/or solar panel (S) for power.

4.2.4Activity Analysis

The dataset included 9972 raw activity points &e®ond intervals from 77 wild melats (41 individuals
were captured before array placement, but not recorded) over 16 reader sessions at independent group
(winter n = 8, summem = 8). The reader remaiad 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 initi
pass under the reader and another for a return pass. Interconnected tunnels inrratdarrows systems may
allow for multiple paths leading between the reader and the nest (f egiad. R012~umbera et al. 2012). Thus,
animals may continue to be active for an unknown length of time after a single reading was recorded. Rad
telemetry studies have indicated that activity bouts of modés can last for up to 1 hour (Lovegrove 1988), and
therefore | assumed that activity bouts lasted for 1 hodio confirm this, | also assumed that activity bouts
lasted 30 minutessince visual inspection of activity duration indicatétitt the time between first and last
detection was < 40 minutes (Figure 4.Animals were given an active score of 1 if at least one reading was
detected on the array during20 or60-minute interval, and a score of O if not detected during this interViaé
two datasets were anaded independently An animalwould not gain a furter activity point until detected
beyond the activity periodvisual inspection of the raw data indicated that animals rarely remained motionless
under the reader arrayindividuals captured in the colony but not recorded by the RFID reader array were
assiged activity scores of zero. All potential variables affecting daily activity were sadalyy fitting a
generalized linear mixed model with negative binomial distribution usingytmmTMBpackage (Brooks et al.
2017) in R 4.0.5 (R Core Team 2021). Thyathee binomial distribution (values of O or 1 in the response)
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prevents ovedispersion in parameters. Predictors for the full model included life history variables such as sex
body mass, reproductive status (reproductive/nmproductive), group size; abiotic factors such as Tk, Tsz

Ts3 n t rainfall, season (wet/dry),rtie (as sine and cosine wave expressed in radigh& SNBE n A a n
MHYNNnE YR H™ A& YARYAIKGOUE YR GKS RIFIAf & Odzydz |
hours of darkness equal to 0). Nignificant predictor variables we dropped until a model with the lowest

AIC was generated. Predictors for the final model included: interactions between sex and reproductive statu
sex and body mass; season and time; season, time, andeason, time, andsf and season, time, antks2
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 :
because males were heavier than femal€se proportion of explained variance was estimated using marginal
and conditional R An excess mass test for unimodality using the packagiémode(AmeijeirasAlonso et al.
2019, 2021) was used to determine if the peaks of activity were unimodal ordainly 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.

200

100

D s | —=
40 80 120 160
Time (minutes)
Figure 4.4: Histogram of activity bout duration in minutes of Natal makgs across all recorded datg
points. Activity points were summed and grouped interbnute intervals.
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4.3 Results
4.3.1 Hourly Climate Data

All hourly climate variables varied significantly between seas@xsgept rainfall which varied
significantly byitme of day between seasonll Aariables exceplis:and Tssvaried significantly with time of day
within each season (Tabdel& 4.2, Figuret.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
minimum day length of 11.68 and 11.00 hours respectively.

Table 4.1 Daily climate variables during the study period at Glengarry (me&BD).Tair is the air temperature
at 2m above the solil; soil temperatures were measured at depthscaf m (), 7¢ 28 cm (&), and 28; 100
cm(BOT FYR nt A& reSskirs frod Krie yiaarSo the yiextl RiaiNJs hdurly precipitation.

Mean Min Max

Winter 2020 (August October, n = 65 days)

Tair 11.1+3.66 °C 5.3+3.15°C 17.7+5.08 °C
Ta 11.9+293°C 7.0+2.78 °C 17.7+3.93 °C
To 11.6+2.38°C 10.3+2.30°C 12.7+2.51 °C
T 10.9+1.50 °C 10.8+1.49 °C 11.0+1.50 °C
nt 37.1+6.84kPa 3.2+3.08 kPa 95.0.+23.25 kP3
Rain 1.0+1.99mm 0.0+0.19 mm 3.3+4.52 mm

Summer 2021 (FebruagyApril, n = 57 days)
Tair 15.9+2.33°C 11.6+1.91°C 20.8+3.60 °C
Ta 17.5+1.88°C 13.8+1.66 °C 22.0+2.97 °C
Te 17.5+1.37°C 16.6+1.33°C 18.4+1.45 °C
Ts 17.4+0.62 °C 17.4+0.62 °C 17.5+0.62 °C
nt 289+3.60kPa 2.0+3.31kPa 76.1+17.82 kP3
Rain 25+441mm 0.1+040mm 9.1+12.34 mm
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Figure 4.5: Mean daily air and soil temperatures at Glengarry during winter (Augu€tctober) 2020Raw
data temperatures are plotted in the background. The date range coincided withléiecement of an RFII
reader array to measure mol@t activity. Air temperature (red, dashed) was measured 2m above| the
surface of the Earth. Soil temperatures were measured-at (green), 28cm (violet), and 2800cm

(blue). Data are freely availableom the Copernicus Climate Change Service which holds the intellgctual
property rights of the raw data.
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Figure 4.6: Mean daily air and soil temperatures at Glengarry during summer (Febrgakpril) 2021.Raw
data temperatures are plotted in the background. The date range coincided with the placement of ah RFID
reader array to measure mol@t activity. Air tempeature (red, dashed) was measured 2m above the

surface of the Earth. Soil temperatures were measured-at (green), 28cm (violet), and 2800cm

(blue). Data are freely available from the Copernicus Climate Change Service which holds the int¢llectua
property rights of the raw data.
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Table 4.2: Onavay 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
nt

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 datase®972 raw activity pointa/as reduced to 433 total
activity points (summen = 184, wintem = 249). The results from the model revealed that body mags,1d1
and interactions between those tempedraes with time of day and season had the greatest effect on predicting
periods of activity (Table.d). See table 4.4 for results assuming activity length was 30 minttesrs of
daylight, rainfall, 32 s ' YR nt  khistoryti@its Gex, reprodiuckive Status, and group size) did not
affect the likelihood of activityor activity lengths of 30 or 60 minuteblowever, the effect of reproductive
status was barely not significant-¢@alue = 0.06)Mole-rats were most active when soil terapatures were
between 12 and 16°C. Individuals exhibited a mean ®f-1..0 activity bouts per day during summer (range 1
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¢ 6 bouts per day) and 2.2 +8lbouts per day during winter (rangecl10 bouts per day). Locomotor activity
patterns were similardr reproductive and nomeproductive 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 durihgglwindividuals were active was significantly
different between seasons (i.e., season * time variable; Figurek 4.8). Further regression analysis of the
relationship between activity andifindicated a significant relationship in both seasons (ANQ¥#ter: F(1) =
33.59, pvalue < 0.001; summer: F(1) = 34.18;gtue < 0.001). The relationship between activity apdvas

only significant in winter (ANOVA: winter: F(1) = 10.2dalpe < 0.01; summer: F(1) = 0.02;gdue = 0.89).

During winter, armnals exhibited a single peak in activity during midday when burrow temperatures were
highest (excess mass = 0.02glue = 0.92). While during summer, daily activity exhibited a bimodal distribution
where animals were more active during the cooler morraingl evening temperatures (excess mass = 0.40, p
value < 0.001)Group &togramsshowing total number of activity points summed across individuals within
groupsare provided in Figurd.o.
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Table4.3: Predictors of daily activity of Natal moteat when assuming activity bouts last 60 minuteégalues
are from a general linear mixed model with negative binomial distribution. Al859.2 Condition R= 0.@,
Marginal R=0.06. All continuous predictewere 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 iradians) -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
nt 0.00 0.22 0.99
nt F {Slrazy 0.03 0.13 0.83
nt fF aArgdimish YS Ay 0.42 0.32 0.20
Tair 449 1.15 <0.001*
Tair* Season -2.35 0.67 <0.001*
Tair* sin(time in radians) 413 1.34 0.002*
Ts1 -4.68 1.68 0.005*
Ts1* Season 271 0.98 0.006*
Ts1* sin(time inradians) 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) * Daylig 0.51 0.45 0.25
{SlIazy fF aiAyouays -0.17 0.19 0.36
Season * sin(time in radians) %T 1.39 0.81 0.09
Season * sin(time in radians) T -2.67 1.09 0.01*
Season * sin(time in radians) T 0.45 0.65 0.49
Season * sin(time in radians) &3 0.27 1.00 0.78
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Table 4.4: Predictors of daily activity of Natal metat when assuming activity bouts last 30 minutegalues
are from a general linear mixed model with negative binomial distribution. AIC = 3137.7, Conditidh(s3,
Marginal R=0.08. All continuoupredictors were scaled to the mean and unit variance for model fitting.

Predictor Estimate S.E. P-value
Intercept -464 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
BodyMass * 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) 0.87 154 0.57
cos(time in radians) -0.18 0.30 0.55
Season 0.10 1.04 0.92
Season * sittime 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
nt -0.17 0.24 0.48
nt f {SlFazy 0.10 0.13 0.43
nt fF aArgdimish YS Ay 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 217 0.99 0.02*
Ts1* sin(time in radians) 589 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 231 224 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) * Daylig 0.65 0.46 0.16
{SlIazy fF aiAyouays -0.08 0.19 0.69
Season * sin(time in radians) %T 1.12 0.80 0.16
Season * sin(time in radians) T -2.47 1.10 0.02*
Season * sin(time in radians) T 0.69 0.65 0.29
Season * sin(time in radians) &3 0.03 1.01 0.98
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Fig4.7: Daily activity patterns of molerats during winter (August; October).Mean daily air temperature
(red) and soil temperature at @7 cm (blue) are plotted on the right axis. The median time rnals were
active is highlighted in purple. Hours of darksese 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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Fig4.8: Daily activity patterns of molerats during summer (Februarg April). Mean daily air temperature
(red) and soil temperatures at@Q7 cm (blue) are plotted on the right axis. The median time rnale 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 pf the
raw data.
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4 .4 Discussion

In this study, soildmperatures at < 7 cm and time of day were the best predictors of activity patterns in
the heterothermic Natal moleat, with soil temperature varying significantly over the course of a day and
between season®uring summer individuals avoided activityrithg 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 ialtiigties
or latitudes (Hinze and Pillay 2006, Williams et al.20asata et al. 2017, Flores et al. 2021is result also
confirms recent work on activity patterns in melats observed in a captive setting (Hart et al. 2021
Oosthuizen et al. (29 observed that wild Natal molats 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 vaéidhis prediction because in summer, Natal
mole-rats showed bimodal peaks in activity during the cooler soil temperatures and a unimodal peak in activit
during winter when soil temperatures were highest. Oosthuizen et al. (2021) found that mean bodsregurp
was higher during winter than during summer, and this result may have indicated increased activity durin
winter. In contrast to that suggestion and previous studies on a related -nablspecieskliba et al. 2007),

did not find a significant difference in the frequency of daily activity between seasons.

Previous work on bathyergids, including the Natal male has shown that circadian rhythms freen
under constant conditions and both light and temperature mayr&n circadian rhythms (Hart et al. 2004, van
Jaarsveld et al. 2019, Hart et al. 2021n laboratory studies, mole rats preferred temperatures betweer 18
22°C while in complete darkness (Hart et al. 2§)2Interestingly) found that even though diwas consistently
below this range during winter 17°C, Supplementary Figure 4) and rarely greater than 20°C during summer
(g2 -21°C, Supplementary Figure 5), mod¢s did not show an even distribution of activity periods over a 24
hour period duringeither of the two seasons. Howeveémust note that soil temperatures from the ERA&nd
dataset were 3°C lower than temperatures recorded via temperature loggers at the study sitdusnday
not reflect actual burrow temperatureMinute temperature changes may be enough to elicit a change in
F OGAQGAGE NKelKYa Ay adzommiSNNYySlIy NRBRSydGa o6D2f RY!I
changes in foraging tunnels may well be a primary driving force in the entrainmeircaflian rhythms since
bimodal and unimodal activity patterns were found in various subterranean mammals (this study, Benedix 199.
wST SYyRS SiG It ® unn adlsspeidiopn7d% dbtheir tinfe ih tha mest [Beéndett 24920), &hich
may beat 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 activit
02dzi o haid SN Stal 201 Pemperatured in the|nésNniay be higher than the surrounding burrow
system due to increased heat generated through huddling and body heat of animals confined in a small spa
(Buffenstein and Yahav 1991, Kotze et al. 2008). Hazlerigg et al. (2019)tsdgbas the better a retreat
insulates an animal against environmental extremes, the less information the animal may obtain about extern:
conditions and when to emerge. However, the relatively shallow nests of the Natatrataleay experience
greater tanperature fluctuations despite the thermal benefits of huddling (Marhold and Nagel 1995). Exact
thermal conditions inside moleat nests are still unknown and would be of interest to understand
thermoregulation and activity patterns.

Seasonal changes im@ronmental 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 th
microhabitat of the burrows. Decreased food availability during themea late dry season caused a related
decrease in outside the nest forays in the Ethiopian giant roofTiatlfyoryctes macrocephajushich feeds on
aboveground grasses and forbs (Vlasata et al. 2017). Vlasata et al. (2017) concluded that food caching ¢
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availability may be of minimal importance compared to thermoregulatory demands. The seasonal difference
in activity observed in this study are unlikely to be affected by seasonal food availability sinceataaiely
upon the underground storage orgaws$ plants (tubers and corms, collectively referred to as geophytes) for
their nutritional needs (Bennett and Faulkes 2000). These geophytes are availabtewyedyand bathyergids
famously cache food, which root rats tend not to do, and caching is preguim provide the group with
resources through droughts and periods of decreased availability (Bennett and Faulkes 2000). Seasonal chan
in carbon dioxide and oxygen concentrations could potentially affect locomotor activity. The seasona
fluctuation ofburrow gases of bathyergids is understudied and completely unknown at the study site. Levels c
carbon dioxide may increase during periods of rain due to increased soil moisture and decreased g
permeability, which may in turn trigger increased diggingvaty (Burda et al. 2007). While our study did not
find an effect of rainfall on locomotor activity, our methods prevented an assessment of digging hehavio
study on seasonal changes in gas compaosition in the burrows of the giant root rat that bva@sdar elevation,
climate, and annual rainfall to our study site found minimal fluctuations in carbon dioxide and oxygen level
0SUis6SSYy (KS aSlhaz2zya 6~dzYoSNIY SiG Ffd® HanuHnOd CdzNI K
in the burrows othe silvery molerat (Heliophobius argenteocinereiis Ay al € 6 A 0 ~dzY o S NI
Natal molerats are among the few heterothermic mammals, exhibiting the lowest body temperatures
of bathyergids, the narrowest thermal neutral zone, and one of the higinesting metabolic rates in
bathyergids (Bennett et al. 1988 ~dzYo SN} HAamMdZ h 2Tad tKedafall nuyfral foie of f d
bathyergids may increase at higher altitudes, and a lower body temperature has been suggested to be ¢
adaptation to colder evironments, enabling animals to expend less energy maintaining their body temperature
at lower ambient temperatures (Broekman et al. 2006pund that soil temperatures in foraging tunnels vary
between 5C or30°C below their thermal neutral zone durisgmmer and winter, respectively, and these
physiological adaptations may be an evolutionary response to shallow tunnels and the resultant season
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 beshanay increase
body temperature in moleats (Zelova et aR010, Okrouhlik et al. 2015). Metats living in shallow tunnels
which experience greater temperature variation may need to be selective in their activity periods to preven
overheating due to their poor heat dissipating abilities (Luna et al. 2020, t&aéia al. 2021). However,
increased soil moisture during summer may provide a cooling effect via conduction to decrease bod
temperature during or after activity bouts by pressing their ventral surface against a cooler surface (Okrouhli
S I f & Hkaet@mlZ2024)SBexsBnal changes in daily activity would be an effective thermoregulator
adaptation to reduce the risk of overheating while digging (Goldman et al. 1997, McGowan et al. 2020
Locomotor activity was concentrated during periods of lovemperatures in laboratory studies (van Jaarsveld
etal. 2019, Hartetal. 20B0 YR Ay LISNA2Ra 2F Y2RSNYGS GSYLISN
H N MmN Z etal]l 2018)0 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. Therefaanot discern if a drop in
body temperature stimulated an activity boubr the animal to increase core body temperature via
thermogenesis (Block 1994) or if body temperature increased due to rising burrow temperatures as seen |
naked molerats (Buffenstein and Yahav 1991). While increased body temperature may be assodiated w
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 correlate
of body temperature, tunnelemperature and activity patterns utilizing temperature loggers, RFID technology,
or accelerometers (Williams et al. 2020).

Pagel 70



Chapter4d ¢ Locomotor Activity in Natal Moleats

Laboratory studies found differences in activity patterns between the sexes (Haupt et al. 2017, val
Jaarsveld et al. 2019), yedid not find sexbiased differences in activity patterns in colonies of frapging
Natal molerats. Our study did identify an effect of body size on activity similar to +edémetry studies on
wild molerats of the genud=ukomyswhich found that largeindividuals were less active than smaller ones
O[ 209SANR GBS mopyy > efal P&6a)SHowdvdr, Branciolirtalz(2020) fouNdtitat body mass did
not predict activity even though reproductive individuals were overall heavier than-reproductive
individuals. Relatedlydid not find a difference in activity patterns between reproductive and-neproductive
individuals contrary to studies on the social modés of the genus-ukomyswhich found that reproductive
individuals were less awe than nonreproductive individuals (Lovegrove 1988, Oosthuizen and Bennett 2015,
~ 1 f gia. 2016a, Van Daele et al. 2019, Francioli et al. 2020, Houslay et al. 2020). These results may indic
that reproductive individuals ofFukomysmnole-rats must egulate energy expenditure between reproductive
and burrow defeie tasks. In Damaraland metats reproductive suppression is controlled by physiological and
behaviasral mechanisms. Ovulation is blocked in rreproductive females, but incest avoidance ypeats
breeding in males (Bennett et al. 1996, Molteno and Bennett 2000). This suppression remains until the individu
disperses from the group or an unrelated individual joins the group. In contrast, Natalraisldack
physiological reproductive suppr&sn, and incest avoidance or aggressive interactions appear enough to
prevent inbreeding (Oosthuizen et al. 2008). The similarities in activity patterns in Natatat®haay indicate
more equal contributions to burrow maintenance and other cooperatieddviars between dominant and
subordinate group members. It may also indicate that food resources are not as limited or scattered at the stud
site compared to the Kalahari where Damaraland nraks occur. Therefore, reproductive Natal malts may
not be required to conserve energy by reducing activity or relying on other group members to collect food. |
may also indicate that reproductive individuals may need to be constantly on guard to prevent the intrusion o
non-group members since groups are murbser together at this study site€e Chapter 3 &)5

Activity patterns in social species may be affected by social cues, and sociabhisadserved singly
may exhibit up to double the activity period of those in a complete colony (Hickman R8809o and Goldman
2000, Lovy et al. 2013). The findings of Lovy et al. (2013) particularly highlight the importance of maintainir
social groups during observations. The authors found that a solitary female giantandfikomys mechowii
in natural cowlitions was more active during midday when temperatures were highest, compared to complete
family groups which were more active at night (Lovy et al. 2013). Socialrateleonserve heat via huddling
and are more prone to heat loss during periods of lolwarrow temperatures Kotze et al. 2008; dzY 6 S NJ
2019). Lovy et al. (2013) proposed that being active during the hottest part of the day minimized heat los
because solitary individuals cannot conserve heat via huddling.-Mtdecan shed excess heat fraheir feet,
ventral surface, and via behau@l adjustments, such as rolling on their back or pressing their belly to the
022t SNJ a2Af 2F GKS GdzyySt o6+S2YSt{lF S Ffd HAHMD
temperature. Whenambient temperature drops, heat can be conserved through the vascular constriction in
GKSAN)I FSSGxX OKIy3aSa Ay o02Reé LlRaildz2NBI 2N KdzZRRf Ay 13
fur of common molerats Cryptomys hottentotuswas found to have better insulating properties compared to
related species that live in tropical environments, and this may be an adaptation to greater fluctuations ir
0dzZNNB ¢ (G SYLISNI G dzZNB & ¢ +usadhésordgulatich fhuddlingp changesdady gosture§ K |- |
or moving to warmer or colder areas of the burrow) may help rrats to maintain body temperature within
their thermal neutral zone. It can be assumed that a decrease in body temperature may trigger an activity bou
forcing an animal to bexne active to increase its body temperature (Block 1994). However,-ratdehuddle
with other group members in a nest during rest periods to conserve heat (Kotze et al. 2008). Thus, it would ¢
unlikely that body temperature would significantly decreadele’huddling. Therefore, molets may time their
periods of wakefulness and rest to coincide with daily burrow temperatures. Future studies investigating activit
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patterns in social moleats should maintain group cohesion to account for the effectsofed cues on activity
patterns. RFID technology can easily be applied in a laboratory setting to track individual activity patterns ¢
group-living animals with the implementation of new opsource and 3D printing technology to decrease costs
(Schielke eal. 2012, Habedank et al. 2021).

Predation avoidance has been suggested to affect activity patterns in other small mammals such as vol
(Microtus ochrogasterGetz 2009). Activity periods for blalsicked jackalsGanis mesomelasand serval
(Leptailuris serva), both known predators of Natal mokats, were primarilynocturnal during winter and
crepuscular during summer (Ramesh and Downs 2013, Humpbhries et al. 2015). Our results indicated that mc
rats reduced activity during these periods in winteut lwuring summer were more active during predator
activity periods. In both serval and jackal, madé¢s make up < 5% of their diet and may be a seasonally available
prey item (Ramesh and Downs 2015, Humpbhries et al. 2015). Therefore, it is more likéhetloav instances
of predation on moleats by serval and jackal are due to a low encounter rate or greater effort required for
capture, instead of moleats altering their daily activity patterns in response to predation pressure.

Van Jaarsveld et al2@19) 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 ¢Desey and Menon 1991, Rado et al.
1993). Recent work in South American tdaoos Ctenomysff. knighti) has shown that individuals may entrain
their circadian rhythms by infrequent exposure to light during surface excursions (Jannetti et al. 2019eFI6re
al. 2021). At the study site, many groups of mi@es 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 hdieading into the tunnel, indicating that melats may spend considerable effort
G2 &aO0tSlyé¢ GKS GdzyySt SEAGL o6Y®D CAYyyYyZIZ IChyptomysyichld I
G2LISYy  K2fS (2 0GKS &adz2NFI OS constriciod. Atfkedstudy 8itd, myidtsy S
continued to make mounds through the dry season, likely due to increased soil moisture of mesic grasslands
the Natal region compared to more arid regions of South Africa (K. Finn, A. Janse van Vuurenspefdudt)
mole-rats may be exposed to light throughout the year during mound construction. A family group cfat®le
may produce between § 7 mounds per day during the rainy season (Genelly 1965, Jarvis et al. 1998). Durin
mound construction, one indidual may lead digging while other group members assist with sweeping excess
soil away and most individuals in a group contribute to digging (Zelova et al. 2010). Since light may penetra
along the tunnel for less than a nretwhen the surface is breacti€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 ¢
temperature is the dominant entrainer of circadian rhythms in ra@ts remains unclear.

This studyused RFID technology as a Aomasive method to monitor activity patterns in a wild
subterranean mammal. This method can be easily adapted to monitor activity in small mammals in areas th
may involve safety risks to researchers, such as African reseceapied by large predatorslickman (1980)
recommended studies to understand the effects of temperature and otherptwotic cues on activity patterns
in subterranean mammals. Surprisingly, in the 40 years since this suggestion, few labstatbeg 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 &, R@24s et al. 2021). There
have been many fieldtudies in various subterranean species where burrow or soil temperatures and activity
LI GGSNYya oSNB YSF&adzZNBER O0DSUOUGAYIASNI mpynT [/ FYSNRY
2007, 2014, 2015, 2016b; Vlasata et al. 2017, Jannetti 2049), with only a handful combining both laboratory
and field observations (Rezende et al. 2003, Flores et al. 2021). Results from studies on activity may dif
significantly between wild and laboratory subjects of the same species due to artdiotabtory conditions
OwST SYRS S etal 2014randralekencestheriid).l To date, only two studies have employed daily
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temperature fluctuations during observation while keeping animals under constant darkness (van Jaarsveld
al. 2019, Haret al. 202b); however, these studies were on isolated individuals of a social species. One stud
has mimicked the periodic light pulses from mound construction (Rado et al. 1993), but they maintained .
constant temperature during the experiment. Laboratatudies would benefit from maintaining social species

in a tunnellike atmospheregensuzottl et al. 2016) kept under constant darkness with and without infrequent
light pulses and exposed to daily temperature fluctuations to simulate natural vargatioey experience in
foraging tunnels during both winter and summer. The ingenious addition of pbensors and accelerometers

on wild subterranean mammals (Fléres et al. 2021) would provide valuable data on individual daily activit
bouts, quantify expasre 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 Figshai&ys://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 sobiatal
mole-rat

Abstract

Habitat features and mating systems shape genetic structuspeties populations. Microsatellites are
useful genetic markers which can be utilized to estimate connectivity, population trends, kinship, and dispers
patterns. Populatiodevel analysessuch as 45 focus on geneticelatedness amongocial groupings, while
relatedness coefficients determineelatednessbetween individuals in the population. This studged
microsatellite markers tassess spatial grouping of family groups in the landscape and gene flow between thes:
groups to uncover patterns of relatedness and dispersal. | found that landscape features, such as a ®ad an
river, did not present major barriers to dispersal in Natal ralis. Dispersal distances estimated from genetic
markers indicated that genflow is maintained well within the study site. Femalesd shorter estimated
dispersal distances and were more related to neigitogg versus distant femaledhis result implies that
females are more philopatric than males, and dispersal is likely-mased.

5.1Introduction

Habitat features mating systemsand spatial distribution of resourcess well asindividualsin the
landscapall shapethe genetic structure of species populations (Bakand LugorVioulin 2002 and refrences
therein). Genetic markers, such as microsatellites, can be used to estimate poputatioectivity, historic
population trends (e.ghottleneckg, migration, kinship,in addition todispersal patterng&nd other population
dynamicqTelfer et al. 2008, h Selkoe and Toonen 2008/aser et al. 2006l aylor et al. 200Reery et al 2008
Pemberton 2008 Microsatellites are useful in studies of present demography or connectivity patterns and
other changes within recent generations (£QL00) due to their highemutation rates (Selkoe and Toonen
2006).Small isolated populations are subject to genetic dritili@ix and Lugotoulin 2002), but dispersal
may occasionallyallow individuals to leave theitocal areato colonize new habitat or immigrate into
neighbairing areas Thus, dispersal affectse spatial organization of allele frequenciesboth individuals and
populationsto maintain gendlow and metapopulation dynamics between populations (Sutherland et al. 2000)
Knowledge of dispersal patterns are important for understanding population structure, the consequences o
habitat fragmentation, ando implementconservation measures (Chetkiewicz et al. 2006, Heinz and Strand
2006)

Prior to the advanaments of molecula techniques to uncover dispersal dynami@s., indirect
methods) most studies assessed dispersal dynarfims direct observatioal studies such ascapturemark
recaptureor radio telemetry(Broquet and Petit 2009). Theskrect methods provide valuable data on the
transience and settlement stages of dispersal, afign reveal sexbiased patterns in dispersal behaviour
(Clobert et al. 2009). Howevedjrect methods can be both time and labour intensidae to the nature of
tracking individuals whicbften requrestracking individuals outside the study area (Maag et al. 2@#2¢lying
on large study areas to ensure recapture of dispersing individuals (Finn et al. RO2RYispersal studies the
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likelihood of detecting rardongdistance dispersal events understanding sex bias in dispersal patterss
severely limited (Koenig et al. 199@)direct methodsusing genetic materiadllow the measureof effective
dispersal bycompaing allele frequenciesn molecular markerssuch as microsatellitedbetween populations
(Goudet et al. 2002Banks and Peakall 2012)hese methods can be employed through populatievel or
individuatlevel analysis. Populatidievel analyses focus on a location or social groupingentputeFstatistics
(Weir and Cockerham 198&oudetet al. 199). By comparinghe total genetic variance of a populatioRs{)
between the sexes, sdxased dispersal frequencies can be detected (Goedetl. 2002, Vitalis 2002T.he
other method relies upon multilocus genotypes of individuatiglifferent locations to identify differences in
spatial patterning of geneticmarkers between locationsr genetic similarities between males and females
(Bankset al 2005, Double et al. 200%trong genetic spatial autocorrelati@an bedetected even when subtle
sexbiases in dispersal patterns are present, but only when sample sizes are large (> 200 individuals sampl:
Banksand Peakall 2012Parentage angkesare also useful in species where adults are relatively sedentary,
avoid mate searching after settling in a territory, and offspring can be grouped int@pdepostreproductive
classes (Woltmann et al. 201By matching offspring to a parent paisiag likelihood ratios e geographical
distances between parertffspringpairscan then be used to infer dispersal distandeslividual basedpatial
autocorrelationanalyses are more appropriate when dispersal distances are over tens to hundredsre$ me
rather than kilometres (Banks and Peakall 20E2)d would be appropriate for African melats due tothe
majority ofdispersaldistances beingess than 1000m (Mynhardt et al. 2021, Finn et al. 2022)

Roadwften act as a barrier to movement and dispersal $mall mammalgEsperandio et ak019) but
even small steams (< 4m) may be barriers for small mammals (Savidge 319&eiEs may avoid roads due to
noise (Parrisind Schneide2009) artificial lighting (Oten 2002) or mortality (Alexander et al. 2005but more
often due to the fact that a Ipysical obstaclés present preventing movement acro§sahrig and Ford 2008
Balkenhold and Waits 2009or example, Fahrig and Ford (2008) fodnat small mammals avoid crossing
roads due to the road surface itseéfeasonal variation in behaviour, such as mate searching dhergeeding
season can cause temporal variation in the effects of roads on species (Bond and Jones28083ultroads
may prevent access to mates, food, or breeding sites and may lead to habitat fragmeneioetic isolation
of populations and increased local extinction rigi&alkenhold and Waits 200Blolderegger and Di Giulio 2010
The effect of roads and streanas habitat fragmentation may be exacerbated in small mammal species that
are exclusively subterranean, such as African male or tucetucos (Esperandio et al. 201%olecular
analyses can be highly informative to evaluate the relative impact of roadeioe flow and population genetic
structure (Balkenhold and Waits 2009).

Direct observations of dispersal events in madés are rare Jarvis and Bennett 199Bazell et al. 2000
Finn et al. 2022) and recapture of known dispersers is uncommon (Jadvigeamett 1993, Spinks et al. 2@)0
Young et al. 2010;orrentTicOet al. 2018Finn et al. 2022)Some species of nerats are capable of travelling
over2000m during dispersdBraude 2000, Bray et al. 2012)th the Damaraland moteat capable of travelling
over 5000m (Finn et al. 2022h the social speciesffspring of the reproductive pair rarelyf ever,become
breeders in their natal group (Torrenf8coet al. 2018, Thorley et al. 20 Males willreadily disperse from
their natal groupeither alone or occasionally in coalitiotasjoin established colonies and are more likely to find
a potential mate in the proceqdarvis and Bennett 199Burland et al. 2004, TorreniEicéet al. 2018, Thorley
et al. 2021). Females on the other hangrimarily disperse aloneto establish a new burrow system for
themselves to wait for a mate to find therouyt rarelydo they disperse in coalitiorfPatzenhauerova et al. 2013,
TorrentsTicoet al. 2018, Finn 202Mynhardt et al. 2021Thorley et al. 202). Dispersal likely occurs primarily
above ground (Hazell et al. 2000, Bray et al. 2620 2021 Finn et al. 2022), but may also occur through
territory budding where individuals estalitis new territory forthemselves in rarely used sections of the natal
burrow (Lovy et al. 2013Vlynhardt et al. 2021, Finn et al. 2022, Thorley et al.1202
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Previous genetic analysis Gfyptomyanole-rats have focused opaternity-maternity analysis (Bishop
et al. 2004, 2007) or phylogenetics (Faulkes et al. 2004, Ingram et al. 2004, Visser etalbR0lts study
assessed spatial relatedness and compared withimd betweengroup relatedness in the Natal metat, a
member of theCryptomysspecies complexihe aims of tlis studyare to degermine aspects related to spatial
population structure of the Natal moleat in the KwaZuldNatal Provincef South AfricaSpecifically, | wanted
to investigate the presence of sdxased dispersal in both frequency and distances travelled during natal
dispersal for each seas well ad assess individual relatedness both within and between social groups. Lastly,
this study investigated théypothesis thatroadsand rivers may act asdispersal barriers to a subterranean
mammal.Spatial population structure and indirect methods of estimating dispersal distances irratelbas
only been explored for the arid dwelling Damaraland male(Mynhardt et al. 2021). Due to the highand
more reliablerainfall inKwaZuluNatal,the constraints against dispersal are expected to be relaxed. Therefore
| predict that both dispersal rates as well as relatedness between groups would be tiighenolerats from
arid regions. | would also expebat spatial autocorrelation of genetic relatedness and geographic distemce
remain consistent over long distances as seen in Mynhardt et al. (2021). Invetings, neighbouring groups
are expected to be just as related to each other as twore distant groupsbecause the environmental
conditions are moreamicable in mesic grasslands compared to the Kalahari.

5.2 Methods
5.2.1AnimalCapture

Natal molerats were captured as outlined thapter 3.Briefly,animalswere captured at the study site
in approximately émonth intervalsfrom January2020until July 2021and marked witha transpondertag at
capturefor unique identification Sixteen of the52 groups were captureanore than onceand the remaining
groups in the study area were only captured on&ecapture aGPS location dhe groupQ lécation was taken
for spatial analysid. calculated the mean distance between all groups at the study site as well as the mear
nearest neighbar distance between groups (i.e., the minimum distance to the nearest adjacent group averagec
among all groups) using the Haversine methoddansphergHijmans et al. 201%andrgeos(Bivand and Rundel
2020) in R 4.0.5 (R Core Team 2021). These spat@hchst between groups provide a better context for the
dispersal distances in terms of spatial organization of social groups in the landscape, and distances individu
may be required to traveb locate matesor create a new burrow.

5.2.2DNAExtraction andMicrosatelliteGenotyping

Tissue samples were collected frome tail tip ofeach individual upon capture and stored in 90% ethanol
at-20°CThe distal 22mm of the tail tip was collected from each individual using a single use steripelkddie
wound was also used to collect a blood samala then bleeding was stopped with a paper towglood
samples were used for hormone and oxidative stress analysis (see Chaf&/Ayas extracted from tissue
samples using QIAGEN DNasy® Bloodssudikits (QIAGEN, Hilden, Germdoypwingd KS Y I y dzF I O
instructionsand stored at-20°C A total of 14 microsatellite markers were uséal genotype the samples
including 13 bathyergid specific markgMoore et al. 1998Burland et al. 200lingram 2004 The markers
were divided into two multiplexe§Table5.1).t NA YSNE 6SNB pQ Tt dz2NSa O8GRI f
F YL AFAOFGA2Y g1 & OF NN &iRg 12.8aliof laginufd Muttiplex RBR- Masdter Ry ¢
(Applied Biogstems Foster City, QA0.5uM of each primer, and 20100ng DNA. PCR was performed on a
SimpliAmp Thermal Cycler (Applied BiosystamB)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
seconds, and 72°C for 30 seconds, and ending with a final extension stepnail@6s at 72°CPCR products
were checked for contamination against a negative control on 1&©ag gelGenotypes were generated using
an ABI3500xI automated sequencer (Applied Biosystems) andsadalging Genemarker V2.3dftGenetics,
State CollegeRA.

Of the 403 individuals captured during the studlyree individuals were missingenotypes formore
than half of themarkersand were &cluded leavinga sample size o400 individuad (202 males and 198
femaleg. Of the 14 markers tested, twavere dropped due to poor amplification (DMR2 and Clade was
monomorphicin the population (Cmechgand DMR4 was dropped due to high levels of null al{@lable5.1).
Three of the markers were modified from Burland et al. @Ghd renamed to DMRNDMRN3, DMRNTTéble
5.2; Mynhardt et al. 2021)The allele frequencies, observed and expected heterozygosity, presence of null
alleles, and HardyVeinberg equilibrium values were obtained usthg Genepoppackage in RRousset 2008
Table5.1).

Table5.1: Microsatellite markers used in this studyla: annealing temperaturek: number of alleles in the
population,H, observed heterozygositye expected heterozygosity, HW: Hardjeinberg equilibriunwhere
ns = not significant and * = level of migcance F(null): frequency of null alleles

Marker Dye Size Ta(°C) k Ho/ He HW F(null)
Range

Multiplex 1

CH12 6-FAM 103¢ 137 60 8 0.766/0.757 ns 0.0603
CH2 VIC 110-134 60 10 0.767/0.808 *** 0.2094
CHZ? PET 120¢ 136 59¢57 7 0.656/0.708 ** 0.0511
DMRNZ? PET 264¢ 308 59.2 13 0.465/0.856 *** 0.2207
DMRN7 VIC 190¢ 206 60.3 8 0.788/0.802 ** 0.1808
Cmech3¥ 6-FAM 264¢294 58 5 0.258/0.263 *** 0.1362
Multiplex 2

DMRNZ VIC 198¢ 226 57.6 6 0.608/0.572 ns 0.0000
DMR5* 6-FAM 244¢274 57¢55 8 0.354/0.461 *** 0.1019
Cmech#& PET 354¢ 296 58 9 0.744/0.752 * 0.0178
NCAM? NED 230-270 55 8 0.830/0.800Q *** 0.1927

aBurland et al. 200°Mynhardt et al. 2021¢ingram 2004%Moore et al 1998

Table5.2: Redesigned primer sequencé®m Mynhardt et al. (2021)

Marker t NRA YSNJ & Sdj@ipS y O ¢ Repeat motif
(forward sequence first)

DMRN1 TCTACTCGGATACACCTCTC (CTs
TTGGCCTAGACAGAACCAAC

DMRN3 GGCAGTGACTGGGATTATGA! (CTy7
TTAAGGGAGGGAAGGCTAG

DMRN7  CATAGCACTTTAGCTTCACGT (TG)s
CTTAGCTCATCCCTAGCAGC
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5.2.3Spatial Relatednegsnalysis

The program SPAGeDb (Hardy and Vekemans 200&ps used to calculatpopulationlevel Fstand
individuatlevel relatedness coefficientr). PopulationFstis the proportion of the total genetigariancethat
resides among populationsr family groups in the case of social spe¢itertl and Clark 1997A highFstvalue
would indicate reduced similarity of alleles (i.e., genetically distinct), while &swould indicatethat groups
aremore genetically similar. Generally, Bstbelow 0.05 is considered low genetic differentiation and over 0.15
as significant differentiatio (Hartl and Clark 1997, Frankham et al. 20Additionally, the sex which remains
longer in the social group (i.e., philopatric sex) is expected to have hiigh@nd r values than the sex which
more frequently disperses (Weir and Cokerham 1984, Goatlat. 2002) At the individual level,alatedness
coefficient ¢) 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 on
another. Relatednessalues range from O to lwith values of 0.5 indicating parewffspring or sibling
relationships, and 0.25 indicating halbling relationships. Negativevalues may also occur when a pair of
individuals has a lower genetic relatedness compared to two individuals taken atmaindm the population
(Queller and Goodnight 1989, Rousset 20@2)he population level, @irwiseFstwasanalysed using a nested
ANOVA to assess genetic variance amiheg52 socialgroups(Weir and Cockerham 1984At the individual
level the relationsip coefficient r, was used tassesshe relatedness between individuals both within and
between groupdgi.e.,within- andbetweengroup relatednessover the distance classé@ueller and Goodnight
1989)

To explorethe presence and direction aexbiased dispersdioth Fstandr were calculatedseparately
for all males(n = 202in 46 group}andall females(n = 198in 52 group}by permutation analysign SPAGeDI
and then compared usinggtests in R 4.0.5 (R Core Team 20Zhe maximungeographic distance between
groups in my dataset calculated by SPAGeDI was 970m, so in my spatial analysis a distance ah@@0afn0
was used over 10 distance classes in 100 m increments for all individualg(0).Because tlie genes of
immigrants would be carried by offspring of the immigrants, aggneticdifferences between the sexasay
disappear if offspring are included in the analysis (Goudet et al. 2@@2)ly only reproductive females would
be analysed, butsrcalculations require morehan one individual in a group or population, and likewise within
groupr would not be availableTherefore, | repeated comparisons lgfrand r within sexedor adultsonly to
reduce the influence gbhilopatric individual®n Fstand relatednessAdult individuals were selected based on
body mass, with females weighing over 80g amlesweighing overl00g These values were based on results
from asymptoticgrowth rates(see Chapter 3 Ths datasetincluded61 females and’73 males

5.2.4lsolation byDistance

Isolation by distance (IBD) refers to tipenetic variation among populations or individuals resulting from
dispersal (Broquet and Petit 2009). In other words, #iation where neighboring individuals are more
genetically related than distant individual8Dcan be used to uncover séxased dispersal patterns (Balbou
and LugorMoulin 2002).IBD relies upomegression ofpairwise genetic distance values (eBE w2 dzi & ¢
distance, kinship coefficient, rekdness coefficient) againghe logarithm of correspondinggeographic
distancegRousset 1997, 2000)he slope of the regression linkldg) is informative to show the direction of
IBD across distance classes (Hardy and Vekemans 1999).

IBD was testedh both males and femaldsr datasets including all individugls = 400 andreproductive
individualsonly (n =105) across 10 distance classes100m Firstpermutation matrices ofjenetic distances
(pairwiseFstandr valueg and correspondinggeographialistances for individualswere calculated in SPAGeDI
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with 1000 permutationseach Usingthese matricesa Mantel test was performed ISPAGeDib assess the
correlation between genetidistancesand geographic distancésr males and femalelsy comparing observed
andpermutation valuegHardy and Vekemans 1999)

5.2.5DirectEstimates ofDispersalDistance

| 26 NR omdpcnd RSTAYSR RAALISNAEFIT a ay2gSYSyl
where itNB LINE RGE@rdwaad (1980) expanded on this definittondefiningnatal and breedingdispersal.
Natal dispersal refers specifically to dispersal performed by juveniles dhgirgnovement from the birth site
to their first breeding territory (Greenwood 1980Adult individuals which have alreadyndertaken natal
dispersal reproduced but subsequentlymove to a new breeding locatioim search of mates is considered
breeding dispesal (Greenwood 1980)For social mole-rats it is expected that females perform only natal
dispersabecauseonce they establish themselves as a breeding individual tleayot move to a new burrow
(Mynhardt et al. 2021Thorley et al. 2021, Finn et al. 2)2It is exceedingly rare that breeding dispersal occurs
in males of social molets since genetic studies have not detectadmale siring a litter imultiple groups
within the same yea(Bishop et al. 2004, 2007; Burland et al. 2004; Bray et al.)2002Patzenhauerova et al.
(2013) detected a case of extra pamternity in a neighbouring groupdynhardt et al. (2021) observetvo
cases where males dispersed multiple tina@sl concluded they performed breeding dispersal.

During the studypreviously capturedhdividuals wereccasionallyecaptured in a new location distinct
from their natal group and suspected to have performed dispersal. Thkres&ndispersers were ideified by
the presence of a transponder tag, having been captured and marked previoushygaadot recaptured with
members of their natal group. The Euclidian distance between the original capture location (i.e., natal grou
GPS point) and recapture Id@n (i.e., immigration group GPS poinf)known dispersersvzas measured to the
nearest mete using the Haversine method in the packag®sphergHijmans et al. 2019%n R 4.0.5 (R Core
Team 2021). The total sex ratio of dispersing individuals was agdduby taking the number of males divided
by the total number of dispersers. Then the sex rati@rdwn dispersers was compared to the mean adult sex
NI A2 2F GKS LRLzZ I GA2y dzaAy3 | CArakKSNna SEIFOG

5.2.6IndirectEstimates ofDispersalDistance

Dispersal distances werestimated from genetic datdor reproductive males and femalesnly to
remove any confounding effects of pdispersal individualsThe gene dispersal distance parameter, sigma (
can be calculated based genetic distanceffective neighbarhood size ) and effective population density
(De). Sigma alone is not a measure of dispersal distance but is used to calculated dispersal diSEhGe!
(Hardy and Vekemans 200&ps used toO | f Odzt |  SistawcewlzikhaiShie Gefeticdistance between
gene copies within individuals for each category (Rousset 200@) regression slope of pairwise values of
geneticdistanceon the log ofspatial distancdor all pairs of individualflog) can be used to g¢snate Ny:

0 plfodé Q (1)

Hfective population sizeNg) is requiredto calculateDe, which represents the number of breeding
individuals in the population (Wright 1931). Thus, a large population can behave genetically like a small one
reproduction is limited to a few individuals (Lynch and Conery 2003), as is the case imtmolgth high
reproductive skewwhere only a single female reproduces in each graog reproductive pairs are generally
monogamougBennett and Faulkes 200Bishop et al. 2004, Burland et al. 2004, Patzenhauerova et al).2013
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Ne estimates can vary widely depending tre estimation method employed and as a result the estimated
genetic dispersal distance can also vagnSuAthrey et al. 2015)Therefore, two methods weremployed to
estimateNe: linkage disequilibrium [) and sibship assignment (SA). LD is a sisglaple estimator o based
on estimates obssociations of alleles at different loci in a sample and is considered reliable wheantipée
size is large (England et al. 2006). The SA method utilizes the allele frequencies of full-aitddyalfis in the
sample population to estimatBle (Wang 2009). | used NeEstimator 2.1 to estinfdféased on the LD method
assumingnonogamousnatingand the lowest allele frequency of 0.05 (Do et al. 2014sed COLONY 2.0.6.8
to estimate Ne using the SA method assumimgn-random mating (Jones and Wang 201Bpth methods
utilized allele frequenciesom all genotypedindividuals in the population.

ThenDe and Ny can be used to calculategsna using Wrigh{1931)equation forN:

o — )

6 10, 3)
— (4)

Since, is the square root of half the mean square pareiffitspring distance, the genetic dispersal distacaa
be calculated as:

Distance ¢, (5)

Lastlythe effective number of migrants per generatiofiNem) were estimated for each sex using Wright (1943)
This relationshipcan also calculate the effective rate of new immigrants into the population if effective
population sizeNe) is known.

0 L ©)

5.2.7GeneticdusteringAnalysis

The study site hashtee landscape features which may act as physical barriers to dispersal: a) a grave
road to the southb) the Little Mooi River to the nortrand c) a steep isolated hill bordered by a forest to the
east(Figure5.1). The road spans X317m including the veye, while the river spans roughlyc5m. The water
depth of the river varies between seasons and due to rainfall upstream from less than 30cm during winter ti
over 1m with a swift current during summer. Additionally, some sections of the river have lstéedys to a
height well over 1m. Thus, based on these potential barriers, the individuals were divideddififierent ésub-
populationg to correspond to south of roadRpad, north of river Rivel), top of the hill (Hill)or certral primary
population Core).
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Figure 5.1: Assumed population clusters for genetic clustering analy$is.purple area indicates the stud
area in which trapping for moleat groups was focused. Molat family groups were assigned into one ¢f

four populations based on geographic features which may act as dispersal barriers. Groups south of the roac
wereasi A Ay SR GKS aw2l RE LRLIzZ FdA2y > ANRdAzLIA y 2 NI 2 -
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A non-spatial Bayesian clustering analysias performed in BRUCTURE 2.3.4 (Pritchard et al. 2690)
assign individuals ta geneticcluster. In addition to defining genetic structure based on shared alleles, this
method would show the presence of barriers to dispersal if individuals from certain geographicnameas
clustered together into distinct subnits in the populationSTRUCTURE requires seténgange ofassumed
number of populations (Kjom1toY b M® ! RRAGAZ2y L ff&x {¢w! /¢! w9 KI 2
yields accurate individual assignment only under balanced sampling (Wamy 3@&cifically, individuals from
a population with small sample sizes are frequently assigned togéescluster while individuals from a larger
sample are split into multiple clusters (Wang ZR1Wang (207) therefore recommended settinthe prior
valueequal tol/K and allowed to vary between populationise(, the alternative ancestry prior) whesample
sizes were unbalanced
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| performed two analyses, one where tiaividualswere divided geographically based on suspected
barriers mentioned above, and another where tiheividuals werealivided into family groupsthe K values and
alpha prior values were adjusted for the two analysis methdésst to determine if the population was
geographicallfragmentedbased on landscape featurdaadividuals were assigned to one folur populations
based on their locationCore(n =295), River(n = 57) Hill (n =22), or Road 1§ = 26; Figure 5.1)Due to the
unbalancedsample sizes athe populations,an alternate ancestry prior and nondefault alphaof 0.25 was
selectedand Kvaried from 1 to5 for this analysisPopulation differentiation was measured for tHeur
populations by calculating population pairwiser (Weir and Cockerham 1984) in SPAGeDI using 1000
permutations.The data set washen subdivided by family group based on initial capture location for a total of
52 clustersof varyinggroupsizes 2 ¢ 18 individualg. The group sizes were fairly balancéess than a quarter
containedmore than10 individuals (n = 10)variedthe Kvaluefrom 1 to53, selectedan alternatealphaprior
and nondefault starting alphaf 0.02.Population differentiation was measured for the 52 family groups already
in section 5.2.3.

The two datasets were anasd using the admixture modehssuming thagllele frequenciesvere
correlatedbetween populations, a burn in 40,00Q 100,000 iterationsandwith 10 independent rungor each
K value The resultsfrom the two modelswere eachrun separatelyin STRUCTURE HARVESTER (Earl and vo
Holdt 2012) to determine the most likely K, indicateddoghn Y FNRB Y 9 @ y ghdin B|K)frénd 0o
Pritchard et al. (2000)After the likely K value was determined, the datasets were reasadyin STRUCTURE
using the same assumptions and alpha priors, With 20 independent runs at theinglen Y  Oforfede’s
datasetwith a burn in of 100,000 and 1,000,000 iterations to produce a final outResultswvere visualized
using CLUMPAK (Kopelman et al. 2015).

5.3Results
5.3.1Spatial Relatedness

The spatial relatedness of glenotypedindividuals in thepopulation(n = 400)and adult individuals only
(n = 135)were compared.The two datasets showed important differences. Considering the all individuals
dataset, nean pairwise stwas 0174, the meanwithin-group relatedness coefficient)(was 0.299and the
meanbetweengroupr was-0.0038 (Table 5.3)However, when the dataset was reduced to just adult individuals,
mean pairwiseFst decreased considerably to @7, mean withiagroup r decreased to 0.276, and mean
betweengroupr decreased t60.0082 However many of theother resultsfor males and femalesere reversed
in the two datasets Males in theall individualsdatasethad asignificantlyhigher pairwise Fst(0.179, but
femalesin the adult datasehad asignificantlyhigher pairwise Fst(0.188. The all individuals dataset found
within-groupr washigher for males (0.294) than females (0.281), but adults females had a much higher within
group r compared t@dult males(males = 0.279, females = 0.37%he betweergroupr for adult females {
0.174) decreased dramatically compared to all femal@9053), and was now lower than the values &aolult
males {0.0149) and all malesQ.0058).

There are many indications of mabéased dispersal in this populatiavhen the adult only dataset is
considered Adult males exhibited a lower pairwiser, alower within-groupr, and a higher betweegroupr
compared to adult femalesThese resultsndicated that gene flowand relatednesss higheramong males
between groups compared to femalesnales are more closely related to each other in the population than
reproductive femalesand malesmayfrequentlyimmigrate into other groups for breeding opportuniti€since
males from different groups were more closely related to each other it magatelmales disperse as part of a
coalition of related individuals for breeding opportunities and to increase the chances of at least one individue
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breeding.The higher Fstand lower betweergroup r valuesfor adult females indicatd that there isstrong
genetic differentiation among adult females in the population, which is to be expected in a species where .
single female dominates reproduction in each family grotipe higher withirgroup relatedness among adult
females indicatd that female offspring may remain in the natal group well past maturity before dispersal.
Alternatively it may indicatehat femalessometimesdisperse in femaldemale coalitions. Even if this dispersal
tactic occurs, only one female would become the biiegdfemale in a new group and the high reproductive
skew in the population is maintained. It should be noted that some of tléféerences between the sexes
were nd significant which mayindicate that sexbiased dispersal patterns may be slight

5.3.2 Isolation by Distance

For the datasets including all individuals of both sexes and reduced to adultsFenipcreased
significantly in both datasets as distance between family groups increased (Table 5.3). When coRspavery
the distance clases inmales and females separately only the all males dataset was found tancrease
significantly with distance (Table 5.3). The slope of the regression line of genetic digfaagailist spatial
distance(blog) was not significantly different than zero across all distance classes for all comparisons (Tab
5.3). Even thoughdult females show strong genetic differentiation and lower relatedness to neighbouring adult
females, there is no evidence for pronounced spatial distribution of adult females. It appeatsoth sexes
are capable of dispersing similar distancaasd gene flow is well maintained in adults and reproductive
individuals across all distance classes in the study Biterefore jsolation by distancevas not present (Figure
5.2 & 5.3). The differences between the all individuals and adult only dataset ayedikelto the presence of
pre-dispersal offspring with high relatednessthe all individuals dataset
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Table 53: Results of spatial genetic analysis in the Natal moég. PairwiseFsy relatedness coefficient) for both within and between groupsind
slope of the regression line for pairwisagainst spatial distang@®log). P-values forFstandr indicate comparisons between males and females.
andr blogrepresent the slope of the regression comparing spatial matrices of genetic dist&geasr] and logtransformed geographic distances.
P-values indicted resultsdm Mantel tests orblogwhere the alternative hypothesis is the slope is significantly different than zero

Within Between
Fst DF P-value Groupr DF P-value Groupr DF P-value Fstblog P-value rblog P-value

All individuals 0.174 -- -- 0.299 -- -- -0.0028 -- -- 0.0188 < 0.001* 0.0101 0.06
(n = 400)

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
Femalegn = 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
Femalegn =60) 0.188 0.375 -0.0174 -0.0003 0.96 -0.0145 0.18
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Figure 52: Population levelFstwithin 52 family groups of Natal moleats. PairwiseFstwas calculated
separately for males and females over 10 distance cldes€8) all individualsgales = 202, females = 1)94
and (B)adults only fhales =73, females =60). Points represent the meafkstwithin each distance class fq
males (blue) and fenes (red) with lines represenng linear regression. for bars represent upper ang
lower 95% Cirom permutation matricesand points outside the error bars indicateat observed values
were significantly different from expected values
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Figure 53: Individual spatial autocorrelation of relatedness iNatal molerats. Relatednessvas calculated
separately for males and femaleser 10 distance classes f@)all individual{males = 202, females = 198)
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values were significantly different than expected values
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5.3.3DirectEstimates ofDispersalDistances

The mean distance between groups at the study site was 388616 m, with a mean nearestighbour
distance of 47.331.2 m. | recaptured 19 dispersing individuals in new grawes the study periodTable 5.4).

The mean distance travelled by all knodispersers was 77.3 + 42.1 m (range 556 m), less than twice the
nearestneighbourdistance between groups and considerably less than the mean distance between groups. Th
sex ratio of known dispersers was femaiased (0.42), though not significandifferent than parity (pvalue =
0.74), nor different from the adult sex rat{dSR)n the population ASR= 0.44, pvalue = 0.47).

There were two dispersal observations of note. One male was recaptured in winter (15bedasgen
capture9 on theopposite bank of the Little Mooi River, 107m from his natal group. This observation implies
that he either swam acros®r dug under the river between February and July 2021. Another make
confirmed to explore the burrow of aradjacent group 5m awayard may have been seeking breeding
opportunities This male was first captured as an adaddg) in February 2020 and twice in August 2020
group #180n 3 February 2021 he wascaptured(1349)in anadjacent groug#19)and posses=d noticeable
testes vhereaspreviously testes were nabvbvious when examinedHe wasthen recapturedagainwith his
originalgroup (#18)on 11 Februanand againn July 2021There was no noticeable aggression between him
and other group members in the group he immigrateairand the two groups had a mean pairwise relatedness
coefficient of 0.006 indicating that they were distinct groups (only 56 of 430 paired individuals>hac5).

This observation is the second confirmed case of a srailexploring the burrow of aeighbauring family group
(see~ 1 f No I &1. Itis indlearwhather this intrusion led to permanent dispersal or whether connection
between groups was maintained or closed after the intrusion on thef3~ebruary.

Table 5.4: Proportions of aptured and dispersing individual®ercent is the proportion out of the preceding
category.Dispersers recaptured in a group are individuals which were captured in another established groug
Dispersers recaptured in a paire individuals which wereaptured 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 Grou 7 8 15
Dispersers Recaptured in a Pair 1 1 2
Dispersers Recaptured Alone 0 2 2

5.3.4IndirectEstimates ofDispersalDistances

Population size estimates were similar between the ND=(95.6 individuals (95% CI 88.609.2)) and
SA methodsNe = 94.0 individuals (95% CI @1.27)).These values are similar to the number of reproductive
individuals | captured in the populatioithe Ne estimates equate t@ De of 197.1 individuals/krhand 193.8
individuals/kn?, respectively. Théi f 2 LJS 2 F w2dzaaSdiQa RAalGl yBO&) vaigd oK
between sexes ands a resulheighbairhood size ) and gene dispersal distance parametgy élso differed
(Table 5.5)Dispersal distances estimated from sigma varied betwg@h 6¢ 396.9n for females and 462.8
466.7 for males, witla mean distance of 419.6432.2mfor reproductive individualsThe estimated dispersal
distance of Natal moleats was above th&alues estimated from genetic markers for Damaraland rnate
(Mynhardt et al. 2021)Themeanestimated dispersal distancgas above the predicted range based on body
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masswhen plotted againstother published studie®n dispersal distances in rodentse¢ Finn et al. 2022or
methods Figure 5.4)Generally, estimated dispersal distances decrease with decreasing population density dut
G2 GKS OFftOdzE I lA2ya 27T cohgarBdovRedithe foBlicapredboidichg.&?, & A
census popution)was used to estimate population density (403 individuals/0.485kthe estimated dispersal
distance was 191.8m for females and 225.5m for malegestimatedimmigration rateof individuals into the
population per generation was lowéor females(1.08) compared tamales(1.57) whichfurther supports the
assumption that dispersal rates are mdliased.¢ KA 4 @I f dzS8 A& o6FaSR 2y 2 NA3
random matingvhich may not occuin molerats with high reproductive skew. Thus, the estimated immigration
rate should be taken with caution.

Table 5.5: Dispersal distances estimated frénNJ& 3 K (i Q &rhogdsizeli).dvo population densies(De)

were estimated from effective population sizZi¥ef based on linkage disequilibrium and-sibip assignmeniN
=sample sizdglogl’ af 2LJS 2F GKS NBINBAaA 2 bgtiadsigr@edIpatibldistehard a ¢
Nb»= neighbarrhood sizeDe = effective populatiordensity,,, = gene dispersal parameter.

N blog Nb De a Distance
All Reproductive 105 0.0068 2181 193.8 0.209 432.2n

Individuals -- -- 197.1 0.297 419.6n
Males 73 0.0062 265.2 193.8 0.330 466.7Mm

-- -- 197.1 0.327 462.8n
Females 32 0.0052 191.8 193.8 0.281 396.9m

- -- 197.1 0.278 393.6m
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Figure 54: Relationship of dispersal distance to body mass in roderiise mean dispersal distance of the
Natal molerat is highlighted in greerother subterranean rodents ipurple, and open circles indicate all
other rodents. Modified from Finn et al. (2022).

5.3.5GeneticdusteringAnalysis

The overall pairwis€stfor the four populations was 086, and he pairwiseFstbetween the CoreRiver
populations was 040, CoreHill Fst= 0.0%, CoreRoadFst= 0.B6, RiverHill Fst= 0.048, RiveRoadrst= 0076,
Hil-RoadFst= 0.081 The pairwisdsrtwas not significantly different between populatioisvalue = ®9). The
CoreRiver, Cordroad, RiveHill population pairingshow low genetic variationF§r< 0.05 which indicate
frequent gene flow between the populationblértland Clark 1997, Frankham et al. 2DIlhe RiveRoad and
Hill-Road pairings showed more genetic variation indicating reduced gene flow between those populations, an
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this makes sense because dispersing individuals between the two populations would édikalyrto join the
Core populationBut the values were still much lower than pairwisg between family groups.Therefore,
these geographic featuredo not present significant barriers to dispersal since populations adjacent to those
features had lowrstvalues.

The assignment tesh STRUCTURE whtee populations were grouped based on geographic features
and K =5 indicated that the most likely number of populatons wasiZA A y 3 G KS npY YSGK2F
Pr[X|K] method(Figure 5.5)Whenthe data were grouped into 53 populations based on family grougs=(53),
the most likely number of populationwas 3 using thepn Y Y S (Fiu2eRs6). The STRUCTURE histogram
indicated thatindividualsshowed similar compositioat the study siteand distinct clusteringvas not present
between either geographic populatioriBigure 5.7) obetweenfamily groups (Figure 5.8).
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when assuming populations were divided by landscape featurBspulation 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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Figure 5.7Figure 5.7: STRUCTURE results indicating the proportional membership probability of indiv
Natal molerats to geographic populations Individuals were grouped into 4 populations based

dual
DN

geographic features which may act as barriers: Core (1), Road (2), River (3), and Hill (4). The slispecte

number of populations (K value) was set at eitheKA)2, B)K =3, C)K =4, or D)X =5.

AR v 6 eSS Y BYLLASI ST RTANIS IS T SISO N FEEE & & 5F

Figure 5.8: STRUCTURE resuticating the proportional membershipprobability of individuals Natal
mole-rats based orfamily groups Individuals were groupetdased on original location at first captuaed

numbered based on group identitfhe suspected number of populations (K value) was set at 3.

5.4 Discussion

The understanding of relatedness within social groups and frequency offigenbetween groups in

a

population can have far reaching effects. | used microsatellite markers to asgkss and between group
relatednessassess the presence of deimsed dispersal patternand predict dispersal distancesa population

of Natd molerats. This study suggests that dispersainale-biased and individualsf either sexmay dispers

e

between394 ¢ 466mduring natal dispersalvith males dispersing farthefhesevalues aresimilar tothe mean
distancebetween groupsandalmost half the value dhe greatest distance between groupsthis population
The lack of isolation by distance in reproductive individuals implies that gene flow is well maintained fo
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distances up to 1000nThegenetic clusteringanalysisindicated that the study area is composed of a single
populationand geographic features (e.g., roads and rivers) may not represent significant barriers to dispersal

Similar to other social moleats, Natal molerat family groups are more relatito each other than other
groups in the population, and this characteristic was especially pronounced in adult females. | found that th
meanrelatedness coefficiestfor all individualgr = 0.299 wassimilar to that of Damaraland mol&ts in the
Kalatari (r = 0.2899, Mynhardt et al. 2021), but lower than Damaraland matg in Namibiar(= 0.46, Burland
et al. 2002)The higher relatedness of metats in Namibia may be explained by a combination of soil properties
and higher unpredictability of raiafl events.The harder rocky soil and infrequent rains in Namibia likely
imposes high constraints against dispersal which may cause a higher within group relateéllesagh this
relationship has yet to be explore@hus, even with higher annual rainfall in the Drakensbang, presumably
more dispersal opportunitiesfamily relationships of Natal molerats were similar to the arid dwelling
Damaraland moleat. Thisresult is surprising considering previous assumptithrad members of the genus
Cryptomysare dessad 2 O kdmpated toFukomysmolerats and that dispersal constraintsire relaxedin
Cryptomysnole-rats (Gabathuler et al. 1996, Moolman et al. 1998, Bahaad Faulkes 2000 |early the Natal
mole-rat groups exhibit comparable familial relationshifssthe ¢ KA I K &  doépdmitivel’y Orkedings
Damaraland moleat. 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 indfepsihges, which
is in line with expectations for individuals exhibiting relatively short dispersal distances. However, the slope ¢
the trend line was not significantly different than zero, so no evidencestdation by distance was found for
reproductiveindividualsin my study area of 48.5h&his result confirms the hypothesis that higher annual
rainfall and increased soil moisture would not pose dispersal constranisit gene flow in the study are#@
similar result was found iDamaraland moleats withina study area of 85ha (Mynhardt et al. 202Hpwever
the solitary silvery moleat may show isolation by distance even in areas of less than 10 hectares
(Patzenhauerova et al. 201Merhaps social moleats are better able to find mates than Igary molerats.
Population pairwisdsrvalues of Natal moleats (st= 0.174) were greater than Damaraland mods (st=
0.167, Mynhardt et al. 2021put this differencg0.07)may not be significantvy results indicate that mesic
dwelling Natal moleats family groupsexhibit similargendic differentiationto the arid dwelling Damaraland
mole-rats. This result is surprising considering the harsh conditions of the Kalahari (e.g., low and sporadic annt
rainfall, comparatively hardesoil)are supposed to limit dispersal opportunitiesmpared to the Drakensberg
(e.g., high annual rainfall, comparatively softer soils throughout the year).

Sexbiases in dispersal may result from avoiding inbreedingrec&ampetition (Perrin and Goudet 2@Qf)
which can be Beviatedby longdistance dispersal (Goudet et al. 2003&jmilar to other studies on social mele
rats (Hazdlet al. 2000, Patzenhauerova et al. 20T orrentsTicoet al. 2018, Mynhardt et al. 2021), dispersal
appearsto be male-biased in Natal mokeats. Though the magnitudeof bias may be slightbecause the
difference inFstrand r values béween sexes ofadult individuals was not significantly different, while the
comparison using all individuals showed some significant differengéeen the all individualand adult
individual datasetsvere analgedusing combined sexeasignificant correlation betweegenetic distances and
spatial distancesvas foundin this population. However, wheromparing within the sexes, no correlation was
found (i.e., regression slopes were not different from zemtjich indicatesno isolation by distanceThe
relatedness amondemales decreas® with distance and adult females had a much higheaithin-group
relatednesqr value)compared to adult malesheFstvaluesincreased with increasing distance for both adult
males and adult femalefor adult females with females consistently having a highesrthan males. This
indicates that gene flovsetween females in other groups is reduced compared to maldditionally, males in
the last distance class had a higher relatedness than females, which confirms thatmagldsperse further
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more frequentlythan females.These results indicate that adult female offspring remain longer in the natal
groupand may dsperse shorter distances comparedrt@les.Alternatively, it may indicate new groups may
contain or have benformed from coalitions of sisters.

The long duration of reproductive tenure for reproductive female mmales prevents her female
offspring fran waiting to inherit family burrow and breeding stat(i3ammam and Burda 2007Dammann et
al 2011,TorrentsTicOet al. 2018 Begall et al. 2021)and therefore females must disperse to obtain breeding
opportunities. Likewise, males must disperse fritrair natal group to avoid inbreeding with closely related kin,
and males may locate mates by immigrating into established groups (ToiTaritst al. 2018, Mynhardt et al.
2021, Thorley et al. 2021previous work indicated that females will dispersenirtheir natal group to establish
a burrow system for themselves and await a male to join them, and rarely immigrate into other groups (Thorle
et al. 2021). | found two females which had dispersednf their respectivenatal grougs and were recaptured
alore in a new burrow system. However, | found an equal number of males and fewlabasere recaptured
in established groups, which was surprising given the typically assumed xenophobic nature-cdtmélemale
Natal molerats exhibit primarily behaviouraéproductive suppression in the form of incest avoidance, but are
otherwise able to breedhroughout the yeaOosthuizen et al. 2008anse van Vuuren 20p It appears that
Cryptomysmole-rats may be more willing to accept immigrant individuals comparethtse species which
have both behavioural and physiological reproductive suppressiorthikBamaralananole-rat (Bennett et al.
199%). The proclivity for males to join establesth groups and for females to remain within the natal group may
provide opportunities for immigrant males to mate with receptive subordinate femtilesughout the year,
unlike Damaraland moleats whererelaxed reproductive suppressiamly occurs duringhe rainy season
(Young et al. 2010)hese 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 sizé&\¢) depends on theeproductive success of individuals (Nunney 1999). In mole
rats, approximatelyl0% 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, Thore30&13.In this study he
estimates olNe were approximately 95ndividuals which equates @3.3%60f the census sizéN = 403) captured
at the study site over two yeafge., the ratio ofNe 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 bee
suggested, that mesic conditions (i.e., higher rainfall) reduce dispersal constraints and allow for more individue
to find reproductive opporturiies. However the low ratio means that less than one quarter of the individuals
in the study size contribute to breedinghis result agrees with the assumption that Natal raits exhibit high
reproductive skew, where reproduction in each family group is limited to a single reproductive female and a
least one reproductive male (Bishop et al. 2004, Burland et al. 200Zerifstuerova et al. 2013}. should be
noted that| only captured 32 reproductive females, with two others which had dispersed and would become
gueens shortly during the 2 years of the studyherefore if some groups did lack a reproductive female, it
amounts to2.9breeding individuals per groune female and two malespispersal costs may be reduced in
the mesic grasslands of the Natal regiatiowing for more individuals to find breeding opportuniti€ace he
dispersal distance estimates 893 ¢ 466m were based on aNe =95, | assume they are also accurate.

Groups at the study site were spaced roughly 50m apart (mean nearest neighbour distance), while th
mean distance between groups was a little under 400m. | would expect thatebeest neighbour distance
may better represent the distances females may be required to overcome when searching for an empt
territory, and the mean distance between groups the distances males would be expected to travel searching f
a mate. Tisprevious hypothesis does not appear correctd the difference in dispersal distances between the
sexes was only about 60m, which may or may not be significant to a small subterranean méhemaistering
of family groups mayot be due todifferences in the prdicted dispersal distances, aridghould be expected

Pagel 94



Chapter 5; Population Structure of Natal Mefats

that individuals can disperse about 40@50m.The greatest estimate dispersal distance (466m) was half the
greatest distance between groups (970m). This result combined with the lack of isolatilistdoyce indicate

that gene flow is well maintained for distances up to 1000m. While data on territory size of Natatatsle
lacking, Hickman (1979b) reported a mean burrow length of 181m (rang&%8m, n = 4). My observations of
different trapping locations per group seems to agree with this estimate with some animals being captured ug
to 200m away from previous locationslales would easily be able to find females, and females easily find a
vacant territory within their respective dispersal rarsgéNatal moleats 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 frondipeth observations and genetic
markers It isespecially séor a species which may only disperse once in its exceptionally lorgndetherwise
spends the remaider of its life below groundA recent study on Damaraland melats using capturenark
recapture methodgFinn et al. 2022jpund that dispersal distances exhibited a strong leptokurtic distribution
and maximum dispersal distances watmost 1Qtimes greater thamgenetically estimated distancéslynhardt
et al. 2021). If the relationships treeen observed and genetically estimated dispersal distances are reliable, it
would mean thamaximumdispersal distancef®r Natal moleratsmay be in the range ef000m, similar to that
of Damaraland moleats (Finn et al. 2022However, he observed dipersal distances in this study were 3to 5
times lower than the dispersal distancesstimated from genetic data. This difference may be due to the small
size of the study area (approximatel.5ha, compared with 1950ha in Finn et al. 203ad relativéy short
duration of the study (biannual trips over 2 yeacompared with 7 years in Finn et al. 20ZPhemajority of
Natal mole-rat groupsat the study sitewere within 200m of the perimeteland this arrangemenmay have
prevented recapture of dispersebecause animals are more likely to disperse outside the study area. Secondly
biannual visits to the study sifgrevented me from recapturing all groups or spending extra time searching for
newly established groups unlike the study Bamaraland molgats (Finn et al. 2022)Thus, it ipossiblethat
the dispersal distances of Natal metgts exhibit a similar distributioto Damaraland mokeatsand maximum
dispersal distances are under estimatiedny data It remains to be determined Natal molerats can partake
in such extraordinarily long dispersal distances observed in other-ratdg>2000m, Braude 2000, Bray et al.
2012, Finn et al. 2022)he 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 t
gene dispersal parameter, sigma, which in turn relilztJ2 y 2 NRA I KU Qa vy 8 BffectizedzNK
population size ), and effective population densitd). As a result, estimated dispersal distance decreases
with increasindde. For example, if the census population density (i.e., total numbeardifiduals in an area) is
used instead of effective population density (i.e., number of breeding individuals), dispersal distances estimate
through genetic data may be underestimated. Additionally, if the study area is smaller than the distance
disperses 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 dispers:
distances (Bray et al. 2012, Finn et al. 202ZB& social organizationf the study specieshould be taken into
consideration for genetic studies based on effective number of breeding individuals in the population (Bank
and Peakall 2012). Relying upon census populationasiziensityin social specie with philopatry, such as
African molerats, can caus@analysigproblems because prdispersal individuals will be present within a family
group and these individuals share close kinship with the reproductive individuals and other group member
(Burland ¢ al. 2002, 2004, Bishop et al. 20(atzenhauerova et al. 2013)he inclusion of prelispersal
individualsmay mask spatial autocorrelation resutis underestimate dispersal distancéBanks and Peakall
2012). The results from theataset usingadult individualsonly more accurately represesthe true gene flow
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and dispersal dynamics in the Natal moé because it removes the confounding factor of highly related
offspring which may persist in the group after maturity.

Roads were found to act as minbarriers to dispersal i€tenomys minutugEsperandicet al. 2019)
where dispersal across roads was limited, but did not completely impede connectivity between populations. |
this study, the most likely number of populations was 2 when grouping the populations by geographic locatior
and 3 when grouping bfamily 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 riderad impede gene flow.
Thus, neither the roadnor the river appeared to be a baeri to dispersal, and one male disperser was
recaptured across the river with another dispersing fembseispect that this male had dispersed above ground,
and swam across the river because burrowing under the river is the less likely alterSativemirg tests on
Natal molerats revealed they are able to sustain swimming above water for about 5 minutes (and in an extrem
case for over 14 minutes) at a rate of 0.122m/second (Hickman 1978). The Little Mooi River has a gentle curre
through most of the yelawith 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 molet burrows. The water receded over the follmg days and the moleat groups occupying
those burrows survived. These flood conditions occur rarenapproximately 56year cycle (R. Sivright, pers.
comm.). Thus, under normal conditions it would be well within the capabilities of arabte 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 unbalance
or the number of populations is large (Wang ZQ1as in this study wherthe Core populatiomvhichhad over
MH (GAYSa (GKS ydzYoSNI 2F AYRAGDARIANBODNIA (¥EFiE Yo KIS S
not disperse between neighlwing populations may lead to firgcale population structuring (Coltman et al
2003, Cabe etal. 2009.b SA IKO 2dzNRAYy 3 LI LIz F A2y aé Ay (KA&asaSy
where individuals transfer to an adjacent geographical location composed of genetically distinct individuals
Therefore, selfecuitment means that molerats perform local dispersal between family groups more
frequently than long distance dispersal to distant distinct populatidine estimated dispersal distances in this
study were less than the maximum distance between groups, which indi¢hé individualsvere more likely
to disperse within the study area (or to approximately 800m outside the boundary) than dispersing to &
neighbairing population many kilomeés away. The low immigration rates for males and femalg®
individuals/generation)also indicate that new individuals may raretymigrate intothe populationfrom
outside ¢ K dza SNBIGNTHZATI YSyYy (¢ YI & 0S5  Aodddistdddd disgersal is ramnid ing &
scale population structuring maye present with each family group representing a population

In conclusion, this study investigated gene flow among family groups of Natalratslé&dult females
had consistentlyower gene flow between family groumompared to males across distandassesOverall,
the meanindividualrelatednesss nearly identical to Damaraland metats and émalesare more related to
each otherwithin groups, while maleare more related to each other over longer distances. The estimated
effective population size confirnthat highreproductive skews present in Natal moteatsand indicate up to
3 reproductive individualare likely presenper group. Dispersas malebiased, with males expected to travel
slightly farther than femalesThe estimated dispersalistances were similar to the mean distance between
groupsindicating that gene flow is well maintained within the study site andsolation by distances present.
Surprisingly, the geographic features are not likely to imposgmizarriers to dispersal and one male had
dispersed across the river during the studine scalepopulation structure maystill be present, which is
inherent in populations structured into family groups.

Pagel 96



Chapter & Synthesis

Chapter 6
Synthesis

6.1 Costbenefit Tradeoff Drives Sociality

The Natal molerat is a social subspecies of the common male (Cryptomys hottentotus which
inhabits mesic grassland on the eastern side of the GEsaarpment of South Africa. TNatal molerat can be
found from coastal regions to well over 2000m elevation. There have been studies on their physiology an
reproductive suppressiorQosthuizen et al. 2008, Lutermann et al. 2013a, Oosthuizen et al),2021their
ecology and life history & not been reported in detail andre currently in need of further research. This study
used capturemark recapture methods to investigate life history, behaviour, and gene flow in Natalnatsle
occurring at a higtelevation site in the southern Drakensberg Mountainkund hey live in relatively small
groups with a mean size of 6 individuals (maximum 18), though a previous study found mean group s&es of ¢
at the same study sitd_utermann et al. 2018 b). The majority of individuals remained in their group doie
year, and some were recaptured at every attempt over thgedr study. | assume that animals which
disappeared are more likely to have dispersatiherthan havedied while in the burrow or hae 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 abotitree individuals (one female and2 males). No evidence of
plural breeding indémales was found. Even though litter sizes were reduced compared to other studies on
subspecies of th€ryptomygenus, population density at my study site was higher than most previous studies,
with one exception (see Spinks et al. 2000p, The populatin at Glengarry, a human altered senatural
landscape, seems to be stable although a slow population growthwateobservedHowever, the effects of
climate change may be present due to reduced mean body mass compared to a study 20 years ago (®osthui.
2007). Females exhibdtrelatively longtime to first reproduction compared to otheodents(1.2 years)and
this timeis comparable to the findings in other African modés Bennett and Faulkes 2000, Spinks et al. 2000b,
c, Thorley et al. 2021 Growth rates of Natal mol@ats were comparable to othresocial molerats and reduced
compared to solitary species (Bennettetal. 1981K S&S f AFS KAAG2NE GNFXAdG& Ay
slow continuum(Promislow and Harvey 1990, Oli 2004aR et al. 201Q)asseenin other molerats Bennett
et al. 1991, Dammann et al. 2007, Thorley et al. 20Zh)s study suggests that Natal mo#&s should be
considered singular cooperative breeders: reproduction is limited to one reproductive feofiisigring exhibit
reproductive suppression and delayed dispersal, and group members contribute to helping behaviours (th
presence of allgparental care still remains to be investigated).

The higher annual rainfall in the Drakensberg (and preseoughout the range of the Natal moiat)
begs the question: why are Natal metigts social if ecological constraints are relaxed? Which factor is the critical
cause of philopatry in Natal melats? Solomon (2003) suggested that the aridity food distidm hypothesis
(Jarvis et al. 1994) and the Hfestory hypothesis (Burda et al. 2000) could be combined into almesefit
equation (cf. Lacey and Sherman 199Rgcently, Hart et al. (2028 LINP L2 ASR GKS @& dz
Ke L2 (GKSAaAaAE s tdakthe OriquephyzibBdcal imetabolic and thermoregulatory traits of moigs
are more important drivers to maintain sociality than simply ecological conditiaisl molerats have adwer
body temperature, narrower thermoneutral zone, and highesting metabolic rate compared to other mele
rats (Bennett et al. 1993eumbera 2019). These unique traits are likely physiological adaptations to their high
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elevation habitat which experiences cold winteend by living in social groups individuals abde to gain
positive energetic benefits they would otherwise be lacking by living a soditasyence

Clearly living in groups provides multiple physiological benefits to Natatratdehat they may not gain
from remaining solitary. Group living in tdh molerats may be promoted by collective foraging and
thermoregulatory benefits. Group size did not seem to have an effect on growth rates. The more evel
distribution of geophytes in mesic landscapes (Spinks and Plaganyi 1999) may allow group szeaaltbel,
which may alleviate the effects of resource competition on growth rates. | fob@body condition of group
members increased during summer in larger groups. These results highlight the increased efficiency at
collective foraging benefits darger groups being better able to locate and cache geophytes. Reproductive
female body condition increased with group size during winter when all other individuals experienced ¢
decrease. This supports findings in other cooperative breeders where thedegtive female gains preferential
benefits from the presence of helperblguber and Lacey 2005, West et al. 2007, Ebensperger et al). 2012
Previous studies have found that Natal modés living in larger groups have reduced parasite burdens,
decreased ratabolic rate, and increased fat stores (Lutermann et al. 2013stimated that the reproductive
female gives birth twice a year, once during summer and once during winter. With the shallow nests of Nat:
mole-rats and the cold burrow conditions, | sesp that group huddling ensures offspring survival dhat
young pups would not be able to survive lothgring winterwithout other molerats occupying the nesthis
babysitting could be considered a form of gllarental care Athough the more typical examples are pup
feeding, allelactation, 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 amate may have some consequences. Body
condition decreased during winter as group size increased, despite similar activity levels between seasons, a
the assumption that moleats cache food to swive lean times. This result is surprising since larger groups
would be expected to compensate by having more workers to locate fdaidly energy expenditure appears to
be higher than daily energy ganturing winter, despite their ability to regulate mabolic rate and core body
temperature between seasons (Bennett et al. 1993, Oosthuzien et al. 2021). | believe this deficit is due to tt
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 o
guantity during winter. | suspect that during winter individuals may be required to continue digging and
searching for geophyteshich are likely ofeduced quality and this energy expenditure results in the decreased
body condition observed at the study site. Digging is more energetically expensive during winter since sc
moisture decreases during this time, and any geophytes found may have reduced watantcovitele group
size did not affect individual growth rates, seasonal resource competition over limited food stores in large
groups cannot be ruled out. In voles, territory size increased during winter due to increased competition fo
food (Johnsen et aR018). A similar trend may occur in makgs. Larger groups would be expected to have
greater burrow sizes, and individuals may be required to travel greater distances to find food, or preven
intrusions compared to individuals in smaller groups. Whitua burrow size may not increase due to
increased costs of burrowing (Lovegrove 1989), the space use patterns of individuals may increase duri
GAYGSNY ¢KdAZ 'y AYRAGARdZ £ Qad Sy SNH@& SELISy8bupdzNE
eFFSO00a 2F O2YLISOGAGA2Yy® ¢SadAy3da (GKAA KeLRiIKSaAa
movement patterns within the burrow system, either through radio frequency identification (RFID) or radio
telemetry. As group size increases over theimpd 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 aroun
6 individuals.
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Another cost to living in groups is increased ferdaimale eproductive competition (reviewed in
Clutton-Brock and Huchard 2013). Lutermann et al. (2013b) noted increased levels of aggression between gro
members while capturing Natal metats. | also noted frequent aggression among both male and female group
members, but | did not attempt to quantify the frequency of aggressive occurrences. Increased aggression du
to higher testosterone in reproductive females suggests the presence of sexual selection and strong fema
competition (Lutermann et al. 2013b, Jansn 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 a
the study site. | found that malbiased dispersal occurs in Natal mo#ts. Whie seasonal changes in adult sex
ratio were not significantly different between seasons, group sex ratios become morebmabd as group size
increases. The higher number of males in larger groups may indicate that females are exposed to freque
unrelated immigrant males. Indeed, some subordinate females (11%) showed signs they had already mate
while in the natal groupFor comparison,hte occurrence of female nereproductive Damaraland molets
which exhibit signs of mating while in the natal group axceedingly rare (5% of individuals, K. Finn, pers.
obs.).The relaxed physiological reproductive suppression present in NatatnasléJanse van Vuuren 2022)
may lead to more breeding opportunities for noeproductive females. The increased ratsimmigration
from unrelated males will provide breeding opportunities for subordinate females. Evidence of mating coulc
make them the target of heightened aggression from the reproductive female, and either trigger dispersal o
forceful evictions. Thusas rainfall increases reproductive opportunities for batlexes, physiological
suppressionn this subspecies has been remoydestosteronemediated aggressiobetween femalesmay
increase during the breeding season, and subordinate females may digpessgbly with their new matep
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 othe
benefits from sociality. Aatity levels were similar between reproductive and a@productive individualsl
hypothesis that reproductive individuals may not need to regulate energy expenditure between reproductive
and helping tasks and as a result they provide more equal contoibsitHelping behaviours such as burrow
maintenance, locating and caching food (and by extension provisioning of pups), and territory patrol may b
equally shared between all group members because of the smaller mean groupAttieestively, reproductive
individuals may be required to contribute more to helping behaviours due to the small group sizes. It is assume
that food resources are not as limited or scattered in mesic environments (SpinkBlagdnyi 1999and
ultimately individuals may not nee@ ttonserve energydowever, other reproductive benefits such as increased
litter sizes, increased juvenile survival, or faster juvenile growth rates may not be presemever, | suspect
that offspring survival during winter would drastically decrease without the presence of other group members
to provide thermal benefits to pupsdividual contributions to helping behaviours may increase in small groups,
andthusthelJSNJ OF LA G O2adta 2F KSfLAYy3a AYyONBIFasSs |yR R
their contributions (Kokko et al. 2001)found that daily and seasonal activity patterns were similar between
reproductive and noseproductive individuh & ® ¢ KA & NBadzZ G Aa Ay O2Rjkoriyk a i
moleNJ} G6a O6CNIYyOA2fA SO Ftfd wnuns ~1€ENOolF SO Ffd wn
wild naked, Damaraland, Mahali and Natal madés, the authors foundhat naked molerats showed the most
pronounced division of activity patterns between reproductive and -neproductive individuals, with
Damaraland moleat division intermediate, and division in both Mahali and Natal rrats minor (Z6ttl et al.
2022).The lack of differences in daily activity levels between reproductive andeymmoductiveNatal molerat
helpers may indicate that all group members regardless of sex or reproductive status contribute equally t:
cooperative tasks. The real question i Areeders helping more or are ndmeeders helping less? Answering
this question would require detailed knowledge of baseline contributions to helping behaviour acrossamole
species as well as observations of helping behaviour in NatatratleTheuse of accelerometers attached to
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wild molerats would provide the necessary data to begin answering this question. Accelerometers measure th
g-forces generated from locomotor activity (Williams et al. 2020), and subtle differences between amplitude
and fequency allows researchers to assign thige wavelength graphs to specific activities performed by
mole-rats, such as sweeping, running, or diggignitoring of wild Natal moleats over a longer time period
would help to answer the questions relateto reproductive benefits to females anfl NP dzLJ Y¥S Yo
contributions to helpindehaviours

While ecological conditions during the Pleistocene may have caused the evolution of philopatry, life
history aspects may have continued to promote philopatrydS612y Hnno0® ¢KS NBOSy
KelLlRikKSaAraégd o1 NI SG Ff @ wHnthe authorsthypatifesiz@hily GoupiliRingl
evolved in ancestral bathyergids, energetic benefits continue to promote sociality. In-ratelevhich
experience physiological reproductive suppression (e.g., Damaraland and nakedatsplerger groups are
allowed to form. | suspect the reduced group sizes in Natal #wrade can be attributed to a) higher costs
accompanying sociality as group size @ases, b) reduced indirect fithess benefits to group members, c¢) mild
ecological constraints increase dispersal opportunities. These hypotheses may not be mutually exclusive. Bc
Damaraland and naked metats have much larger litters, and therefore subimate group members have
more incentivesto contribute to helping behaviours to care for their siblings and cousins. Reduced litter sizes ir
Natal molerats may indicate that indirect fithess benefits are reduced. Natal matle do not experience
physiobgical suppression to the same extent as other nraks (Janse van Vuuren 2022hd this may lead to
more breeding opportunities for nereproductive femalesThe higher maldiased sex ratio in larger groups
may indicate that behavioural reproductivemaression through incest taboos may break down in very large
groups due to frequent unrelated immigrant males breeding with subordinate femalesy few non
reproductive females (11%) showed evidence of mating with males while in a group with a repredeictale.

Yet | found that each group had only a single reproductive fenhadaspect that noweproductive females
which mate with immigrant males would experience high competition from the reproductive female and may
soon disperse as a result of targdtaggressionSocial groups with a high frequency of unrelated immigrant
males are more likely to have increased occurrences of female conflicts of interest (Ebensperger and Hay
2008, CluttorBrock 2021). This may in turn lead to increased aggressigperdal, group fission, or possibly
eviction. In other cooperatively breeding species, subordinate individuals which hase ima&y be targeted

with aggression by the dominant female, as seen in meerkats (Clattock et al. 1998)anded mongooses
(Cantet al. 2010),0r naked molerats (Clarke and Faulkes 2001). This aggression can increase as group Si
increases (e.g., banded mongoose, Cant et al. 2010) or if a subordinate becomes pregnant (e.g., meerk:
Clutton-Brock et al. 1998), leading to abomignfanticide, or eviction from the group (Cluttddrock et al. 1998,
Cant et al. 2010). If eviction were to occur in a species of -nadle would be more likely to occur in a species
which shows reduced helping contributions, limited physiologicalragpctive suppression, increased
aggression between group members, and more breeding opportunities from unrelated immigrants. The Natz
mole-rat appears to satisfy all these conditions, but whether eviction occurs is still to be discovered.

It has been proposed that molats in the genusCryptomysSEKA 6 A G af 26 SNJ RS3
compared to molerats in the genusukomygGabathuler et al. 1996, Moolman et al. 1998, Bennett and Faulkes
2000, Burda 2007). The smaller group size, presehoen-reproductive females which have mated with males,
and relaxed constraints against dispersal have been used to support this assumption (Moolman et al. 1998,
believe that Natal moleats, as well as other subspecies of the ge@ugptomysshare nany attributes of the
the other highly social moleat species, namely the naked and Damaraland nnate. High kinship among
individuals has always been assumed to be a prerequisite foprigsence of indirect fithess benefits to group
members and thewolution of cooperative behavioyHamilton 1964, Emlen 1982, Cornwallis et al. 2009, Lukas
and CluttonrBrock 2013, b). This study has shown that familial relatedness values are comparable to the highly
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social Damaraland mol&t, and it is likely that soenform of helping behaviour provides fithess benefits to
reproductive femaleNatal molerats. The primary differences are the lack of a physiological reproductive
suppression and ambiguous contributions to cooperative behaviour in helpers of Natatatml®lole-rats in

the genusCryptomysexhibitinstances of extrgair paternity (Bishop et al. 2002007), reduced reproductive
suppression (Janse van Vuuren 2022), ltid to no difference in activity levels between reproductive males
and non-reproductive individuals (this study, Z6ttl et al. 202ZPhese features indicate that metats in the
genusCryptomydhave very flexible reproductive suppression across their distribution and between subspecies
While it may be easy to recommend thatyptomysnole-rats be placednline-with-previous-assumptions-that
Cryptemyshould-be-placedn the lower end of the sociality continuum scale (Gabathuler et al. 1996, Moolman
et al. 1998, Bennett and Faulkes 2008awever—due-tethe uncertainty ofthe taxonomic placement of the
various subspecies @ryptomys hottentotusnd the wide variety of ecological conditions they experience
makes generalizations hazardous.

Referring toCryptomysmolerats I & &t SFad a2 O0Al f ¢ d@dupsNIays disbadz y
completely under ideal conditions, as seen in striped mice (Schradin et al. 2011) or degus (Ebensperger et
2021). Additionally, these terms imply that solitary individuals are frequently encounterexven that mating
strategies vey between ecological conditions or population density as seen in some arvicoline rodents
(Andreassen et al. 2021Yet | only found 2 single females out of 52 family groups captured at the study site,
neither of these single females showed evidence ofifiyoung offspring, ahno evidence of plural breeding
was discoveredMany nonreproductive individuals were lost between captures in this study, but some were
also present every season, or missing one season and recaptured the following attempt. fRpteg)>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 evade
capture and therefore,lte exact duration of philopatry in Natal melats is challenging at best to estimaf2ue
to the trouble of consistently recapturing even breeding individuals | hesitate to draw firm conclusions as to th
exact duration of philopatry for subordinate grougembers, but it seems most individuals remain in their natal
groupfor one to twoyears.The duration of philopatry of nereproductive individuals may be comparable to
Damaraland moleats (TorrentsTico et al. 2018, Thorley et al. 2021). | also susihedtreproductive females
have a long tenure (5+ years) as seen in other social-ratde(Spinks et al. 2000b, Dammann et al. 2007,
Thorley et al. 2021)Therefore, from a social group cohesion aspéotptomysnoleNJ G a I+ NB y 2
than nakel or Damaraland moteats. Their reproductive suppressionasong the mostelaxedof all molerats
(Janse van Vuuren 2022)ut high relatedness among family members and natal philopatry in both sexes
maintains family groups for multiple generatiofibis study) Natal molerats could be considered cooperative
breedersbased on the more lenient definition by Solomon and French (190the Ipresence of allparental
careby helperscan be confirmed and subordinate contributions to helpi@paviour could be quantifiethey
canbe considered cooperative breeders based on the gridefinitions by Lukas and CluttaBrock (20123, b).

6.2 Climate Change Affects Montane Habitats

Climate change effects anontanehabitats are expected to be more pronounced thamhabitats at
lower elevations (Bhusal et al. 2016, Mukwada and Manatsa 2018). The effects of changing plant communiti
in montanehabitats may have effects on bird or mammal species by changing spestrésution (Moritz et al.
2008, Zurell et al. 2012), reducing food availability (Jackson et al. 2015, Bhattacharyya et al. 2019), alteri
behaviour and fecundity (Ozgul et al. 2010), and in extreme cases local extinction and replacement by anoth
species (Taylor et al. 2015). The mean annual temperature in the Drakensberg has risen by at least 1.0°C o
the past 70 years and is predicted to continue rising (this study, Mukwada and Manatsa 20183rease in
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mean annual temperatures in the Drakensbergn lead to a longer growing season and increased plant
productivity (Mukwada and Manatsa 20[18s seen in othemontanehabitats Ozgul et al. 20LEastman et al.
2012. In the Rocky Mountains, shorter winters lead to a longer growing season and tamdigrof emergence

from hibernation in yellowbellied 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 t
downstream effects oincreased fecundity, increased survival rates, and increased population growth (Ozgul e
al. 2010).Two othermontanespecies of ground squirrel experienced an increase in bodylseéo the longer
growing season, while a related lower elevation speshesved no effect (Eastman et al. 201R)highlatitude
regions of Finland, mild autumn and winter temperatures, as well as increased summer raiwaiidraased

vole population growth trends, which the authors believed resulted from improved foodadwléy or
decreased available cover for small predators (Korpela et al. 20t83e results indicate that food quality and
availability promote phenotypic changes in mammals.

Consequences are more likely for moégs than positive benefits due to clate change.The
Drakensberg grasslands are dominated bgi@sses and home to many endemic plants and geophytes (Scott
1989, Mucina and Rutherford 2010)he increasein mean ambient temperature isxpected to lead to fewer
days of frosin the Drakensbaywhich may cause a shift in plant communiteesd woody plant encroachment
(Mukwada and Manatsa 2018, Stevens et al. 2018¢reasing temperatures imontane habitats causes
GOKSNY2LIKAEAT FGA2Yy ¢ -adepSedlBlant& ard sutoPettddand feplated Oy I6WRY
elevation warmadapted plans which decreases theverall plantdiversity (Gottfried et al. 2012)Temperate
spring flowering gophytes may show decreased seedling emergemckowering time delaysvhen exposed
to warmer wirters which would reduce their distribution and abundance over tifflevembeya 2021,
Vangansbeke et al. 20RZ'he decrease in available plant diversity to herbivores has been predicted to affect
the survival omontanemammals which rely upon them (Bhattalyya et al. 2018 Diet analysis of moleats
indicate that common moleats feed primarily on £yeophytes (Robb et al. 2012), and it is likely the Natal mole
rat has similar diet preferenceA.plant communityshift from Gto G grasses and encroachment of wood shrubs
with climate change may have lotgrm consequences in geophyte abundance #mallongterm persistence
of molerats in the Drakensberg

Additionally, warmer winters may providéor a longer period of activitydue to higher burrow
temperatures The Natal molegats increase their resting metabolism when ambient temperatures decrease
during winter (Bennett et al. 1993c, Lutermann et al. 201Baihger periods of increased burrow temperatures
may cause their activitygriods 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 (Figur&)60ften during winter, the soil could still be
frozen until as late at 08:00 in shaded areas (K. Finn, pers. obs.). | suspect this observation indicated anin
were resting in the nest or otherwise decreased locomotor activity as an energy savingjtezkmiavoid the
cold morning burrow temperatures. If geophyte abundance decreases due to a shifibiane plant
communities in the Drakensberg, prolonged activity periods would cause a strong decrease in body conditic
and increase risk of starvation dng 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
is possible that the decrease in body mass in the Natalmatleverthe past 20 years could lz energy saving
mechanismdue to climate changdn the shortterm, seasonal body conditiocould decrease further during
winter and in the long term a reduction in mean body massizemay occur, and in an extreme case local
extinction.These trends have already been observed in the Namaqua duneratq@athyergus janettain the
Karoo (N. Bennett, pers. comm.). The abundangeasft species, includingeophytesis projected tadrastically
decreaseover the next 60 yearm the succulent Karowith asmanyas 75% ospecies going extingMcLean
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et al. 2005) As a result Namaqua dune moleats alreadyexhibit decreased body condition araddramatic
reduction in abundanc@N. Bennett, pers. comm.)
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Figure 6.1Proportion of individuals captured at each trap chedRapture times wereoundeddown. Each
bar represents the number of animals captured dutingt hour. Values were scaled to the total number |of
captures during each seasorrap checls occurred in twehour intervals and animals would have begn
active up to two hours previoushpuring summer (yellow) and winter (blue) traps were last chegked
between 21:00 and 22:00. Traps were left open overnight during summer, and therefoxedurals
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 reactivategtween 06:00 and7:00. Thus, the earliest animalsuld
be captured was 08:00.

Extrapolatingpotential effects based on quality of suitable habitat or projected increases in annual
temperature may underor overestimate the risk of extinction due to the correlated effects of rainfall,
temperature, food availability, life history, physiology, dabitat (YomTov 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 f
be related to a decrease in food availability (¥®ov and Geffen 2010). Morphology traitkelibody mass,
cranial length, or limb length may show interannual variation without an overall positive or negative trend ovel
the decades (Yoriov and Geffen 2010). Some small mammal species showed minimal altitudinal shifts it
distribution in themontanehabitats, despite a 1.7°C increase in mean annual temperatures over the past 10C
years (Moritz et al. 2008, Moser et al. 2009). However, the Drakensberg may act as a refugia for plant diversi
with plant diversity projected to increase in high elevatayeas (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 tneontanehabitat of the Drakensberg may either positively or negatively
impact Natal moleaats. Natal molerats have unique adaptations to their high elevation habitat including a
lower body temperature, a narrow thermoneutral zone, and higher resting metabdkco@mpared to other
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mole-rats (Bennett et al. 1993eumbera 2019). It appears thénave prioritized physiological mechanisms to
reduce heat loss instead of mechanisms to remove excess heat (McGowan et al. 2020). A reduction in body ¢
would decrease tb surface to volume ratio and promote heat loss in warmer conditions. They may be more
prone than other moleats to detrimental effects of increasing temperatures due to climate change. However,
Natal molerats are able to adjust their activity patternthis study) and their metabolic rate (Lutermann et al.
2013a) with ambient temperature. If increased temperaturesnantane habitats cause an increase in plant
productivity and food availability for moleats, they may be able to adjust their behaviourftmage during
cooler temperatures. But if increased winter temperatures cause decreases in abundance of geophytes, Nat
mole-rats are likely to show decreases in body size and condition over time. Small mammals with slow life histo
traits may not be ale to adjust their distribution up or down slope in response to climate change as effectively
as fast species (Moritz et al. 2008). Natal m@aless may be more prone to local extinction in a similar fashion
due to their subterranean lifestyle, relativelgart dispersal distances, long life, and low reproductive rates. The
true effects of climate change on Natal mabds may not be discovered until studies investigate the responses
of mesic geophytes to increased winter temperatures as well as temporagelsan body size in molats using
historic (i.e., museum) records.

6.3 Future Directions

There are still many future opportunities to use Natal or other rela@yptomysmolerats to
understand interactions between life history, population dynamipbysiology, and the ecology of this
understudied group of moleats. It would be interesting to see if withigroup sex ratios exhibthe same
seasonal variation or effects of grogizein other species ofnole-rats. For example, in molgts living in
regions experiencing moreariability in sasonal rainfall such asn the Karoo or Kalahari, or in regions with
higher annual rainfall such asZmmbiaor Malawi.Repeating a captureark recapture study such as the one
presented in Chapter 3 should be conducted on a different population of the Natatnataigoreferably one at
a much lower elevatioq to determine if the findings presented here are representatiféhe entire subspecies
or just molerats living in montane habitattonger term studieé> 3 yearspn the subspecies @ryptomysnay
provide improved data ottitter sizes, juvenile body mass, and offspring survivahssess long term helper
effects on reproductive female fecunditgnd better place the subspecies @fryptomyson the sociality
continuum.However, some of these data may only be reliably collected on captive family gfuastifying
individual daily activity in wild moleats (as oppos# to group level activity) would help with detecting subtle
changes in activity patterns between either individuals or seasons. Daily activity patterns could be determine
through radio telemetry which would also provide territory size and spatial usenatds. Activity budgets and
percentage of time spent performing various behaviours can be assessed in wildatsolssing accelerometer
collars (Williams et al. 2020). These methods would help to quantify how much each individual contributes t
helping bénaviourssuch agligging or tunnel patrols. Knowledge of the exact burrow conditiordudingnest
and burrow temperatures (Holtze et al. 2018), gas compositiodaY 6 S NI § é&nd huinidity eonldi help
understand how these conditions affect thernegulatory choices. This data could be combined with activity or
body temperature data to understand physiological changes in response to activity bouts, changing burro
temperatures, and seasonal variation. The use of accelerometers combined with a lmoggréture logger
would allow for exact data tracking body temperature changes when an animal becomes active. Few studi
have assessed exactly which geophytes mnats eat and in what proportions (Davies and Jarvis 1986,
Lovegrove and Jarvis 1986, Robbakt2012).1t is a daunting, laborious task to assess geophyte diversity,
availability, seasonal quality, or even spatial arrangement in the habitats occupied byat®l@ollecting hair,
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faeces, toe nails, or blood samples from moés could assesdeatary preference and seasonal changes in diet
using stable isotopes (Bdbavid and Flaherty 2012) or DNA metabarcoding (De Barba et al. 2014).
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