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Abstract

The Damaraland mole-rat (Fukomys damarensis) is a cooperatively breeding rodent primarily inhabiting sandy soils of
southern Africa. It has the largest distribution of all the species in the genus Fukomys, from northwestern South Africa
to Zambia, and from central Namibia across to western Zimbabwe. To the north of the Zambezi River in Zambia, it is
replaced by its sister species Micklem’s mole-rat (Fukomys micklemi). Despite a long history of studying the species,
phylogeography of F. damarensis remains poorly understood. We analysed its intraspecific genetic structure and past
population trends using mitochondrial cytochrome b sequences (published as well as acquired from museum and newly
collected specimens). Also, we explored major axes of soil and climate variation among localities inhabited by this spe-
cies. For comparison, we performed the same series of analyses also for F. micklemi. Within F. damarensis, we identified
three major matrilineages. They were all found together in the Upper Zambezi — Okavango Delta region, where their
habitat characteristics overlap widely with those of F. micklemi. However, one of the matrilineages likely underwent
rapid expansion southwards to the sandy soils of Botswana, Namibia and northwestern South Africa. The expansion was
tentatively dated to the second half of the last glacial, a period of increasing aridity and formation of sandy soils. This is
in sharp contrast to F. micklemi, whose population had been much more stable over the last glacial cycle.
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Introduction

African mole-rats (Bathyergidae) are strictly subterranean
rodents distributed across savannah habitats in sub-Saharan
Africa (Bennett and Faulkes 2000). The family comprises
approximately 30 species within six genera (Faulkes and
Bennett 2021), although the species’ limits are still far from
being fully resolved (c.f. species lists in Happold 2013; Mon-
adjem et al. 2015). Two species of mole-rats have received
special attention due to their highly social lifestyle. The
first is the naked mole-rat (Heterocephalus glaber, Riippell,
1842) from the Horn of Africa, which is currently studied
almost exclusively by laboratory approaches (see Buffen-
stein et al. 2021 for review). The second is the Damaraland
mole-rat (Fukomys damarensis, Ogilby, 1838), a member of
the genus Fukomys (northern common mole-rat), the most
speciose bathyergid genus. Unlike H. glaber, F. damarensis
has been extensively studied both in laboratory conditions
and in the wild, including several medium- to long-term
studies conducted at different sites (e.g., Jarvis and Bennett
1993; Fang et al. 2014; Young et al. 2015; Mynhardt et al.
2021; Wong et al. 2022; Thorley et al. 2023).

The Damaraland mole-rat has the largest and most south-
ern distributional range of all species in the genus Fukomys.
It occurs across southern Africa, including northwestern
South Africa, northern and eastern Namibia, Botswana,
western Zimbabwe, and southwestern Zambia (Bennett and
Jarvis 2004; Happold 2013). Its distribution is most com-
monly associated with the Kalahari sands, where it occurs in
arenosols and coarse sandy soils of arid and semi-arid thorn
scrub acacia savannahs. At the northern edge of its range, F.
damarensis is replaced by its sister species, F. micklemi. In
this study, F. micklemi is delimited broadly, so it includes
also populations referred to as F. anselli and F. kafuensis
(Burda et al. 1999), as suggested by preliminary analyses of
nuclear genomic data (Mikula et al. in prep). The presumed
contact zone roughly follows the course of the Zambezi
River, although in Zambia, F. damarensis occurs on both
sides of the river (Van Daele et al. 2007).

Cytogenetically, F. damarensis is known to contain three
chromosomal variants: 2n=74, 2n=78 and 2n=80 (Nevo
et al. 1986; Van Dacle et al. 2004; Deuve et al. 2008),
whereas its genetic variability remains poorly understood
despite a long history of studying the species. The existing
genetic data for F. damarensis come primarily from large-
scale phylogenetic studies on African mole-rats, with very
few individuals sampled from each site. According to the
sequence divergence at mitochondrial cytochrome b gene,
differences among populations of F. damarensis are small
(Faulkes et al. 2004; Van Daele et al. 2007), even over large
geographic distances. The divergence is only 0.55% over a
500km distance between the Okavango Delta in Botswana
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and Bulawayo, Zimbabwe, and 1.35% for distances more
than 1000km between Okavango Delta, Botswana and
Hotazel, South Africa (Bennett and Jarvis 2004). These
low divergence values indicate a relatively recent and fast
colonisation of the species’ range, with a lack of signifi-
cant landscape barriers preventing dispersal. Nevertheless,
Van Daele et al. (2007) identified two genetically distinct
groups, one comprising mole-rats from the regions of the
Okavango, Bulawayo and Zambia, the other including indi-
viduals from Rundu (northern Namibia) and Dordabis in
central Namibia.

Across its large geographical distribution, F. damarensis
is also known to exhibit variability in pelage colour, mor-
phology, growth rates, and group composition. While the
majority of individuals are usually dark brown to black, a
pale reddish-brown or ‘fawn’ colour phase occurs around
Dordabis (Bennett and Jarvis 2004) and Rehoboth (N. C.
Bennett, pers. obs.) in Namibia, and has also been observed
in the Kgalagadi Transfrontier Park, South Africa (de Graaff
1972). In some cases, fur colouration can vary even within
a single-family group (de Graaff 1972; N.C. Bennett, pers.
obs.). The mean family size was found to be 8.7 with stan-
dard deviation (SD) 5.3 in Van Zylsrus, South Africa (Thor-
ley et al. 2023); 6.3 (SD=3.9) and 9.0 (SD=5.3) in Tswalu,
South Africa (Mynhardt et al. 2021, Finn 2017), and 10.4
(SD=6.5) in Dordabis, Namibia (Bennett and Jarvis unpub-
lished data). It should be mentioned that these three sites
are situated at the southern and western periphery of the
species’ distribution range, and comparable data are lack-
ing from the core and northeastern part of its geographic
distribution. We expect that significant ecological variation
occurs in these areas, as annual precipitation in the northern
part of the distributional range is much more mesic and pre-
dictable (in the north it exceeds 1000 mm, compared to less
than 200mm in the south). Moreover, the Kalahari sands
differ in origin, structure, and chemical composition (Gar-
zanti et al. 2022) and the vegetation is markedly distinct
(Ringrose et al. 2003) across the distributional range of F.
damarensis, which likely results in substantial differences
in available food resources.

Our aim in this study was to provide a comprehensive
phylogeographic picture of F. damarensis. We analysed its
intraspecific structure using one mitochondrial gene (cyto-
chrome b, CYTB) and one nuclear gene (interphotoreceptor
retinoid binding protein, /RBP). We obtained new fresh tissue
samples, particularly from the northern part of its distribu-
tion area (Zambezi region), and genotyped museum mate-
rial to substantially increase the geographic coverage of our
data. Finally, to assess differentiation of the species across
its large geographic distribution, we reviewed morphologi-
cal characteristics of F. damarensis, together with climatic
and soil characteristics from all localities and with available
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genetic data. Although the primary focus of this study is on
F damarensis, we also analysed genetic diversity, historical
demography and habitat characteristics of F. micklemi, its sis-
ter species. Given the phylogenetic proximity and parapatric
distribution of these species, their comparison can be infor-
mative about factors behind the observed patterns.

Methods
Tissue samples

Mole-rats were collected by employing modified Hickmann
traps and by using traditional capturing methods by local
hunters. Captured animals were euthanized, tissue samples
taken immediately and stored in 96% ethanol. Other tis-
sues were contributed by natural history collections, namely
Carnegie Museum of Natural History (CM) and Museum
of Texas Tech University (TTU). DNA from all ethanol-
preserved samples was extracted with the commercial isola-
tion kit GeneJET Genomic DNA Purification Kit (Thermo
Fisher Scientific) according to the enclosed protocol. In
addition, we also analysed samples from museum voucher
specimens, namely toe or skin clips kindly provided by
the Field Museum of Natural History (FMNH), National
Museum of Namibia (NMN), Natural History Museum of
Zimbabwe (NMZB), and Museum of Comparative Zoology
(MCZ). For the DNA isolation from these tissue samples the
innuPREP Forensic Kit (Analytik Jena) was used.

Sanger and amplicon sequencing

Sanger sequencing was used to obtain CYTB (1140 bp)
and IRBP (969 bp) from the ethanol-preserved tissues,
using the same primers and PCR conditions as in Faul-
kes et al. (1997) and Bryja et al. (2014), respectively. The
cleaned PCR products were commercially sequenced by the
Genseq s.r.0. company. In museum tissues, DNA is typically
degraded and we used amplicon sequencing on an [lumina
MiSeq platform (Ilumina, San Diego, CA, USA) to obtain
short fragments of CYTB. For amplification we used two
combinations of primers; Fuko fw833 short: TAYGCY-
ATYYTHCGATCYAT, Fuko rev927 short: ATYATRCTK-
CGTTGYTTHGATG resulting in 74 bp long fragments,
and L15411 modif: GA-YAAAATYYCHTTYCACCC,
H15553 modif: GTAGGCRAAYAGGAARTATCA for 136
bp long fragments. Due to sequencing errors and cross-con-
tamination, a heterogenous sample of sequence reads was
obtained for each individual. We retained the most abundant
haplotype in the sample, if it was abundant enough (at least
100 reads) and assigned to published CY7TB sequences of
Fukomys by the BLAST algorithm (Altschul et al. 1990).

For the details of the preparation of sequencing libraries
and the procedure of haplotypes assessment, see Sumbera et
al. (2024). The sequencing was performed commercially at
CEITEC (Masaryk University, Brno, Czech Republic).

Phylogenetic tree reconstruction

In total, we analysed CYTB sequences of 159 individu-
als from 65 localities across the distributional ranges of F.
damarensis (n=90) and F. micklemi (n=69) (Fig. 1, Table
S1). We used 59 published (Faulkes et al. 1997, 2004; Van
Daele et al. 2007) and 100 unpublished sequences, includ-
ing 33 sequences obtained from museum specimens. /RBP
sequences (all of them unpublished) were obtained from
39 individuals, including two which were not represented
in CYTB data set. The information about the individuals
and their subsets used in various analyses is presented in
Table S1. The newly obtained sequences are available under
GenBank Accessions: PV756018-PV756117 (CYTB) and
PV756118—-PV756158 (IRBP).

Phylogenetic trees of both CYTB and IRBP sequences
were estimated within a Bayesian framework using the soft-
ware MrBayes 3.2.7a (Ronquist et al. 2012). Only subsets
of data were used in these analyses: 98 unique CY7B haplo-
types, each of them at least 600 bp long, and 27 unique /IRBP
sequences, representing diploid genotypes (i.e., with ambi-
guities in place of heterozygous positions). Fukomys dama-
rensis was represented by 51 and 13 sequences in CY7B and
IRBP tree, respectively. Both alignments also included two
sequences of F. mechowii as outgroups (Table S1).

The nucleotide substitution model was pre-selected
using ModelFinder tool (Kalyaanamoorthy et al. 2017) of
IQ-TREE v. 2.1.3 (Nguyen et al. 2015) with all models
available in MrBayes and all codon-position partitioning
schemes considered. For the CYTB dataset, the best scheme
was with the first two codon positions as one partition (with
HKY+I substitution model) and the third codon position as
another (with GTR+G). For the IRBP tree estimation, the
alignment was partitioned by grouping the first and third
codon positions together, while keeping the second codon
position separate. The HKY model with equal rates across
all sites was applied to both partitions. The substitution rates
and transition/transversion rate ratios were allowed to vary
between partitions. We ran four independent Markov chain
Monte Carlo (MCMC) simulations for 2.5x10° genera-
tions of which every 1000 generation was sampled, and
their convergence was visually checked in Tracer 1.7 (Ram-
baut et al. 2018). The first 10% of posterior samples were
discarded, while the rest were pooled and represented by
the extended majority consensus tree with posterior mean
branch lengths. The tree was then outgroup-rooted, and the
outgroup was removed from it.
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Fig. 1 Sampling sites of . damarensis across its distributional range.
The colours indicate three main mitochondrial lineages. Large circles
are for long (= 700 bp) sequences, whereas small triangles represent
short sequences, including those from museum voucher specimens.
Triangles indicating sequences with low classification probabilities are

In the CYTB tree, main lineages were defined to describe
its basic structure (see Results). The sequences not included
in the tree (including the short ones) were assigned to the
lineages using Evolutionary Placement Algorithm (EPA,
Berger et al. 2011) implemented in RAXML 8.2.12 (Stamat-
akis 2014). Its results were summarized using the R package
epaclades, available at https://github.com/onmikula/epacla
des.

Bayesian skyline plot
Past population trends were estimated from CY7B align-
ments, separately for . damarensis and F. micklemi, using

Bayesian skyline coalescent model (Drummond et al. 2005)
as implemented in BEAST 2 (Bouckaert et al. 2014). The
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model assumes data to come from a single panmictic pop-
ulation whose effective population size, and hence also
coalescence time expectation, changes in piecewise man-
ner in a small number of time segments (five in this case).
The analysis keeps fixed the number of time segments, but
not their sizes, defined as counts of the coalescence events
they contain. It uses MCMC to sample from a joint poste-
rior distribution of segment sizes, segment-specific popu-
lation sizes, gene tree topologies and coalescent times. It
outputs a posterior sample of trees and parameters, which
are used to calculate marginal distributions of population
sizes at a series of points back in time. Each analysis was
run two times, the convergence was checked, and the sam-
ples pooled as before. The demographic curves, i.e., pos-
terior distributions of population sizes and their summary
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statistics, mean and 95% highest posterior density (HPD)
intervals, were calculated in Tracer.

In order to put the estimated demographic curves on an
explicit time scale, we used the estimated time of diver-
gence between F. damarensis and F. micklemi, which is
780ka (thousand years) before present (Sumbera et al.
2024, supplementary material). Given the average Kimura
two-parameter (K2P) distance between CY7TB sequences of
these species (0.064), the mean substitution rate is 0.082/
Ma. The branch lengths in the trees (originally in substi-
tution units) were scaled by this value. In addition to the
demographic curves, we also used the posterior samples to
calculate extended majority consensus trees with posterior
mean branch lengths for each species.

For Bayesian Skyline Plot analyses, we retained all
unique long (>600 bp) haplotypes from each locality. In
other words, when identical sequences were found at dif-
ferent localities, they were all retained as their occurrence
is informative about population size. On the contrary, only
one identical sequence per locality was included to avoid
bias due to unequal sampling effort. The resulting numbers
of sequences were 54 in F. damarensis and 51 in F. mickl-
emi. None of the selected sequences was from the museum
specimens, because these were < 136 bp long and hence fil-
tered out.

Distribution-wide ecological characteristics of F.
damarensis

To assess the ecological differences among localities inhab-
ited by F. damarensis, we conducted two separate Principal
Component Analyses (PCA): one for climatic character-
istics and another for soil properties. In both analyses, F.
micklemi localities were included for comparison between
habitats occupied by these two species. Climatic data, rep-
resenting estimates for the past 100years, were obtained
from the CHELSA database (Karger et al. 2017, https://chel
sa-climate.org). To characterize the climate of each locality,
we used the full set of 19 BIOCLIM variables (Hijmans et
al. 2005). Soil variable values were sourced from the Soil-
Grid™ database v. 2.0 (Poggio et al. 2021, http://www.so
ilgrids.org) and included the mass percentage of sand and
clay, the volumetric percentage of coarse fragments, organic
carbon content (g/kg), and soil bulk density (kg/dm?), all
estimated for a depth of 15-30cm below surface. Response
variables entering the analysis (climatic and soil parame-
ters) were centred and standardized to have zero mean and
unit variance. PCA was performed using the CANOCOS5
software package (Smilauer and Leps 2014). The analysed
datasets are available in Table S2.

We also made a compilation of information on body
measurements, pelage coloration and habitat characteristics

from 13 populations of F. damarensis, which were studied in
detail (Table S3). One of them is reported here: we provide
body measurements of 12 individuals recently collected in
Zambia, an area from which such information was missing.

Results
Cytochrome b tree

The outgroup-rooted CY7B tree (Fig. 2A) showed F. dam-
arensis was monophyletic with strong support (PP=1.00)
whereas the support for monophyly of F. micklemi was
just moderate (PP=0.87, Fig. 2A). Within F. damarensis
we recognized three major lineages, labelled as “north-
eastern” (NE), “central” (CEN) and “south-western” (SW).
While the first two were monophyletic with strong support
(PP=1.00), the last one was monophyletic with weak sup-
port only (PP=0.26). Whereas the first two lincages are
located along the Zambezi River and Okavango Delta, with
an extension to eastern Zimbabwe, the SW lineage has the
broadest distribution across most of Botswana, South Africa
and Namibia. Interestingly, one barcoded SW sample was
found to occur in western Zambia (Figs. 1, 2B). The average
K2P distances ((fl) between the lineages were 0.016 (NE-
SW), 0.016 (CEN-SW) and 0.014 (CEN-NE), respectively.
The remaining 61 CYTB sequences, not included in the tree,
were classified into these three lineages, usually with prob-
abilities > 0.90. Just 14 of the sequences were classified
to SW lineage with probability=0.48, either because they
were short (originating from museum specimens) or due to
weak separation of the lineages (Fig. 2A). However, their
classification to SW makes sense geographically (cf. Fig. 1).

IRBP tree

In the IRBP tree (Fig. 3), only the monophyly of the two
species was supported: moderately (PP=0.69) in case of F.
damarensis, strongly (PP=1.00) in the case of F. micklemi.
Otherwise, the topology of the tree was largely unresolved
with most intraspecific nodes being supported with PP «
0.50. In either of the species, however, there was no pat-
tern apparent that would reflect the structure observed in the
CYTB tree, as indicated by coloration of the tree tips.

Bayesian skyline plot

There was a large contrast between past population trends
estimated for the two species (Fig. 4). While F. damaren-
sis appeared to have undergone a fast population expansion
in the recent past, the population size of F. micklemi was
more stable over the covered period. The population size of
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F. damarensis increased 5.4 times from 40 to 20ka before
present (BP) and even more (19.1 times) from 60ka to the
present. In contrast, the population of F. micklemi did not
change more than 3.7 times in its size from the historical
minimum (ca. 250ka BP) to the maximum at present. The
corresponding consensus trees differed accordingly (Fig.
5). The deepest coalescence dates back to 86ka BP in F
damarensis, while 366ka BP in F. micklemi. Interestingly,
the monophyly of F. damarensis lineages was more strongly
supported (PP > 0.98) in this tree than in its outgroup-rooted
MrBayes counterpart. The basal topology was unresolved,
however, as the support for NE-SW sister relationship was
weak (PP=0.50).

Morphology of Zambian mole-rats

Out of 13 mole-rats collected in Zambia, we obtained body
measurements for 12 individuals only. Mean body mass
of males was 94.8g (SD=26.1g, range=71.0-136.3g,
n=5) and 85.9¢g (SD=17.8g, range: 54.2-108.2¢g, n=6)
for females (see Table S3 for other body measurements).
A swollen uterus and open vagina in the largest females
indicate that they were sexually mature. The largest male
(RS1817, body mass 136.2g) had large testes (6.9 x
5.1 mm) and black perioral stains what might indicate it was

@ Springer

the breeding male (Caspar et al. 2022). A single individual
collected westerly from upper Zambezi in Kalabo, Zambia,
was a large female weighing 149 g.

Ecological characteristics of F. damarensis across its
area of distribution

The first two principal components (PC1 and PC2) derived
from the analysis of soil variables together accounted for
70.8% of the total variation (Fig. 6A). PC1 (50.0%) pri-
marily separated soils with higher clay and organic carbon
content from those that are sandier and contain a greater
proportion of coarse fragments. Along this gradient, both F.
micklemi and F. damarensis occupy relatively broad ranges
of soil types, with partial overlap between them. Fukomys
micklemi is primarily associated with soils richer in organic
carbon and clay, whereas F. damarensis — particularly its
SW lineage — extends further into sandy and coarse-grained
soils. The soils inhabited by the CEN and NE lineages
largely overlap with those occupied by F. micklemi. PC2
(20.8%) further distinguished a subset of F. damarensis
localities characterised by lighter soils (associated with
lower bulk density), particularly near the Zambezi River
and one site in the Okavango region (Fig. 6A).
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Considering climatic parameters, the PC1 and PC2
together explained 78.8% of the total variation (Fig. 6B).
On one extreme of PC1 (56.9%), there are localities char-
acterised by high precipitation seasonality and generally

—@ QMmuL2T
—0O amuLo165

wetter and warmer conditions — higher annual precipita-
tion, higher precipitation during the wettest month and
wettest quarter, as well as higher minimum and mean
temperature during the coldest, driest month and quarter.
This seasonality was characteristic for all localities of
F. micklemi and the NE lineage of F. damarensis. The
CEN lineage of F. damarensis occupies habitats with
relatively low rainfall and temperatures. In contrast,
most localities of SW lineage were found in areas with
high diurnal and seasonal range of temperatures (high
mean diurnal range, temperature seasonality, tempera-
ture annual range) and increased precipitation during the
driest part of the year (precipitation of driest month and
quarter, and coldest quarter). PC2 (21.9%) accounted for
a trend within F. micklemi and SW lineage of F. dama-
rensis (and also within CEN lineage due to an outlying
record from Bulawayo, Zimbabwe). It captured a gradi-
ent of increasing temperatures, decreasing isothermality
(i.e., ratio of daily and annual range of temperatures),
and decreasing precipitation during the warmest quarter
of the year (Fig. 6B).
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Discussion intraspecific variation, particularly about its genetic differ-

entiation across its broad geographic range. By combining
In our study, we focused on intraspecific variation in a  CY7TB sequences from fresh tissue samples and old museum
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nearly four decades, surprisingly little is known about its  reconstruct the species’ historical demography. The CYTB
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Fig.6 Principal component analysis (PCA) plots
illustrating interrelationships among (A) five soil
characteristics and (B) 19 bioclimatic variables
across localities inhabited by F. micklemi (green
squares and polygon) and F. damarensis, represented
by three lineages: SW lineage (orange diamonds),
CEN lineage (yellow squares), NE lineage (blue
circles). Bioclimatic variables include B1: annual
mean temperature; B2: mean diurnal range (mean

of monthly max temp: min temp); B3: isothermality
(B2/B7) (*100); B4: temperature seasonality (stan-
dard deviation * 100); BS: max temperature of warm-
est month; B6: min temperature of coldest month;
B7: temperature annual range (B5: B6); B8: mean
temperature of wettest quarter; B9: mean temperature
of driest quarter; B10: mean temperature of warmest
quarter; B11: mean temperature of coldest quarter;
B12: annual precipitation; B13: precipitation of wet-
test month; B14: precipitation of driest month; B15:
precipitation seasonality (coefficient of variation);
B16: precipitation of wettest quarter; B17: precipita-
tion of driest quarter; B18: precipitation of warmest
quarter; B19: precipitation of coldest quarter
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phylogeny revealed the presence of three major matrilin-
eages within F. damarensis. However, analysis of complete
mitochondrial genomes would be necessary to resolve their
relations and to conclusively test the monophyly of the SW
lineage. The results of CYTB analyses were not fully conclu-
sive as the basal topology was unresolved in both MrBayes
and Bayesian Skyline Plot trees. In contrast to CY7B (i.e.,
mitochondrial) tree, the chosen nuclear marker (/RBP) sup-
ported only the split between F. damarensis and F. mickl-
emi s.1., without revealing any intraspecific structure. This
is not unexpected, given the relatively young age (86ka) of
the deepest coalescence in the CYTB tree and generally low
mutation rates of nuclear genes.

Geographic distribution of CYTB variation in F.
damarensis

At a broad geographic scale, the distributions of the three
major CYTB lineages are intermingled (Fig. 2B). Two lin-
eages occur in the broadly defined northern and central parts
of the species’ range: in the Zambezi region (NE) and from
the Zambezi River southwards to the Okavango Delta and
eastwards to Bulawayo in Zimbabwe (CEN). The south-
western lineage (SW) occupies a large area extending from
central Namibia and northwestern South Africa through
Botswana and into western Zambia. The monophyly of the
SW lineage was supported only by the Bayesian skyline
plot analysis, probably due to explicit modelling of popula-
tion size changes, but even there the basal branching was
unresolved. The SW lineage could be sister to NE+CEN
(Fig. 2) or to NE alone (Fig. 5). In fact, individuals with
different mitochondrial types were sampled in close prox-
imity in some areas, namely in Northern Botswana (SW
and NE), Okavango basin (SW and CEN) and around the
Zambezi River (NE and CEN). Individuals of both the NE
and CEN lineages were collected, for instance, in close
vicinity of Sesheke, a small town on the north bank of the
Zambezi (17°28°30S, 24°17°30“E). Within the distribution
of F. damarensis, the same co-occurrence of distinct mito-
chondrial lineages was observed in the pygmy mouse (Mus
minutoides), namely in Koanaka Hills, northern Botswana
(McDonough et al. 2013). We hypothesize this to be due
to environmental stability of the area around the Upper
Zambezi and Okavango basin, which supported long-term
survival of mole-rat populations without severe bottlenecks
and, thus, preservation of substantial genetic variability.
Similar to Van Daele et al. (2007), we collected F. dama-
rensis from the left bank of the Zambezi River, where other-
wise F. micklemi lives. Large rivers in the region may serve
as major migration barriers to gene flow, as exemplified by
the dichotomy of the pouched mouse Saccostomus camp-
estris campestris from S. c. mashonae (Mikula et al. 2016;
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Krasova et al. 2021), divided by the Kafue and Zambezi riv-
ers. Similar patterns have been observed in larger mammals
(Cotterill 2003). However, some organisms with relatively
low dispersal capacity have managed to overcome such bar-
riers. Rather than actively crossing large rivers, mole-rats
may have dispersed via local landscape connections that
emerged due to very dynamic geomorphological processes
during the late Pleistocene. During this period, the Zam-
bezi River underwent significant reconfiguration and was
even temporarily disconnected during the last glacial period
(Moore et al. 2007). The mid-Zambezi was a discontinuous
barrier in some periods, potentially allowing north-south
mammalian migrations. Furthermore, repeated isolation and
reconnection of mole-rat populations due to local shift of
the river course may explain their presence on both banks.
This process was proposed also to explain how the Mashona
mole-rat Fukomys darlingi crossed the lower Zambezi and
colonised southern Malawi (Sumbera et al. 2023).

Population expansion - the role of soils and climate

The most prominent finding of this study is the fast popula-
tion expansion of F. damarensis. This is even more striking
on the background of the demographic curve estimated for
F. micklemi s.1., whose population has remained relatively
stable over the past 300ka. Fukomys micklemi, however,
inhabits areas where vegetation and climate likely remained
more stable over long periods. In contrast, the population
expansion of F. damarensis was likely accompanied by a
rapid range expansion, which is most clearly reflected in the
large distribution of the SW lineage.

We assume that this population and range expansion of
F. damarensis started from its core distribution area, where
all major lineages are still present, namely, the region sur-
rounding the Zambezi River and extending southwards
toward the Okavango and Makgadikgadi pan. The persis-
tence of both F. damarensis and F. micklemi in this area sug-
gests that similar mesic conditions prevailing in this region
were favourable for the long-term occurrence of both spe-
cies, as also reflected in their spatial overlaps in climatic and
soil variables (Fig. 6). Our PCA revealed that F. damarensis
is predominantly restricted to coarse, sandy soils, whereas
F. micklemi occupies primarily soils with higher clay and
organic matter content. This pattern supports earlier find-
ings that F. damarensis is closely associated with red Kala-
hari arenosols and other loose sandy substrates (Bennett and
Jarvis 2004). Although the soil characteristics of habitats
occupied by the three F. damarensis lineages partially over-
lap, a clear and gradual shift toward sandier soils is evident
in the most widespread SW lineage. In contrast, individu-
als from the NE and CEN lineages occur in relatively less
sandy soils (Fig. 6A).
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These patterns partially align with Thorley et al. (2023),
who analysed soil conditions at three sites (Kuruman River
Reserve, Tswalu, and Dordabis) and found that these clus-
ter near the centre of the multivariate environmental space.
However, our results place these sites closer to the periphery
of the species’ actual distribution, likely because the north-
eastern part of the range, where the NE and CEN lineages
occur, was not included in their analysis.

In addition to substrate preferences, climatic conditions
appear to have played an important role in the range dynam-
ics of F. damarensis. During the last glacial maximum (25—
15ka), arid conditions (Beuning et al. 2011) promoted the
accumulation of extensive sand deposits across central and
southern Botswana (Munyikwa et al. 2000; Garzanti et al.
2022). Our analysis of georeferenced CYTB sequences sug-
gests that the species may have originally evolved in areas
with more consolidated soils — similar to those inhabited
by F. micklemi — and subsequently colonised more arid and
sandy environments. The availability of loose, easily exca-
vated soils likely facilitated rapid expansion of F. damaren-
sis across the Kalahari Basin.

Interestingly, the southwestern part of the species’ range,
where the SW lineage is dominant, is characterised by more
extreme climatic conditions than those experienced by
the NE and CEN lineages. This region receives lower and
less seasonally predictable rainfall and is subject to more
pronounced temperature fluctuations throughout the year
(Fig. 6B; see also Thorley et al. 2023, supplementary mate-
rial). Despite these environmental extremes, F. damarensis
appears to cope well with such conditions. This ecological
success was likely aided not only by the suitability of the
sandy substrates but also by the species’ notable dispersal
capabilities, as individuals have been recorded moving over
several kilometres (Finn et al. 2022).

Population expansion - spatiotemporal frame

Even if facilitated by environmental changes, the popula-
tion expansion of F. damarensis was possible only once the
new habitats became accessible due to the disappearance or
overcoming of migration barriers. In the concerned area,
large rivers and lakes, along with their associated swamps
such as Makgadikgadi-Okavango palaco-wetland (Fig. 1)
likely acted as an important geographic barrier whose extent
fluctuated on a millennial timescale (Burrough et al. 2009;
Moore et al. 2012; Riedel et al. 2014). Mole-rats likely
expanded into their current range only after these areas had
dried up enough to become permeable to migration.
Although phylogeographic studies on small mammals
distributed across the Kalahari sands remain scarce, the
few available examples indicate significant population

expansions similar to those of F. damarensis. Notably,
signals of such expansions were detected in the bushveld
gerbil (Gerbilliscus leucogaster) (McDonough et al. 2015)
and the pouched mouse (Saccostomus campestris) (Mikula
et al. 2016). These findings suggest that the spread of drier
savannah habitats during glacial periods may have created
suitable environments for F. damarensis and other xeric-
adapted rodents. The Last Glacial Maximum (25-15ka
in this region) was characterised by the expansion of dry
woodland and grassland habitats (Beuning et al. 2011),
which may have simultaneously enhanced the availability
of food resources on which mole-rats depend. Also, spe-
cies distribution modelling shows that glacial conditions
were more suitable for the pouched mouse than intergla-
cial periods (Mikula et al. 2016). A similar pattern has been
observed in giraffes, where the disappearance of the mega
lake Makgadikgadi (16 ka before present, Riedel et al. 2014)
facilitated their migration into the southern Kalahari region
(Bock et al. 2014; Prochotta et al. 2024).

In this study, the expansion of F. damarensis was dated
to 20—40ka before present, and the expansions of Gerbil-
liscus and Saccostomus similarly arose around 40-50ka
(McDonough et al. 2015; Mikula et al. 2016). Dating of
these expansions remains tentative, however, and is typi-
cally conditional on many assumptions. However, we
consider it accurate enough to give us an idea about the
timescale concerned. Our study did not estimate the age of
the split between F. damarensis and F. micklemi, or diver-
gence times between the lineages of F. damarensis. Such
estimates made from our current data would require infor-
mation we currently are not in possession of, namely precise
estimates of CYTB mutation rate and generation time. Here,
we used 0.78 Ma as the age of the F. damarensis-micklemi
split, which was taken from our current estimate of time-
calibrated mole-rat phylogeny (Sumbera et al. 2024, Sup-
plementary material).

Karyotypic variation

There is no clear link between number of chromosomes and
particular matrilineages of F. damarensis. All three known
chromosome numbers 2n=74, 78, 80 are present in the
most widespread lineage SW (Nevo et al. 1986; Deuve et al.
2008). This is in line with low CY7B differentiation between
populations of F micklemi with 2n=58 and 68 in central
Zambia (Burda et al. 1999; Van Daele et al. 2004, this study)
and implies little or no effect of these chromosomal changes
on reproductive compatibility. Although less studied, only
one cytotype (2n=78) has been found so far in an area of
two remaining matrilineages (NE and CEN) (Van Daele et
al. 2004).

@ Springer



R. Sumbera et al.

Morphological and life history differences

Similar to the findings of Van Daele et al. (2004), who
reported black-furred F. damarensis individuals in Sioma
Ngwezi, Zambia, we also observed very dark individuals
around the Zambezi River. According to de Graaff (1972), F.
damarensis is the only known species of the genus with pro-
nounced adult colour polymorphism. De Graaff observed
that reddish-brown individuals were found within the same
family as dark slaty-grey and virtually black individuals in
the Kgalagadi Transfrontier Park, South Africa. Neverthe-
less, remarkable interpopulation differences in fur colou-
ration have also been described in F darlingi (Sumbera et
al. 2023) and are common in F. micklemi, where especially
younger individuals can be very dark (our observation).
Interestingly, dark pelage is atypical for mammals inhabiting
arid environments, and is generally more common in spe-
cies adapted to wetter conditions. This lead Roberts (1951)
in de Graaff 1972) to speculate that dark colouration in F.
damarensis may represent a retained ancestral trait from
before the species radiated into desert environments. This
interpretation aligns with the hypothesis that F. damaren-
sis originated in a more humid northern environment before
expanding into drier areas. Morphological adaptations to
aridity have also been documented in the genus Cryptomys,
the sister genus to Fukomys. Merchant et al. (2024) found
significant morphological variation along an aridity gradient
in C. h. hottentotus, with individuals from more arid regions
exhibiting larger body sizes, larger spleens and kidneys,
shorter legs, and greater inter-shoulder width.

Finn et al. (2018) found that body mass in F. damarensis
may differ between populations: individuals in arid areas
were heavier than those in areas with higher rainfall. Indi-
viduals in Dordabis, Namibia are heavier still, with some
individuals approaching 300 g body mass (Bennett and Jar-
vis 2004). This has led authors to conclude that morphologi-
cal differences are likely adaptations to local environmental
conditions (soil hardness, food availability), and may be
energy-saving mechanisms (Finn et al. 2018; Merchant et
al. 2024). Although F. damarensis individuals newly sam-
pled in Zambia, as well as those from Botswana (Smithers
1971), were generally smaller than those from other sites
in South Africa and Namibia (see Table S3), we cannot yet
attribute these differences to natural intraspecific variability
and population-level divergence. Instead, the smaller body
sizes observed in our sample may be an artifact of the trap-
ping method used. Specifically, we primarily opportunisti-
cally collected individuals which entered the traps or visited
burrow entrances first. In Fukomys mole-rats, including F.
damarensis, it is known that non-reproductive individu-
als are more likely to be captured first, whereas the larger
reproductive individuals tended to be captured later due to
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decreased out-of-nest activity (Voigt et al. 2019; Francioli et
al. 2020; Zottl et al. 2022). More systematic trapping efforts,
particularly those targeting entire family groups, may pro-
vide a more representative information of body size varia-
tion across populations.

Conclusions and future perspectives

The results of our study indicate that the ancestral domain
of the Damaraland mole-rat was located in the Upper Zam-
bezi — Okavango Delta region, where all three matrilineages
are present. Here, the climate is wetter and more predictable
compared to the environments in which the species has been
most extensively studied. Towards the end of the last glacial
period, F. damarensis expanded southward and westward,
coinciding with the aridification of the region, expansion of
open habitats and shrinkage of wetlands that acted as major
migration barriers before. For future research, it would be
highly valuable to establish long-term research of F. dam-
arensis in the northern part of its distribution, such as in
Zambia or northern Botswana. Comparing population ecol-
ogy, behaviour, and sociality in mole-rats from these more
mesic environments, characterised by differing rainfall pat-
terns and soil characteristics, with those from the most arid
parts of the species’ range could significantly enhance our
understanding of their biology and sociality, as well as that
of African mole-rats more broadly. This potential is under-
scored, for example, by the observation that one of the two
families collected in the Okavango delta comprised 41
members (N.C. Bennett and C.G. Faulkes unpublished data,
see also Table S3), representing the largest recorded family
size for this species.

Supplementary information The online  version  contains
supplementary material available at https://doi.org/10.1007/s42991-0
25-00546-3.
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