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Abstract. Spatial and social population structures can influence intra- and interspecific genetic processes.
We investigated the spatial and social genetic structure of two sister species and evaluated whether there
was evidence of hybridisation between them at a microgeographic scale, in syntopy. Our study models were
Rhabdomys bechuanae (Rbech) and Rhabdomys dilectus dilectus (Rdil). We generated population genetic data
using microsatellite markers and cross-referenced some of these results with published behavioural data from
a prior study, reanalysed here. We compared genetic diversity and gene flow both in sympatry and allopatry,
we tested for hybridisation between the sister species in sympatry and assessed the relationship between
kinship and fine-scale spatial and social organisation. Genetic diversity was high within all populations of
the two species. Population genetic substructure was more pronounced in Rbech than in Rdil, consistent
with stronger group cohesion reported for Rbech. STRUCTURE and NEWHYBRIDS analyses suggested that
sympatric individuals, 5% in Rbech, and 2% in Rdil, might have hybrid ancestry. Our results indicate social
fences may limit gene flow within and between species. Further, limited hybridisation suggests that, despite
syntopy, only rare events of hybridisation may occur, possibly at phases of density troughs and/or that F1
hybrids have a relatively low fitness.

Key words: population genetics, microsatellites, species interference, social grouping, kinship, Rhabdomys
bechuanae, Rhabdomys dilectus dilectus, Southern Africa
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Introduction

The spatial and social structures of species may be
inferred from behaviour and ecological studies,
e.g. home range size, home range overlaps and
nest site (NS) sharing (Schradin et al. 2012, Califf
et al. 2020, Wauters et al. 2021). Spatial structure
and social interactions are reciprocally related, and
social organisation may also be shaped or reflect
inter-specific competition (e.g. Dufour et al. 2015a,
2019). Population genetics can reveal how intra-
and interspecific processes are linked to spatial and
social structures by enabling estimates of kinship
among individuals, as well as gene flow within and
between species (Tung et al. 2008, Morgan et al. 2022).
In this study, we investigated how social factors
and inter-species competition influences the genetic
structure of two species, and evaluated the likelihood
of hybridisation between them in sympatry at a
microgeographic scale.

Our focal species were two African rodents,
Rhabdomys bechuanae (hereafter Rbech) and R. dilectus
dilectus (Rdil), whose distributions overlap in central
South Africa. Previous studies have mapped the
boundaries of these ranges and identified zones of
sympatry (Ganem et al. 2012, 2020). Few studies have
addressed the population genetics of Rhabdomys. The
first used allozyme markers in 23 populations across
the range of what was then considered a monospecific
genus, identifying geographical subgroupings
(Mahida et al. 1999). Some of these subgroupings
were later confirmed, and geographically distinct
mitochondrial lineages were described within
the genus (Rambau et al. 2003, du Toit et al. 2012).
Another study investigated the impact of climatic
variation on population genetic structure in seven
populations distributed along a transect from
Namibia to South Africa, using microsatellites and
MHC genes (Froeschke & Sommer 2014). However,
the authors treated populations of two species, R.
bechuanae (in the more arid Namibian sites) and R.
pumilio (in the less arid South African sites) as a single
taxon. The only microsatellite study that avoided
mixing species focused on another species, R. pumilio,
at a fine spatial scale, testing for spatial structure and
sex-biased dispersal (Solmsen et al. 2011).

Phylogenies based on cytb and cytochrome oxidase
I (COI) showed that Rbech and Rdil diverged
approximately 4 million years ago (Rambau et al.
2003, du Toit et al. 2012). They likely evolved in
allopatry under distinct environmental conditions:
Rbech in arid regions and Rdil in mesic ones (du
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Toit et al. 2012). Sympatric populations occurred
at the limits of the distribution ranges of the two
species, patchily distributed among parapatric
populations, in the semi-arid central region of South
Africa (Ganem et al. 2020). Both species are diurnal
and shelter overnight in nocturnal NS. Rbech has
larger home ranges and exploits open habitats more
exposed to predation than Rdil (Dufour et al. 2015a,
2019). In parapatry, Rdil is mostly found in riverine
vegetation, with dense and more or less continuous
cover, while Rbech mostly occupies patchy open
scrubland type habitats (Dufour et al. 2015a). In
sympatry, Rdil is found in more open microhabitats
than in parapatry, although with more cover than
those occupied by Rbech (Dufour et al. 2015a, 2019).
Finally, Rbech is characterised by more cohesive and
stable social groups than Rdil (Dufour et al. 2019),
differences that are expected to be reflected in their
genetic structures.

A comparison between sympatric and parapatric
populations of the two species strongly suggested
potential interspecific competition and character
displacement between Rdil and Rbech (Dufour et
al. 2015a, 2019). Furthermore, smaller-than-expected
home range overlaps between the two species in
sympatry strongly suggest that they avoid each other
(Dufour et al. 2015a). Moreover, Rdil NS are spatially
clustered in sympatry as compared to parapatry
(Dufour et al. 2019), also suggesting that they may be
impacted by species interference. Finally, laboratory
trials indicated that in the absence of conspecific
potential mates, adults of the two species could
engage in mating behaviour with partners of the
other species (Dufour et al. 2015b), suggesting that
reproductive interference (Groening & Hochkirch
2008) and hybridisation could occur in sympatry.

We had three central aims: 1) to compare genetic
diversity, relatedness, and gene flow within
populations of Rbech and Rdil in both sympatry
and allopatry, 2) to test for hybridisation
between Rbech and Rdil in sympatry by assessing
admixture, and 3) to integrate genetic data with
previously published information on spatial
behaviourand social structure of adultindividualsand
assess the relationship between genetic relatedness
and fine-scale spatial and social organisation in
both species (Dufour et al. 2019). To achieve these
objectives, we generated population genetic data
using microsatellite markers and cross-referenced a
sub-sample of these results with social and spatial
data from a prior telemetry study involving the same
individuals (Dufour et al. 2015a, 2019), which we
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Fig. 1. Geographical locations of the four Rhabdomys populations in South Africa. SAN — Sandveld Nature
Reserve, TDR — Tussen Die Riviere Game Reserve, BLO — Bloemhof Nature Reserve, LAJ — Lajuma Research
Station. Symbols correspond to R. dilectus dilectus (yellow triangles), R. bechuanae (blue triangle), both species

in sympatry (green circle).

reanalysed for the present study. Given the species-
specific differences in social behaviour (Dufour et
al. 2019), Rbech is expected to exhibit more genetic
discontinuities than Rdil. Furthermore, given their
occurrence in syntopy, we expected that, in the
absence of postzygotic isolation, hybridisation may
occur in sympatry.

Material and Methods

The project received ethical clearance (French: C34-
264, South African: AESC 2012/13/2A) and local
trapping permits (Free State Province: permits no.
01/15700 and 01/26960, North West Province: permits
no. 01/11262 and HQ10/14-022NW). For Lajuma
Limpopo, samples were obtained from colleagues
with permission from the Lajuma Research Centre.

Study populations

Samples were collected during seven trapping
sessions in South Africa. The two species occurred in
sympatry in one locality: Sandveld Nature Reserve,
Free-State Province (SAN; S5 27°43’, E 25°45’; sampled
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in November 2011, April 2012, November 2012, April
2013). Allopatric localities were: for Rbech, Tussen
Die Riviere Game Reserve, Free-State Province (TDR;
530°28’, E 26°09’), sampled in November 2012, April
2013, and November 2013; and for Rdil, Bloemhof
Nature Reserve, Northwest Province (BLO; S 27°38’,
E 25°4(’), sampled in June 2009, November 2012,
and April 2013. In addition, a more distant allopatric
site was included for Rdil, Lajuma Research Centre,
Limpopo Province (LAJ; S 23°02’, E 29°26’), sampled
in April 2011 (Fig. 1).

Mice were captured using Sherman and PVC type
live-traps, baited with a mixture of peanut butter,
oats, coarse salt and sunflower seeds. A piece of
cotton wool was placed in each trap to provide
comfort and insulation. Traps were set every 10 m
along transects traversing favourable habitats for the
two species (details in Dufour et al. 2015a). Trapping
geolocations were recorded using a handheld GPS
(Dakota 10, Garmin International, Kansas, USA,
or similar). A small piece of tail (approximately
0.5 cm) was clipped and preserved in 90% ethanol
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for molecular analysis. The mice were genotyped
using COI and microsatellite markers (see below).
Some of the genotyped adult mice were also used
in a radiotracking study during which they were
equipped with VHF collars (methods and results
published in Dufour et al. 2015a, 2019). In the present
study, we extracted a subsample of these published
data on home range overlap and NS sharing that
involved mice that were also genotyped here (SAN:
11 Rdil, 39 Rbech; BLO: 33 Rdil; TDR: 21 Rbech), and
for which we identified 61 NS (see below). These
published spatial data were reanalysed to assess
the relationship between genetic relatedness and
spatial/social grouping in both species. Details of the
characteristics of all individuals studied are provided
in Table S1.

Mitochondrial identification and microsatellite
genotyping

Species identification was based on COI sequencing
(as described in Ganem et al. 2012). Total genomic
DNA was isolated using a standard salt extraction
(Bruford et al. 1992). A portion of COI was amplified
using published primers (NewF and New Rg) in
20 ml reaction volumes, containing 2 ul 10X Taq

Buffer with MgCl, and (NH4),SO, (Euromedex), 0.6
pl 10 mM primer, 2 pl 10 uM dNTPs, 0.16 ul GoTaq
polymerase (Promega, Madison, WI, USA) and 1
ul of DNA extract (ca. 30 ng/ul). PCR annealing
temperature was optimised at 61 °C (30 cycles).
PCR products were visualized on 1.5% agarose
gels containing 2 /100 ml ethidium bromide and
cycle sequenced using BigDye terminator chemistry
(Applied Biosystems, Foster City, CA, USA), purified
with Agencourt AMPure XP purification system
(Beckman Coulter Genomics, Grenoble, France), and
loaded on an ABI Prism 3130x] 16-capillary genetic
analyser (Applied Biosystems, Foster City, CA, USA).
All sequencing was performed through the technical
facilities of the genotyping and sequencing platform
GENSEQ. Sequences were aligned by eye in BioEdit
(Hall 1999).

Microsatellite genotyping was conducted for ten
loci (Rh02, Rh09, Rh21, Rh23, Rh24, Rh28, Rh29,
Rh31, Rh36, and Rh46; see Table 1), developed
specifically for Rhabdomys using a high-throughput
microsatellite isolation method through 454 GS-FLX
Titanium pyrosequencing of enriched DNA libraries
(Malausa et al. 2011) by Genoscreen company (Lille,

Table 1. Microsatellite loci used in genotyping Rhabdomys spp. Repeat motifs, primer sequences, cloned allele size and dye labels.

Locus  Repeat motif Primer sequence 5'-3 Size of cloned allele (bp) dye

Rh02  (GATA)12 F: CATGCAACATATGGTCTAGCAAA 106 6FAM
R: TGCTTTTGGATCCTTGACCT

Rh09 (AC)21 F: TGCATCAAAATTCCAACATGA 126 NED
R: TGTTTGTTGGTGGTAGCGAA

Rh21 (TG)12 F: CGTGTCCACTGAACTGTGCT 194 6FAM
R: GCTGGAAGATTCCAAAGCAG

Rh23  (GT)18 F: GTTTGGCTTGTGGTTTGGAT 204 VIC
R: GAGAACATTCACTGCCACGA

Rh24 (CA)21 F: AGTGTCACATGGGGCTAAGG 221 NED
R: AGGCATCACCTTCTGTGAGC

Rh28  (AC)16 F: GGGCTTCCTCATTGCTATTTC 255 PET
R: TCCTAGGGAGAGCTTGTGGA

Rh29  (CA)19 F: TTCCTTATTGACCCCTTCCC 259 6FAM
R: CCCATTTACCATGACCCAAC

Rh31 (AC)18 F: TGGTAGGGAATGTGCCTTCT 269 VIC
R: AGACATGTTCTGATACCACAGAAA

Rh36 (TGTA)11 F: CCACAGGCATGTGTATCCTCT 160 PET
R: TGCAGGATGTGCTTGCTTAC

Rh46  (CA)12 F: TGGCTGCAAATATCACCAAA 261 NED

R: CCCTCCAACAGCCTTGTAAA
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France). Genomic DNA was extracted from ethanol-
stored tissues with the DNeasy Blood & Tissue Kit
(Qiagen). Microsatellite loci were amplified in one
multiplex PCR. PCR amplifications were performed
in a final volume of 10 pL containing 5 pL of the
Qiagen multiplex PCR Master Mix (1X), 2 uM of each
primer, and 1 uL of genomic DNA. The PCR protocol
consisted of the following steps: 1) initial denaturation
at 95 °C for 15 min, 2) 30 denaturation cycles at 94 °C
for 30 s, annealing at 57 °C for 90 s, elongation at 72 °C
for 60 s, and 3) final elongation at 60 °C for 30 min.
PCR products were separated and detected with an
ABI 3130 automated sequencer (Applied Biosystems,
Foster City, CA, USA) and analysed with Gene Mapper
v.3.7. Every individual successfully genotyped at some
loci but not at some others underwent re-amplification
once by simple PCR (to avoid primer competition) for
each failed locus.

Population genetic analyses

Throughout this paper, the term population refers
to all individuals of a given species sampled at a
specific locality. Deviations from Hardy-Weinberg
(HW) equilibrium within loci and populations and
genotypic linkage disequilibrium between pairs
of loci were assessed using GENEPOP v.4 (Rousset
2008). We corrected for multiple testing by using
the false discovery rate (FDR) approach (Benjamini
& Hochberg 1995) implemented in the QVALUE
package of R software (Storey et al. 2021).

For each population, genetic diversity was estimated
using the allelic richness (a,), and the observed (H,)
and expected heterozygosities (H,) calculated with
FSTAT v. 2.9.3 (Goudet 2001). We also analysed the
subpopulation structure by calculating F using
FSTAT, and the kinship coefficient (0) of Loiselle
(Loiselleetal. 1995) betweenall pairs of individualsina
population, with SPAGeDI v.1.4 (Hardy & Vekemans
2002); the genotype data for each population
were used as the reference for allelic frequencies.
Genetic differentiation between populations was
summarised by calculating pairwise F. estimates
(Weir & Cockerham 1984) with FSTAT. The same
software was used to calculate five different indices
for sex-biased dispersal: F,, F., relatedness, and
mean and variance of assignment indices (I ), which
quantified how likely an individual’s multilocus
genotype is within its sampled population relative
to the average, with positive values indicating likely
residents and negative values indicating potential
immigrants (Goudet et al. 2002). These analyses were
done separately for each species and were limited to
SAN, BLO and TDR, due to small sample size at LA]J.
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The dispersal of offspring over limited distances
from their parents results in an increase in genetic
differentiation with geographic distance, through
a process known as isolation by distance (IBD;
Rousset 1997, 2000). We characterised the dispersal
patterns of Rhabdomys at the scale of each locality by
conducting IBD analyses for both species separately,
in SAN and TDR for Rbech and in SAN and BLO for
Rdil. IBD was estimated for both sexes combined and
for each sex separately, using the regression method
based on the expected linear relationship between
genetic and geographic distances (Rousset 2000). The
analyses were run in GENEPOP, using the pairwise
genetic differentiation estimator é calculated between
individuals (Watts et al. 2007) and the logarithms of
Euclidean geographic distances between individuals
for SAN and TDR populations, or the non-
transformed Euclidean geographic distance for BLO,
given the linear distribution of habitats available for
Rhabdomys individuals in this locality. Mantel tests
with 10,000 permutations were performed to assess
the correlation between matrices of genetic and
geographic distances.

Factorial correspondence analysis (FCA, Fig. S2)
of genotypic data was performed with Genetix
v4.01 (Belkhir et al. 1996-2004). The clustering
method of Pritchard et al. (2000), implemented in
STRUCTURE, was performed to estimate the
most likely number of genetic clusters (K) in the
data set, and to assign individuals to the clusters.
The model probabilistically assigns individuals to
source clusters (or jointly to two or more clusters in
cases of admixture) based on their genotypes, while
simultaneously estimating allelic frequencies. Ten
independent runs were carried out for each value
of K (1 to 5). For each run, 1,000,000 iterations were
carried out after a burn-in period of 600,000 iterations.
Analyses were performed without prior assumptions
of the species or the locality. Population genetic
structure was also investigated through Discriminant
Principal Component Analysis (DAPC), which
can accommodate the absence of HW equilibrium
(Jombart et al. 2010). Analyses were conducted in R
software using the adegenet and devtools packages.
The most likely number of genetic clusters was
determined using the Bayesian Information Criterion
(BIC; Lebarbier & Mary-Huard 2006) using the
empirical criterion of a delta-BIC less than six (Kass &
Raftery 1995). We performed five independent runs
for each K value (1 to 5).

When substructure was detected in a population, it
was further investigated using the spatially explicit
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method MAPIL implemented in the R package ‘mapi’
v.1.1.4 (Piry et al. 2016). MAPI is a smoothing-like
procedure applied to pairwise genetic measures
computed between pairs of georeferenced samples.
Pairwise genetic measures are assigned to a network
of ellipses linking the samples. A regular grid of
hexagonal cells is then superimposed on the study
area, and ellipse values are averaged within the
cells they intersect, with a weighting procedure to
limit long-distance effects. The analysis produces a
geographical map representing the spatial variation
in the average level of the genetic similarity or
dissimilarity measures, computed between sample
pairs. The method has low sensitivity to IBD and is
not based on a predefined population genetic model
(Piry et al. 2016). MAPI was run using pairwise
kinship coefficients (Loiselle’s 0) computed between
all pairs of individuals within the population to build
the spatial genetic network of ellipses. Following
Piry et al. (2016), ellipse eccentricity was set to
0.975 (i.e. default value), and the resolution of the
grid cell was determined automatically by setting
the beta parameter to 0.25, as recommended for
random sampling. A permutation procedure (10,000
permutations), combined with a false discovery
rate approach (Piry et al. 2016), was applied to
identify major areas of high genetic continuity and
discontinuity.

Identification of hybrids in natural conditions
We conducted analyses to identify potential
interspecific hybrids between Rdil and Rbech
at the scale of the only locality of the dataset
where both species occurred in sympatry (SAN).
First, STRUCTURE was used to infer assignment
probabilities of individuals from SAN to either
Rbech or Rdil. Bayesian assignment probabilities (q;,)
for each species were estimated by constraining the
number of populations to two (K = 2, assuming two
species) and running 500,000 iterations, after a burn-
in of 200,000 iterations, using population information
to assist clustering (USEPOPINFO model) under
both correlated (which assumes that populations
share similar allele frequencies because of their
common origin or gene flow between them) and
independent allele frequency models. The average of
ten independent runs was obtained. High individual
genotype assignment probabilities (q,>0.95) indicated
membership to a parental species, and lower scores
(q,<0.95) reflected some ancestral admixture.

We also used NEWHYBRIDS v.1.1 (Anderson &
Thompson 2002), which applies Markov chain Monte
Carlo sampling to estimate posterior probabilities
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of each individual’s membership to BLO and SAN
as a pure parent of Rdil or Rbech, first or second-
generation hybrid (F1 or F2), or an F1 backcrossed
with a pure parent. The analysis was performed
multiple times using different overdispersed starting
values and chain parameters, as recommended
by the developers. Finally, we used Jeffrey’s prior
probabilities and default genotype proportions, and
the Markov chain was left to run for 100,000 sweeps
following a burn-in of 100,000 iterations.

Genetic characteristics of behaviourally
identified social groups

These analyses included adult mice that were both
genotyped and radiotracked across four populations
sampled in three localities: SAN (two species), TDR
and BLO (Table S1). An earlier study of SAN and BLO
populations showed that individuals within the same
social group exhibited higher home range overlap
than individuals from different groups (Dufour et al.
2019). We tested whether home range overlap was
related to kinship. Using data from 104 radiotracked
individuals (Dufour et al. 2015a), we assessed the
correlation between home range overlap (measured
as the volume of interaction between two home
ranges: VI) and pairwise kinship (Loiselle’s o) using
Spearman’s rank correlation for each population. A
positive correlation would, indirectly, indicate that
related individuals are more likely to form social
groups than unrelated ones.

We then focused on radiotracked mice whose NS
were identified in an earlier study (Dufour et al.
2019). Altogether, we retained 61 NS used by adult
mice for which we also had microsatellite data. Only
one of these was occupied by a sympatric Rdil, so
this category was excluded from further analysis.
We analysed whether NS sharing involved related
individuals in three populations of the two species:
Rbech in Sandveld (18 NS used by genotyped mice)
and TDR (eight NS), and Rdil in Bloemhof (34 NS).
In each case, a minimum of two to five adult mice
shared a NS. We compared the mean kinship among
NS co-occupants and the average kinship across
the population to a reference value of 0 (absence
of relatedness) with a Wilcoxon test. A value
significantly higher than 0 among co-nesters would
indicate that NS sharing occurs preferentially among
related individuals.

Results

Rbech and Rdil genetic structure
Microsatellite genotyping was conducted on 359



J. Vertebr. Biol. 2026, 75: 25073

T

'~ Spatial structure parallels social behaviour in an African rodent

Table 2. Estimates of within-population genetic diversity in the two species using ten microsatellite markers. Rbech — Rhabdomys
bechuanae, Rdil — R. dilectus dilectus, SAN — Sandveld Nature Reserve, BLO — Bloemhof Nature Reserve, LAJ — Lajuma Research
Station, TDR — Tussen Die Riviere Game Reserve, n — number of genotyped individuals, a_— allelic richness, estimated for a standard
sample size of 17 individuals, H, — observed heterozygosity, H. — Nei's unbiased genetic diversity, F,_ (10/7) — inbreeding coefficient
calculated using ten loci or seven loci (when excluding those with null alleles).

Species Locality n a, H, H, F_(10/7)
Rdil BLO 47 99+25 0.73+0.21 0.86 +0.05 0.15/0.02
Rdil LA]J 19 10.1+2.8 0.71+£0.21 0.86 +0.07 0.17/0.06
Rdil SAN 57 81+21 0.65+0.26 0.81+0.07 0.20/0.07
Rbech SAN 166 84+21 0.55+0.23 0.80 +0.07 0.30/0.19
Rbech TDR 70 83+1.8 0.63+0.24 0.78 £0.09 0.19/0.05

individuals (see Table S1). Four loci (Rh24, Rh29,
Rh31, Rh36) were at HW equilibrium. All other loci
displayed significant heterozygote deficiencies in
several populations. Overall, positive F values were
obtained for all Rbech and Rdil populations, ranging
from 0.15 for Rdil at BLO to 0.3 for Rbech at SAN
(Table 2). Linkage disequilibria (LD) between pairs of
loci were significant for 85 of the 225 tests performed.

HW deviations and significant LD may have resulted
from oversampling of closely related individuals. To
evaluate this, we calculated the kinship coefficient o
(Loiselle et al. 1995) between all pairs of individuals
within each population (Hardy & Vekemans 2002).
The median kinship ranged from -0.018 to -0.010
within populations (Fig. S1). Despite these low
median values, very high o (> 0.25) were obtained
for some pairs of individuals in all populations,
indicating the occurrence of close relatives. LD and
HW analyses were then re-done on a reduced dataset
(167 individuals), excluding 292 individuals involved
in pairs with o values > 0.25 in each population. All
LD tests were non-significant, suggesting that the
ten loci were genetically independent. Seven loci
(Rh02, Rh21, Rh24, Rh29, Rh31, Rh36, Rh46) were
at HW equilibrium, with the exception of the SAN
population of Rbech, which deviated at two loci
(data not shown). The three other loci (Rh09, Rh23,
Rh28) exhibited significant heterozygote deficiencies
in most populations, associated with some null
genotypes (respectively 21, 44, and 11) that suggested
the occurrence of null alleles. Estimated null allele
frequencies for these three loci were similar among
populations, with means ranging from 0.21 (Rh09)
to 0.26 (Rh28). Given the limited number of markers
(ten) considered, we decided to keep these loci in
the analyses of population genetic structure, while
confirming that comparable results were obtained in
the analyses performed without these loci.
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Genetic diversity levels within localities were similar
in Rdil and Rbech, using either the full dataset
(Table 2) or the reduced dataset (results not shown).
Positive F ¢ values were obtained for all Rbech and
Rdil populations using the full dataset, but only for
the Rbech population in SAN when the three Joci with
null alleles were excluded (Table 2). For Rdil, genetic
diversity estimates were lower (with or without the
three loci with null alleles) and were higher in the
sympatric locality with Rbech (SAN) compared to
the allopatric sites (BLO and LA]J). For Rbech, F, was
higher in the locality of sympatry with Rdil (SAN)
than in allopatry (TDR).

Mean F . was 0.11 (95% Confidence Interval = (0.09,
0.13)) over the full dataset. Pairwise F, varied from
0.03 (between BLO and LAJ) to 0.07 (between SAN
and LA]J) among Rdil populations (mean F, = 0.05,
95% CI = (0.03, 0.08)) and equalled 0.11 among Rbech
populations (between SAN and TDR).

Different indices for sex-biased dispersal were
calculated per species using Fstat. F  was significantly
higher in males (M) than in females (F) for Rbech (F g
(M)=0.33 and F ;(F)=0.23, P=0.0002) and Rdil (F ; (M)
=0.22 and F (F) = 0.14, P = 0.0035), which suggested
a male-biased dispersal. These patterns are consistent
with a Wahlund effect in the dispersing sex due to
a hidden substructure resulting from the coexistence
of resident and immigrant individuals at each site
(Goudet et al. 2002). Mean I were significantly
negative in males and positive in females for Rbech
(I M)=-0.79 and I (F)=0.71, P =0.009) and for Rdil
(I, M) =-091 and I (F) = 0.80, P = 0.03), which is
also expected under male bias in dispersal (Goudet
et al. 2002). When the three loci with null alleles were
excluded, the only significant result was for mean
I in Rbech, also suggesting male-biased dispersal.
IBD analyses were significant (P < 0.0001) for both
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Fig. 2. Best clustering results of Rhabdomys individuals according to STRUCTURE and DAPC analyses. Each individual is displayed as
a vertical line partitioned into coloured segments, the length of which is proportional to the individual's estimated K cluster membership
coefficients. SAN — Sandveld Nature Reserve, TDR — Tussen Die Riviere Game Reserve, BLO — Bloemhof Nature Reserve, LAJ — Lajuma
Research Station. A) STRUCTURE analysis, K = 3 and K = 4; B) DAPC analysis, K = 3 and K = 4. The arrow shows the position of individual

no. 508 (see text).

Rbech and Rdil within each population for both sexes
combined and for each sex separately (SAN and BLO
for Rdil, SAN and TDR for Rbech). Slope values, for
both species, were similar and significantly positive
(Table 3). Similar results were obtained when the
three loci with null alleles were excluded from the
analyses.

FCA, STRUCTURE and DAPC analyses performed on
the full dataset provided consistent results. In FCA,
the first axis separated the three populations of Rdil
from the two populations of Rbech (Fig. 52). Only one

individual (no. 508, thenidentified as a putative hybrid
in dedicated analyses) was misclassified, grouped
with Rdil individuals, although it was identified as
Rbech using COI. The second axis mainly separated
the SAN and TDR populations of Rbech. A similar
pattern was obtained on the dataset without loci
having null alleles. STRUCTURE analysis indicated
that the most likely genetic structure for the dataset
consisted of three clusters (Fig. 2A). At K = 2, Rdil
individuals from all localities grouped together, and
Rbech individuals from TDR grouped alternatively
with Rdil individuals (in four of the ten runs), or

Table 3. Isolation by distance analyses between individuals at a locality scale. Rbech — R. bechuanae, Rdil — R. dilectus dilectus.
Analyses were performed with Genepop, using the pairwise genetic differentiation estimator é calculated between individuals (Watts
et al. 2007) and either the logarithms of Euclidean geographic distances between individuals for SAN (Sandveld Nature Reserve) and
TDR (Tussen Die Riviere Game Reserve) populations, or the non-transformed Euclidean geographic distance for BLO (Bloemhof Nature

Reserve).
Sex combined Males Females
Slope 95% CI Slope 95% CI Slope 95% CI
Rbech  SAN 0.019 (0.01, 0.03) 0.014 (0.009, 0.027) 0.024 (0.015, 0.036)
TDR 0.011 (0.007, 0.015) 0.013 (0.007, 0.02) 0.013 (0.008, 0.03)
Rdil SAN 0.019 (0.013, 0.029) 0.02 (0.01, 0.037) 0.02 (0.01, 0.03)
Rdil BLO 227e*  (1.96e7,5.16e°)  -2.03e® (-7.90e, 5.37e®) 3.24e* (—4.40e7,7.13e7®)
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Fig. 3. Spatial genetic structure of Rhabdomys bechanae in the locality of SAN, assessed using MAPI. The colour scale represents
the spatial variation of the average level of the kinship coefficient of Loiselle, from lowest values in green to highest values in maroon;
significant areas of high genetic similarity and discontinuity are delineated by dotted and full black lines, respectively. Sampled
individuals are represented by a black dot. Background: Google Earth © 2025 CNES/Airbus.

with Rbech individuals from SAN that formed a
distinct group (in six of the ten runs). At K = 3, Rdil
individuals from all localities grouped together,
Rbech individuals from SAN were largely assigned
to a second group (except two individuals: no. 282,
which grouped with TDR Rbech individuals, and
no. 508, which grouped with Rdil individuals), while
Rbech individuals from TDR were assigned to a third
group. At K = 4, Rbech individuals from SAN were
separated into two different groups. Similar patterns
were obtained when the three loci having null alleles
were excluded from the analyses. DAPC analyses
suggested up to four genetic groups, using the criteria
of deltaBIC > 6. The pattern inferred was globally
similar to that obtained with STRUCTURE (Fig. 2B),
including individual no. 508 being classified as Rdil.
All these analyses indicated stronger structuration
between and within populations of Rbech compared
to Rdil. Unfortunately, although individual no. 508
COlI type was confirmed, its microsatellite genotype
could not be reassessed to confirm that it was indeed
a misassigned specimen.
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F, values;, DAPC and STRUCTURE analyses
suggested substructuring in Rbech at SAN. Rbech
sampling was done in three separate areas in
SAN, separated by 1 to 2 km, where both genetic
clusters identified by STRUCTURE and DAPC
were represented. We focused on the central area,
where most individuals (133/165) were sampled,
excluding individual no. 508, which appeared to be
misclassified in the analyses performed on the full
dataset. The MAPI analysis run on Loiselle’s kinship
coefficients clearly identified two areas of high
genetic similarity, separated by a significant zone of
genetic discontinuity along two road tracks (Fig. 3).
This result was consistent with our observation that
home range overlap was greater between mice with
high genetic similarity than between mice with lower
genetic similarity (Table 4).

Identification of hybrids in SAN

We analysed the assignment probabilities of the
223 individuals, trapped in the sympatric locality
(SAN), which were identified using mitochondrial
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Table 4. Admixed individuals identified using STRUCTURE and NEWHYBRIDS analyses in the locality of SAN (Sandveld Nature Reserve),
where R. bechuanae (Rbech) and R. dilectus dilectus (Rdil) occurred in sympatry. STRUCTURE analyses were performed using the
admixture model for individual ancestry, under both correlated and independent allele frequencies models, and assuming K = 2 (two

species).
STRUCTURE analysis
No. Ind. Mitochondrial Correlated allele Independent allele ~ NEWHYBRID analysis —
genotype frequencies frequencies qi values
282 Rbech ADM ADM P = 0.53, F,=0.40
284 Rbech ADM ADM Xepean = 0-50, F,=0.31
305 Rbech Prpect Priect Py = 0.85, Bx, , =0.13
408 Rbech ADM ADM F,=0.92
474 Rbech ADM ADM F,=0.69, P, =029
486 Rbech ADM ADM Proean=0.81, F,=0.16
508 Rbech ADM ADM F,=0.99
545 Rbech ADM ADM F,=0.61, Bx, =031
547 Rbech ADM ADM Proen=0.79, F 0.16
548 Rbech ADM ADM Py, = 0.93
440 Rdil ADM ADM F,=0.65, Bx,,,=0.16

ADM, admixture nature (mean posterior probability of assignment in the given species across ten runs < 0.95); P_. .. pure Rbech, F,,

second generation hybrid, Bx or Bx

Rbech Rdil’
COI sequences as Rbech or as Rdil, using all ten
loci. Using STRUCTURE, we found 157 individuals
as ‘pure’ Rbech, and 56 individuals as ‘pure’ Rdil
under both the correlated allele frequency model
and the unlinked allele frequency model (Table 5).
Only one individual (no. 440) identified as Rdil
with the COI marker was characterised by a mean
q, < 0.95, suggesting admixture, although not recent,
as it was not assigned to a specific class of recent
hybrids. Nine individuals identified as Rbech were
characterised by mean g, < 0.95 under both models,
but only two of them (no. 284, no. 545) had a high
probability of having a Rdil recent ancestor, in their
case a grandparent (only no. 545 under the unlinked
allele frequency model), and one (no. 508) carried a
Rdil genotype (q, > 0.8 under both models).

Table 5. Percentage of home range overlaps (measured as
the volume of surface interaction, VI) between R. bechuanae
individuals of the two genetic groups: West (W) and East (E)
extracted from the MAPI analysis; see Fig. 3 and main text.

Genetic groups of  Number of Mean + SE
pairs of individual overlap Vi
individuals pairs (%)

W-W (same group) 36 2394 +4.05
W-E 48 2.77£0.73
E-E (same group) 20 41.45 £ 6.51

backcross with Rbech or Rdil, respectively.

Using NEWHYBRIDS, we identified 156 individuals
as ‘pure’ Rbech, and 56 individuals as ‘pure’ Rdil
(P > 0.95). One individual identified with COI as Rdil
(no. 440) had a low probability (P < 0.95) of being
a ‘pure’ Rdil (Table 3); it was compatible with a F2
crossing type with a probability that was not very
strong (P = 0.65). Ten individuals identified as Rbech
had limited probabilities (P < 0.95) to be ‘pure’ Rbech.
Among them, only four were compatible with an F2
crossing type (no. 408, P = 0.92; no. 474, P = 0.67; no.
508, P=0.99; no. 545, P =0.61) and only one (although
with a low probability) with a backcross crossing
type (no. 284, P = 0.50).

In summary, both methods gave similar results.
One individual identified as Rdil (no. 440) and nine
individuals identified as Rbech (no. 282, 284, 408, 474,
486, 508, 545, 547 and 548) with the mitochondrial
marker, were identified as hybrids based on the nuclear
markers by both STRUCTURE and NEWHYBRIDS
analyses. One additional hybrid (no. 305) was
identified by NEWHYBRIDS analyses only. Only
two of these individuals (no. 284 and no. 545) were
identified as recent hybrids by both methods, and one
(no. 508) as either a recent hybrid (by NEWHYBRIDS)
or an Rdil individual with an Rbech mitochondrial
haplotype (by STRUCTURE). Spatially, these ten
individuals, identified as hybrids using both methods,
were relatively dispersed across the sympatric area.
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Home range overlap and kinship

A positive correlation between kinship and home
range overlap was detected among Rbech adult
individuals in SAN (147 pair comparisons: Spearman
0.275, P = 0.0008), indicating that related
individuals were more likely to share part of their
home range surface, even when they did not share
an NS/social group, than unrelated individuals. A
similar pattern was found for Rbech in TDR, although
the trend was not statistically significant (45 pair
comparisons: r = 0.282, P = 0.06). For Rdil individuals
in BLO for which we had a similar sample size as for
Rbech in SAN we did not detect a correlation between
overlap and kinship (115 pair comparisons: r_= 0.07,
P = 0.46), and our sample size was too small to be
able to conclude for Rdil when in sympatry in SAN
(13 pair comparisons: r =-0.152, P = 0.62).

T =
S

Nest site sharing and kinship

Average kinship values, calculated for all pairs in a
given locality, varied between 0.001 + 0.002 (Rbech-
TDR), 0.002 + 0.002 (Rdil-BLO), and 0.0035 + 0.001
(Rbech-SAN), all means not significantly different
from 0 (P > 0.05). While within NS, they varied
between 0.045 + 0.017 (n = 57, Rdil-BLO), 0.049 + 0.02
(n = 26, Rbech-TDR), and 0.07 + 0.02 (n = 28, Rbech-
SAN), all means significantly different from 0 (P <
0.05). Adult mice sharing the same NS tended thus to
be more related to each other (values > 0), unlike the
average calculated for the population.

Discussion

Investigating the relationships between spatial
and social behaviour and population genetics is
particularly relevant to the study of the structure
and functioning of cryptic species. This study
presents the first population genetic analysis of
two Rhabdomys species and reveals evidence of rare
hybridisation occurring between them in sympatry.
We also further characterised the social organisation
of the two species in light of genetic relatedness,
underscoring the role of social fences in limiting gene
flow at a microscale. Although this study considered
a limited number of populations, it provides new
insights into understanding intra- and interspecies
interactions.

Population structure at different geographical
scales

The study comprised two populations of Rbech and
three populations of Rdil, distributed in four localities,
including one site where the two species occurred
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in sympatry. Genetic diversity was relatively high
within all populations and similar for Rdil and Rbech.
Mean genetic diversity estimates (r, H, H;) were
consistent with those reported in other Rhabdomys
populations studied at a similar spatial scale (Solmsen
et al. 2011, Froeschke & Sommer 2014), as well as in
other African rodent species (e.g. Brouat et al. 2007,
Gryseels et al. 2016). These relatively high values are
expected in rodent populations that are generally
assumed to be large. Consistent with findings in R.
pumilio (Solmsen et al. 2011), we detected evidence of
male-biased dispersal in both Rbech and Rdil. This
pattern, widespread among rodents (Wolff 2007),
likely results from male dispersal and mixing across
different ‘inbred” demes outside their natal areas.

High F values were observed in all populations,
but were probably mainly due to null alleles at
three loci. In the Rbech population of SAN, however,
F remained high even after excluding these loci,
suggesting significant substructuring. This likely
reflects the presence of different breeding units
(or family groups), consistent with the Wahlund
effect (Waples 2015). According to this hypothesis,
STRUCTURE DAPC analyses revealed the occurrence
of two well-differentiated subpopulations of Rbech
in SAN. The MAPI analysis suggested genetic
discontinuities along two dirt roads that cross the
sampled area. However, it is difficult to imagine that
these narrow roads act as barriers to Rbech dispersal,
as several individuals have been observed crossing
them. Genetic discontinuities may instead point to
behavioural isolation as a contributing factor. Solmsen
et al. (2011) showed that territories in R. pumilio acted
as social barriers to dispersal. In Rbech, strong social
structure and group cohesion, together with nest
fidelity, have been reported (Dufour et al. 2019), and
may reinforce ‘social fences’ as suggested by our
results. Interestingly, no population sub-structuring
was detected in Rdil, and there was no relationship
between kinship and home range overlap between
Rdil individuals, consistent with earlier findings that
Rdil individuals displayed looser group cohesion and
NS fidelity compared to Rbech (Dufour et al. 2019),
and further indicating that grouping in Rdil probably
does not involve related individuals.

The Rdil population at SAN had the lowest genetic
diversity observed for the species, suggesting a
smaller population size at this site compared to the
two other localities. A previous study noted density
fluctuations with periods of low density of Rdil
compared to Rbech in SAN (Ganem et al. 2020).



J. Vertebr. Biol. 2026, 75: 25073

T

Because Rdil prefers mesic habitats with dense
ground cover (Abu Baker & Brown 2010, Meynard
et al. 2012, Dufour et al. 2015a), a smaller population
size in the semi-arid SAN and BLO sites is plausible
compared to LAJ, which has a subtropical climate
and vegetation. Smaller population sizes are also
expected at the margin of species distribution, for
both species in SAN, where patchy and marginal
habitats are expected to exacerbate genetic drift and
reduce gene flow (Langin et al. 2017). However,
although BLO is located both in a semi-arid area and
at the margin of the Rdil distribution, this population
did not show lower genetic diversity compared
to the sympatric population, as well as the central
population of LAJ inhabiting a subtropical mesic
habitat. Small population sizes in sympatry have
been observed in other rodents and were ascribed to
a reduction in habitat quality due to the presence of
competitor species (Eccard & Ylonen 2003). An earlier
study suggested that species interference resulted in
smaller home ranges, restricted individual mobility
and NS accessibility as well as forced grouping of
individuals in NS of lower quality in Rdil populations
in sympatry (SAN) as compared to parapatry (Dufour
etal. 2015a, 2019), consistent with the negative impact
of Rbech on Rdil population in sympatry. In Rbech,
high densities observed in SAN during our main
sampling sessions (Dufour et al. 2015a) and similar
genetic diversity levels in SAN (where Rbech occurs
in sympatry with Rdil) and in TDR (where Rbech
does not occur in sympatry with Rdil) suggest the
absence of a negative effect of Rdil on Rbech.

Genetic differentiation among populations of
Rdil was similar to that found in other Rhabdomys
populations (Froeschke & Sommer 2014) and other
rodent species (e.g. Brouat et al. 2007) at comparable
spatial scales. Moreover, pairwise F  values among
the three populations of Rdil were consistent with
an IBD effect; the most geographically distant
LAJ population was also the most genetically
differentiated from the others. Although this pattern
should be verified with sampling of more populations,
our results suggest that genetic differentiation is
primarily driven by limited long-distance dispersal
for Rdil (Leblois et al. 2000). In contrast, genetic
differentiation between SAN and TDR Rbech
populations was surprisingly high and on the same
order of magnitude as the genetic differentiation
between Rbech and Rdil. Given the similar levels of
heterozygosity in Rbech and Rdil populations, and
considering that geographical distances were much
greater between Rdil populations, we did not expect
higher F values in Rbech than among populations
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of Rdil. The extremely high genetic differentiation
observed between TDR and SAN may indicate very
limited gene flow, compared to Rdil, potentially
reflecting the unique geographical setting of TDR,
which is bordered by the Rivers Caledon and Orange
and surrounded by unfavourable rocky habitats that
could form ecological barriers that may contribute to
its isolation from other Rbech populations. However,
if this were the case, we would have expected to
observe lower genetic diversity in TDR compared to
the more connected and less isolated SAN population,
unless the TDR population size was particularly
large despite its relative isolation. Nevertheless,
introgression of Rbech with another unrecognised
species of Rhabdomys in TDR or the presence in this
locality of another cryptic species are hypotheses that
warrant further, potentially genomic, investigations.

Hybridisation

Hybridisation analyses were conducted for
populations at the sympatric site (SAN), where
trapping and radiotracking indicated that mice
of the two species were syntopic, suggesting that
interbreeding is possible (Dufour et al. 2015a). In
an earlier study, laboratory behavioural trials with
individuals from SAN demonstrated that, although
potential mates of the two species were capable of
mutual discrimination, some adults engaged in inter-
specific mating behaviour when conspecific mates
were unavailable (Dufour et al. 2015b). This finding
suggests that reproductive interference may occur in
sympatry (Groening & Hochkirch 2008). However,
breeding experiments indicate lower reproductive
success of heterospecific as compared to homospecific
pairs (Dufour 2014).

STRUCTURE and NEWHYBRIDS analyses suggested
that a hybrid ancestry could have occurred in nine
out of 166 (5%) Rbech individuals and one out of 57
(2%) Rdil individuals. Most of these putative hybrids
had a Rbech mitochondrial genome, suggesting a
higher rate of backcrosses with Rbech females, which
is consistent with a smaller population size of Rdil
compared to Rbech (Dufour et al. 2015a, Ganem et
al. 2020). No F, individuals were detected, and only
a few individuals could be confidently assigned as F,
or backcrosses (one identified by both STRUCTURE
and NEWHYBRIDS, and two by one of the two
methods only). However, hybrid assignments based
on microsatellite data may include false positives
(Poelstra et al. 2022), and the limited number of loci
used here may further constrain detection accuracy.
Alternatively, the presence of null alleles at three of
the ten loci may reduce our ability to detect hybrids by
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misclassifying some of them as homozygotes. A larger
and more reliable genomic dataset would therefore
be required before drawing firm conclusions about
the occurrence and extent of hybridisation between
the two species. For now, our results indicate that
despite syntopy, if hybridisation occurs, it remains
relatively rare — possibly limited to periods when one
of the species experiences a demographic trough.

Finally, the low frequency and likely reduced fitness
of hybrid individuals, combined with evidence
of behavioural discrimination and absence of co-
nesting, suggest the occurrence of both pre- and
postzygotic reproductive barriers. These findings
support the maintenance of reproductive isolation
despite syntopy, suggesting that these sister
species are either in the final stages of speciation or
represent fully differentiated species with infrequent
hybridisation. Our results, therefore, provide
empirical support for the role of, at least, behavioural
barriers in sustaining reproductive boundaries
under conditions of potential gene flow. Similar
patterns have been observed in the vlei rat Otomys
irroratus, where both behavioural and intrinsic (e.g.
karyotypic) barriers contribute to reproductive
isolation between allopatric populations (Pillay et
al. 1995a, b, c), suggesting the occurrence of multiple
isolating mechanisms in the maintenance of species
boundaries among rodents.

Conclusion

Integrating population genetics, spatial behaviour
and social structure provides strong insight into
intra- and interspecific dynamics in natural rodent
populations. Our genetic results are consistent with
behavioural observations of differences between
Rbech and Rdil in social and spatial structuring (i.e.
Rbech being more social than Rdil) and further inform
on the role of kinship in patial structuring in Rbech,
which may also contribute to isolation between the
two species. Overall, microsatellite markers used in
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this study revealed little evidence of introgression
between species. However, comprehensive genomic
analyses across a wider range of populations will
be necessary to confirm this pattern. This study
reinforces the importance of integrating behavioural
ecology with population genetics when investigating
the evolutionary dynamics of closely related taxa.
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Supplementary online material

Fig. S1. Distribution and median value of pairwise kinship coefficients of Loiselle et al. (1995) computed
between all pairs of individuals from the same population. Rbech — R. bechuanae, Rdil — R. dilectus. See Fig. 1
for locality codes.

Fig. S2. FCA analyses conducted using Genetix v.4.01 on microsatellite data (ten loci) for Rhabdomys bechuanae
(Rbech) and Rhabdomys dilectus (Rdil) individuals from four different localities. Square colours indicated the
origin and species identity of individuals: yellow for Rbech and blue for Rdil individuals from SAN (Sandveld
Nature Reserve); pink for Rbech individuals from TDR (Tussen Die Riviere Game Reserve); white for Rdil
individuals from BLO (Bloemhof Nature Reserve); grey for Rdil individuals from LAJ (Lajuma Research
Station). Only the first three axes of the FCA are shown.

(https://www.ivb.cz/wp-content/uploads/JVB-75-2026-GanemG.-et-al.-Fig.-S1-52.pdf)

Table S1. Outline data analysed in this study, and other characteristics of individuals involved (https://www.
ivb.cz/wp-content/uploads/JVB-75-2026-GanemG.-et-al.-Table-S1-1.xIsx).
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