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Monogamous mammal species often exhibit flexible mating strategies in response to socio-ecological
factors such as population density, though the extent of this flexibility remains unclear. In this study,
we investigated the genetic mating system of the Cabrera vole (Microtus cabrerae) in high density
habitat patches from Extremadura (Spain), assessing whether it aligns with or deviates from the
genetic monogamy previously found in low-density populations (<20 individual/ha). Using genetic
non-invasive sampling of vole faeces combined with spatial capture-recapture modelling, we first
obtained precise estimates of population density. We then evaluated whether Cabrera voles display
alternative mating tactics in these high-density patches by means of space use and parentage analysis.
Results indicated that, even under unusually high population densities (> 90 individuals/ha), Cabrera
voles exhibit genetic monogamous mating system, contrasting with the density-dependent variations
often observed in other socially monogamous species. This suggests that Cabrera voles may have
limited flexibility in their reproductive behaviours, potentially influenced by life-history traits such as
strong pair-bonds, paternal care, and low levels of sperm competition, which likely promote paternity
assurance and reduce the chances of extra-pair mating. These traits probably evolved in response to
the limiting conditions that semi-arid Mediterranean environments impose to herbivores, influencing
the most optimal mating strategies to the successful rearing of offspring. Overall, our findings highlight
that not all monogamous mammal species exhibit flexibility in their mating strategies in response to
population density. In the case of the Cabrera vole, being a near-threatened Iberian endemism, the
predominance of genetic monogamy may increase its vulnerability to land-use and climate changes,
given this mating strategy is generally associated with lower effective population sizes and overall
genetic diversity. Conservation efforts for Cabrera voles should thus focus on preserving large and
stable habitat patches, while improving landscape connectivity to mitigate potential population and
genetic bottlenecks, and enhance the long-term viability of extant populations.
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Mating systems describe the predominant reproductive strategy of species based on the number of mates that
individuals of both sexes typically have in natural populations’. Most theories of the evolution of mating systems
emphasize the importance of sexual behaviour as well as individuals’ space use, and the characteristics of pair
bonds and parental care provided by each sex’. Monogamy represents a complex mating system in which breeding
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females generally occupy exclusive territories® and neither sex can monopolize more than one mate, typically
resulting in significant pair-bonding and biparental care’*. From an evolutionary perspective, monogamous
mating systems are remarkable, given that empirical studies and theoretical models typically associate the
predominance of multiple mating as a proxy for lifetime reproductive success and fitness>°. Understanding the
factors affecting the emergence, variability and maintenance of monogamous mating systems is therefore an
outstanding and still unresolved research challenge, yet essential for a comprehensive theory of mating systems’.

Among mammals, monogamy has long drawn considerable research attention due to its rarity (nearly 5%?),
independent evolution®, and variability or intermittency in underlying social and reproductive behaviours™!°.
Evidence suggests that, within monogamous mammal species (most common among rodents, canids, and
primates, including humans), alternative reproductive tactics, or alternative behavioural phenotypes, conveying
different reproductive payoffs may emerge in different contexts!-!%. Such variation in the expression of mating
behaviour is thought to be shaped by neurobiological processes involving specific socio-sexual and reward
brain regions linked to pair-bonding circuits, which are modulated by genetic factors and external influences,
thus enabling behavioural adaptation of monogamous mating systems to environmental pressures!'*!°. This has
led to the differentiation between genetic monogamy, which involves association and exclusive mating with
a single partner, and social monogamy, in which individuals also associate to a main partner but engage in
multiple mating in and out of their social pair'®!”. The predominance of each mating tactic within monogamous
mammal species and populations thus emerges from individuals’ decisions reflecting their social and ecological
environment!'®!%, and have been suggested to significantly impact population dynamics, dispersal, and gene
flow'®1°. These impacts may be further exacerbated in genetic terms when significant environmental change
prompts typically monogamous species to transit towards non-monogamous mating systems in which male
mate guarding and parental investment are presumably lower!®2°. Assessing the drivers of variation in mating
strategies among monogamous mammals and the potential for eventual transitions to other mating systems
is therefore key to advance ecology, evolution, and conservation science”?!. However, the extent to which
mating behaviour can adapt to varying social and ecological conditions across monogamous mammals remains
uncertain. The relevance of socio-ecological environments modulating reproductive strategies in mammals
remains poorly understood?>?, largely due to the challenge of surveying detailed demographic and parentage
assignment data in natural populations, particularly for rare and elusive species?*~2°.

Population density has been identified as a main driver of individuals’ socio-ecological environment, and its
effects on the amount of extra-pair mating have been well demonstrated among monogamous mammals®1%20,
Higher density typically increases the probability of social interactions and mating opportunities while also
intensifying competition for mates, potentially enhancing the reproductive payoffs of extra-pair mating
by increasing male reproductive success and allowing females to select mates and increase offspring genetic
diversity?”?%. This may increase the prevalence of social monogamy over genetic monogamy, or even the
emergence of non-monogamous mating, such as polygyny. For instance, for prairie voles (Microtus ochrogaster),
genetic monogamy is more prevalent during periods of low population density, while at high population density,
male territories may overlap with those of multiple females, potentially increasing extra-pair matings and
paternities, hence reducing genetic monogamy®’-*!. Occasionally, some prairie voles may also exploit polygyny
mating alternatives in environments offering increased access to multiple mates'®2. This variation in prairie vole
mating strategies emerges from individuals choice to adopt a monogamous tactic (known as ‘resident’), in which
individuals defend small home ranges that closely overlap with their mating pair and minimally with other
adult conspecifics, or a non-monogamous tactic (known as ‘wandering’), in which males typically occupy larger
home ranges that overlap with multiple females and males, without establishing pair bonds!?. Other examples of
monogamous mammals showing higher rates of extra-pair paternity in densely distributed populations include
the alpine marmot (Marmota marmota)*”, the American beaver (Castor canadensis)®, the Tome’s spiny rat
(Proechimys semispinosus)®*, and the Brazilian guinea pig (Cavia aperea)®. These transitions make it unclear
whether genetic monogamy occurs as a consequence of the life history traits of socially monogamous species,
or is mainly driven by changes in the socio-ecological environment due to population density'”>¢. Therefore,
studies assessing how mating strategies vary with population density in socially monogamous mammals are
crucial to improve our understanding of the development, maintenance and variation of monogamy, and on
how natural populations will be able to adapt and persist in rapidly changing environments, particularly among
species of conservation concern’.

Here we address this issue focussing on the monogamous Cabrera vole (Microtus cabrerae)*>¥-%0. The
Cabrera vole is a near-threatened Iberian endemism with global declining trends*!, being largely restricted to
small habitat patches of herbaceous wetland providing food, thermal refuge, and protection from predators*?~*4.
Within habitat patches the Cabrera vole typically occurs at low densities, rarely exceeding 50 individuals/ha and
often remaining below ~ 20 individuals/ha***>-#/, being organized in small family groups consisting of a bonded
breeding pair and their offspring. Bonded breeding pairs often share a common range, with limited overlap
with home ranges of adjacent family groups®**+#. Such socio-spatial organization, together with the evidence
of biparental care®, the reduced sexual size dimorphism*, the trends toward even sex ratios of populations*>,
and the lack of evidence for extra-pair paternity?® suggests that, at low densities, the Cabrera vole is genetically
monogamous. However, the species may occasionally reach high densities (above~100 individuals/ha)®!,
though such occurrences appear relatively uncommon and localized, likely triggered by particularly favourable
conditions and high reproductive output, rather than reflecting periodic abundance fluctuations as documented
in other vole species e.g’>%. Despite uncommon, such high-density populations may still have important
ecological implications, potentially altering social structures and mating strategies, thus offering an excellent
opportunity to test variations under natural conditions. In addition, in some local populations the sex-ratio may
be biased towards females*®, while males may also show a slight tendency for larger-home ranges and overall
activity than females**>%>, Together, these observations suggest that under certain conditions there may be
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some deviation to the typical genetic monogamous mating found in Cabrera vole populations (e.g. towards
social monogamy or polygyny), with population density potentially driving eventual changes in individual
mating behaviours!?.

Based on genetic non-invasive sampling (gNIS) of vole faeces in a priori high density habitat patches, we
used spatial capture-recapture (SCR) modelling to precisely estimate male and female population density and
space use, and parentage analysis to test the hypothesis that, similarly to other monogamous voles'?, the Cabrera
vole may adopt alternative mating tactics when density is high and individuals have access to multiple potential
mates. Specifically, we evaluated the prediction that extra-pair mating should be present in high-density patches,
in contrast to its absence previously verified in low-density patches?>“¢. The emerging genetic mating strategy
in high-density patches should therefore be more consistent with social monogamous or possibly polygynous
mating systems, both of which involving multiple paternity. This should also result in relatively high spatial
aggregation among females, together with relatively high spatial evenness between sexes'!. If correct, our
hypothesis would provide support for the ability of Cabrera voles to shift from genetic monogamy at low
population density, to social monogamy with eventual polygyny at high population density. Conversely, genetic
monogamy may represent a relatively stable life-history trait of the species, which remains largely invariable to
changes in density and associated socio-ecological context!”-¢.

Methods

Study area and sites

The study was carried out in Caceres Province, Extremadura region (western Spain), which is characterized
by a Mediterranean climate (mean annual rainfall of 491 mm, concentrated in November-April, and mean
annual temperature of 16.1 °C, ranging between 8 °C in January and 29 °C in July’*. Geo-morphologically the
area is characterized by flat or gently rolling lowlands with slopes from 0 to 9°. Land cover is dominated by a
multifunctional agro-silvopastoral system, the ‘dehesa’ or ‘montado, as well as by transitional woodlands and
shrublands, together with open grasslands and old fields (pseudo-steppes). Land-use focuses mostly on extensive
livestock raising of sheep, cattle, pigs, and goats. Oats, wheat, barley, and rye are cultivated in long rotation cycles
in parts of the ‘dehesas’. Within these agricultural land mosaics, suitable habitats for Cabrera voles are scattered
along uncultivated marginal habitats, often associated to small seasonally drying streams dominated by wet
herbaceous cover, usually dense, and interspersed with or bordered by some shrubs.

In the context of a larger research program towards the assessment of the conservation status of the species
in Extremadura (project FEDER—POCTEP—0068_REDTI_4_E, Taejo Internacional Rede), field work was
conducted in spring 2021, when breeding activity of Cabrera voles is expected to peak?*. Two relatively large
habitat patches, hereafter Site-1 (0.66 ha) and Site-2 (1.38 ha), located ca. 30 km northwest of Caceres city
(Brozas municipality) were identified as potentially holding high local population densities of Cabrera voles,
based on the large amount of presence signs found at these sites?’ (see Fig. 1). The two habitat patches were
separated by 1.8 km, with Site-1 bordering the eastern side of the Brozas lake, which dams the Levaduras stream,
and Site-2 being associated to a fenced grazing exclosure in a shallow soil depression crossed by the Manquillo
stream (see Fig. 1).

Genetic non-invasive sampling of voles

Cabrera vole surveys in each patch were based on throughout searches of the species-specific signs (e.g. tunnels
of 4-6 cm diameter made on grasses, accumulations of grass clippings, latrines with faeces of 5-9 mm length and
2-3 mm width, see*”%). Cabrera vole signs are easily recognizable where other species producing potentially
confoundable signs (e.g. M. arvalis, M. agrestis) are absent, as is the case of our study area®. Searches were
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Fig. 1. Location of the two selected habitat patches in Extremadura (Site-1 and Site-2) selected for the study.
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performed along zigzag transects guided by continuous tracking and inspection of microhabitats suitable for the
species within the whole habitat patch, following the procedures described in?’. Given the relatively large size of
selected patches, this required a total of 3 visits in Patch 1 (between 2°d and 17% June 2021) and 4 visits in Patch
2 (between 24" May and 16" June 2021), involving 2-3 trained observers simultaneously searching different
parts of the patches to ensure thorough coverage of their entire surface. These time intervals were considered
short enough to assume negligible losses (deaths and emigration) and gains (births and immigration), such that
each local populations could be considered as closed for vole density estimation (see below). During surveys,
genetic non-invasive sampling of vole faeces was performed for individual identification®>*® by collecting faeces
from latrines that were at a minimum distance of 0.5 m from any other latrine already sampled?®. The location of
each faecal sample collected was recorded with precision < 0.5 m, using a Topcon FC-6000 GPS tracker (Topcon
Corp., Japan). Each sample consisted of up to 12 of the freshest faeces found in each vole latrine (usually on
top) to ensure they had been deposited within the last few days and were suitable for genotyping®>2%46, Samples
were collected from each latrine using sterilized tweezers and were kept in labelled individual 2 mL microtubes
containing 96% alcohol, and stored at —20 °C until DNA extraction.

Molecular analyses

DNA was extracted from faecal samples using the E.Z.N.A.® Tissue DNA Kit (OMEGA bio-tek, GA, USA)
following the manufacturer’s instructions, with an initial digestion step using a lysis washing buffer” for 15 min
at 56°C*”. Samples were genotyped for a set of 11 specific, highly polymorphic microsatellites: Mc18 (accession
number MH264524)%, Mc24 (accession number MH264526)%, Mc30 (accession number MH264528)%,
Mc02 (accession number MH264520)%°, MSMM-3 (accession number AB016154)°%, Mar-03 (accession
number EF666981)*°, Mar-16 (accession number EF666983)*°, Mar-76 (accession number EF666987),
MAG25 (accession number EF409379)%0, Ma25 (accession number EF177204)°!, and Mc07 (accession number
MH264521)%, which is potentially located on the X chromosome. These loci have been previously validated
for accurate individual identification, with estimated probabilities of identity among unrelated and related
individuals of 3.3x 10712 and 4.2 x 10~, and probability of exclusion of 0.999%. Species ID was confirmed for a
subset of genotyped samples (ca. 60%, see Results) using a small fragment of mitochondrial DNA, D-loop*®:©2,
The samples were also sexed using two small-sized sex chromosome introns (DBX5-S and DBY7-S°). To account
for genotyping errors (e.g. allele dropout and false alleles) and to obtain a consensus genotype, each multiplex
reaction was replicated four times (three times for the sex chromosome introns amplification). PCR reactions
were performed in a final volume of 10 uL, consisting of 4 uL of Qiagen© Multiplex PCR Kit Master Mix, 1uL of
DNA, and primer concentrations and thermal profiles according to previous works>>?¢4647 All products were
sequenced on an ABI3130 Capillary Sequencer (Applied Biosystems). The extractions and PCR reactions of the
non-invasive samples were performed in physically isolated rooms, and all the equipment used was sterilized
with bleach and ethanol and exposed to UV light before and after usage. Aerosol-resistant pipette tips were used,
and negative controls were included in each manipulation, maintaining conditions to monitor and reduce risk of
DNA contamination®-%°. Allele calling of the microsatellite loci and sex chromosome introns were performed
using GeneMapper (v.4.0; Applied Biosystems), while D-loop sequences were analysed with Geneious (v.8.0%).
Consensus genotypes for each sample were obtained by analysing all replicate genotypes with the software
Gimlet (v.1.3.3%7). For genotypes differing by up to two loci or with up to two missing data, additional PCR
replicas were performed, to try to complete the genotypes, and check for genotyping errors. Genotyping error
rates were estimated using the software Pedant®®, with 10,000 search steps. Since the software only allows the
comparison of two replicates, all possible pairwise comparisons were performed, and the results were averaged.
Sample consensus genotypes were then compared with each other to identify individuals. The criteria used to
assign samples to individuals was very strict, with only individuals differing in more than two loci assigned as
new captures®”’. The number of alleles (Na), expected heterozygosity (H), observed heterozygosity (H,) and
overa;lll inbreeding (F,,) were calculated for all loci except the Mc07, using ‘adegenet’® and ‘pegas”® in R version
4.3.0".

Spatial density modelling

Vole density was estimated in each patch using spatial capture-recapture (SCR) modelling’*>"7%, thereby allowing
heterogeneous detection probabilities due to uneven spatial distribution of animals relative to sampling locations,
and spatial variation in animal densities due to eventual variation in habitat features within surveyed patches”>.
Briefly, SCR models are hierarchical models composed of a submodel for the detection of individuals, conditional
to their location, and a submodel for the distribution of individuals in space (i.e., density, D). These models
assume that animals move around a central point referred to as activity centre (AC), which is inferred from the
different detection sites of recaptured individuals rather than the coordinates of detection events’”’. Density
is then modelled as a non-homogeneous point-process distribution of latent ACs over the state space S””. SCR
models also assume that detection probability of each individual decreases with the distance between its AC and
sampling locations, according to a detection function describing animals’ movement. Here we considered the
most common detection function, the half-normal, which is specified by (i) the scale parameter (o) describing
how fast the detection probability decreases with increasing distance to the individuals’ ACs (often used to
indicate home-range size); and (ii) the baseline detection probability ();) which describes the probability of
detecting an individual at its AC’*77.

SCR modelling was implemented by discretizing space at each selected patch with a grid of hexagonal polygons
with 10m?, with gNIS-based detection sites corresponding to the centroids of the resulting polygonal grids
(polygon detectors) to create a uniformly spaced sampling grid. Hexagons have been shown to be appropriate
in SCR approaches relative to square polygons, reducing the sampling bias associated with edge effects, given
their low proportion between perimeter and area’. The chosen polygon size was based on preliminary analysis
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testing the relationship between the scale parameter (o) of the half-normal detection function and the distance
between polygon centroids, which should be lower than 1.5 times ¢*°, while balancing computational efficiency.

As regards to the submodel of density, we included the linear and quadratic effects of altitude (extracted
from the Spanish National Centre for Geographic Information, CNIG, at 2 x 2m? resolution), assuming that
this variable should reflect important habitat characteristics for voles, particularly regarding inundation versus
non-inundation locations. We assume the activity centres s; were non-homogeneously distributed in the space
according to an intensity function A (s).

A (s) = exp(Bi1 - Elev + B2 - Elev?)
s < A(s)
z; ~ Bern(v)

where z; is a partially latent binary indicator variable that describes the membership of individual i in the
population, and 1) the parameter of the M data augmentation.

Assuming that encounter frequencies are Poisson-distributed and a decreasing function of the Euclidean
distance || s; — z; || between individual activity centre s; and trap location x;, the expected encounter rate can
be specified as:

| si — a5 ||
202

)

)\ij = )\oeXp(—

The likelihood for the true encounter frequencies is:

Yijk|zi ~ Poisson(z; - \ij)

Population size is derived from the sum of indicators:
M
v=3-
=1

Selected habitat patches were treated as strata, each with a population size parameter (N), combined in a
single, unified multi-strata closed model for purposes of improved estimation of parameters that can be shared
between the two patches, while accounting for possible variation (patch-specific) in population density (D)®!. In
particular, in order to improve parameter estimates due to reduced number of spatial recaptures (see Results),
we implemented our model with shared scale parameter (o) across selected patches®?~%. In addition, because
the incorporation of detections of unidentified individuals is referred to result in more precise information
than standard SCR models®, we implemented the random thinning SCR modelling approach described in®’.
This approach incorporates encounters of both known and unknown identity gNIS samples using a natural
mechanistic dependence between samples arising from a single observation model®”. Encounter observation
histories for N observed individuals in a given strata were assumed to arise from a Poisson distribution. The true
encounter frequencies for the n individuals with at least one detection are what would be observed if all samples
were individually identifiable. The number of unobserved individuals with “all-zero” detection histories (M-n)
was estimated using the data augmentation within a Bayesian framework, choosing a value such that M>> N®°,
which, based on preliminary analysis, was set as M =300 potential individuals.

We included the sex and the linear and quadratic terms of the sampling effort (transect length within each
polygon) as fixed-effect covariates of the baseline detection rate (), with the intercept fixed as 0 to account for
polygons not surveyed. This allowed to account for potential differences in detection probability between sexes.
We also included sex as a fixed-effect covariate of o, a parameter shown to differ between sexes in another vole
species’. To accelerate the sampling MCMC process we use a habitat raster converted to a matrix of 1 sand 0's,
with 1 indicating suitable habitat (limit of each patch area) using the package makeJAGSmask®®.

Posterior probabilities of model parameters were calculated using 3 independent MCMC chains, with 50,000
iterations each, and a burn-in of 1,000 iterations, using NIMBLE version 0.13.1%° in R version 4.3.0". Finally,
we assessed MCMC model convergence and mixing by visually inspecting trace plots and the Gelman-Rubin
statistics R-hat*, estimated using the R package coda’'.

Mating strategy inferences

Kinship relations were assessed using the genetic parentage analysis software COLONY 2.0.6.8°2. This software
uses information from multilocus dominant or codominant markers (including null alleles), or a mixture of
both type of markers, to infer full-sibship and parentage. Unlike other commonly used approaches, COLONY
infers parentage and sibship jointly, and full-pedigree likelihood is considered over the entire pedigree using
multilocus genotype data, rather than for pairs of individuals. Four possible mating systems were considered: 1)
monogamous mating for both sexes; 2) polygamy for both sexes (promiscuity); 3) polygyny; and 4) polyandry.
We input the genotyping error rates given by the Pedant analyses. Given the likelihood that the locus Mc07 is on
the X chromosome, we removed this locus from parentage analyses but used the Mc07 genotype information to
exclude potential paternities and maternities before running COLONY to improve performance of the software.
We did not include inbreeding rates in our analyses. We used a default value of 0.5 for the proportion of sampled
parents®, as preliminary analyses showed no differences in the results®. All individuals from the two sites were
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included in the same dataset. To aid in kinship analysis, we compared the D-loop haplotypes among individuals
and used that information for excluding maternity and sibship in the input for COLONY. To check the reliability
of the results, we run six replicates of “very long” runs for each of the four different mating system assumptions,
with different random numbers of seeds. The resulting full-sibling and half-sibling (poly-systems) assignments
were only considered if these were consistently recovered in four of the six runs (i.e., the six replicates of each of
the four types of mating systems) with a probability > 0.95.

In addition to the genetic mating system, we also estimated spatial segregation indices®® between males
and females to describe sex-specific socio-spatial organizations in each site. Specifically, we measured two
dimensions of sexual segregation, namely spatial exposure (or spatial isolation) and spatial evenness (or spatial
clustering). Spatial exposure refers to the extent that members of one group encounter members of another
group (or their own group, in the case of spatial isolation) in their local spatial environments. Spatial exposure
ranges from 0 to 1, where values closer to 0 indicate minimal interaction between groups (high isolation) and
values closer to 1 suggest frequent encounters (low isolation). Spatial evenness, or clustering, refers to the extent
to which groups are similarly distributed in space. The most widely used measure of evenness is the dissimilarity
index. Conceptually, dissimilarity measures the percentage of a group’s population that would have to move
in order to create a uniform distribution of the population. also ranges from 0 to 1, with values closer to 0
indicating a uniform distribution (complete integration) and values closer to 1 reflecting pronounced spatial
clustering (complete segregation)®>. While these segregation measures have been developed in the geographical
and sociological literature, they may be used in ecological segregation research and help understanding
socio-spatial organization and infer mating tactics in animal species. Although many factors (e.g. resource
distribution, habitat selection) may affect the spatial distribution of voles within patches, typical monogamous
mating strategies are expected to result in relatively moderate to high dissimilarity, and gender-specific exposure
patterns due to stable pair bonds and territoriality, whereas non-monogamous systems are expected to show
lower dissimilarity and higher interaction or exposure among and between sexes due to less rigid social and
spatial structures. Estimates of dissimilarity and exposure indices in each selected patch were calculated using
the R package seg version 0.5-7, using the spseg function, which assumes a negative exponential distance decay
function for modelling the effect of the distance on group interactions®.

Results

Genotyping and genetic patterns

A total of 199 and 173 faecal samples were collected from Site-1 and Site-2, with successful genotyping of 82
and 72 samples, respectively (Fig. 2; Supplementary information 1 for full genotyping data), resulting in an
overall genotyping success of 41.4%. Error rates were low across the 11 loci among the total of 154 genotyped
samples (mean + SD dropout rate=0.92+0.04%, false alleles rate=0.02+0.00%, see Table S1 in Supplementary
information 2). The D-loop sequencing on a total of 93 samples confirmed the species identification in all, and
revealed only two haplotypes of the D-loop marker (Hapl and Hap7, GenBank accession numbers FR695397
and FR695403, respectively). Hap1 was observed in 83 samples, while Hap7 was observed in 10 samples. In one
sample from Site-1, it was not possible to differentiate between the two haplotypes. The Na per locus ranged from
5to 12 (meantse: 7.7+0.71), H, varied between 0.38-0.85 (mean +se: 0.67 £0.08), and H, varied between
0.14-0.88 (mean +se: 0.69+0.05). The overall F i value was 0.064 (see Table S2 in Supplementary information
2). Overall, a total of 131 individuals were identified, with 63 in Site-1 (38 females and 25 males), and 68 in Site-2
(42 females and 26 males). This corresponded to about 15% of the total genotyped samples being ‘recaptures,
with a mean £ se of 2.3+0.1 capture times per recaptured individual.

Density estimates

The SCR modelling confirmed high population densities in both study sites (139 and 91 individuals per ha in site
1 and 2, respectively). Mean and respective 95% Bayesian credible interval (95%BCI) of posterior estimates of
absolute population size tended to be higher in Site-2 than in Site-1, though with no clear evidence for differences
between them (Table 1). However, despite the notably high values obtained in each site, the 95%CI for the mean
posterior density estimates were apparently higher in Site-1 (Table 1). The mean posterior estimates of ¢ and
Ao did not differ between sexes (Table 1). The distribution of individual activity centres, which are probabilistic
predictions obtained from a fitted SCR model’®, were fairly uniform in both sites (Fig. 2), though the small scale
variations in altitude within each site apparently affected vole density, with intermediate altitudes associated with
higher densities, particularly in Site-1 (Table 1 and Fig. S1 in Supplementary information 2). The model also
confirmed a female-biased sex ratio in both sites (Table 1).

Genetic and social mating system
When assuming a monogamous mating system, the identification accuracy of full-siblings in COLONY was far
better than when assuming non-monogamy. In addition, no half-siblings were found under non-monogamous
mating systems, which would be indicative of multiple paternity. Thus these results support a genetic monogamous
mating system of Cabrera voles in both study sites. Specifically, under genetic monogamy, COLONY correctly
identified a total of 23 full-sib relationships among 54 individuals from both study sites, with 11 full-sibling pairs
identified in Site-1, 9 in Site-2, and 3 between individuals from the two sites, which is indicative of voles dispersal
(at least 3-4 individual movements) from different family groups (Fig. 3). By contrast, only 6 full-sibling pairs
identified when assuming promiscuous mating (all in Site 1), and 8 pairs (7 in Site-1, and 1 in Site-2) when
assuming polygyny or when assuming polyandry (Table S3, Supplementary information 2).

Regarding socio-spatial organization, the dissimilarity index between males and females were 0.40 in Site-1
and 0.49 in Site-2, indicating moderate levels of sexual spatial segregation in both study sites (see Fig. 4). The
exposure index of females to other females were notably high (0.74 in Site 1 and 0.80 in Site 2), suggesting
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Fig. 2. Maps on the left - Distribution of Cabrera vole faecal samples collected in each study site, with

black dots indicating those that could not be genotyped and red dots indicating those that were successfully
genotyped (see main text). Background gradients represent the variations in altitude (in meters). The grid

of hexagonal polygons with 10m? used in SCR modelling is also shown. Maps on the right - Predicted
distribution and mean density of activity centres of Cabrera voles in each study site, estimated using spatial
capture-recapture (SCR) modelling, based on the spatial detection histories of genotyped individuals. Created
using R version 4.3.0 (https://www.r-project.org).

Site 1 Site 2
SCR Parameter Mean | 95% BCI Mean | 95% BCI
Population size (N) 119.02 | 96.00-141.00 | 136.06 | 112.78-165.48
Realized number of Males 40.67 | 30.00-51.00 41.4 | 30.00-54.00
Realized number of Females 78.35 | 56.00-100.00 94.67 | 69.00-123.00
Density (D, individuals/ha) 139.83 | 112.78-165.65 | 91.47 | 72.60-110.92
Sex ratio (probability of an individual being a male) 0.34 | 0.25-0.44 0.31 | 0.21-0.40
Data augmentation parameter (psi) 0.59 | 0.47-0.74 0.68 | 0.54-0.86
Males o 2.75 | 2.38-3.14 2.75 | 2.38-3.14
Females o 2.18 | 1.91-2.45 2.18 | 1.91-2.45
Sex as covariate of Ao ( females term) 0.01 | —0.26 - 0.28 -0.02 | -0.29 - 0.26
Sampling effort as covariate of Ao ( linear term) 0.39 | 0.20-0.58 0.59 | 0.38-0.79
Sampling effort as covariate of Ao ( quadratic term) —-0.18 | -0.30 - 0.07 -0.20 | -0.29 - 0.10
Altitude as covariate of density (linear term) -0.86 | -1.63 - -0.17 0.24 | -0.13-0.61
Altitude as covariate of density (quadratic term) -13 | -2.23--042 —-0.18 | =0.55-0.15

Table 1. Resume of posterior estimates (mean and 95% Bayesian credible intervals, BCI) of the multi-strata
SCR model parameters used to estimate Cabrera vole density for each study site.
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Fig. 3. Full-sib relationships identified by COLONY assuming genetic monogamy in each study site. Circles:
females, squares: males. Each vole is coded with an individual number, a letter indicating its sex (M — males; F
- females), and a digit (1 or 2, in bold) corresponding to the site where it was ‘captured.

significant interaction or proximity among females. By contrast, the exposure index of males to other males
were comparatively lower in both sites (0.50 in Site-1, and 0.53 in Site-2), indicating their tendency to maintain
territorial boundaries with fewer direct contact with other males. Additionally, females exhibited an exposure
index to males of 0.20 in Site-1 and 0.26 in Site-2, while males had an exposure index to females of 0.47 and
0.5, respectively. These patterns suggest that males may frequently interact with females within their territories,
while females’ exposure to males is less frequent and potentially more selective.

Discussion

Many genetically monogamous mammal species may adopt alternative mating tactics in response to changes in
their socio-ecological environment, mostly driven by variations in population density®?°. The extension to which
flexibility in mating tactics occurs among genetically monogamous mammals is however uncertain, making it
difficult to predict the adaptive potential and reproductive success of such species in spatially and temporally
heterogeneous environments'”>°. In our study focused on the near-threatened Iberian endemic Cabrera vole,
direct parentage analysis revealed that genetic monogamy prevailed even under unusually high densities (>90
individuals/ha), consistent with patterns previously observed at lower densities (<20 individuals/ha)?>2646, This
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Fig. 4. SCR-based mean density surfaces of activity centres of Cabrera vole males and females in each study
site. Created using R version 4.3.0 (https://www.r-project.org).

inference aligns with the sex-based spatial structuring observed within the study populations, which, despite
focused on population-level patterns, is consistent with male-female pairings occurring at finer, individual-
level spatial scales®. The moderate to high levels of heterozygosity and low overall inbreeding coefficient also
supported genetic monogamy, aligning with patterns reported in lower-density populations?>2%4647 and in other
monogamous mammals under demographic connectivity or long-term pair bonding limiting inbreeding®>~*".
Therefore, contrary to many monogamous mammals presenting density-dependent intraspecific variation in
the extent to which genetic monogamy occurs'®*, the Cabrera vole seems to have relatively low plasticity in
its reproductive behaviour across variable population densities. While other factors may influence eventual
variation in species mating tactics (e.g. habitat quality®®), our study suggests that genetic monogamy in the
Cabrera vole seems to be a consequence of particular life-history traits and/or phenotypic constrains,
independent of population density. This finding has conservation implications, suggesting a limited adaptive
potential of this threatened species to changing socio-environmental conditions, making it potentially more
vulnerable to environmental fluctuations, habitat alterations and climate change®.

What drives the maintenance of genetic monogamy in Cabrera voles?

Several key life-history traits may explain the lack of extra-pair mating and the emergence of genetic monogamy
of Cabrera voles even at high population densities, including those related to social structure, breeding
seasonality and synchrony, or parental care>!”. In particular, the close association between a male and a female
typically observed in Cabrera voles*®3, makes it easier to mate guard and harder to engage in multiple mating
involving increased energetic demands and predation risk!”*°. In addition, because investment in reproduction
typically peaks during early spring*!, some level of synchrony in females’ receptivity might also contribute to
limit extra-pair paternity as males become too busy guarding their mate to engage in multiple mating'®. Also,
the benefits of paternity assurance and parental care typically provided by males in addition to that provided by
females®*®**may further contribute to limit extra-pair mating, thus promoting genetic monogamy independently
of local density. In addition, infanticide by unrelated males is known to occur across mammalian taxa, and
monogamy has been proposed as a counterstrategy to reduce this risk e.g. . In the Cabrera vole, where
males are closely associated with their mates and contribute to offspring care, genetic monogamy can similarly
function to reduce the risk of infanticide!?. This suggests that genetic monogamy in the Cabrera vole may have
primarily evolved because selection favoured males that were more affiliative toward females and that provided
parental care only when paternity was certain, thereby avoiding investment in offspring from other males!”. Such
distinctive selection may have been driven by the limiting environmental conditions characteristic of semi-arid
Mediterranean regions, where green herbaceous vegetation is scarce and often absent during the dry summer
periods***°, thus imposing environmental pressures that favour cooperative strategies among sexes ensuring the
successful rearing of offspring. Therefore, like other rodents native to semi-arid environments also documented
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as truly monogamous (both socially and genetically) (e.g. the California mice, Peromyscus californicus'%?),

maintaining strong pair bonds, providing paternal care, and remaining genetically monogamous should provide
greater reproductive success for Cabrera voles than otherwise, even under unusually high vole density potentially
increasing the opportunities for extra-pair mating. Notably, this system may apparently operate alongside a
female-biased sex-ratio, a pattern occasionally also found in lower-density patches***>. However, even though
our sampling method was designed to ensure complete coverage of the surveyed habitat patches, we cannot
rule out the possibility that some subdominant males lacking well-defined home ranges could be less effective
at marking territories, potentially leading to their droppings going undetected in our surveys. On the other
hand, the estimated larger number of females suggests that those that remain unpaired might have some role in
raising offspring of breeding relatives (kin selection), thus contributing to the care and protection of the group’s
offspring®. Kin-based female groups are widespread among mammals'®, and such structure is theoretically
expected in systems where spatial proximity increases the likelihood of interacting with close relatives'®*. This is
supported by the spatial overlap analysis, which unveiled a relatively high exposure of females to other females,
together with a high spatial segregation among males, a pattern that has been also observed in low density
patches®, and that is commonly found among many vole species®. Although more research is needed to confirm
the occurrence of cooperative breeding in the Cabrera vole, this trait has been shown to be largely restricted
to genetically monogamous mating with limited extra-pair mating!®, and is typically linked to water limited
environments!% such as those from Mediterranean areas and other semi-arid regions.

Although reasons for greater reproductive success of Cabrera voles under genetic monogamy remain
uncertain, this may be understood considering the sperm competition paradigm'®’. According to the sperm
competition paradigm, whenever a female mates with more than one male, intra-sexual competition can occur in
the reproductive track of females. Sperm competition hence describes the competition for fertilization between
the sperm of more than one male for fertilization of females, and has been shown to favour an increase in sperm
swimming velocity that maximizes the chances that the sperm will reach the ova before rival sperm!%”. While
this sort of competition between males may be difficult to observe, it may have profound implications for male
reproductive tactics in mammals!%. In the case of the Cabrera vole, low levels of sperm competition have been
suggested based on the sperm phenotypes linked to relatively small size, reduced morphological complexity
and low swimming velocity!®. In particular, the sperm of the Cabrera vole is relatively short, not very mobile
and it lacks the hook in the acrosome, which is typically present is species with high sperm competition and
multiple paternity'®. This pattern supports the idea that Cabrera vole males have low sperm competition levels
indicating limited ability to fertilize multiple females, thus investing reproductive efforts by guaranteeing regular
access to a single breeding female, increasing paternity certainty and the chances of offspring survival. Low levels
of sperm competition have been also suggested among other Microtus species adapted to limiting semi-arid
Mediterranean environments from SW Europe (e.g. M. duodecimcostatus and M. lusitanicus)'%, suggesting that
such species could also be genetically monogamous!'°.

Implications for conservation and research

Overall, our results indicated that the genetic monogamous mating system characteristic of Cabrera vole
populations at low density also occurs in less common high density patches. This supports the idea that
genetic monogamy in this species likely reflects a long-term evolutionary adaptation to the low productivity of
Mediterranean habitats, rather than a facultative response to local population density. Therefore, ecologically, a
locally high population density of Cabrera voles may essentially lead to intense competition for territories and
nest sites, which could also favour investment in territory defence and mate guarding, potentially reducing,
rather than increasing, the likelihood for extra-pair mating. This is supported by the relatively low estimates
obtained for the spatial scale parameter ¢ in spatial density modelling, suggesting relatively smaller home-range
sizes than those recorded in low-density patches*6, with no significant differences between sexes. Therefore,
in light of the apparent prevalence of genetic monogamy in the Cabrera vole across population density levels,
we suggest that this threatened Iberian endemism may be more prone to lose genetic diversity compared to
other species exhibiting social monogamy or able to switch to non-monogamous mating systems under certain
socio-ecological contexts such as above-average density scenarios. Because multiple paternity tends to increase
the effective population size and may help buffer the loss of genetic diversity associated to sudden demographic
bottlenecks, genetically monogamous species may require particular attention when ranking conservation
priorities for habitat management®!. In this context, based on our findings, we suggest that maintaining large
habitat patches is critical to provide breeding opportunities to several mating pairs and their offspring!!!12,
Habitat stability should be particularly relevant to improve opportunities for individuals to maintain their
territories and mates, thus likely resulting in greater reproductive outputs'!?. This may be particularly relevant
in those parts of the habitat less prone to dryness or flooding, where, according to our results, individuals tend
to concentrate their activity. In parallel, conservation measures should also consider improving connectivity
among habitat patches to allow unpaired individuals to disperse from high-density patches to other alternative
habitat patches. This may be notably important in the case of females as these will define the upper limit to the
number of males that can breed successfully. In this context, while our study was not designed to assess inter-
patch movement by voles, it did revealed the occurrence of vole dispersal between the 2 studied habitat patches
that were 1.8 km apart, as inferred by the occurrence of full siblings from 3 different family groups in both study
sites. This dispersal distance is close to the median estimated for the species (around 2 km!!?), and together with
the high vole density recorded, could be suggestive of a relatively favourable conservation status of Cabrera vole
populations in the study region from Extremadura. However, further studies are needed to fully clarify this, as
well as to evaluate whether other environmental factors (or interaction of factors) not considered here could
potentially influence voles’ reproductive strategies and behaviours.
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Conclusion

The Cabrera vole represents an ancient anagenetic lineage within the Microtus genus (the Iberomys) that has
maintained sufficient evolutionary flexibility to persist through substantial environmental change since the end
of the early Pleistocene**!1, despite the recent declining population trends''®. Our study, however, revealed that
this flexibility should not extend to reproductive behaviours, as the species appears to exhibit limited plasticity
in its genetically monogamous mating system and associated behaviours, regardless of population density. This
may be related to the relatively low levels of sperm competition suggested for the species, with males improving
their reproductive success by investing in establishing strong bonds to a single breeding female rather than
attempting to copulate to multiple mates, even when chances for doing so appear to increase. On the other
hand, paternal care (together with possible cooperative breeding by unpaired females) will also enhance the
reproductive success of breeding females, thus resulting in mutual benefits for both sexes and increasing offspring
survival. The predominance of genetic monogamy in the Cabrera vole, linked to a social organization indicative
of high investment in offspring survival, is probably an adaptation to the dry Mediterranean environments,
which are primarily shaped by aridity and water scarcity. Given the overall unfavourable trends of Cabrera
vole population across the species distribution range mainly due to habitat destruction®®!!¢, and that genetic
monogamy is usually linked to lower effective population sizes and genetic diversity compared to extra-pair
mating'!’, we suggest that the results from our study raise even further conservation concern relative to this
threatened species, particularly considering the current trends in land use and climate change affecting the
populations across the species’ distribution range!!¢118119,

Data availability

All data produced or analysed during this study are contained within this article and its Supplementary Infor-
mation files. The genotyped microsatellite sequences are available in Genbank (accession numbers MH264524,
MH264526, MH264528, MH264520, AB016154, EF666981, EF666983, EF666987, EF409379, EF177204, and
MH264521). Codes used in density modelling are available at Zenodo repository: https://zenodo.org/records/
14,470,066.
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