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Abstract

Natural events over time, and human interventions, influence
the genetic structure of species. The red deer (Cervus elaphus)
is widely distributed in Europe, with a large-scale genetic
structure largely determined by Pleistocene climatic oscilla-
tions. The Iberian Peninsula acted as one of the main glacial
refuges for many species; a particular red deer lineage remains
on the peninsula and is subjected to special conservation
policies. The mountain range of the Pyrenees might be a
contact zone where Iberian red deer (Cervus elaphus hispanicus)
could hybridize with other central European genetic lineages.
In the late twentieth century, the natural distribution areas of
red deer on both sides of the Pyrenees became closer because
of restocking from central Iberia to areas south of the Pyrenees
and from French populations to areas north of the Pyrenees.
We analyzed the genetic structure of red deer populations in
the Pyrenees to investigate the underlying processes of
population contact and hybridization. The analysis of micro-
satellite genotypes showed 2 genetic clusters. One of these
clusters associated with Iberian red deer, whereas the other
presented European non-lberian genetic composition. Migra-

tion and hybridization events occurred between both genetic
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Intraspecific genetic structure is a fundamental element of biodiversity that yields valuable information on species'
conservation and is applicable to wildlife management (Frankham 2005, Hughes et al. 2008, Laikre et al. 2020,
White et al. 2020). The genetic structure of species was affected by Pleistocene climatic oscillations that caused
contractions and expansions of species' distribution ranges and the existence of southern refugia in which
populations remained relict during glacial periods (Hewitt 1996, 2000; Taberlet et al. 1998; Schmitt 2007). In
Europe, the 3 large Mediterranean peninsulas (Iberian, Italian, Balkan) acted as glacial refuges where different
genetic lineages evolved (Hewitt 1996, 1999, 2000; Taberlet et al. 1998; Schmitt 2007). These differentiated
genetic lineages increase the genetic diversity of species and can constitute infraspecific taxa that in certain
circumstances deserve conservation efforts (Crandall et al. 2000, Coates et al. 2018).

The Pyrenees mountain range is located between the Iberian Peninsula and the rest of Europe (Figure 1). The
range's west-east orientation and the cover of ice sheets during glaciations acted as a barrier for the expansion and
contraction of species during the Pleistocene climatic oscillations (Taberlet et al. 1998). Therefore, this geographical
barrier had a relevant role in the demography, distribution, and genetic structure of species
(Hewitt 1996, 1999, 2000; Taberlet et al. 1998; Schmitt 2007). Furthermore, after the glacial periods, the
Pyrenees had the potential to become a secondary contact zone where different evolutionary lineages might
hybridize (Taberlet et al. 1998, Asztalos et al. 2020). Hybrid zones are of interest to scientists and managers
because of the evolutionary and conservation issues (Barton and Hewitt 1985, Allendorf et al. 2001).

Anthropocene-related changes and anthropogenic manipulations of wildlife have relevant effects on the
density, distribution, and, hence, the genetic structure of wild populations (Weeks et al. 2011, Dirzo et al. 2014,
Newbold et al. 2016, Lamb et al. 2019). For instance, translocations (movement of individuals from one locality to
another) and augmentations (release of individuals into an existing population) have been used to combat declining
populations or to intentionally modify features of local populations (Singer et al. 2000, Carranza et al. 2003,
Barbanera et al. 2010, Weeks et al. 2011). These human activities can alter the genetic structure of species and
cause conservation issues (Allendorf et al. 2001, Carranza et al. 2003, Barbanera et al. 2010).

The current genetic structure of red deer (Cervus elaphus) has been greatly influenced by Quaternary glacial
pulses that restricted populations to Mediterranean refugia, mainly in the Iberian, Italian, and Balkan peninsulas
(Taberlet et al. 1998; Hewitt 1999, 2000; Meiri et al. 2013). These glacial refugia determined the evolution of >3
differentiated genetic lineages that shape the current genetic structure of red deer in Europe: western European
lineage, eastern European lineage, and Mediterranean lineage in North Africa and the Tyrrhenian islands (Skog
et al. 2009). Moreover, genetically distinctive groups have been detected in some areas that acted as glacial refugia
(Zachos and Hartl 2011, Zachos et al. 2014, Carranza et al. 2016). For instance, Skog et al. (2009) reported that red
deer from Mesola, Italy present a D-loop ancient haplotype with uncertain placement between the western and
eastern European lineages.

The Iberian Peninsula has red deer populations with differentiated genetic composition of the genetic pool of
the western European lineage (Fernandez-Garcia et al. 2014; Carranza et al. 2016; Queirds et al. 2019, 2020). The
genetic identity of red deer from the Iberian Peninsula corresponds to morphological particularities that made

researchers propose the existence of a subspecies: Iberian red deer (Cervus elaphus hispanicus; Geist 1998). Some of
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FIGURE 1 Study areas and location of red deer that were hunted in the Pyrenees, Spain, 2020-2021. We
present the 3 study areas (red ellipses): north-central Pyrenees (NCP), south-central Pyrenees (SCP), and eastern
Pyrenees (EP). Green ellipses indicate the populations established after considering the distribution of geographic
proximity and genetic structure. Points indicate the locations of red deer individuals assigned to cluster 1 (blue;
n=72; qi [membership coefficient] >0.7 to cluster 1) or cluster 2 (orange; n = 68; qgi > 0.7 to cluster 2), and 1
individual with an intermediate probability of assignation to each cluster (purple; gi = 0.56 to cluster 2). We used
jitter points for those individuals with the same location. Blue lines indicate main rivers and streams and black lines
in Spain divide provincial boundaries.

these morphological particularities are smaller size, smaller antlers, the lack of mane in the neck of males, or the
protrusion of the tongue when males roar (Geist 1998, Frey et al. 2012). Accordingly, conservation efforts have
been proposed to preserve the Iberian red deer (Carranza et al. 2003, 2016).

Human-mediated factors such as introductions from non-lberian populations threaten the genetic conservation
of Iberian red deer (Carranza et al. 2016, Queirés et al. 2020). Hunting biases towards males also alter population
structures that affect behavioral processes and, hence, the genetic structure of populations (Torres-Porras et al. 2014).
For instance, Pérez-Gonzalez and Carranza (2009) reported that Iberian red deer populations with altered population
structures presented a female-biased dispersal pattern rather than the typical male-biased dispersal (Clutton-Brock
et al. 1982) based on the sex-specific genetic structure (Chesser 1991, Aars and Ims 2000, Prugnolle and de
Meeus 2002). Genetic cohesion among populations is maintained by the dispersing sex, and the genetic structure
tends to be established by the philopatric sex (Mossman and Waser 1999). Consequently, at a local scale, the pairwise
genetic distance between individuals of the philopatric sex should be higher than between individuals of the

dispersing sex. As the geographical distance between individual pairs increases, the genetic distance between
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individuals of the philopatric sex should increase. In the case of the dispersing sex, the positive relationship between
the geographical and genetic distance should decrease (Nussey et al. 2005, Coulon et al. 2006).

Pyrenean populations of red deer disappeared during the last centuries (Gortazar et al. 2000, Carranza 2007).
Starting in the 1970s, Iberian red deer were translocated to the southern part of the mountain range from
populations of central Spain (Marco et al. 1995; Figure S1, available in Supporting Information). These individuals
present morphological features typical of the nominal Iberian subspecies. Since the 1980s in the Spanish northern
part of the Pyrenees, individuals have been observed with morphological features not typically associated with
Iberian red deer (mainly big body sizes, neck mane, and lower number of antler tines). These individuals in the
northern Pyrenees were migrants from populations located in southern France that, in turn, were translocated from
other French northern areas. Although they continued to expand, the deer from France and those of Mediterranean
origin released farther south remained geographically separated for 22 decades. During the last 5-10 years, the
distribution centers of both populations have been getting closer, which has meant that the distribution is already
more or less continuous in some areas (Figure S1).

The current situation of red deer in the Pyrenees deserves attention because this mountain range can act as a
contact and hybrid zone of genetically different lineages of red deer. In such a case, the hybridization would be the
consequence of artificial translocations of individuals with potential risk to the conservation of the genetic identity
of Iberian red deer.

We hypothesized that the Pyrenees range is an anthropogenic secondary contact zone for red deer. We
predicted that in the study area there are 2 set of individuals with different morphologies, genetic compositions,
and anthropic origins; genetically different individuals are in contact; and there are hybrid individuals in the contact
zone. Thus, the aims of this study were to 1) confirm the presence of morphometric differences between males
from the northern and southern Pyrenees, 2) find the number of genetic clusters and the genetic structure of red
deer in the Pyrenees, 3) determine the level of hybridization between the genetic clusters, 4) establish the origin of
the different genetic clusters, 5) characterize the sex-specific genetic structure, and 6) propose actions to further

research and to manage red deer in the Pyrenees.

STUDY AREA

We carried out the present study in Spain from 2015-2021 in 3 geographic areas with ecological differences:
north-central (NCP; 101,720 ha), south-central (SCP; 114,854 ha), and eastern Pyrenees (EP; 127,202 ha;
Figure 1). The NCP had an Atlantic, montane and subalpine climate, with temperate wet summers and
autumns, and very cold days and a large snow cover in winter and spring. Averaged precipitation per month
during 2020 was 66.5 mm in the area (https://www.idescat.cat; accessed 1 Feb 2023). Mean temperature in
2020 was 12°C. The maximum altitude is >3300 m. This area is made up of a group of mountains that are
subdivided geographically into a series of valleys that coincide with the headwaters of the main river basins
of the western Pyrenees. For that reason, the landscape was composed of several altitudinal strata that give
rise to varied ecosystems from alpine, very similar to taiga or tundra, subalpine and middle mountain
ecosystems with extensive forests (deciduous and coniferous) between, and a mostly anthropized ecosystem
in parts of the valley bottoms. The dominant fauna in this area was boreoalpine, such as white partridge
(Lagopus muta), grouse (Tetrao urogallus), and chamois (Rupicapra rupicapra). Other ungulates including red
deer, fallow deer (Dama dama), and wild boar (Sus scrofa) were also present. In the NCP, the red deer was
present until recent times and came from spontaneous natural recolonization from deer translocated from
other parts of France. Here, males had morphological features not typically associated with Iberian red deer:
they appeared to have larger bodies and antler sizes.

The SCP had a continental Mediterranean high mountain climate, with hot and dry summers (often resulting in

periods of drought), cold winters with snow accumulation (but clearly less than in the NCP), and most
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rainfall concentrated in spring and autumn. Averaged precipitation per month during 2020 was 50.8 mm.
Mean temperature in 2020 was 13.2°C. The maximum altitude is around 2100 m. This area is located between 2
large valleys, and includes a series of mountain ranges arranged transversely, among which 3 of the largest ones
stand out. The dominant ecosystem was Mediterranean and Sub Mediterranean with pine forests (black pine [Pinus
nigra], Scotch pine [P. sylvestris], bog pine [P. uncinata]) with some subalpine meadows in the culminating levels, and
holm oaks (Quercus ilex), accompanied by large areas of thermophilic bushes at low mountain ecosystems. The most
characteristic species of this area was red deer, although necrophagous birds such as the griffon vulture (Gyps
fulvus), black vulture (Aegypius monachus), and bearded vulture (Gypaetus barbatus) were also prominent. In SCP, red
deer were introduced from diverse areas of the Iberian Peninsula, and males had morphologies typically associated
with Iberian red deer.

The EP was an area similar to SCP with some peculiarities. The maximum altitude is 2915 m. This area is
made up of a main range with several other peaks >2000m and a set of smaller companion ranges.
Averaged precipitation per month during 2020 was 55.4 mm. Mean temperature in 2020 was 10°C. The
climate was also continental Mediterranean high mountain; however, it was very humid, which gave
rise to ecosystems such as fir (silver fir [Abies albal, Scotch pine, black pine) and deciduous forests
(beech [Fagus sylvatica], oaks, birches [Betula spp.], common hazel [Corylus avellana]). The most
representative ungulate was the chamois, although deer species and wild boar were also present. In the
southern part of EP, red deer were introduced from an Iberian population (Quintos de Mora, central Spain;
Figure S2, available in Supporting Information), and males presented Iberian morphologies. In the northern
part, close to the French border and around the Segre River (Figure 1), deer also came spontaneously and
naturally from the French side. Here, non-Iberian morphologies, characterized by smaller bodies and antler
sizes, were abundant. The main land uses in the 3 areas were for livestock, forestry, agriculture in the valley

bottoms, and tourism.

METHODS
Morphometric measures and age

To confirm the existence of 2 morphologies in the study area, we collected morphometric measures of males
from the areas where all individuals looked morphologically different. Because we observed individuals in EP
with both morphologies, we collected morphometric measures of 41 males from NCP (n=27) and SCP
(n =14). The measurements were body length (from the lip to the tail, in cm), body height (at the withers, in
cm), antler thickness (diameter of the antler between candles and central; average of both antlers, in cm),
antler length (length between the base of the antler and the tip of the larger tine of the crown; average of
both antlers, in cm), and the number of antler tines (sum of both antlers). Forest rangers and hunters obtained
these data during regular hunting and management culling by local regulated hunting plans at each area from
2015 to 2019.

Forest rangers and hunters collected the lower first molar of each male. We determined the age of individuals
using skeletochronological techniques and a standardized method of counting growth marks in the cementum of
the lower first molar (Azorit et al. 2004, Azorit 2011).

We assessed morphometric differences between males from NCP and SCP by linear regression models
(Chambers 1992). We performed 5 linear models using the morphometric measures (body length, body height,
antler length, antler thickness, and the number of tines) as dependent variables, and both area (northern vs.
southern) and age as explanatory variables. Initially, we included the interaction term in the models, but we
removed it from all models because of the lack of significance. We used adjusted P-values for multiple comparisons
(Holm 1979).
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Collection of samples, DNA isolation, and microsatellite genotyping

Forest rangers and hunters collected a piece of ear cartilage from 141 red deer from the 3 geographic areas: NCP
(n=43), SCP (n = 30), and EP (n = 68). Out of the 141 samples, 75 were females, 42 were males, and 24 samples did
not have a recorded sex. Forest rangers and hunters provided exact harvest locations for 56 individuals. For the
remaining 85 individuals, we considered the centroid of hunting areas as location sites. Specimens were hunted
between 2020 and 2021 during regular sport hunting and management culling by local regulated hunting plans at
each area.

We isolated DNA from ear-tags using the BioSprint® 96 DNA Blood kit (Qiagen, Carlsbad, CA, USA) according
to the manufacturer protocol. To the nuclear DNA amplification, we genotyped the samples for a set of 12
microsatellite markers according to the methodology described by Carranza et al. (2016). For each polymerase chain
reaction (PCR), we used the same positive control with a known genotype and a negative control without a sample.
We used the positive control to ensure that the peaks were correctly identified and the negative control to
determine the existence of unspecific amplifications. We have used the same positive control in hundreds of PCRs
and the identified genotype was always the same. The Central Research Support Service of the University of
Cordoba, Spain, resolved the PCR products by capillary electrophoresis using a DNA sequencer (3130 xI; Applied
Biosystem, Waltham, MA, USA). We determined the allele sizes after processing the raw data with GeneMapper®
software 5 using a LIZ 500 bp as the internal size standard (Applied Biosystems). We used Microchecker software
(Van Oosterhout et al. 2004) to determine the existence of genotyping errors due to null alleles, large allele dropout,
and the scoring of stutter peaks. We did not detect genotyping errors. We also used Genepop on the Web
(Raymond and Rousset 1995) to detect linkage disequilibrium between loci. After adjustment for multiple
comparisons, 2 pairs of loci had linkage disequilibrium in the Pyrenean red deer populations (BM1818-CSSM19,
P <0.001; BM1818-CSSM43, P = 0.006). We repeated the downstream analyses after removing the BM1818 locus

and results did not change (Table S3, available in Supporting Information).

Genetic structure, diversity, and differentiation

We used the Bayesian methodology implemented by Structure version 2.3.4 (Pritchard et al. 2000) to infer genetic
structure in the Pyrenees independently of the sampling location of individuals. We ran 10 independent runs from
K=1 to K=4, with 500,000 iterations, following a burn-in period of 100,000 iterations. Even though our
hypothesis predicted that the red deer in the Pyrenees might exhibit 2 divergent sets of genetic compositions, we
chose K =4 as the upper limit in the Structure analysis because we studied red deer in 3 geographic areas (the AK
method [see below] requires 24 K values to assess AK in K = 3). We tested higher upper limits in the analyses, but
the results remained consistent. We used an admixture model, correlated allele frequencies and the ancestdist
output option as run parameters. We analyzed the model output using Structure Harvester (Earl and
VonHoldt 2012) according to the AK method described in Evanno et al. (2005). We averaged the 10 runs of the
K value with the highest AK value using CLUMPP version 1.1.2 (Jakobsson and Rosenberg 2007) and displayed by
Distruct version 1.1 (Rosenberg 2003).

We considered geographical proximity (individuals sampled in NCP, SCP, or EP) and the distribution of genetic
clusters to obtain the number and distribution of populations in the study area. We quantified genetic diversity
measures (number of alleles [A], observed heterozygosity [Ho], and expected heterozygosity [He]) and departures
from Hardy-Weinberg equilibrium (HWE) by exact test using Markov chain methods across loci and populations
with adegenet package version 2.1.5 (Jombart 2008) in R software (R Core Team 2019). We quantified the number
and proportion of private alleles per locus and cluster or population in R software. We also used adegenet to
perform a principal component analysis (PCA) summarizing the genetic diversity among sampled individuals. For this

PCA, we replaced missing data by the mean allele frequency and retained the 2 principal components (PCs) that
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explained the highest amount of variance in the dataset. Because the plot of eigenvalues sharply decreased beyond
the third PC (see Results), we also show the results of the PCA analysis after retaining 3 PCs. Finally, we quantified
the overall and pairwise fixation index (Fst) values with Genetix 4.05 (Belkhir et al. 2004). We also used Genetix to

assess whether Fst values were significantly different from O with 10,000 permutations.

Hybridization analyses, origin of the genetic clusters, and sex-specific genetic structure

We used NewHybrids (Anderson and Thompson 2002) to perform a hybrid detection analysis between the genetic
clusters of Pyrenees. We performed 10 replicate runs with 100,000 burn-in repetitions and 500,000 sweeps and
averaged posterior probabilities for each individual. We considered 6 genotype frequency classes: pure non-lberian
(non-Iberian cluster in Structure analysis), pure Iberian (Iberian cluster in Structure analysis), first generation hybrid
(F1), second generation hybrid (F2), backcross non-lberian (the product of the mating between a non-lberian
individual and an F1), and backcross Iberian (the product of the mating between an Iberian individual and an F1).

The red deer population in our study area south of the Pyrenees originated from restocked individuals from
central Spanish populations, whereas red deer north of the Pyrenees presumably come from French populations.
We are not completely sure about the provenance of all individuals that might have been translocated from other
European areas. We used additional genotypes from a reference panel of 228 red deer samples from diverse areas
(Figure S2). These samples were genotyped with the same set of microsatellite markers as the Pyrenees samples
between 2010 and 2021. Those additional red deer samples included 136 individuals from 8 Iberian populations, 35
individuals from the French population of Petite Pierre, 17 individuals from Norway, 19 individuals from Scotland,
and 21 individuals from Germany. We chose a population from mainland Europe (Germany) and 2 peripheral
European populations (Scotland, Norway) to comprise the highest amount of genetic diversity of red deer in
western Europe (Carranza et al. 2016).

We pooled the Pyrenean and the additional red deer samples and used the Bayesian methodology described
above to infer the genetic structure in these 369 microsatellite genotypes. We used the same run parameters,
although here we ran 10 independent runs from K =1 to K= 15. We chose K = 15 as the maximum value considered
because we analyzed 2 hypothetical Pyrenean populations and 12 additional populations (the AK method requires
215 K values to assess AK in K = 14). We retained the K value with the highest AK value. As above, we averaged the
results of the independent runs using CLUMPP and displayed by Distruct. Additionally, we quantified pairwise Fst
values among Pyrenean populations, the red deer population in France, and significant differences from 0, with
Genetix. We used R to construct a cladogram with these pairwise Fst values.

For each obtained population, we conducted genetic structure analyses separately for males and females.
In this case, we performed isolation by distance (IBD) analyses with the adegenet package. We tested IBD
using Mantel test between the matrix of genetic distance (Nei's distance) and the matrix of geographical
distances (Euclidean distances between sampling points). We also performed graphical representation of the
relationship between genetic and geographical distances and kernel density estimations with the adegenet
package.

RESULTS
Morphometric differences
The males sampled in NCP were taller and presented thicker antlers than the males sampled in SCP (body height:

NCP, mean+SD =120.074+7.195cm; SCP=110.000+7.059 cm; antler thickness: NCP=11.071+1.912cm;
SCP =9.500+1.920 cm). Males from NCP were 9.16% taller and had antlers 16.54% thicker than those from
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SCP. Males that were 4.5 years old from NCP (n=9) were 11.16 cm taller and had antlers 1.62 cm thicker than
those from SCP (n =5).

The data indicated body height (P < 0.001) and antler thickness (P = 0.009) differed by geographic region after
correcting by the age of individuals (Table S1, Figure S3, available in Supporting Information). Differences in body
height tended to be higher for younger males, whereas differences in antler thickness tended to be higher for older
males. The interaction between age and geographical area (northern vs. southern) did not reach significance for any

morphological variable (not shown).

Genetic structure, diversity, and differentiation

The AK value for the Structure analysis was higher for K = 2 (AK = 894.406) than for K = 3 (AK = 0.365). Moreover,
after the increase of the upper limit, the Structure analysis supported 2 genetic clusters in the Pyrenees. Individuals
from NCP were mostly assigned to cluster 1 (97.67% of the individuals with probability intervals including 1 for
cluster 1); individuals from SCP were assigned to cluster 2 (100% of the individuals with probability intervals
including 1 for cluster 2); and individuals from EP assigned to both clusters 1 and 2 (Figure 2). The spatial
distribution of individuals was related to the cluster for which they had the highest membership probability
(Figure 1). Geographic distribution of individuals and clusters support the existence of 4 populations: the north
population that coincides with NCP, the south population that coincides with SCP, the northeast population around
the Segre riverbed, and the southeast population several kilometers south of the Segre River (northeast and
southeast populations in EP; Figure 1). The Structure analysis assigned 4 individuals from the northeast population
to the cluster that was mainly formed by south and southeast populations (these individuals had probability
intervals including 1 for cluster 2). Furthermore, there was 1 individual from the northeast population that had an
intermediate probability for each cluster (Figures 1 and 2). The number of private alleles in cluster 1 (north and
northeast populations) was 6.68% higher than in cluster 2 (south and southeast populations; Table 1). The
proportion of private alleles in cluster 1 was 24.11% higher than in cluster 2 (Table 1).

The south population had the highest mean number of alleles (9.19% higher than in the northeast population;
Table 2). The southeast population had the highest values of Ho (3.58% higher than in the south
population; Table 2). The northeast population had the highest value of He (4.49% higher than in the southeast
population; Table 2). Three out of the 4 populations presented =1 locus with significant departures from HWE. The
south population had 6 loci with significant departures from HWE. Two loci (FCB193, JP38) were not in equilibrium
in 2 populations. We repeated the Structure analysis without these 2 loci and results did not change.

Overall Fst considering the 4 populations was 0.104 (significantly different from 0, 10,000 permutations,
P <0.001). All pairwise Fst values were also significantly different from 0 (10,000 permutations P < 0.001). The
north-southeast pair of populations had the highest genetic differentiation (Fst = 0.155) and south-southeast pair of
populations had the lowest genetic differentiation (Fst=0.050; Table S2, available in Supporting Information).

NCP EP SCP

FIGURE 2 Structure results for red deer thar were hunted in the Pyrenees, Spain, 2020-2021, in 3 regions:
north-central Pyrenees (NCP; n = 43), eastern Pyrenees (EP; n = 68), and south-central Pyrenees (SCP; n = 30). We
present the probability of membership for each cluster (K = 2): cluster 1 (blue) or cluster 2 (orange). The vertical red
line divides individuals from EP into those individuals sampled around the Segre River (left of the red line) and those
several kilometers south of the Segre River (right of the red line).
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TABLE 1

Number and proportion of private alleles (PA) per locus for the 2 genetic clusters for red deer that
were hunted in the Pyrenees, Spain, 2021-2021.

Number of PA

Proportion of PA

Locus Cluster 1 Cluster 2 Cluster 1 Cluster 2
BM1818 0 0 0.000 0.000
CP26 2 4 0.125 0.250
CSSM19 4 0 0.286 0.000
CSsM43 10 11 0.345 0.379
ETH225 2 4 0.143 0.286
FCB193 3 5 0.150 0.250
FCB304 3 2 0.231 0.154
FCB5 2 1 0.154 0.077
JP38 2 0 0.200 0.000
MM12 1 0 0.167 0.000
RME25 1 1 0.167 0.167
TGLA53 2 2 0.133 0.133
Mean 2.667 2.500 0.175 0.141

TABLE 2 Genetic diversity measures and significant departures from HWE (*) across loci and populations for
red deer that were hunted in the Pyrenees, Spain, 2020-2021. We present the number of alleles (A), the raw
number of private alleles (PA), observed heterozygosity (Ho), and expected heterozygosity (He) for the 4
populations: north (n =43), south (n = 30), northeast (n = 34), and southeast (n = 34).

North South Northeast Southeast

Locus A/PA Ho He A/PA Ho He A/PA Ho He A/PA Ho He
BM1818 5/0 0.58 062 8/0 0.53 0.81* 8/0 0.68 080 5/0 0.65  0.64
CP26 9/1 071 076 10/1 078 0.78 10/0 0.64 0.68 12/1 0.79  0.85
CSsM19  8/1 065 070 9/0 079 0.84* 12/3 076 081 7/0 0.85 0.80
CSSM43  11/2 082 081 16/7 0.75 0.89* 14/2 080 087 9/2 083 079
ETH225 7/2 0.63 064 12/1 093 085 5/0 0.56 0.65 9/0 0.74 0.82
FCB193 13/1 0.67 078 14/2 0.70  0.90* 10/1 0.39 0.84* 8/3 0.38  0.75*
FCB304 7/0 074 072 8/0 0.63 0.75 10/3 091 082 9/1 0.76  0.78
FCB5 10/0 074 073 10/0 0.77 0.86* 10/1 0.76 082 9/1 0.85 0.84
JP38 7/1 072 069 7/0 053 0.61* 8/1 0.65 0.77* 8/0 0.76  0.78
MM12 6/1 072 074 5/0 037 039 4/0 0.79 0.69  4/0 0.53 052
RME25  4/0 035 040 4/0 062 062 5/1 0.50 050 5/1 0.71  0.68
TGLA53 10/1 086 085 11/2 097 086 9/0 0.74 0.83* 8/0 0.82 0.80
Mean 8.1/0.8 0.683 0.703 9.5/1.1 0.698 0.708 8.7/1.0 0.682 0.757 7.7/0.7 0.723 0.754
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The south population had the highest mean number of private alleles (Table 2). The northeast population presented
the highest mean proportion of private alleles (mean proportion of private alleles: north =0.061, south =0.051,
northeast = 0.076, southeast = 0.051; Figure S4, available in Supporting Information). Therefore, mean number of
private alleles in the northeast population was 24.59% higher than in the north population, and 49.02% higher than
in the south and southeast populations.

For the PCA analysis, we retained the 2 PCs that explained the highest amount of variance (Figure S5, available
in Supporting Information). Individuals from the north population were grouped in the PCA plot (Figure 3; Figure Sé6,
available in Supporting Information), whereas the scores for the south population were scattered along axis 2 (PC2;
Figure 3). Individuals from the northeast and southeast had scores that overlapped with those from the north and
south populations, respectively (Figure 3). Some individuals from the northeast population had scores that

overlapped with those from the south and southeast populations (Figure 3).

Hybridization analyses, origin of the genetic clusters, and sex-specific genetic structure

Most individuals (84.09%) from the north population had a high probability (>0.9) of being pure non-lberian
(Figure 4). There were 2 individuals in the north population (4.7%) with a high probability (>0.9) of being hybrids (F2
or backcross non-Iberian). For the south population, the percentage of individuals with a high probability (>0.9) of
being pure Iberian was 71.43% (Figure 4). There were 5 individuals in the south population (16.7%) with
intermediate probabilities of being hybrids (F2 or backcross Iberian). For the northeast population, the percentage
of individuals with a high probability (>0.9) of being pure non-lberian was 61.76% (Figure 4). There were 4
individuals (males) with a high probability of being pure Iberian that can be considered as migrant individuals and 1
individual with a high probability (>0.9) of being hybrid. Most individuals (94.12%) from the southeast population
had a high probability (>0.9) of being pure Iberian (Figure 4).

The Structure analysis with the Pyrenean and additional red deer samples supported 3 genetic clusters
(K =3, Figure 5A). The French individuals assigned to 1 genetic cluster, the non-lberian populations mostly
assigned to a second cluster, and the Iberian samples had high assignment values to a third cluster
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FIGURE 3 Representation of the principal component analysis (PCA) with adegenet for red deer that were
hunted in the Pyrenees, Spain, 2020-2021: north population (n = 43), south population (n = 30), northeast
population (n = 34), and southeast population (n = 34). Two principal components were retained in the PCA. The
first principal component (axis 1) explained 9.761% of the total variance in the sample and the second principal
component (axis 2) explained 6.107% of the variance.
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FIGURE 4 Posterior probabilities of the genotype frequency classes for the red deer that were hunted in the
Pyrenees, Spain, 2020-2021. Individuals from each population are represented on the x-axis (n = 141). Different
colors indicate the probability an individual is pure non-Iberian, pure Iberian, first generation hybrid (F1), second
generation hybrid (F2), backcross non-lberian (the product of the mating between a non-lberian individual and an
F1 hybrid) and backcross Iberian (the product of the mating between an Iberian individual and an F1 hybrid).
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FIGURE 5 Structure results for red deer from samples that were collected in the Pyrenees, Spain, and other
Spanish areas (SSP through ALC), France (FRA), Norway (NOR), Scotland (SCO), and Germany (GER), 2010-2021.
A) Delta K (AK) results obtained with Structure Harvester. B) Membership coefficient of probability for each cluster
(K = 3). Pyrenees samples were collected in the north-central Pyrenees (NCP), eastern Pyrenees (EP), and south-
central Pyrenees (SCP). Pyrenean individuals (n = 141) and red deer from the other areas (n = 228) constituted the
database.
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(Figure 5B). Red deer from the Pyrenees were assigned to the French or the Iberian cluster (Figure 5B).
Individuals from NCP were assigned to the French cluster, most individuals from SCP had high assignment
values to the Iberian cluster, and individuals from EP assigned to the French cluster or the Iberian cluster
(Figure 5B). The individuals assigned to cluster 1 of Pyrenees (Figure 2) tended to be assigned to the French
cluster (Figure 5B). Individuals assigned to cluster 2 of Pyrenees (Figure 2) tended to have high assignment
values to the Iberian cluster (Figure 5B).

Even though the French population had lower genetic differentiation with the northeast population than with
the other Pyrenean populations (France-northeast: Fst=0.102; France-southeast: Fst=0.140; France-north:
Fst=0.133; France-south: Fst=0.127), all pairwise Fst values were significantly higher than 0 (10,000

(A) (B)
@ - —+— Females ©
—e— Males
a a
K4 o
> 5
z z
[0 [0
o o
C C
s s
2 k2]
e e
2 Ks)
@ ©
C c
[ [0} .
] (O]
.. . oo . <
< - ) . ~—*— Females
—*— Males
r T T T 1 r T T T 1
0 10,000 20,000 30,000 40,000 0 10,000 20,000 30,000 40,000
Geographic distance (m) Geographic distance (m)

G
Cl

a a

."’ ©

> >

z z

[0] [0]

(%} (5}

= =

© ©

° °

el el

L L

© ©

[ =4 [ =4

[ [

(O] (O]

<
—*— Females —*— Females
¢ ‘ —— Males . —— Males
r T T T 1 I T T 1
0 5,000 10,000 15,000 20,000 0 4,000 8,000 12,000
Geographic distance (m) Geographic distance (m)

FIGURE 6 Isolation by distance analyses across populations and sexes for red deer that were hunted in the
Pyrenees, Spain, 2020-2021, in 4 populations: the north population (A; n = 43). the south population (B; n = 30), the
northeast population (C; n=34), and the southeast population (D; n = 34). Gray points and line represent the
observed values and fit for females. Black points and line represent the observed values and fit for males. We used
Nei's genetic distance and Euclidean geographical distances between sampling points. Two-dimensional kernel
density estimations (high density [red], low density [blue]) were obtained for all individuals within each population.
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permutations, P < 0.001). Moreover, the cladogram with pairwise Fst shows that the French population was
genetically different from all the Pyrenean populations (Figure S7, available in Supporting Information).

For the north population, neither males nor females presented an IBD pattern (males, correlation
coefficient = -0.021, 10,000 replicates, P =0.535, R?=0.0004; females, correlation coefficient = -0.035, 10,000
replicates, P = 0.669, R? = 0.0001; Figure 6A). Here, genetic distances among males were higher than among females
(Nei's distance, mean+SD =6.122+0.598 for males and 5.719 £0.646 for females, tiog5=4.799, P <0.001;
Figure 6A). Therefore, genetic distance among males from the north population was 7.05% higher than for females.
For the south population, both males and females presented a very similar IBD pattern (males, correlation
coefficient = 0.473, 10,000 replicates, P=0.006, R?=0.224; females, correlation coefficient=0.557, 10,000
replicates, P <0.001, R?=0.310; Figure 6B). For the northeast population, males and females had a similar IBD
pattern, females presenting a higher slope (males, correlation coefficient=0.157, 10,000 replicates, P =0.047,
R? = 0.025; females, correlation coefficient = 0.354, 10,000 replicates, P < 0.001, R?=0.125; Figure 6C). Similarly,
females, but not males, showed an IBD pattern for the southeast population (males, correlation coefficient = 0.194,
10,000 replicates, P=0.121, R?=0.038, females: correlation coefficient=0.245, 10,000 replicates, P <0.001,
R? = 0.060; Figure 6D).

DISCUSSION

In the Pyrenees, red deer populations are constituted by individuals that present heterogeneities in morphometric
and genetic features. Males from NCP were bigger and had thicker antlers than males from SCP. We cannot rule out
that morphological differences could be due to spatial or temporal variations in environmental conditions (Azorit
et al. 2002, Torres-Porras et al. 2009). These morphometric differences, however, are supported by the existence of
2 genetic clusters associated with NCP and SCP, respectively. Both genetic clusters occurred in EP. One was close
to the French border and around the Segre riverbed, and the other was several kilometers south of the Segre River.
There was evidence of migration and hybridization between both genetic clusters, mainly in EP where
heterozygosity levels reached greater values. The genetic composition of the northern cluster was associated
with that of European non-Iberian red deer populations, while the genetic composition of the southern cluster was
related to that of Iberian red deer populations (Carranza et al. 2016, Queirds et al. 2020).

Genetic structure analyses with additional red deer samples from several Iberian areas and populations
from other countries resulted in 3 genetic clusters. A similar arrangement of samples was also used in
previous studies (Carranza et al. 2016, Queirds et al. 2020) and the results were also similar: a pool of Iberian
samples assigning to a genetic clusters and a pool of non-lberian samples assigning to another cluster. Our
data identified a new genetic cluster shaped by the French population. The relatively high number of French
samples used in our analysis might explain the appearance of the new cluster. The northern Pyrenean
population had high probabilities of belonging to the same Structure cluster as individuals from France, but
pairwise Fst values indicated relatively high levels of genetic differentiation. The French population of Petite
Pierre might not be the direct source of individuals for the northern Pyrenees, or they might have suffered
processes of genetic drift or hybridization with other populations.

All 3 sampling areas show contrasting situations regarding the genetic structure of red deer. The NCP had
non-lberian individuals that came from the south of France and bear genetic compositions similar to those of
the French red deer population of Petite Pierre. Most individuals in this area showed high assignment
probability to the northern cluster (cluster 1), and 2 of them might be hybrids. This northern area coincided
with the location of the north population, where we did not identify an IBD pattern for females or males.
Therefore, this population might be interpreted as consisting of non-philopatric individuals whose
movements remain mainly within the NCP. The SCP contains Iberian red deer. Most individuals in this

area showed high assignment values to the southern cluster (cluster 2), but some of them might also be
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hybrids. Individuals from SCP showed relatively high genetic variation in the PCA analysis. This can be due to
the diverse origin of the Iberian individuals that were reintroduced in this area. The SCP coincided with the
location of the south population, where both sexes showed IBD, therefore consisting of individuals with
philopatric tendencies. Finally, EP presented non-lberian individuals with French origin around the Segre
riverbed (northeast population), and Iberian individuals mainly several kilometers south of the Segre River
(southeast population). Consequently, we observed the highest level of genetic variation in this area. Migrant
males (probably from the southeast population) were in the northeast population and hybrids were detected
in both eastern populations (northeast and southeast). In both eastern populations, we mainly detected IBD
for females; this result is typical of male-biased dispersal pattern (Prugnolle and de Meeus 2002, Nussey
et al. 2005, Coulon et al. 2006). Despite the expected male-biased dispersal pattern in red deer, the IBD
result in the southeast population should be taken with caution because of the low sample size and few
locations for females.

The current presence of red deer in the Pyrenees is the product of the spreading and movements from areas
where individuals were reintroduced. Therefore, the Pyrenees can be considered as a secondary contact zone
(Mayr 1942, 1963; Thorpe 1984) for red deer, where 2 genetically different clusters are hybridizing. Currently, red
deer populations in the Pyrenees do not seem to have contact with other Iberian populations. Pyrenean
populations, however, have increased their size and range during the last decades (Figure S1) and movement of
individuals to Iberian populations in northern Spain can be expected.

The role of the Pyrenees as a secondary contact zone and a hybrid belt (Hewitt 1988, Schmitt and
Zimmermann 2012, suture zone in Remington 1968) has been previously described in species such as the European
grasshopper (Chorthippus parallelus), common lizard (Zootoca vivipara), tawny owl (Strix aluco), capercaillie (Tetrao
urogallus), and grass snakes (Natrix astreptophora and N. helvetica; Cooper et al. 1995, Brito 2007, Rodriguez-Mufoz
et al. 2007, Mila et al. 2013, Asztalos et al. 2020). These examples are the products of natural recolonization before
the complete deglaciation of the Pyrenees (Hewitt 1999, Schmitt and Zimmermann 2012). We detected a hybrid
belt that is a consequence of human intervention. Therefore, the case of red deer in the Pyrenees can pose
conservation concerns (Bohling 2016) rather than an opportunity to study natural evolutionary processes
(Harrison 1986, Hewitt 1988, Durrett et al. 2000).

In hybrid belts a balance exists between dispersal favoring hybridization and selection against hybrids
(Barton and Hewitt 1985, 1989). Therefore, the evolution of the hybrid belts depends on the rate of gene
flow and the relative fitness of hybrids. We detected migrant individuals and inferred hybrids mainly in the
northeast population. On the other hand, hybridization between different subspecies and lineages of red deer
has been confirmed across Europe (Haanes et al. 2010, 2013; Fernandez-Garcia et al. 2014; Krojerova-
Prokesova et al. 2015; Frantz et al. 2017). Consequently, the dispersal and selection balance for red deer in
the Pyrenees should be biased to the hybridization process and an increase of the width of the hybrid zone
can be expected (Barton and Hewitt 1985, 1989). Despite migration and hybridization appearing to be higher
in the northern genetic cluster (associated with non-Iberian red deer), hybridization might also occur in
southern areas where males are smaller and probably less competitive in mating encounters. Thus, the hybrid
belt in the Pyrenees must be considered as a potential risk for the genetic conservation of red deer in the
Iberian Peninsula and in western Europe (Carranza et al. 2003, 2016).

Despite the importance of hybridization for evolutionary studies (Harrison 1986, Hewitt 1988, Durrett
et al. 2000) and the value of hybrids for conservation and ethical considerations (Allendorf et al. 2001, Ellstrand
et al. 2010, Jackiw et al. 2015, Wayne and Shaffer 2016), hybridization and introgression can be considered as a
potential threat to biodiversity conservation (Rhymer and Simberloff 1996, Bohling 2016). In the case of red deer in
the Pyrenees, the observed hybridization process could result in the introgression of genetic material from non-
Iberian red deer into the Iberian lineages (Carranza et al. 2003, 2016; Queirds et al. 2020), with important
consequences on the genetic conservation of red deer in western Europe. Therefore, management actions that are

practical, ethical, and economical should be designed to handle this hybrid system.
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The management of hybrids depends on the distinction between natural and anthropogenic hybridization
(Allendorf et al. 2001). Allendorf et al. (2001) categorized hybridization into 6 types, 3 for natural hybridization and
3 for anthropogenic hybridization. The situation we described for red deer in the Pyrenees might be included in
type 5: anthropogenic hybridization where there was a high probability of backcrosses, but high differentiation
remained between clusters. In this circumstance, Allendorf et al. (2001) confer low conservation value for hybrids
and propose efforts to maintain and expand the remaining pure populations. Because red deer are a game species,
the persecution and hunting of hybrids might be proposed. The culling of animals in an active hybrid system like red
deer in the Pyrenees is problematic (Bohling 2016), however. Identifying the pure and hybrid individuals can be
complicated in the field, and impractical by using genetic tools for decision making. Therefore, the removal of
hybrids cannot be recommended.

Under this scenario, practical management actions with low ecological and ethical concerns might be proposed.
The existence and evolution of the active hybridization system of deer in the Pyrenees could be accepted. But it is
feasible to establish a safety belt in north-western Spain, stretching from the Cantabrian to the Mediterranean
coasts (see below).

Despite the current genetic structure of Pyrenean red deer described in this study, there is no genetic
information about the red deer living in the Pyrenees and the closer territories south until 1 or 2 centuries ago. We
cannot rule out the dominant or partial presence of cluster 1 in this area in historical times, the presence of a form
of the Iberian lineage different from the one that currently exists (and has been studied here), or a natural presence
of hybrid individuals between both lineages in the past. Perhaps there was already a cline and progressive variation
between the 2 lineages that we find today. This is the case, for example, of the Spanish ibex (Capra pyrenaica) in the
Iberian Peninsula according to recently published results (Barros et al. 2022). Here, we discuss alternatives to
manage the threat for the conservation genetics of Iberian red deer due the existence of the anthropogenic hybrid
belt in the Pyrenees. The study of the past genetic structure red deer in the Pyrenees could make the approach and
the management actions to be focused differently. In this case, to confirm or rule out this possible situation, we
consider it necessary and urgent to study the genetics of the deer that lived until 1 or 2 centuries ago in the

Pyrenees and its surroundings.

MANAGEMENT IMPLICATIONS

Because of the anthropogenic origin of red deer populations in the area, we recommend the establishment of
a safety belt in northwestern Spain to prevent further admixture resulting from southward deer
movements from the Pyrenees to the Iberian Peninsula. The safety belt should take advantage of areas
without red deer because of strong human presence and large infrastructures such as cities and rural areas
without current red deer populations. In areas with low human presence that might act as natural corridors,
local authorities and hunting societies can be advised on increasing hunting pressure on red deer appearing in

the area.
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