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Anthropogenic hybridization is one of the greatest threats to global biodiversity. It incites
human-mediated gene flow between non-native/exotic and native taxa, which can have
irreversible effects on native species or locally adapted populations, eventually leading to
extinction. The red deer, Cervus elaphus, is a game species that, due to its extraordinary
economic value, has been introduced in several regions throughout Europe. However,
the consequences of those introductions on native populations, namely on their
genetic background, have been poorly addressed. This study is focused on the Iberian
Peninsula and aims to: (i) assess the extent of anthropogenic hybridization/introgression
of introduced red deer into the native Iberian populations; (i) evaluate the impact of red
deer management regimes on the observed hybridization/introgression patterns; and (iii)
assess how hybridization/introgression influence the current genetic diversity of native
lberian populations. A set of 11 microsatellites and a 329 bases pair fragment of the
mitochondrial D-loop gene were used to estimate nuclear admixture and mitochondrial
introgression in 1,132 individuals sampled across 46 red deer populations throughout
lberia. A Bayesian approach implemented in the STRUCTURE program was employed
to investigate the proportion of admixture between native populations and non-native
red deer. Results showed that 17% of individuals presented signs of non-native recent
ancestors and 10.1% had non-native mitochondrial haplotypes, reaching an overall
hybridization/introgression rate of 23%. Non-native or hybrid individuals were found
throughout 40 Iberian red deer populations, and the percentages per population varied
between 3.3 and 75.0%, independently of the management regime. Mitochondrial
introgression was observed across 15 Iberian red deer populations, being more frequent
in free-ranging individuals (16.2%) than in fenced populations (9.2%) but was completely
absent from public-owned populations. Nuclear genetic diversity correlated positively
with the proportion of hybrid individuals in public-owned populations. The genetic
footprint of historical and current human-mediated translocations of non-native red deer
into the Iberian Peninsula is evidenced in this study, highlighting the need to implement
effective measures to avoid such practices both in Portugal and Spain, in order to
preserve the endogenous genetic patrimony of the Iberian red deer populations.

Keywords: hybridization, introgression, human-mediated gene flow, Cervus elaphus, hunting management
regimes, conservation genetics
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INTRODUCTION

Anthropogenic factors are important drivers of the evolutionary
history of species and populations (Miraldo et al, 2016;
Hendry et al, 2017). Humans have been influencing the
natural distribution and population dynamics of organisms
(i.e., by hunting) for a long time. Nevertheless, the current
rate and pace that such human-mediated actions have on
the genetic background of many species is huge, threatening
wildlife populations worldwide (Macdougall et al., 2013; Mimura
et al,, 2017). Global changes in land use, commercial trade
and climate warming, promoted mainly by the rising trend
of the size of the human population, are posing new
challenges to the conservation of natural resources, especially
concerning preserving the intraspecific genetic diversity of
species and populations that have evolved and adapted
to local ecosystems over millennia (Taylor-Brown et al,
2019). The widespread and traditional practice (intentional
or accidental) of translocating foreign (non-native/exotic)
organisms and introducing them to areas where they have
never naturally occurred, is amongst the human-mediated factors
that directly contribute to increasing the crossbreeding of
genetically differentiated taxa (i.e., distinct species, subspecies,
or evolutionary units), fostering the disruption of local gene-
adapted complexes and increasing the risk of extinction
(Mubhlfeld et al., 2009; Senn et al., 2010; Huisman et al., 2016).
Although a wide range of organisms is facing anthropogenic
hybridization (human-mediated gene flow), animals and plants
with high economic or cultural values are more vulnerable to this
phenomenon (Allendorf et al., 2001).

The red deer, Cervus elaphus, is one of the most widespread
wild ungulates across Europe and a species with a great economic,
social, and ecosystem value (Milner et al, 2006; Apollonio
et al,, 2010). Several subspecies have been recognized using
phenotypic or biogeographical traits, though there is still an
ongoing debate about this subspecific taxonomy since it is
not congruent with the evolutionary units that have been
described by genetic studies (Zachos and Hartl, 2011; Meiri et al.,
2018). Due to its importance and wide distribution, red deer
have been largely studied over their geographical range, with
numerous studies focused on understanding their evolutionary
history (Ludt et al, 2004; Skog et al, 2009; Meiri et al,
2013; Stanton et al,, 2016; Queirds et al., 2019). Despite being
intensively exploited as a natural resource since the Pleistocene
(Sommer et al., 2008), studies based on mitochondrial DNA
have shown a natural wide-scale phylogeographic pattern of
red deer across Europe (Niedzialkowska et al., 2011; Zachos
and Hartl, 2011; Meiri et al., 2013; Queirds et al., 2019).
Three main mitochondrial D-loop lineages have been described,
with a clear spatial pattern: A Western European lineage
distributed in Western Europe; an Eastern European lineage
distributed in the Balkans (Eastern Europe); and a Mediterranean
lineage distributed in Africa and the islands of Sardinia and
Corsica. Furthermore, in the particular case of the Western
European linage, distinct evolutionary sub-linages from the
rest of Western Europe have been described for the Iberian
peninsula, highlighting the singularity of Iberian red deer

populations (Carranza et al., 2016; Queirds et al., 2019). Besides
mitochondrial differentiation, studies have shown a clear nuclear
differentiation between the Iberian and the remaining European
populations (Carranza et al., 2016; Frantz et al., 2017; Queirds
et al., 2019), with divergent evolution (followed by geographic
isolation) estimated around the Last Glacial Maximum, 19,000
to 27,000 years before present (Queirds et al, 2019). Since
the last century, however, human-mediated actions, namely
habitat destruction, change in land use, intensive management
and translocations have favored the genetic diversity loss and
promote the hybridization of red deer with other non-native
species, subspecies or evolutionary units all over its distribution
range, putting the preservation of the natural endogenous genetic
resources of each region at risk (Hartl et al., 2003; Nussey et al.,
2006).

Anthropogenic hybridization, defined here as human-
mediated gene flow between individuals from different species,
subspecies or evolutionary units, in red deer has proved to
be relatively frequent throughout Europe (review in Iacolina
et al., 2019). However, there is still a knowledge gap concerning
its extent in many European countries, including the Iberian
Peninsula (Portugal and Spain), where introductions of red deer
from Central, Northern and Eastern Europe have been reported
since, at least, the middle of the twentieth century (Carranza,
2003; Vingada et al., 2010). Anthropogenic hybridization in
Iberia is mainly focused on improving the trophy, through
crossbreeding with higher performance individuals from
Central, Northern, and Eastern Europe, traditionally classified
as different subspecies (C. e. elaphus). Commercial trophy
hunting increased during the 1970-80s and relied mostly
on the intensive management of red deer in high-fenced
enclosures, where individuals are food-supplemented seasonally
or even all the year round (Azorit et al., 2002; Queiros et al.,
2014). The majority of these fenced populations are located
in central-southern Iberia, while free-ranging populations are
more common in the north. In addition, there are fenced and
unfenced public-owned red deer populations, managed from a
conservation-oriented perspective.

In this study we aim to unveil the impact of human-
mediated actions on the genetic pattern of red deer in the
Iberian Peninsula, namely by: (i) quantifying the extent of
nuclear admixture and mitochondrial introgression of non-
native red deer in the native Iberian populations; (ii) evaluating
the impact of management regimes on the anthropogenic
hybridization/introgression patterns; and (iii) understanding
how anthropogenic hybridization/introgression influence the
genetic diversity of the Iberian populations.

MATERIALS AND METHODS
Study Populations and Sampling

Forty-six sites were sampled throughout the Iberian Peninsula,
which comprised red deer populations subjected to distinct
management regimes: 23 fenced populations; 17 free-ranging
populations; and 6 public-owned populations (Figure 1). In
addition, nine free-ranging red deer populations from the Center
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FIGURE 1 | Red deer populations sampled throughout the Iberian Peninsula under the hunting management regime. Current and past (1970s) distribution range of
species is depicted in light and dark gray, respectively (Ministerio de Agricultura, 1968; Mitchell-Jones et al., 1999; Salazar, 2009). Population codes are represented
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(France, n = 27; Switzerland, n = 31; and Italy, n = 10), the
West (England, n = 17), the North (Norway, n = 5 and Sweden,
n = 6), and the East (Czech Republic, n = 9; Hungary, n = 7;
and Romania, n = 35) of Europe were sampled to investigate the
proportion of admixture between native Iberian populations and
non-native Central, Northern and Eastern European populations.
The samples consisted of a portion of the spleen taken from
each individual. In total, 1,281 samples were collected, 1,132
in the Iberian Peninsula and 149 across Europe (see details in
Supplementary Table S1).

DNA Extraction, Microsatellite
Amplification and Analysis

Genomic DNA was extracted using the EasySpin Genomic
DNA Tissue Minipreps Kit according to the manufacturer’s
instructions. Individual multilocus genotypes were determined
using a set of 11 microsatellite markers (Ceh31, Ceh34, Ceh38,
Ceh43, Ceh44, Ceh45, Ceh49, Ceh53, Ceh73, Ceh77, and Ceh79)
selected from the 35 microsatellites specifically developed for
red deer (Queirds et al.,, 2015). These markers have shown a

high polymorphism content and genotype accuracy (i.e., absence
of null alleles and scoring errors and reduced allelic dropout)
in previous studies (Queirds et al., 2015, 2019). They were
amplified in a single multiplex reaction following the conditions
described by Queiros et al. (2015). Multiplex PCR products were
run on an ABI3100xl genetic analyzer together with the 400
LIS™ size standard. Fragment analysis was conducted using the
software GENEMAPPER 4.0 (Applied Biosystems) and checked
manually by two researchers independently. The genotype
dataset can be consulted on Supplementary Material (Raw
Datasets). Deviations from the Hardy-Weinberg equilibrium
and linkage equilibrium were tested for each red deer population
using heterozygote excess/deficit tests and considering the log
likelihood ratio statistic implemented in GENEPOP 4.0.10
(Raymond and Rousset, 1995). Significance levels estimated by
Markov Chain Analysis (10* dememorization steps, 10° batches,
and 10* iterations per batch) were adjusted using Bonferroni’s
sequential method for multiple comparisons (Rice, 1989).
Moreover, in the case of the Iberian populations, these tests were
also conducted including only the native individuals (n = 872,
see section “Results”). Hardy-Weinberg equilibrium within each
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population was observed for the majority of loci analyzed,
with some exceptions (Supplementary Table S2). However,
none of these exceptions shown a deviation pattern across
loci and populations. Furthermore, some pairwise combinations
of markers showed to be in linkage disequilibrium in eight
Iberian populations when all the individuals were considered.
However, all markers were in linkage equilibrium in the
Iberian populations when the non-native/hybrid individuals were
removed from the analyses.

Mitochondrial D-Loop Amplification

A fragment of mitochondrial D-loop comprised of 329 base pair
was amplified using the primer pair LD5 and HD6, and following
the PCR conditions reported by Nagata et al. (1998). Successful
amplifications were purified using the enzymes exonuclease I
and shrimp alkaline phosphatase, and then sequenced with
BigDye chemistry (Applied Biosystems), using the HD6 primer
and following the BigDye Terminator v3.1 cycle sequencing
protocol (Applied Biosystems). Electropherograms were checked
and aligned using SEQSCAPE 2.5 (Applied Biosystems).

Admixture of Native Iberian Populations

With Non-native Red Deer
A Bayesian clustering analysis implemented in the STRUCTURE
2.3.3 program (Pritchard et al., 2000; Falush et al., 2003) was
used to assign individuals to Iberian (native) and European (non-
native) populations (K = 2) and to identify hybrids between
native and non-native red deer. The analyses were conducted
using the admixture model with correlated allele frequencies and
no prior information for individual identification. STRUCTURE
was run with five repetitions of 50° MCMC iterations following
a burn-in period of 50° steps. The average proportion of
membership of native and non-native red deer populations
was inferred for each cluster, and the individual membership
proportion (qi-values) of each sample to those two clusters.
Simulations were performed with both parental and hybrid
genotypes in HYBRIDLAB 1.0 (Nielsen et al., 2006) to evaluate
the performance of the markers and models used in the
admixture analyses to distinguish among parental (native and
non-native red deer) and hybrid classes (F1, F2, backcrosses with
native red deer), and establish the range of gi-values expected
for all possible admixed generations. Based on a previous
study (Queirds et al,, 2019) in which 35 microsatellite markers
were used to characterize the genetic profile of individuals, we
selected 100 parental native red deer and the 100 parental non-
native red deer, individuals that showed gi-values above 99% on
STRUCTRUE analysis, to generate 50 genotypes of each parental
and hybrid class: native red deer, non-native red deer, F1, F2
and respective first and second generation backcross with native
red deer (for both F1 and F2). Ten independent replicates were
simulated for each hybrid class. The simulated genotypes can
be consulted on Supplementary Material (Simulated Datasets).
Simulated genotypes were then used in STRUCTURE in order
to assess the efficiency of the admixture analyses in estimating
the membership proportion of each class in the simulated data
set and to establish the cut-off threshold between Iberian and

non-native/hybrid individuals. Non-parametric Mann-Whitney
tests were employed to compare the qi-values obtained for each
parental/hybrid class using SPSS (IBM Corp, New York). In
addition, NEWHYBRIDS 1.1 (Anderson and Thompson, 2002)
was used to achieve a more detailed analysis of admixture
proportions and hybrids ancestry, by inferring the posterior
probability assignment of each individual identified as hybrid in
STRUCTURE (see section “Results”) to eight genotype frequency
classes: native, non-native, F1, F2, first and second backcross
with native. Individuals sampled outside the Iberian Peninsula
(non-native) were used as priors in the program.

The fragment of mitochondrial D-loop comprised of 329
bases pairs was used to infer the past maternal introgresion of
non-native red deer into the Iberian populations. Native and
non-native mitochondrial haplotypes were defined based on
natural phylogeographic patterns previously established for
red deer in Europe, and particularly in the Iberian Peninsula
(Carranza et al., 2016; Queirds et al., 2019). GenBank accession
numbers KT202236-KT202280 for Carranza et al. (2016) and
MK092836-MK092885 for Queirds et al. (2019). Details about
the haplotype classification can be consulted in Supplementary
Table S1 in Queirds et al. (2019). Native, non-native/hybrids
and introgressed individuals were classified according to the
membership proportion estimated from admixture analysis
and mitochondrial haplotypes. The proportion of nuclear
hybrids, mitochondrial introgressed individuals and both
(non-native/hybrid/introgressed individuals) were quantified
by sampling points and compared among management regimes
using non-parametric Kruskal-Wallis and Mann-Whitney
tests in SPSS (IBM Corp, New York). Furthermore, Spearman
correlation tests were also used to address the impacts of
anthropogenic hybridization/introgression on the current
patterns of population’s genetic diversity, which was evaluated
through nuclear allelic richness and observed heterozygosity.
These parameters were calculated for each population using
FSTAT 2.9.3.2 (Goudet, 2001) and GENEALEX 6.5 (Peakall and
Smouse, 2012), respectively. Only populations with more than
ten sampled individuals were considered for this analysis.

RESULTS

HYBRIDLAB Simulations

Parental and hybrid genotypes simulated in the HYBRIDLAB
program showed significantly different values of membership
proportion (gi-values) between native and non-native red deer
(Z = —27.37, p < 0.001) and between native and hybrid classes
(F1: Z = —27.26, p < 0.001; F2: Z = —27.07, p < 0.001; BC1-F1:
Z = —22.98, p < 0.001; BC1-F2: Z = —23.66, p < 0.001; BC2-
Fl: Z = —15.32, p < 0.001; BC2-F2: Z = —15.10, p < 0.001).
Significant differences on qi-values were also observed between
F1/F2 and BC1/BC2 classes, but not between F1 and F2 within
each hybrid class (Figure 2). The genotypes simulated for
parental native red deer showed an average qi-value of 92.14%
(95% confidence interval ranged between 91.7 and 92.5%) for
the Iberian cluster, while parental non-native red deer ranged
between 5.98 and 6.72%, with an average value of 6,33%. Thus,
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FIGURE 2 | The proportion of Iberian membership (qi) values estimated using
the STRUCTURE program for the admixed generations of parental (native —
IB; non-native — EU) and hybrid (F1, F2, BC1, and BC2) genotypes simulated
by the HYBRIDLAB program. Bars with asterisks represent the statistically
significance differences observed between simulated native red deer and
non-native/hybrid classes (p-value < 0.001).

individuals with qi-values from the Iberian cluster above 91,7%
were classified as native red deer, below 6.72% as non-native deer,
and between 91.7 and 6.72% as hybrids.

Native or Non-native Red Deer

Bayesian admixture analyses performed with STRUCTURE, and
allowing two clusters, suggested the presence of two differentiated
groups that splits the Iberian from the other European red
deer populations (Figure 3). Given the threshold value of
91.7, previously established from the simulated nuclear DNA
data, 940 individuals were identified as native Iberian red deer,
representing 83% of all the samples analyzed. A total of 21
individuals were considered as non-native (1.9%) and 171 as
hybrids (15.1%). No hybrids were detected in the populations
from Central, Northern and Eastern Europe (average gi-values
of 1.7 and 95% confidence interval between 1.6 and 1.8%).
From the 192 individuals identified as non-native or hybrid
(17%), 79 were sampled from free-ranging populations (19.8%,
n = 399), 94 from fenced populations (16.6%, n = 567)
and 19 from public-owned populations (11.4%, n = 166)
(Figure 4). The non-native or hybrid individuals were found in

40 out of the 46 Iberian populations studied, with percentages
varying between 3.3 and 75% per population (Supplementary
Figure S1). Pure non-native individuals were observed in six free-
ranging/fenced populations, representing between 4.2 and 39.1%
of all the individuals sampled in each population. The admixture
proportions and hybrids ancestry estimated by NEWHYBRIDS
indicate that the great majority of the 171 hybrids belong to
second-generation backcross of F2 with native individuals (BC2-
F2), although the posterior probability assignment for each
individual was either for non-native or BC2-F2 classes (Figure 5).

Mitochondrial introgression with non-native haplotypes was
found in 114 (10.1%) out of the 1,107 Iberian red deer individuals
for which successful amplifications were obtained (no data
for 25 individuals). Most of these non-native haplotypes (110
individuals) belong to the Western European lineage (HapOl11,
Hap043, Hap048, Hap050, Hap070, Hap073, and Hap078 as
in Queirds et al. (2019), haplotypes described in the British
Isles, France and Norway. In addition, two haplotypes from
Eastern (Hap031 and Hap038) and one from Mediterranean
(Hap028 in two individuals) European lineages were also
detected in four individuals sampled in the Iberian Peninsula.
Individuals harboring non-native haplotypes were found in 15
populations, with percentages per population varying between
4.0% and 85.2% (Supplementary Figure S2). Considering both
mitochondrial and nuclear DNA information, 260 (23.0%)
individuals were identified as non-native Iberian red deer, with
percentages per population varying between 3.3 and 85.2%.
These non-native Iberian red deer individuals were located
in 42 populations that are widespread throughout the Iberian
Peninsula (Figure 6).

When  assessing  the levels of  anthropogenic
hybridization/introgression under the management regime,
significant differences between free-ranging, fenced and
protected populations were observed in the proportions
of introgressed (Chi> = 34.17, df = 2, p < 0.05) and
non-native/hybrid/introgressed individuals (Chi® = 17.74, df = 2,
p < 0.05). The highest proportion of introgressed individuals
was observed for free-ranging populations (16.2%), followed
by fenced populations (9.2%). Non-native mitochondrial
haplotypes were not observed in public-owned populations
(0.0%). Two-pairwise comparisons between management
regimes showed statistically significant differences between
free-ranging and fenced populations (Z = —3.29, p < 0.05), free-
ranging and public-owned populations (Z = —5.45, p < 0.05),

Iberian Peninsula
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FIGURE 3 | Bayesian clustering analyses conducted in STRUCTURE for K = 2. Individual membership proportion to each cluster is indicated in gray for the lberian
populations (codes as in Figure 1) and black for the European populations (FRA, France; SWI, Switzerland; ITA, ltaly; ENG, England; NOR, Norway; SWE, Sweden;
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FIGURE 6 | Proportion of native and non-native red deer by population in the Iberian Peninsula. Individuals were classified according to both nuclear (nucDNA) and

mitochondrial (mtDNA) DNA content (see section “Materials and Methods”).

and fenced and public-owned populations (Z = —3.99, p < 0.05;
Figure 7a). In the case of non-native/hybrid/introgressed
individuals, significant differences on two-pairwise comparisons
were only observed between free-ranging and public-owned
populations (Z = —4.20, p < 0.05), and between fenced and
public-owned populations (Z = —3.19, p < 0.05). No significant
differences were observed between free-ranging and fenced
populations (Z = —1.79, p > 0.05) (Figure 7c). Regarding
nuclear DNA information alone (non-native/hybrid individuals),
no significant differences between populations were observed
(Chi? = 5.92, df = 2, p > 0.05), although a similar trend in
the proportion of non-native/hybrid individuals was recorded
(free-ranging 19.8%; fenced 16.6%; protected 11.4%; Figure 7b).

The genetic diversity of populations was evaluated through
nuclear allelic richness and observed heterozygosity. The
values of allelic richness ranged between 2.64 and 4.08
(Supplementary Figure S4), while the values of observed
heterozygosity ranged between 0.487 and 0.753 (Supplementary
Figure S5). These population parameters were then correlated,
separately for each management regime, with the levels of
anthropogenic hybridization/introgression observed in each
population. No significant correlations were found between

population’s allelic richness and the proportion of non-
native/hybrid individuals (free-ranging populations: Spearman’s
correlation = —0.07, p = 0.778; fenced populations: Spearman’s
correlation = 0.432, p = 0.057; public-owned populations:
Spearman’s correlation = 0.638, p = 0.173), between population’s
allelic richness and the proportion of introgressed individuals
(free-ranging populations: Spearman’s correlation = 0.19,
p = 0.473; fenced populations: Spearman’s correlation = 0.26,
p = 0.264), and between population’s allelic richness and the
proportion of non-native/hybrid/introgressed individuals
(free-ranging populations: Spearman’s correlation = —0.09,
p = 0.745; fenced populations: Spearman’s correlation = 0.27,
p = 0.251; Supplementary Figure S4). Regarding population
heterozygosity, similar results were found, with the exception
of a positive significant correlation observed for the proportion
of non-native/hybrid individuals in public-owned populations
(Spearman’s correlation = 0.89, p < 0.05; Supplementary
Figure S5). Thus, overall, no significant associations were
found between population heterozygosity and the proportion
of non-native/hybrid individuals in free-ranging (Spearman’s
correlation = —0.25, p = 0.349) and fenced populations
(Spearman’s correlation = 0.32, p = 0.163). In addition, no
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significant correlations were observed between population
heterozygosity and the proportion of introgressed individuals
(free-ranging populations: Spearman’s correlation = 0.32,
p = 0.217; fenced populations: Spearman’s correlation = —0.11,
p = 0.660), and between population heterozygosity and the
proportion of non-native/hybrid/introgressed individuals (free-
ranging populations: Spearman’s correlation = —0.08, p = 0.770;
fenced populations: Spearman’s correlation = 0.08, p = 0.748).

DISCUSSION

We disclosed the extent of nuclear admixture and mitochondrial
introgression of non-native red deer into native Iberian
populations for the first time in the Iberian Peninsula.
The results show the widespread presence of non-native
nuclear genetic background across autochthonous Iberian red
deer populations, with free-ranging populations showing the
highest proportion of non-native/hybrid individuals, followed
by fenced and public-owned populations, respectively. Non-
native mitochondrial haplotypes are less frequent throughout
Iberia, and are even absent in public-owned populations.
Under the latter management regime, nuclear genetic diversity
correlated positively with the proportion of hybrid individuals
in the population.

Nuclear Admixture and Mitochondrial

Introgression

Anthropogenic hybridization in the red deer between
autochthonous European populations and introduced sika
deer (Cervus nippon) or wapiti deer (Cervus canadensis) has
been often documented (McDevitt et al., 2009; Senn and
Pemberton, 2009; Biedrzycka et al., 2012; Smith et al.,, 2014,
2018). However, anthropogenic admixture between red deer is
more challenging to address because of the inconsistent support
between subspecies defined using morphological characteristics
or biogeography and the genetic evolutionary units (Zachos
and Hartl, 2011; Meiri et al., 2018). In addition, such analysis
requires large genetic databases to accurately infer non-native

or hybrid individuals across Europe. Recently, an attempt to
detect non-native red deer was conducted in Belgium, using
a large European microsatellite database, and the authors
estimated 3.7% of individuals as being non-native, with the
majority of the non-native individuals introduced by humans
from the British Isles and Germany/Poland (Frantz et al,
2017). Here, 17% of the individuals sampled in the Iberian
Peninsula showed signs of non-native recent ancestors and
10.1% had non-native mitochondrial haplotypes, reaching an
overall hybridization/introgression rate of 23%. It is noted,
however, that the methodology used in this study to assess
nuclear admixture only distinguishes native from non-native
individuals until the second-generation backcross (Figure 2),
which in fact may be an underestimation of the real status
of hybridization levels (McFarlane and Pemberton, 2019).
Indeed, this overall result (nuclear and mitochondrial DNA
information) was expectable given the previous reports and
in situ observations showing that translocations of non-native
red deer to the Iberian Peninsula have occurred since, at least, the
middle of the twentieth century (Carranza, 2003; Vingada et al.,
2010). Thus, the introgression of non-native mitochondrial DNA
haplotypes together with the degree of admixture suggested by
NEWHYBRIDS (Figure 5) is consistent with past introductions
of non-native red deer followed by frequent crossbreeding with
native individuals. Actually, it was during the second half of
the last century that Iberian populations experienced a rapid
population expansion, after a strong decline in distribution and
abundance as a consequence of overexploitation during and after
the Spanish Civil War. This expansion was promoted through the
establishment of public game reserves and restocking operations
for hunting (Gortézar et al., 2000; Acevedo and Cassinello,
2009). The British Isles and Eastern Europe have been described
as the main source of these translocated individuals, which is
consistent with mitochondrial data that point to haplotypes
previously described in the British Isles (Western lineage)
and Hungary (Eastern lineage). Detailed inferences on the
origin of non-native individuals was not conducted for nuclear
data due to the limited sample size of the Central, North and
Eastern European populations included in this study. Despite
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historical introductions of non-native red deer, it is remarkable
that over 75% of the individuals analyzed are not non-native
neither hybrids, demonstrating quite a strong resilience of the
native genetic characteristics throughout Iberia, and eventually
an inappropriate adaption of non-native individuals. The
preservation of the native genetic characteristics of the Iberian
red deer has deserved special attention from researchers and
society in general over the last two decades, owing to increasing
conservation concerns and the need to protect endogenous
resources. Thus, genetic assessments of translocated animals
have become frequent, which together with trophy certification
assessments have limited this practice over the last years
(Carranza, 2003; Vingada et al., 2010). However, pure non-
native individuals are still detected in Iberian populations (21
individuals, 1.9%). It should be emphasized, that besides the
genetic deterioration that occurs when exotic species or non-
native populations are introduced, it also represents a high risk
of the introduction of pathogens into natural populations (Févre
etal., 2006), with farm-reared ungulates being particularly prone
to carry infectious diseases such as tuberculosis (Mackintosh
etal., 2004). Sanitary risks together with the loss of native genetic
diversity may have a great impact on the health and fitness of
natural populations, and therefore, both represent major threats
to the conservation of natural populations (Queirds et al., 2016;
Queirds and Vicente, 2018).

Hunting Management Regimes and

Hybridization/Introgression Patterns

Hunting is one of the most ancestral humans practices, and
therefore, has contributed to the evolutionary process of their
prey over millennia (Hendry et al., 2017; Mimura et al,, 2017).
However, in the case of the Iberian red deer, hunting practices
have changed tremendously since the last century, from a
supply of meat and commodities to a hunting-sport focused on
trophies (Azorit et al., 2002). Selective hunting for bigger trophies
has been accompanied by the emergence of a trophy hunting
industry. This industry has promoted the intensive management
of animals in high-fenced enclosures and translocations of
foreign and farm-reared individuals mostly in the center and
south of Iberia. Therefore, it would be expectable to find a higher
proportion of non-native, hybrid and/or introgressed individuals
in populations under this management regime, when compared
with free-ranging or public-owned populations, which, however,
was not the case. When looking for nuclear DNA content alone,
there were no statistical differences among management regimes,
which is consistent with the historical translocations of non-
native red deer (mostly males, but also females) followed by
a certain dissemination/homogenization of non-native genes
throughout Iberia, owing to past re-introductions and restocking
events that took place during the middle of the last century
(Acevedo and Cassinello, 2009). Movements between close
populations are also possible, principally during hunting events,
despite artificial barriers (high fences). In contrast to nuclear
data and our expectations, higher levels of mitochondrial
introgression were observed in the free-ranging populations

when compared with the fenced and public-owned populations.
This result could be explained by past translocations of non-
native red deer to these regions followed by the maintenance
of certain mitochondrial haplotypes, possibly due to some
adaptive advantage to environmental conditions, and/or the
lower turnover of females (which maintain the matrilineal age of
the mtDNA) in these populations when compared with fenced
populations (Torres-Porras et al., 2014). Moreover, removal of
translocated individuals is more difficult to occur under this
free-ranging regime, favoring the maintenance of non-native
mitochondrial haplotypes over time.

Public-owned populations under the conservation-oriented
perspective showed the lowest levels of nuclear admixture and
mitochondrial introgression (absence of non-native haplotypes).
This result is consistent with our understanding that national
parks and natural reserves promote and preserve the genetic
resources of autochthonous populations or species. Most of these
reserves were established during the middle of the last century
(1960-1970) and have not been directly influenced by human-
mediated factors related to intensive hunting. Indeed, some of
these populations were used as source populations during the
restocking events that took place over the middle of the last
century (Acevedo and Cassinello, 2009).

Anthropogenic Hybridization Impact on
Population Genetic Diversity

The impact of anthropogenic hybridization on the evolution
of organisms is difficult to evaluate in natural populations
because it entails a long term monitoring of several fitness-
related traits (Allendorf et al, 2001). Nevertheless, it is
well known that hybridization may reduce fitness, disrupt
gene-adapted complexes and alter the genetic structure of
populations (Muhlfeld et al, 2009; Haanes et al, 2010;
Senn et al., 2010; Huisman et al, 2016). However, what
are the hybridization effects on the genetic diversity of
populations? In this study we have shown that only red deer
populations under the public-owned regime (conservation-
oriented perspective) seem to be influenced by the levels of
hybrid individuals. The positive correlation observed between
population heterozygosity and nuclear admixture is consistent
with the absence of recent introductions to these populations,
no non-native individuals were detected, indicating only
backcrossing (Figure 5). Furthermore, during the beginning of
the last century, like in other Iberian populations, public-owned
populations underwent several fluctuations in distribution and
abundance, namely strong population reductions, which may
have had a great impact on their natural genetic background,
principally in those populations that remained isolated for a long
time (Queirds et al., 2019). Thus, the influence of non-native
genes, possibly coming from neighboring populations, or past
introductions, seems to be more marked in these theoretically
unmanaged populations. Although hybridization enhances a
population’s genetic diversity, which is usually positive regarding
a population’s viability and fitness (Allendorf and Luikart,
2007; Queirds et al., 2016), it represents a serious risk to the
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conservation of natural endogenous resources (Rhymer and
Simberloff, 1996). Furthermore, hybridization may have negative
impacts on the fitness of native populations over the long term
due to outbreeding depression (Asher et al, 2005; Muhlfeld
et al., 2009). Therefore, the impact of non-native (or exotic in
case of other deer species) genes on natural populations and
the individual fitness of the Iberian red deer should be further
addressed in the future, namely by the implementation of a
transnational genetic monitoring program.

CONCLUSION

Most of the Iberian red deer individuals analyzed (77%)
did not show signs of nuclear admixture with non-native
genes nor past mitochondrial introgression. However, these
phenomena are widespread across the native Iberian red
deer populations sampled, with 42 out of 46 populations
showing signs of non-native ancestors. Current patterns
of nuclear anthropogenic admixture are not influenced by
a population’s management regime, while mitochondrial
introgression is more frequent in free-ranging populations
than in fenced populations. Non-native mitochondrial
haplotypes are absent from public-owned populations,
which curiously, is the only system for which populations
showed a positive correlation between nuclear admixture
and genetic diversity. Past and recent human-mediated
translocations of non-native red deer are evidenced in this
study, highlighting the need to implement transnational
genetic monitoring programs to avoid new introductions of
non-native red deer or exotic deer species and to deal with
the historical admixture/introgression already present in the
Iberian populations.
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