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Abstract 
Sex chromosomes differ in their inheritance properties from autosomes and hence may encode complementary information about past 
demographic events. We compiled and analyzed a range-wide resequencing data set of the red deer (Cervus elaphus), one of the few Eurasian 
herbivores of the Late Pleistocene megafauna still found throughout much of its historic range. Our analyses of 144 whole genomes reveal 
striking discrepancies between the population clusters suggested by autosomal and X-chromosomal data. We postulate that the genetic legacy 
of Late Glacial population structure is better captured and preserved by the X chromosome than by autosomes, for two reasons. First, X 
chromosomes have a lower Ne and hence lose genetic variation faster during isolation in glacial refugia, causing increased population 
differentiation. Second, following postglacial recolonization and secondary contact, immigrant males pass on their X chromosomes to female 
offspring only, which effectively halves the migration rate when gene flow is male mediated. Our study illustrates how a comparison between 
autosomal and sex chromosomal phylogeographic signals unravels past demographic processes that otherwise would remain hidden.
Keywords: population genomics, phylogeography, postglacial recolonization

Introduction
It is widely accepted that the present-day genetic structure 
of temperate Palearctic species has been shaped by climate- 
driven range contractions and expansions (Hewitt 1996; 
Bhagwat and Willis 2008; Shi and Chen 2012; Bertl et al. 
2018). While this legacy of Quaternary Ice Ages is for many 
species indeed evident from mitochondrial genomes (Hewitt 
1999), population-genetic theory predicts, for two reasons, 
that this legacy is less obvious from nuclear genomes. First, 
the effective population size (Ne) of nuclear loci is up to four 
times higher than that of the mitogenome, which restrains 
population stratification during isolation in glacial refugia 
(Zink 2010). Second, following postglacial recolonization 
and subsequent secondary contact, the inheritance properties 
of nuclear loci facilitate the introgression of nonnative 
DNA through gene flow and recombination. As a result, the 
genetic information stored in nuclear genomes will eventually 
reflect a new migration–drift equilibrium, obscuring former 
population structures (Eckert and Carstens 2008; de Jong 
et al. 2023).

For few species, the phylogeographic effects of Quaternary 
glacial cycles have been studied in such detail as for the red 
deer (Cervus elaphus). Large-scale mtDNA profiling has pro
duced detailed maps depicting the geographical distribution of 
mtDNA haplotypes through time and space (Ludt et al. 2004; 
Sommer and Nadachowski 2006; Sommer et al. 2008; 
Pérez-Espona et al. 2009; Skog et al. 2009; Sommer and 
Zachos 2009; Niedziałkowska et al. 2011; Carden et al. 2012; 
Meiri et al. 2017; Doan et al. 2022; Mackiewicz et al. 2022). 
Meanwhile, the construction of a rich, calibrated fossil database 
uncovered a time-lapse picture of oscillating range boundaries 
throughout the Late Pleistocene and Holocene (Sommer et al. 
2008; Carden et al. 2012; Niedziałkowska et al. 2021). 

These findings are corroborated by morphological and behav
ioral studies of present-day phenotypic variation (Frey et al. 
2012; Passilongo et al. 2013; Della Libera et al. 2015; 
Volodin et al. 2019). Through the synthesis of the fossil, genet
ic, and phenotypic evidence, well-supported inferences can be 
drawn regarding putative postglacial migration routes.

At present, a prominent feature of red deer population 
structure is a chain of mtDNA discontinuities which bisects 
the species range into a western European and an eastern 
European clade. This elongated contact zone meanders from 
the Alps through Austria and Czechia into Poland, Belarus, 
and the Baltic States (Ludt et al. 2004; Skog et al. 2009; 
Krojerová-Prokešová et al. 2015; Zachos et al. 2016; Doan 
et al. 2022). A side branch, which splits off in the direction 
of the Black Sea, demarcates a further subdivision between a 
northeastern and southeastern subclade (Doan et al. 2022; 
Valnisty et al. 2024). Studies of ancient-mtDNA indicate 
that the observed discontinuities represent secondary contact 
zones which arose following postglacial recolonization from 
the south (Doan et al. 2022). This northward expansion cul
minated into reestablished contact between populations 
which had survived the Last Glacial Maximum (LGM) and 
subsequent stadials, most recently the Younger Dryas, in iso
lated refugia surrounding the Mediterranean Sea, Black Sea 
and Caspian Sea (Doan et al. 2017; Niedziałkowska et al. 
2021; Doan et al. 2022).

Until now, these range-wide genetic inferences rely mostly 
on analyses of mtDNA data. To reassess red deer population 
structure using nuclear data, we compiled a data set of 144 nu
clear genomes, carefully selected to faithfully represent native 
local populations and the various mtDNA haplogroups. 
Unlike previous multilocus studies of red deer (Hajji et al. 
2007; Zachos et al. 2009; Fickel et al. 2012; Krojerová- 

2                                                                                                                                   de Jong et al. · https://doi.org/10.1093/molbev/msaf031
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/2/m

saf031/8002771 by guest on 28 O
ctober 2025

mailto:menno.de-jong@senckenberg.de


Prokešová et al. 2015; Carranza et al. 2016; Zachos et al. 
2016; Queirós et al. 2019; de Jong et al. 2020; Carranza 
et al. 2024), our data set spans the entire species range. 
Moreover, unlike SNP data, the whole-genome data allow 
us to compare signals from different inheritance units, includ
ing sex chromosomes.

We set out to investigate to what extent the genetic legacy of 
population fragmentation in glacial refugia can still be found in 
the nuclear genomes of extant red deer. On the premises that 
X-chromosomal Ne is at most three-fourth of autosomal Ne 

and that gene flow is primarily male mediated, we hypothesized 
that the glacial population structure should be more evident 
from X chromosomes than from autosomes (Webster and 
Wilson Sayres 2016; de Jong et al. 2023). One part of the under
lying reasoning is that the lower Ne of the X chromosome al
lows it to differentiate faster during isolation in glacial refugia 
(i.e. more genetic drift and hence less incomplete lineage sort
ing). The second part of the argument, which concerns second
ary contact following postglacial recolonization, is that 
immigrant males pass on their X chromosomes to female off
spring only, which effectively halves the migration rate in case 
of male-mediated gene flow. We evaluated this hypothesis, 
and the relative importance of the two underlying arguments, 
by comparing the genetic structure of red deer according to au
tosomes, sex chromosomes, and the mitogenome.

Materials and Methods
Sample Collection
This study focuses on the European red deer (C. elaphus), and 
not on the closely related species of Central Asian red deer 
(Cervus hanglu) or wapiti (Cervus canadensis). Throughout, 
we use the term “red deer” to refer to C. elaphus specifically.

We selected from our collections a total of 142 red deer sam
ples for whole-genome resequencing, among them 3 zoo individ
uals and 139 free-ranging individuals (Fig. 1a; supplementary 
table S1, Supplementary Material online). From NCBI’s SRA re
pository, we downloaded short-read data for two additional red 
deer individuals, as well as one Central Asian red deer (namely 
Yarkand deer, Cervus hanglu yarkandensis) and five North 
American wapiti (supplementary table S1, Supplementary 
Material online). We additionally sequenced two Scottish sika 
deer (Cervus nippon), selected based on their pureness as deter
mined by a previous study (McFarlane et al. 2020).

Red deer samples were carefully chosen to represent native lo
cal populations and the various mtDNA haplogroups, using in
sights from previous studies. Red deer occurring in Sardinia, 
Corsica, and Barbary Coast (North Africa) are thought 
to have been introduced from the European mainland by 
Holocene seafarers (Vigne 1992; Doan et al. 2017, 2022). 
They can be considered “museum populations” as they re
present the mtDNA lineage B of now extinct deer that inhabited 
the Italian peninsula in the Late Glacial (Doan et al. 2017).

Individuals from the Mesola Wood reserve in the Po Valley 
of northeastern Italy are thought to be the only surviving 
native population of the Italian mainland. Their mtDNA 
haplotype D used to be common in southeastern Europe 
(Doan et al. 2022), but is at present not found elsewhere, ex
cept sparsely in the Carpathian Mountains (Borowski et al. 
2016). Throughout, we will use the term Mesola deer to refer 
to this particular population in northeastern Italy. In contrast, 
we use the term Italian deer to refer to the combined group of 
Mesola deer (Cervus elaphus italicus, haplogroup D), 

Sardinian deer (Cervus elaphus corsicanus, haplogroup B), 
and Barbary deer (Cervus elaphus barbarus, haplogroup B).

As confirmed by our study findings, red deer in the eastern 
Pyrenees were assumed to derive from a recent human-mediated 
reintroduction of red deer stemming from Chambord Castle in 
central France. Two individuals from the western Pyrenees clus
tered separately and hence were treated as a distinct, local popu
lation (“Pyrenees”). These individuals likely are related, owing 
to another translocation event, to deer in Cabañeros in central 
Spain, here referred to as “SpainMisc” (“MO” and “SM2” in 
Carranza et al. 2024). Based on assignment to the two major 
mtDNA haplogroups (Carranza et al. 2016), all other Iberian 
samples were divided in a western clade and a central clade 
(“SP1” and “SM1,” respectively, in Carranza et al. 2024; 
supplementary table S1, Supplementary Material online).

No animals were killed specifically for this study. The red deer 
is listed as a species of Least Concern in the IUCN Red List and is 
not CITES listed, except for Barbary deer. Hair samples of fe
male individuals of this subspecies, as well as a tissue sample 
of a deceased male, were obtained from Tierpark Berlin and se
quenced at a sequencing facility in Germany.

DNA was isolated using standard extraction protocols, either 
from tissue or from hair samples. We sequenced all samples at 
minimum 10× coverage (supplementary fig. S1 and table S2, 
Supplementary Material online) using an Illumina NovaSeq 
6000 (Novogene Cambridge and Novogene Munich) or a BGI 
DNBseq machine (BGI Hong Kong).

Read Mapping and Genotype Calling
Read quality check was performed using the software FastQC 
and MultiQC (Ewels et al. 2016). Reads with high adapter con
tent were removed using the software AdapterRemoval v2 
(Schubert et al. 2016). Reads were mapped, using the software 
BWA (Li and Durbin 2009), against a male Rocky Mountain 
wapiti mt-genome (CM033226.1) and nuclear genome with 
chromosome-level resolution (SAMN15814149) (Masonbrink 
et al. 2021). We opted against using a red deer genome assembly 
of similar quality (SAMEA7523520) because this assembly was 
generated from a female individual and hence lacked the Y 
chromosome. Samtools (Li et al. 2009) was used to remove 
reads with a mapping quality below 20 and/or alignment 
scores below 100, as well as reads that mapped discordantly. 
Read duplicates were removed using the software tool Picard 
MarkDuplicates (DePristo et al. 2011), with the option 
“REMOVE_DUPLICATES” set to TRUE.

Genotype likelihoods and calls were generated using the 
bcftools mpileup and call pipeline (Li 2011a). Genotype likeli
hoods were inferred (bcftools mpileup) only considering bases 
with a base quality of at least 13 (i.e. -min-BQ 13) and with a min
imum mapping quality of 20 (–min-MQ 20) after correcting for 
excessive mismatches using the option -C50. When calling geno
types from genotype likelihoods (bcftools calls), the ploidy level 
was set according to genomic region (i.e. mtDNA, autosomal, 
and sex chromosome) and sample sex. For samples with missing 
sex information, the sex was inferred from Y-chromosomal map
ping rates. Pseudoautosomal regions were identified based on de
viations of sequencing depth relative to chromosome-wide 
means and subsequently excluded from the X-chromosomal 
and Y-chromosomal data sets. Indels were normalized and real
igned using “bcftools norm-check-ref w.”

When calling genotypes from genotype likelihoods (bcftools 
call), we used the “group-samples’ option to assign each indi
vidual to its unique group, such that genotype calls were not 
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influenced in any way by the sequencing data of other individ
uals. Admittedly, our approach results in a higher genotype call 
error rate in case a data set contains multiple individuals from a 
single, panmictic populations (Liu et al. 2022). However, we 
established experimentally, through the comparison of hetero
zygosity scores, that our approach yields the most unbiased re
sults for data sets that contain uneven numbers of samples from 
highly differentiated populations (de Jong et al. 2023). In add
ition, because our approach does not make a priori assump
tions about population assignment, the results are 
reproducible regardless of the sample set.

The bcftools filter pipeline was used to mask sites with a read 
depth below three, after establishing experimentally this pro
vided a balance between disposal of useful data and incorrect het
erozygosity estimation (supplementary fig. S2, Supplementary 
Material online) (de Jong et al. 2023). For the autosomal data 
set, we retained sites with a total read depth between 1,150 
and 2,150 for all individuals combined (supplementary fig. 
S3a, Supplementary Material online) and with maximum 5% 
missing data. For the X-chromosomal and Y-chromosomal 
data sets, the depth range was set to 600-1,500 and 500-800, re
spectively, thereby accounting for ploidy differences 

(d)
(g)

(a)(b) (e)

(c) (f)

Fig. 1. Find the difference: autosomal (left) versus X-chromosomal (right) population structure. a) Sample distribution, with the present-day species range 
suggested by IUCN data in light gray and in dark grey the four major European mountain ranges (Pyrenees, Alps, Apennines, and Carpathians). Sample 
coordinates have been jittered, in order to reduce overlap. b) Heatmap depicting autosomal sequence dissimilarity (dauto) between individuals. c) PCoA 
scatterplot inferred from dauto. d) BioNJ dendrogram inferred from dauto, with sika deer as outgroup. The circle has been added to aid interpretation of 
branch lengths. They emphasize the distinctness of Spanish, Anatolian (“Turkey”), and Caspian (“Caucasus,” “NE-Europe2”) red deer. The numbered 
arrows highlight inconsistencies between X-chromosomal and autosomal population structure (see main text for more details). Note that the branch 
lengths of individual-level multilocus tree are not proportional to population split time, but instead to mean coalescence time between haplotype pairs. e to 
g) Same as b to d), but for X-chromosomal sequence dissimilarity (dX). Populations “CzechiaWest” and “CzechiaEast” cluster paraphyletically, and hence, 
arrow 6 is omitted. Apart from the annotated differences, also note the sharper boundaries between genetic clusters in the distance matrix, the higher 
explained variances of the PCoA axes, and the more oval shape of the dendrogram, which all indicate that X-chromosomal differences between 
populations are more pronounced than autosomal differences. The intermediate clustering of central populations in the dendrogram suggests a complex 
history of repeated fission and fusion, which affected all populations except those in the peripheral regions of the Middle East, Iberia, and, to a lesser 
extent, the British Isles.
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(supplementary fig. S3b to d, Supplementary Material online). 
The genotype call error rate was estimated as the proportion of 
homozygous alternative calls in the reference genome sample 
(“WapitiRocky1”). After filtering, we observed for this individ
ual 6,971 homozygous alternative calls out of 88,678,215 
retained sites on the first two chromosomes, suggesting a geno
type call error rate of less than 0.008%, or less than 1 in 
12,500 sites. For the Y chromosome, we observed 229 alternative 
calls out of 871,176 retained sites in total, suggesting an error rate 
of 0.026%, or over 1 in 4,000 sites.

Genome-Wide Statistics (Dxy, π, FST, He, FROH)
The total number of homozygous and heterozygous sites per 
sample was counted in nonoverlapping windows with a fixed 
size of 20 kb. This counting was performed using the 
“Darwindow” pipeline (de Jong et al. 2023), which depends 
on the software Tabix (Li 2011b) for the extraction of genom
ic regions and which subsequently converts the count data into 
estimates of observed heterozygosity (He) and run-of- 
homozygosity content (FROH) using R functions (R Core 
Team 2019). Based on visual examination of the sensitivity 
of ROH analyses to various settings, ROHs were defined as 
continuous regions of at least 200 kb (i.e. ≥10 adjacent win
dows of 20 kb) with an average He value below 0.05%.

A custom-built Unix script was used to estimate pairwise 
sequence dissimilarity (p) (Xia et al. 2009) for each pair of 
individuals, from each of the full data sets (autosomes, X 
chromosome, Y chromosome, and mt-genome), containing 
polymorphic as well as monomorphic sites. When comparing 
two diploid individuals, p can be estimated without data phas
ing, using this simple set of rules: p = 0 for AA/AA; p = 0.5 
for AA/AT or AT/AT; p = 0.75 for AT/CT; p = 1 for AA/TT 
or AC/GT. For haplodiploid data, three rules apply: p = 0 
for A/AA; p = 0.5 for A/AT; p = 1 for A/TT. For haploid 
data, two rules apply: p = 0 for A/A; p = 1 for A/T. This calcu
lation produces the same outcome regardless of whether indi
viduals or regions are haploid, diploid, or haplodiploid.

The resulting matrices of uncorrected genetic distances 
between individuals were used as input for nonhierarchical clus
ter analyses (principal coordinate analyses, PCoA) as well as 
hierarchical cluster analyses (biological neighbor joining, 
bioNJ), by running the functions “pcoa” and “bionj” of the R 
package ape-5.3 (Paradis and Schliep 2018). X-chromosomal 
uncorrected genetic distances were used to infer genetic clusters, 
using threshold values of 0.166% or 0.176%.

For each population, nucleotide diversity (π) values were de
rived from the sample pairwise p values, namely as the mean of 
all possible sample comparisons within a population. π values 
are robust to sample size variation and, in panmictic populations, 
equal genome-wide heterozygosity (de Jong et al. 2024). 
Population pairwise Dxy values were derived as the mean of all 
possible sample pairwise comparisons between two populations. 
Relative distances between populations were estimated using the 
formula: FST = (Dxy − πxy)/Dxy (Hudson et al. 1992; de Jong et al. 
2024).

Dxy is a function of the time since population split (T ), ances
tral nucleotide diversity (πanc), and the mutation rate (μ), as de
scribed by Dxy = πanc + 2μT. In contrast, nucleotide diversity is 
described by π = πanc(1 − 1/(2Ne))

T (de Jong et al. 2024). 
Hence, elevated FST values may result either from loss of genetic 
variation in small populations (i.e. low π) or alternatively from 
the accumulation of novel mutations following deep population 
splits (i.e. high Dxy). We evaluated the underlying cause by 

investigating whether FST correlates with Dxy or instead with 
πxy (i.e. mean nucleotide diversity in a pair of populations).

Y Chromosome and Mitogenome Phylogeny
VCF files containing genotype calls for the Y chromosome and 
the mitogenome, for monomorphic and polymorphic sites 
alike, were converted into phylip files using the software 
vcf2phylip (Ortiz 2019). Character-based maximum likeli
hood phylogenies were generated from these input files with 
the software IQ-TREE (with default settings) (Minh et al. 
2020) and linearized using the function “chronoMPL” of 
the R package “ape,” which implements the mean path length 
method (Britton et al. 2002). Genetic distance measures were 
converted into split time estimates (which may serve as upper 
limits of population splits) assuming a mutation rate of 2 × 
10−9 per site per year for the Y chromosome and 2.0 × 10−8 

per site per year for mtDNA (Nabholz et al. 2008).

Admixture Analyses
To leverage all available information, we strived to perform 
analyses on the full, genome-wide data set, comprising all 
monomorphic and polymorphic sites. An exception was 
made for admixture analyses, for which SNP data sets were 
generated by selecting biallelic sites with at maximum 5% 
missing data and by subsequently thinning the data using 
vcftools (Danecek et al. 2011). For autosomal data, we se
lected one SNP for every 40 kb, and for X-chromosomal 
data, we selected one SNP every 2 kb, accepting this could im
ply selecting multiple SNPs per coalescent locus.

Plink version 1.90b.20 (Purcell et al. 2007) was used to 
convert the SNP data from VCF format into PED/RAW 
and MAP/BIM, using the flags make-bed, recode A, chr-set 
95, and allow-extra-chr. SNP data management and analyses 
were performed in R-4.2.0, using wrapper functions of the R 
package SambaR (de Jong et al. 2021). The data sets were 
imported into R and stored in a genlight object using the 
function “read.PLINK” of the R package adegenet-2.1.1 
(Jombart 2008). The autosomal data set was filtered using 
the function “filterdata” of the R package SambaR, with in
dmiss = 0.25, snpmiss = 0.2, min_mac = 2, and dohefilter = 
TRUE.

We used two methods to detect admixture. First, ancestry co
efficients were calculated from the autosomal SNP data set using 
the R package LEA-2.8.0 (functions “snmf” and “Q,” with alpha 
set to 10, tolerance to 0.00001, and number of iterations to 200) 
(Frichot and François 2015). The optimal number of clusters (K) 
was determined using the elbow method on cross-entropy scores 
generated for K = 2 to K = 12 (with 50 independent runs each), 
with the assumption that the optimal K coincides with the start
ing point of a plateau.

Second, f3 statistics were generated with the software 
Admixtools (Reich et al. 2009; Patterson et al. 2012). The f3 
statistic for population triplet (A;B,C) is defined as (a − b) × 
(a − c), in which a, b, and c represent vectors with the allele fre
quencies in the putatively admixed population A and the two 
putative donor populations B and C, respectively. If, and only 
if, a is intermediate between b and c will the product “(a − b) × 
(a − c)” be negative. While the f3 score has been designed to 
detect admixture, in theory, a negative f3 score may also indi
cate a scenario in which a large source population buds of two 
smaller sister populations, as genetic drift can cause allele fre
quencies to randomly drift in opposite directions. Another 
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downside of the f3 statistic is that the signal decays over time, 
with the f3 statistic increasing each generation by 1/(4Ne), as
suming equal and constant effective population sizes (de Jong 
et al. 2023). Therefore, for populations with low genetic diver
sity, we evaluated which triplets returned the lowest f3 score, 
even if highly positive.

Climate Suitability Modeling
To estimate the relationship between species occurrences and 
their climate characteristics, we employed the maximum en
tropy species distribution model (MaxEnt) (Phillips et al. 
2006). We trained the models through 5,000 iterations of 
random sampling from the historic distribution of red deer 
(Geptner 1988), and 19 bioclimatic variables obtained from 
Chelsa Climate (Karger et al. 2017). In each run, the sampled 
occurrences were split; 50% were used to train the models and 
the remaining 50% were used to evaluate the performance 
of the models with their discriminatory power. To prevent 
overfitting, we selected models with an AUC score of at 
maximum 0.8.

We transferred the climate suitability models through time us
ing three PMIP3 generalized circulation models: CCSM4, 
MIROC-ESM, and MPI-ESM-P (Karger et al. 2017). Selected 
time periods were the LGM (here set at ∼21 kya), Heinrich 
Stadial (Oldest Dryas, 17 to 14.7 kya), Bølling-Allerød intersta
dials (14.7 to 12.9 kya, thus including the Older Dryas ∼14 kya), 
Younger Dryas stadial (12.9 to 11.7 kya), Early Holocene 
Greenlandian (11.7 to 8.3 kya), mid-Holocene Northgrippian 
(8.3 to 4.2 kya), and Late Holocene Meghalayan (4.2 to 0.3 
kya), all obtained from PaleoClim.org (Fordham et al. 2017). 
We performed all the geospatial analyses in R version 4.1.1 (R 
Core Team 2019), using raster version 3.4-13 (Hijmans 2019), 
rdgal version 1.5-23 (Bivand et al. 2021), and dismo 1.3-3 
(Hijmans et al. 2020).

Results
Autosomal Versus X-Chromosomal Population 
Structure
For autosomal as well as X-chromosomal data, the first PCoA 
axis accentuates the difference between Spanish deer and east
ern European populations (the latter including Italian deer), 
while the second PCoA axis accentuates the difference between 
eastern European populations and Italian deer (Fig. 1c and f). 
The observed correlation between sample longitude and sample 
loadings with the first two PCoA axes (supplementary fig. S4, 
Supplementary Material online) implies that longitude predicts 
whether individuals are genetically more similar (i) to either 
eastern European deer or to Spanish deer and (ii) to either east
ern European deer or to Italian deer. More specifically, relative 
to eastern European deer, individuals in western Europe resem
ble Spanish as well as Italian deer—even though Spanish deer 
and Italian deer are genetically very different from each other.

The autosomal and X-chromosomal dendrograms are 
generally consistent. They both indicate that the largest genetic 
distances are observed between the peripheral populations of 
Spanish deer and Caspian deer (“Caucasus”, “Turkey”). 
(Fig. 1d and g; supplementary fig. S5a, Supplementary Material
online). Other populations cluster intermediate, suggesting a lon
gitudinal isolation-by-distance trend without pronounced genet
ic discontinuities (Fig. 1; supplementary fig. S5b, Supplementary 
Material online). Relative to autosomal data, the X-chromosom
al genetic distance between Spanish deer and Caspian deer is 

more pronounced, as reflected by the more oval shape of 
the X-chromosomal dendrogram (Fig. 1d and g), as well as by 
the higher explained variance of the first axis of the 
X-chromosomal PCoA plot (12.5% vs. 5.8%, Fig. 1c and f). 
Other inconsistencies, which have been annotated in the dendro
grams with numbered arrows (Fig. 1d and g), are as follows: 

1. X-Chromosomal data suggest that all red deer popula
tions are roughly equidistant to the sister species (wapiti 
and Yarkand deer), with the exception of Iberian deer. 
In contrast, autosomal data suggest that wapiti and 
Yarkand deer are genetically slightly closer to eastern 
red deer populations, particularly those in northeastern 
Europe.

2. Unlike autosomal data, X-chromosomal data suggest the 
existence of two genetic clusters in northeastern Europe: 
one cluster (“NE-Europe2,” 2b) groups with individuals 
from the Caucasus and Turkey, and the other (“NE- 
Europe1,” 2a) with individuals from northwestern Europe.

3. X-Chromosomal distances of southeastern European indi
viduals (“SE-Europe”) to western European populations 
are larger than the corresponding autosomal distances.

4. Autosomal data group Mesola deer (4b) with Sardinian 
and Barbary deer (4a), while X-chromosomal data indi
cate that Mesola deer are more similar to southeastern 
European deer.

5. Based on X-chromosomal data, Scandinavian individuals 
(“Norway” and “Sweden”) cluster with individuals of 
northern Germany. In contrast, based on autosomal 
data, Scandinavian individuals cluster as a distinct unit, 
closer to Spanish, British, and Irish deer.

6. While based on autosomal data, populations in central 
Europe (i.e. “CzechiaWest”, “CzechiaEast”) cluster as 
distinct monophyletic clades, X-chromosomal data reveal 
paraphyletic clustering of these populations, with a fan- 
like pattern suggestive of ongoing admixture.

For all study populations, X-chromosomal π values are 
below their autosomal π values (0.03% to 0.14% vs. 0.09% to 
0.23%, Fig. 2b), consistent with the theoretical notion that 
X-chromosomal Ne is at maximum three quarters relative 
to autosomal Ne (Laan et al. 2005; Nussey et al. 2005; Holsinger 
and Weir 2009). Genetic diversity in ancestral populations sets 
the base line of genetic distances between its offspring populations 
(i.e. Dxy = πanc + 2μt), and hence, X-chromosomal Dxy values are 
also below autosomal Dxy values (Fig. 2a). Because of the lower 
πanc, a relatively higher proportion of Dxy can be attributed to novel 
mutations, and hence, X-chromosomal FST values are above auto
somal FST values (Fig. 2c).

High FST Values Are Caused by Drift, Not by Novel 
Mutations
As indicated by the short internal branches of the autosomal den
drogram, sequence dissimilarity between populations often bare
ly exceeds sequence dissimilarity within populations (i.e. Dxy ≈ 
πxy), resulting in generally low FST values (Fig. 2). There are 
exceptions: going by their long internal branches and their 
high relative genetic distances (i.e. high FST values), populations 
from Ireland, Scandinavia (“Norway” and “Sweden”), Italy 
(including Barbary deer), and the Caucasus and Turkey stand 
out as genetically distant (Fig. 1; supplementary fig. S6a, 
Supplementary Material online). However, none of these popu
lations differ strongly from other populations in terms of 
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absolute genetic distances (i.e. Dxy values, Fig. 3a; supplementary 
fig. S6b, Supplementary Material online), and for intraspecific 
comparisons, no relationship is observed between absolute and 
relative genetic distance (Fig. 3a). This indicates that the elevated 
intraspecific FST values are caused by loss of genetic variation 
within small populations (i.e. decrease of π) and not by the accu
mulation of private mutations following deep population splits 
(i.e. not by an increase of Dxy).

Indeed, all populations with high FST values are characterized 
by low genetic diversity and by high inbreeding values (Fig. 3b 
to d; supplementary fig. S6c, Supplementary Material online). 

The presence of long runs of homozygosity (ROHs), of over 
5 Mb length, in Irish deer, Mesola deer, and Barbary deer sug
gests that the reduction of genetic variation in these populations 
occurred recently, consistent with documented demographic 
events during the 20th century (Hajji et al. 2007; Zachos et al. 
2009; Carden et al. 2012). In contrast, the presence of mainly 
shorter ROHs (<5 Mb) in Scandinavian individuals (Fig. 3d) in
dicates that the loss of genetic diversity in these populations oc
curred further back in time (Haanes et al. 2011). For the Swedish 
deer, it is known that at the start of the 20th century, less than 50 
individuals remained (Höglund et al. 2013).

(a) (b) (c)

Fig. 2. The X chromosome has a relatively low Ne, and thus higher sensitivity for detecting population structure, as shown by its higher FST values. 
a) Scatterplot depicting correlation between autosomal and X-chromosomal population pairwise Dxy estimates. Each data point represents a pair of 
populations and hence consists of two colors. The dashed line is predicted by the formula Dxy = π + 2μT, assuming πautosome = 4Neμ and πX = 0.3(4Neμ). 
The close fit suggests that the differences between X-chromosomal and autosomal Dxy values are not due to differences in mutation rates, but rather to 
the lower Ne of the X chromosome. b) Boxplots depicting mean autosomal and X-chromosomal distances within (π) and between (Dxy) populations. The 
marginal difference between autosomal π and Dxy is reflected by the small inner branch lengths of the bioNJ dendrograms (see Fig. 1). c) Idem as a), but for 
pairwise Hudson FST estimates: FST = (Dxy − πxy)/Dxy. Note again the fit between predicted (dashed line) and observed values.

(a) (c)(b)

(d)

Fig. 3. High intraspecific FST values are caused by genetic drift, not by novel mutations. a) Scatterplot depicting population pairwise absolute distances 
versus relative genetic distances (i.e. Dxy vs. FST). Each data point represents a pair of populations and hence consists of two colors. The correlation 
between Dxy and FST is much stronger when considering between-species comparisons only. b) Scatterplot depicting mean nucleotide diversity versus 
population pairwise genetic distances (i.e. πxy vs. FST) within C. elaphus only. The strong correlation indicates that high FST values are not caused by novel 
mutations (i.e. deep population splits), but by loss of genetic variation due to recent population bottlenecks. c) Boxplots overlayed with strip charts, 
depicting genome-wide He estimates for each individual, grouped per geographic region. d) Stacked bar plots depicting the genome-wide proportion of 
runs of homozygosity (ROH) per individual, with ROHs divided into length bins. Included are the sister species of wapiti, Yarkand, and sika deer.
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X-Chromosomal Data: Distinct Genetic Clusters
When grouping pairs of individuals into distance bins 
based on their X-chromosomal genetic distances, several 
clusters emerge, which are distributed parapatrically 
over different parts of the European continent (Fig. 4a 
and b). One cluster is restricted to southwestern Europe 

and comprises Spanish individuals only, while a second 
cluster comprises individuals across western Europe. A 
third cluster is restricted to southeastern Europe, and a 
fourth cluster contains individuals from the Caucasus 
and Turkey as well as a few individuals from northeastern 
Europe (Fig. 4a).

(d)

(e)

(b)

(c)

(a)

Fig. 4. The genetic legacy of postglacial recolonization. a) Heatmap depicting X-chromosomal sequence dissimilarity estimates between individuals, 
in percentages. Genetic clusters are inferred using arbitrary threshold values of 0.166% and 0.176%. b) Geographical distribution of X-chromosomal 
clusters (see a). Sample coordinates have been jittered, in order to reduce overlap. Note the general consistency with the geographical distribution of 
mtDNA clades (see d) and Y-chromosomal clades (see e). Also note that Spanish deer form a distinct cluster, suggesting that they did not contribute to the 
recolonization of northwestern Europe. c) MtDNA maximum likelihood phylogenies in unrooted and phylogram format (the latter linearized), generated 
with the software IQ-TREE, assuming a mutation rate of 2.0 × 10−8 per site per year. Gray vertical bar indicates the LGM (25 to 18 kya). d) Geographical 
distribution of mtDNA haplogroups (see c). Sample coordinates have been jittered. e) Geographical distribution of Y-chromosomal haplogroups, 
corresponding to the maximum likelihood phylogeny in Fig. 5. Sample coordinates have been jittered.
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The geographical range of the western cluster is not clear- 
cut. Red deer of Britain and Ireland cluster ambiguously and 
can be grouped either within the widespread western cluster 
or within the southwestern cluster, together with Spanish 
deer (Fig. 4a). Likewise, Mesola deer are genetically similar 
to Sardinian/Barbary deer, but also to southeastern European 
individuals (Fig. 4a).

mtDNA Clades Are Largely Consistent with 
X-Chromosomal Clusters
Consistent with previous studies (Ludt et al. 2004; Skog et al. 
2009; Niedziałkowska et al. 2011; Queirós et al. 2019; Doan 
et al. 2022; Mackiewicz et al. 2022; Valnisty et al. 2024), our 

mtDNA-based phylogenetic inferences suggest that red deer indi
viduals can be assigned to five major clades (Fig. 4c and d; 
supplementary fig. S6d, Supplementary Material online). 
Haplogroup A occurs throughout western Europe, including 
Iberia, Scandinavia, Britain, and Ireland. Haplogroup B is endem
ic to Barbary Coast and the Tyrrhenian islands (Corsica and 
Sardinia), as well as the Isle of Rum, where it has been supposedly 
recently introduced (Nussey et al. 2006; Skog et al. 2009; Doan 
et al. 2017, 2022). Haplogroup C occurs in southeastern and cen
tral Europe. Haplogroup D is found in the Po Valley in north
eastern Italy (i.e. Mesola deer). Haplogroup E is restricted to 
the Caucasus, Turkey and northeastern Europe.

The geographical distribution of these mtDNA clades 
largely corresponds with the geographical distribution of 

(a)

(b)

(c)

Fig. 5. Y-Chromosomal phylogeny. a) Linearized Y-chromosomal maximum likelihood phylogeny, generated with the software IQ-TREE, assuming a 
mutation rate of 2.0 × 10−9 per site per year. The right-hand color bar corresponds to the clades in Fig. 4e. Note that eastern European deer cluster with 
sister species (i.e. Yarkand and wapiti), which given the deep coalescent time likely reflects incomplete lineage sorting rather than gene flow. Sequence 
dissimilarity in western Europe is on average lower than in eastern Europe. b) Same as a), but for a subset of individuals (western clade), and here 
presented as an unrooted phylogeny. Nodes with low bootstrap support (<80%) have been marked with a hashtag. Due to the relatively recent 
coalescence times, implying few informative sites relative to genotype call errors, the observed topology is not robust. c) Sensitivity of node age 
estimates to mutation rate. Numbers refer to nodes highlighted in a).
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X-chromosomal clusters (Fig. 4a and b), albeit with a few 
discrepancies. The most prominent inconsistency concerns 
Sardinian and Barbary deer, which according to X-chromosomal 
data belong to the western cluster, but constitute a distinct 
mtDNA lineage (clade B, Fig. 4). Another apparent inconsistency 
involves Spanish deer. According to X-chromosomal data, 
Spanish deer are a distinct, monophyletic lineage. In contrast, 
in the mtDNA phylogeny, Spanish deer are paraphyletic with re
spect to other western red deer of haplogroup A (Fig. 4c) 
(Carranza et al. 2016).

Y-Chromosomal Clades Are Also Largely Consistent 
with X-Chromosomal Clusters
Assuming an arbitrary threshold of 0.06% sequence divergence, 
Y-chromosomal data reveal four main clusters (Figs. 4e and 5). 
As observed for mtDNA clades, the geographic distribution of 
these four Y-chromosomal clades largely corresponds with the 
geographic distribution of X-chromosomal clusters, except for 
identifying Sardinian and Barbary deer as a distinct lineage. 
Unlike mtDNA and X-chromosomal data, but in line with 
autosomal data, Y-chromosomal data suggest that this distinct 
lineage includes Mesola deer (Figs. 4e and 5). The aberrant clus
tering of individuals “Netherlands3,” “Iran7,” “Greece1,” 
“Greece2,” and “Greece3” (Figs. 4e and 5) might concur with 
documented human-made translocation events (Karaiskou 
et al. 2014; de Jong et al. 2020), although this is not supported 
by autosomal data.

Y-Chromosomal haplotypes found in eastern red deer pop
ulations differ less from the haplotypes of the sister species of 
wapiti and Yarkand deer than from those found in western red 
deer populations (Fig. 5). However, coalescence times be
tween the Y-chromosomal haplotypes of eastern European 
red deer and those of these sister species are deep (>2 Mya, 
Fig. 5), which suggests that this instance of gene tree discord
ance reflects incomplete lineage sorting rather than gene flow.

Even within the western and eastern clades itself, the ob
served coalescence times of Y-chromosomal haplotypes are 
generally older than those of mtDNA haplotypes. For in
stance, the coalescence times of western Y-chromosomal hap
lotypes are estimated to be approximately 100 kya (Fig. 5), 
double those of the corresponding west European mtDNA 
haplogroup A (Fig. 4c). Because the mitogenome and the Y 
chromosome have in theory the same effective population 
size (i.e. 1 copy per mating, thus ½Ne), this difference is unex
pected. However, it should be noted that these coalescence 
times are highly sensitive to the mutation rate setting 
(Fig. 5c). Furthermore, the huge difference in mean sequencing 
depth between mtDNA (∼6,000) and the Y chromosome 
(∼10) is expected to translate to a relatively higher genotype 
call error rate for Y-chromosomal data.

Admixture Analyses
When assuming three ancestral demes (K = 3), LEA ancestry 
analyses suggest that red deer in northwestern Europe, includ
ing Scandinavian, British, and Irish deer, share most of their 
genetic variation with Sardinian and Barbary deer, not with 
Spanish deer (Fig. 6a). With the exception of Scandinavian, 
British, and Irish populations, red deer in western Europe 
also share some genetic variation with eastern European red 
deer populations, with the relative proportions depending on 
their proximity to the mtDNA contact zone in central and 
northeastern Europe (Fig. 6a).

The f3 analyses indicate that populations that occur near the 
mtDNA phylogeographic break in central and northeastern 
Europe are admixed between western and eastern lineages 
(Fig. 6b and c). In addition, and consistent with LEA admix
ture analyses, they indicate that populations in western 
Europe have allele frequencies intermediate between Spanish 
deer and Barbary/Sardinian deer (Fig. 6b), potentially suggest
ing a hybridization event between these two lineages that oc
curred before or during the recolonization of northern 
latitudes. This would also explain why the path lengths of 
the autosomal bioNJ dendrogram underrepresent the genetic 
distance between Spanish deer and Barbary/Sardinian deer 
(supplementary fig. S5a, Supplementary Material online).

Owing to a severe population bottleneck (Zachos et al. 2009), 
all population triplets in which Mesola deer are the hypothetical 
admixed population, yield highly positive f3 scores 
(supplementary fig. S7, Supplementary Material online). 
However, among those triplets, the lowest f3 scores are 
observed when the hypothetical donors are pairs containing 
one southeastern population (“SE-Europe,” “Greece,” or 
“Turkey”) and one mtDNA lineage B population (Sardinian 
or Barbary deer) (supplementary table S3, Supplementary 
Material online). An admixture event between these lineages 
would explain why X-chromosomal loci and mtDNA indicate 
shared ancestry between Mesola deer and southeastern 
European deer (Figs. 1 and 4c) (Doan et al. 2022), while 
Y-chromosomal and autosomal data suggest that Mesola deer 
instead share ancestry with Sardinian and Barbary deer (Fig. 5).

Climate Suitability Projections
Out of the 19 bioclimatic variables, three variables each explain 
10% to 20% of the variation in the data, namely, in order of 
decreasing importance, minimum temperature of coldest 
month (BIO6), precipitation of coldest quarter (BIO19), and 
precipitation of driest month (BIO14) (supplementary fig. S8, 
Supplementary Material online).

Projections of this selected model to past climate conditions 
suggest that for over 20 millennia red deer climate suitability 
zones have been restricted to Europe and isolated pockets in 
the Middle East and thus barely extended into eastern Eurasia 
(Fig. 7). Within this already restricted range in western 
Eurasia, red deer frequently contracted to even smaller, frag
mented range pockets at southern latitudes, which were distrib
uted over the Middle East, the Mediterranean basin, and 
southwestern France, roughly consistent with outcomes of pre
vious studies (Sommer et al. 2008; Queirós et al. 2019; 
Niedziałkowska et al. 2021). These range contractions did not 
only occur during the LGM but also, and in fact particularly, 
during subsequent stadials, most notably the Younger Dryas 
(Fig. 7). In the Early Holocene, suitable climatic conditions ex
isted along the coastal region of northwestern Europe.

Discussion
Autosomal Versus X-Chromosomal Population 
Structure
The data set of 144 red deer genomes provides a comprehen
sive overview of the range-wide genetic structure of the spe
cies. In addition, it allows to reconstruct the historical 
demographic processes that shaped the present-day structure. 
This reconstruction of events is fairly straightforward if line
ages remain indefinitely and fully isolated after their initial 
split, but the task becomes more challenging in the face of 
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admixture. While admixture itself can be accurately identified 
with available gene flow detection methods (such as f3 and D 
statistics), establishing the original population structure prior 
to gene flow events remains difficult.

Fortunately, because gene flow in many mammals is pre
dominantly male mediated (Nussey et al. 2005; Frantz et al. 
2008; Fickel et al. 2012), the X chromosome can provide a 
work-around solution. X-Chromosomal DNA from immi
grant males is inherited by female offspring only, which re
duces the migration rate for this particular chromosome by 
up to a half, and therefore allows the X chromosome to retain 
the signal of a former population structure for longer (de Jong 
et al. 2023). Furthermore, considering that X-chromosomal 

Ne is approximately three-fourth of autosomal Ne, higher 
X-chromosomal FST values are expected even prior to second
ary contact. With these assumptions, the puzzle pieces fall into 
place, and the observed inconsistencies between autosomal 
and X-chromosomal data become meaningful.

Consider, for instance, the genomic profiles of red deer in 
Poland, Belarus, the Baltic States, and the bordering regions of 
Russia. There, the western lineage (mtDNA haplogroup A) 
bulges into northeastern Europe to meet with the northeastern 
lineage originating from the Caucasus (mtDNA haplogroup E) 
(Fig. 4d). The autosomal data set suggests that all individuals 
in this region constitute a monophyletic clade, distant from 
both western and Caspian red deer (“Caucasus,” “Turkey”) 

(a)

(c)(b)

Fig. 6. Admixture analyses reveal recent hybridization at the secondary contact zone in central Europe. a) LEA admixture plots depicting inferred ancestry 
coefficients assuming two to four ancestral populations. For K = 2, note the west-to-east gradient of admixture proportions. For K = 3, note that 
populations in northwestern Europe (including Scandinavia, Ireland, and the British Isles) share more of their genetic ancestry with Sardinian, Barbary, and 
Mesola deer than with Spanish populations. b) Matrix highlighting population triplets (Y;X,Z) with negative or near-negative autosomal (above diagonal, 
<0.002) and X-chromosomal (below diagonal, <0) f3 scores. The f3 score is calculated as (y − x) × (y − z), with x, y, and z denoting the allele frequencies in 
populations X, Y, and Z, respectively. A negative f3 score indicates that allele frequencies in population Y are intermediate between those of populations 
X and Z. The row and column colors represent populations X and Z, while field colors denote admixed population Y. The frames highlight that northwestern 
European deer are admixed between Spanish deer and Sardinian/Barbary deer. c) Geographical locations of individuals belonging to the populations that 
are marked most consistently as admixed by f3 analyses. These individuals occur at or near the genetic discontinuity in central Europe (Fig. 4), supporting 
the hypothesis of a Holocene secondary contact zone that arose following postglacial recolonization.
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(Fig. 1d). But the X-chromosomal data set suggests differently 
and separates peripheral individuals from more interior individ
uals, the former clustering with Caspian red deer (“Caucasus” 
and “Turkey”) and the latter clustering with northwestern 
Europe (Fig. 1g).

Although conclusions may be partly confounded by recent 
translocations (Niedziałkowska et al. 2011; Valnisty et al. 
2024), it appears that much of present-day Belarus and the 
Baltic States was originally recolonized by the western lineage 
(mtDNA lineage A), whereas present-day European Russia 
was recolonized by Caspian deer (mtDNA lineage E), which 
migrated out of the Caucasus (Doan et al. 2022; Valnisty 
et al. 2024). This dual heritage of red deer in northeastern 
Europe has been preserved by X-chromosomal and mtDNA 
loci (Doan et al. 2022), but is less clear from autosomal loci 
due to introgression of allochthonous DNA exchanged 
through male-mediated gene flow.

During the advance of mtDNA lineage A along the northern 
European coastline, a subgroup of individuals split off in the 
direction of Scandinavia, entering southern Sweden before 
the collapse of the Öresund land bridge (Björck 1995; 
Höglund et al. 2013; Bailey et al. 2020; Nilsson et al. 2020). 
The X-chromosomal dendrogram shows this ancestry of 
Scandinavian deer and groups them together with north
western European deer (Fig. 1g). In contrast, in the autosomal 

dendrogram, the Scandinavian deer cluster separately from 
northwestern European individuals (Fig. 1d), toward 
Spanish, British, and Irish deer, and therefore away from east
ern lineages. Again, this discrepancy can be explained by 
assuming male-mediated gene flow following secondary con
tact between the western and eastern lineages. This genetic ex
change transferred relatively more autosomal loci than 
X-chromosomal loci from the eastern lineage into the western 
lineage. The Scandinavian, British, and Irish deer were 
shielded from this influx from eastern red deer lineages by 
water barriers and could retain their original genetic identity, 
unlike their mainland relatives.

Mesola deer, from the Po Valley in northeastern Italy, are 
another interesting case. These individuals, the only native 
deer left on the peninsula, carry mtDNA haplogroup D, a hap
logroup that used to be widespread in southeastern Europe as 
recently as the mid-Holocene (Doan et al. 2022). While auto
somal and Y-chromosomal data indicate that these individuals 
are related to Sardinian and Barbary deer (Figs. 1, 4e, and 5) 
(Hajji et al. 2007), X-chromosomal data instead reveal closer 
similarity to individuals from southeastern Europe (Fig. 1g). 
The latter finding supports the hypothesis that the ancestors 
of Mesola deer arrived in the Po Valley during the Holocene 
(Doan et al. 2017, 2022), likely from southwestern Europe. 
The present-day near confinement of mtDNA haplogroup D 

Fig. 7. Climate suitability modeling suggests postglacial recolonization only truly commenced after the Younger Dryas and proceeded proceeded over the 
North European plain. Projections of red deer climatic suitability ranges during various past time periods. Potential additional limitations caused by either 
biotic factors, such as vegetation, or migration barriers, such as water barriers and mountain ranges, have not been taken into consideration.
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to Mesola Forest conceals the shared ancestry of Mesola deer 
and southeastern European red deer (Borowski et al. 2016). 
Upon arrival in the Po Valley, the ancestors of Mesola deer 
likely interbred with Italian deer of mtDNA lineage B (Doan 
et al. 2017). Male-mediated gene flow can explain why the mi
togenome and X chromosomes of Mesola deer remained simi
lar to southeastern European deer, while their autosomes and 
Y chromosomes became to resemble the donor population.

We emphasize that the observed inconsistencies between the 
autosomal and X-chromosomal data sets are unlikely to reflect 
artifacts. Unlike mtDNA data (Carranza et al. 2016), the 
X-chromosomal data set is a multilocus data set and hence in
ferences are not confounded by incomplete lineage sorting. 
The X-chromosomal distances were inferred from almost 
2.5 million variable sites and were ultrametric by approxima
tion. This resulted in a X-chromosomal dendrogram with 
nearly equal root-to-tip distances, suggesting that single-locus 
stochastics were indeed canceled out (de Jong et al. 2024).

Recent Admixture Events
The observed isolation-by-distance trend (Fig. 1d and g; 
supplementary fig. S4, Supplementary Material online), despite 
the presence of (X-chromosomal) phylogenetic breaks (Figs. 4
and 6), fits a scenario of reticulate evolution with repeated fis
sion–fusion of geographically adjacent populations. Least af
fected by the admixture events are the peripheral populations 
in Iberia, the British Isles, and the Caucasus (supplementary 
fig. S5b, Supplementary Material online). This scenario is sup
ported by the projections of species distribution modeling, 
which indicate range oscillations associated with cycles of 
stadials and interstadials separating the end of the LGM 
from the start of the Holocene (Fig. 7). Given the complexity 
of the continuous range contractions and expansions, and 
with each consequent admixture event partly obscuring the 
signals of previous admixture, we can only hope to recon
struct the most recent of these admixture events (Carranza 
et al. 2024).

One such a relatively recent admixture event appears to 
have occurred in western Europe. Whereas Y-chromosomal 
and mtDNA data cluster northwestern European deer 
with Spanish deer (Figs. 4 and 5), the autosomal and 
X-chromosomal data sets leave no doubt that all northwestern 
European deer, including Scandinavian deer, are genetically 
more similar to Barbary and Sardinian deer (Figs. 1 and 6A). 
Because ordination analyses are not robust to population bottle
necks, this genetic similarity between northwestern European 
deer and Barbary/Sardinian deer is not evident from the PCoA 
plots (Fig. 1c and f). However, it can be readily inferred from 
the dendrograms by comparing tip-to-tip distances (Fig. 1d 
and g), which correspond to genetic distances between sample 
pairs in the underlying distance matrices (Fig. 1b and e; 
supplementary fig. S2, Supplementary Material online).

While being closer to the latter, allele frequencies of north
western European populations are roughly intermediate be
tween Spanish deer and Sardinian/Barbary deer (Fig. 6b and c). 
Genetic distances between these populations are furthermore 
not ultrametric and hence do not fit a binary splitting model 
(supplementary fig. S5, Supplementary Material online). This 
suggests an admixture event prior or during the recolonization 
of northwestern Europe, with some contribution coming from 
relatives of Spanish deer (mtDNA lineage A), but with most con
tribution coming from relatives of Barbary/Sardinian deer 
(mtDNA lineage B). The ancestors of British and Irish deer appear 

to have received little gene flow from Barbary/Sardinian deer and 
these populations therefore share relatively more ancestry with 
Spanish deer (Figs. 1 and 6a).

The recolonization of northern latitudes culminated in the next 
admixture event, as it brought the western hybrid lineage into sec
ondary contact with eastern lineages. At present, millennia later, 
the hybridization zone is still evident from the parapatric distribu
tions of mtDNA and Y-chromosomal haplotypes and from the 
geographical ranges of X-chromosomal clusters (Fig. 4). While 
the phylogeographic break is less prominent from autosomal 
data (owing to male-mediated Holocene gene flow and/or slower 
lineage sorting in glacial refugia due to higher Ne), this data set 
does reveal that the allele frequencies of populations at the contact 
zone are intermediate between those at either side of it (Fig. 6b 
and c).

Assuming that secondary contact was established the latest in 
the mid-Holocene (∼5 kya) (Doan et al. 2022), and assuming an 
average generation time of five years (Pérez-Espona et al. 2009; 
Borowik et al. 2016), genetic exchange has been ongoing for a 
minimum period of approximately 1,000 generations. Theory 
predicts that the hybridization cline widens over time, with 
the initial abrupt discontinuity gradually converting into an 
isolation-by-distance trend (Barton 1979; Barton and Hewitt 
1985; Kierepka et al. 2023; Preckler-Quisquater et al. 2023).

In the absence of selective pressures, the width (w) of a hybrid
ization cline is thought to be given by the following formula: 
w = 2.51 × d × t0.5, in which d denotes dispersal distance (in 
km/generation) and in which t represents the time since first con
tact in number of generations (Arntzen et al. 2017; Stankowski 
et al. 2023). For red deer, evidence exists that long-distance 
dispersal out of home ranges is predominantly carried out by 
young males, which in later years might or might not become 
dominant stags (Kropil et al. 2015). Assuming a mean dispersal 
distance of 25 km per generation (Jarnemo 2008; Loe et al. 
2009; Niedziałkowska et al. 2012), after a time period of 
1,000 generations, the expected cline width approaches 
1,500 km. This would imply that almost all red deer popula
tions—except for the most remote ones (e.g. Spanish deer) or 
those separated by water barriers (e.g. Scandinavian, British, 
and Irish deer)—have been affected by introgression to some ex
tent. If, instead, we assume a mean dispersal distance of only five 
km per generation (Nussey et al. 2005; Kamler et al. 2007; 
Pérez-Espona et al. 2008; Jarnemo 2011), the present-day ex
pected cline width would not exceed 400 km.

The Y-chromosomal data set appears to be more in agreement 
with the second scenario. The Y chromosomes of a few stags 
(e.g. “Netherlands3,” “Iran7,” “Greece1,” “Greece2,” and 
“Greece3”) cluster aberrantly (Figs. 4e and 5), but their presence 
likely dates back to documented human-made translocation 
events (Karaiskou et al. 2014; de Jong et al. 2020). Ignoring 
these individuals, the geographic boundaries between 
Y-chromosomal clades are less abrupt than the mtDNA bound
aries (Fig. 4d and e), but only marginally so. For instance, 
the most westerly located male individual with a southeastern 
Y-chromosomal haplotype was found close to the German– 
Czech border (Fig. 4e), and even this occurrence might be 
due to a recent translocation (Krojerová-Prokešová et al. 2015).

Subspecies Designation
The renewed understanding of the demographic processes 
underlying the present-day red deer population structure, 
coupled with refined estimates of genetic distances, calls for 
a reevaluation of subspecies designations (Meiri et al. 2017).

Range-Wide Population Genomics of Cervus elaphus · https://doi.org/10.1093/molbev/msaf031                                                               13
D

ow
nloaded from

 https://academ
ic.oup.com

/m
be/article/42/2/m

saf031/8002771 by guest on 28 O
ctober 2025

http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf031#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf031#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf031#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf031#supplementary-data
http://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msaf031#supplementary-data


Many currently accepted subspecies are closely related to the 
Central European red deer (Cervus elaphus hippelaphus: 
“FranceCentral,” “NW-Europe,” “NE-Europe1”) and only dis
tinct in terms of relative genetic distance (i.e. high FST but low 
Dxy). This includes Scottish deer (Cervus elaphus scoticus), 
Scandinavian deer (Cervus elaphus atlanticus: “Norway”, 
“Sweden”), Sardinian deer (C. e. corsicanus), and Barbary deer 
(C. e. barbarus) (Zachos et al. 2016; Meiri et al. 2017). These rela
tively young lineages, which separated in the Late Pleistocene or 
Early Holocene, barely had time to accumulate private mutations. 
Instead of amassing novel genetic variation, and rather on the con
trary, these lineages lost genetic variation owing to population size 
reductions, which made them genetically more homogenous (i.e. 
decrease of π) and more divergent in relative terms (increase of 
FST) but not more divergent in absolute terms (i.e. no increase 
of Dxy) (Figs. 1d and 3). On the other hand, insularity allowed 
these populations to preserve otherwise lost ancestral genetic iden
tities, spanning a gradient of varying levels of introgression be
tween Spanish deer and Sardinian/Barbary deer. In similar vein, 
Mesola deer (C. e. italicus) are unique not because of a long inde
pendent evolutionary history, but because of their hybrid origin.

Certain peripheral lineages, in contrast, do stand out because of 
a long independent history and are minimally affected by 
admixture, as shown by high absolute genetic distances relative 
to other populations (i.e. high Dxy values). This is true for the 
Carpathian deer (Cervus elaphus pannoniensis: “SE-Europe”) 
in terms of X-chromosomal distances (Meiri et al. 2017), but 
only Caspian red deer (Cervus elaphus maral: “Caucasus” and 
“Turkey,”) and Spanish red deer (Cervus elaphus hispanicus) 
meet this condition for X-chromosomal and autosomal data alike.

The coalescence time estimates of Y-chromosomal and 
mtDNA clades (Figs. 4 and 5) suggest that Spanish red deer des
cend from a lineage that migrated into western Europe before the 
LGM (Queirós et al. 2019; Doan et al. 2022; Fernández-Garcia et 
al. 2024; Carranza et al. 2024). Unlike their relatives north of the 
Pyrenees, they seem to have been minimally affected by subse
quent gene flow from post-LGM waves and also not have con
tributed to the subsequent recolonization of northern latitudes 
(Queirós et al. 2019; Carranza et al. 2024). Testimony to their 
long independent evolutionary history is a suite of endemic 
phenotypic traits, including the absence of neck manes, a unique 
vocalization mechanism, and pronounced tongue protrusion 
(Geist 1999; Frey et al. 2012; Passilongo et al. 2013; Volodin 
et al. 2013; Della Libera et al. 2015). It thus appears that 
Spanish deer are among the many endemic varieties that charac
terize the flora and fauna of the Iberian Peninsula, therewith 
underlining its conservation value (Ramos et al. 2001; Nieto 
Feliner 2014; McDevitt et al. 2022; Çoraman et al. 2019).

Conclusion
Red deer autosomal population structure differs in several 
aspects from X-chromosomal population structure. The geo
graphical ranges of X-chromosomal clusters are largely con
gruent with the parapatric distributions of Y-chromosomal 
and mtDNA haplotypes. We postulate that the inheritance 
properties of the X chromosome allowed it to better capture 
and subsequently preserve the genetic signals of population 
stratification in Late Glacial refugia.

Supplementary Material
Supplementary material is available at Molecular Biology and 
Evolution online.
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Borowski Z, Świsłocka M, Matosiuk M, Mirski P, Krysiuk K, 
Czajkowska M, Borkowska A, Ratkiewicz M. Purifying selection, 
density blocking and unnoticed mitochondrial DNA diversity in 
the red deer, Cervus elaphus. PLoS One. 2016:11(9):e0163191. 
https://doi.org/10.1371/journal.pone.0163191.

Britton T, Oxelman B, Vinnersten A, Bremer K. Phylogenetic dating 
with confidence intervals using mean path lengths. Mol Phylogenet 
Evol. 2002:24(1):58–65. https://doi.org/10.1016/S1055-7903(02) 
00268-3.

Carden RF, McDevitt AD, Zachos FE, Woodman PC, O’Toole P, Rose 
H, Monaghan NT, Campana MG, Bradley DG, Edwards CJ. 
Phylogeographic, ancient DNA, fossil and morphometric analyses re
veal ancient and modern introductions of a large mammal: the com
plex case of red deer (Cervus elaphus) in Ireland. Quat Sci Rev. 
2012:42:74–84. https://doi.org/10.1016/j.quascirev.2012.02.012.

Carranza J, Pérez-González J, Anaya G, de Jong M, Broggini C, Zachos 
FE, McDevitt AD, Niedziałkowska M, Sykut M, Csányi S, et al. 
Genome-wide SNP assessment of contemporary European red deer 
genetic structure highlights the distinction of peripheral populations 
and the main admixture zones in Europe. Mol Ecol. 2024:33(18): 
e17508. https://doi.org/10.1111/mec.17508.

Carranza J, Salinas M, de Andrés D, Pérez-González J. Iberian red deer: 
paraphyletic nature at mtDNA but nuclear markers support its 
genetic identity. Ecol Evol. 2016:6(4):905–922. https://doi.org/10. 
1002/ece3.1836.

Çoraman E, Dietz C, Hempel E, Ghazaryan A, Levin E, Presetnik P, 
Zagmajster M, Mayer F. Reticulate evolutionary history of a 
Western Palaearctic Bat Complex explained by multiple mtDNA in
trogressions in secondary contacts. J Biogeogr. 2019:46(2): 
343–354. https://doi.org/10.1111/jbi.13509.

Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, 
Handsaker RE, Lunter G, Marth GT, Sherry ST, et al. The variant 
call format and VCFtools. Bioinformatics. 2011:27(15):2156–2158. 
https://doi.org/10.1093/bioinformatics/btr330.

de Jong JF, van Hooft P, Megens H-J, Crooijmans RPMA, de Groot GA, 
Pemberton JM, Huisman J, Bartoš L, Iacolina L, van Wieren SE, 
et al. Fragmentation and translocation distort the genetic landscape 
of ungulates: red deer in the Netherlands. Front Ecol Evol. 2020:8: 
535715. https://doi.org/10.3389/fevo.2020.535715.

de Jong MJ, de Jong JF, Hoelzel AR, Janke A. Sambar: an R package for 
fast, easy and reproducible population-genetic analyses of biallelic 
SNP data sets. Mol Ecol Resour. 2021:21(4):1369–1379. https:// 
doi.org/10.1111/1755-0998.13339.

de Jong MJ, Niamir A, Wolf M, Kitchener AC, Lecomte N, Seryodkin 
IV, Fain SR, Hagen SB, Saarma U, Janke A. Range-wide whole- 
genome resequencing of the brown bear reveals drivers of intraspe
cies divergence. Commun Biol. 2023:6(1):153. https://doi.org/10. 
1038/s42003-023-04514-w.

de Jong MJ, van Oosterhout C, Hoelzel R, Janke A. Calculating and in
terpreting FST in the genomics era. bioRxiv 614506. https://doi.org/ 
10.1101/2024.09.24.614506, 24 September 2024, preprint: not 
peer reviewed.

Della Libera M, Passilongo D, Reby D. Acoustics of male rutting roars 
in the endangered population of Mesola red deer Cervus elaphus ita
licus. Mamm Biol. 2015:80(5):395–400. https://doi.org/10.1016/j. 
mambio.2015.05.001.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, 
Philippakis AA, del Angel G, Rivas MA, Hanna M, et al. A frame
work for variation discovery and genotyping using next-generation 
DNA sequencing data. Nat Genet. 2011:43(5):491–498. https://doi. 
org/10.1038/ng.806.

Doan K, Niedziałkowska M, Stefaniak K, Sykut M, Jędrzejewska B, 
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