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Abstract

This study investigated the levels of genetic diversity and variation exhibited by red and sika deer in Ireland, along
with the extent and regional location of hybridisation between these two species. Bi-parental (microsatellites) and
maternally-inherited (mitochondrial DNA) genetic markers were utilised that allowed comparisons between 85 red deer
from six localities and 47 sika deer from 3 localities in Ireland. Population genetic structure was assessed using Bayesian
analysis, indicating the existence of two genetic clusters in sika deer and three clusters in red deer. Levels of genetic
diversity were low in both red and sika deer. These genetic data presented herein indicate a recent introduction of sika
deer and subsequent translocations in agreement with historical data. The origins of the current red deer populations
found in Ireland, based on genetic data presented in this study, still remain obscure. All hybrid deer (red/sika) found in
this study were found in Wicklow, Galway and Mayo where the ‘red-like’ deer exhibited sika deer alleles/haplotypes,
and vice versa in the case of Wicklow. Molecular methods proved invaluable in the identification of the hybrid deer
because identification of hybrids based on phenotypic external appearances (pelage and body proportions) can be
misleading. Areas where red and sika deer are sympatric need to be assessed for the level and extent of hybridisation
occurring and thus need to be managed in order to protect the genetic integrity of ‘pure’ red deer populations.
© 2009 Deutsche Gesellschaft fiir Sdugetierkunde. Published by Elsevier GmbH. All rights reserved.
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mammals (Searle 2008), very few species have been
subjected to detailed Ireland-wide genetic analysis.
Previous work on a select number of mammals,
including the mountain hare Lepus timidus (Hamill
et al. 2006, 2007), the red squirrel Sciurus vulgaris
(Finnegan et al. 2008) and the pygmy shrew Sorex

Introduction

Despite the fascinating mix of natural and human
involvement in the colonisation of Ireland by terrestrial
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minutus (McDevitt et al. in press), have provided
detailed coverage of genetic variation of terrestrial
mammalian species in Ireland. It is perhaps surprising
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then that Ireland’s largest and most charismatic
mammal, the red deer (Cervus elaphus), has not yet
been subjected to a detailed genetic analysis. In contrast,
population genetics and structure have been analysed in
this species in numerous studies in Britain (e.g. Nussey
et al. 2005; Hmwe et al. 2006; Pérez-Espona et al. 2008)
and continental Europe (e.g. Zachos et al. 2003; Frantz
et al. 2006; Nielsen et al. 2008).

It is still debated whether red deer in Ireland are
native or introduced (Staines et al. 2008; Pérez-Espona
et al. 2009a). According to radiocarbon dated skeletal
remains, red deer are present in the fossil record in
Ireland from 27 730+380 radio-carbon years before
present (yrs BP) until 117904+ 120yrs BP, then it is
absent until 4 190 +65yrs BP (Woodman et al. 1997).
This 7 500 year gap suggests it is more probable that the
current Irish population is derived from several human-
mediated introductions (both ancient and modern) than
it is native (Woodman et al. 1997, McCormick 1999).
Several Irish red deer populations are known to be
descended from red deer derived from Continental
European and British stocks and were subsequently
introduced to Ireland in the early 1990s to Screebe
Estate in County (Co.) Galway (Banwell 1994) and in
1891 to Glenveagh in Co. Donegal (Whitehead 1964).
The first documented introduction of red deer to Ireland
was recorded in 1246 when an unknown number of deer
were translocated from the Royal Forest, Chester,
England to the then Royal Forest, Glencree, Co.
Wicklow (Moffat 1938; Whitehead 1960, 1964). These
introductions from various geographically isolated
regions would have a large effect on the genetic structure
of red deer within Ireland as a whole. The origin of red
deer in the Killarney Valley, Co. Kerry is still unknown.
There is currently no evidence that the Killarney
population is derived from a glacial relict population,
although they may be the only remnant stock of
Ireland’s ancient population (Staines et al. 2008). Red
deer from Co. Kerry have been exported to Cos.
Fermanagh and Tyrone in the north and to Scotland
in the 18th and 19th Centuries (Whitehead 1964) and in
the early 1980s, with the purpose to protect the pure
genetic integrity of this believed ‘native’ population,
to Cos. Galway (Connemara National Park), Cork
(Doneraile Wildlife Park) and Kerry (the island of Inis
Mhic Uileain).

Another species of deer whose range is sympatric with
that of the red deer in Ireland is the sika deer (Cervus
nippon; Hayden and Harrington 2000). Sika deer were
introduced into Ireland in 1860 by Lord Powerscourt
onto his estate in Co. Wicklow (Powerscourt 1884). Two
females and one male were translocated to Co. Kerry in
1864 (Fehily and Shipman 1967) and sika deer are now
fully established in this region (Hayden and Harrington
2000). Red and sika deer can interbreed in enclosures
(Harrington 1982) and in the wild (Goodman et al. 1999;

Diaz et al. 2006; Senn and Pemberton 2009) and this is
known to have occurred in Ireland as early as 1884,
primarily in Co. Wicklow (Powerscourt 1884), with
additional reports from Cos. Kerry (Moffat 1938) and
Fermanagh (Brooke 1898). Harrington (1979) applied
morphometrics and a qualitative genetic method using
serum proteins to reveal that no deer in Co. Wicklow
were ‘pure’, essentially forming a hybrid swarm in the
region (Pérez-Espona et al. 2009a). However, it is not
certain to what extent, or indeed if, hybridisation has
occurred in Co. Kerry (Long et al. 1998) and in the
north of the country where the two species are sympatric
(Hayden and Harrington 2000).

The purpose of this study is to conduct an investiga-
tion into the overall genetic diversity and population
structure of red and sika deer in Ireland and to
determine if and where hybridisation has occurred using
control region sequences from the mitochondrial gen-
ome (mtDNA; which is inherited maternally) and
microsatellite data (bi-parentally inherited) from all
individuals.

Material and methods
Sample collection and DNA extraction

Tissue samples from males and females were collected
throughout 2007 and 2008 from legally culled deer. A
total of 85 red deer and 47 sika deer were collected from
6 and 3 loosely defined populations/regions (Table 1;
Figs. 1A and B), respectively. DNA was extracted from
ethanol-preserved tissue using the ZR Genomic DNA II
Kit (Zymo Research) according to the manufacturer’s
protocol.

Mitochondrial DNA analyses

MtDNA sequences were obtained from all red and
sika deer samples. The entire control region was
amplified using primers CE-CR-FOR (5-CAATACAC-
TGGTCTTGTAAACC-3') and CE-CR-REV (5-TAA-
TAGGAA GGCTGGGACC-3). Polymerase chain
reactions (PCR) consisted of 1uL (20-100ng/uL) of
DNA extract, 1.5uL (0.375uM) of both forward and
reverse primers and 46 pL. of the PCR mix MegaMix~
Blue (Microzone Ltd.). PCR amplification was carried
out using an initial denaturation of 95°C for 3min
followed by 30 cycles of 95°C for 45s, annealing
temperature of 55°C for 45s and extension of 72°C for
90s. This was followed by a final extension step of
10min. PCR products were purified and sequenced
using both forward and reverse primers by Macrogen
Inc. (Seoul, Korea).

Sequences were edited and assembled into contigs in
Sequencer v. 4.5 (GeneCodes). Sequences were aligned
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Table 1. Locality of sample origin and number of individuals (n) in each species sampled in each locality.

265

Map No. Locality name Red deer (C. elaphus) Sika deer (C. nippon)
n HO HE AR T h n HO HE AR I h
1 Co. Down 2 - - - - - 2 - - - - -
2 Co. Wicklow 10 0.687 0.846 6.490 0.01639 0.643 33 0.569 0.591 3.640 0 0
3 Killarney, Co. Kerry 46 0.500 0.550 3.650 0.00157 0.492 12 0.229 0.192 1.630 0.00087 0.182
4 Co. Galway 130598 0.702 3.990 0.00800 0.782 - - - - - -
5 Co. Mayo 3 - - - - - - - - - - -
6 Co. Donegal 11 0.633 0.775 5.790 0.00726 0.808 - — - - - -

See Fig. 1A for approximate geographic locations. Measures of observed (Hp) and expected heterozygosities (Hg), allelic richness (Ar) for
microsatellite loci, and nucleotide (n) and haplotype (/) diversities for mtDNA are given for each locality with more than 3 individuals.
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Fig. 1. Distribution of red deer mtDNA (white) among individuals identified as red deer in Ireland (A). Distribution of sika deer
mtDNA (black) among individuals identified as sika deer (B). Two red deer possessed sika deer mtDNA (A) and four sika deer
possessed red deer mtDNA (B). Refer to Table 1 for details on localities for each population (1, 2, 3, 4, 5 and 6). Median-joining
network of individuals identified as red deer (white) and sika deer (black; C). Circle sizes are proportional to frequency (see Table 2).

Small grey dots indicate missing haplotypes. Numbers on branches indicate more than one mutation event.

manually using MEGA v. 4.0 (Tamura et al. 2007).
Sequences were trimmed to exclude inconsistencies and
unreliable sequence data at either end of the control

region, a total of 757 base pairs (bp) were analysed for
red deer and 836 bp for sika deer. The difference in the
amount of sequence data between species is due to a
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39 bp tandem repeat being present in multiple repeats in
sika deer whereas red deer have only a single copy (Senn
and Pemberton 2009).

A web BLAST search revealed some deer determined
morphologically as red deer (C. elaphus) by stalkers
possessed sika deer (C. nippon) control region haplo-
types and vice versa. Control region haplotypes were
identified using DAMBE v. 4.5.50 (Xia and Xie 2001).
Relationships among haplotypes from all sequences
were examined using a median-joining network
(Fig. 1C) implemented in Network v. 4.5 (Bandelt
et al. 1999). Analyses of control region data within each
species excluded individuals possessing control region
haplotypes from the other species. Nucleotide and
haplotype diversity of both red and sika deer within
each locality and Ireland as a whole were calculated
using DnaSp v. 4.10.9 (Rozas et al. 2003).

Microsatellite DNA analyses

In total, 9 polymorphic microsatellite loci RT1, RT7,
RT13 (Wilson et al. 1997), BL42, BM203, BM757,
BM4513 (Bishop et al. 1994), IDVGASS5 (Mezzalani
et al. 1995), and OarFCB193 (Buchanan and Crawford
1993) that have shown polymorphism in both species in
previous studies (Slate et al. 1998; Bonnet et al. 2002)
were tested on red and sika deer in this study. Locus
BM4513 gave inconsistent results for sika deer so was
excluded from further analyses involving sika deer. A
total of 132 individuals were genotyped in 10-pL
multiplex reactions containing 0.5 uL of DNA extract
(10-50ng/uL) and 1 x Multiplex PCR MasterMix (Qia-
gen Ltd., UK). Primer concentrations ranged between
0.1 and 0.4uM. Amplification conditions were as
follows: 95°C for 15min; 35 cycles of 94°C for 45s,
54°C for 90s, 72°C for 1 min and a final extension at
72 °C for 45 min. All PCR products were run on an ABI
PRISM 3130x/ Genetic Analyser 16 Capillary system
(Applied Biosystems) and sized with internal lane
standard (600 LIZ; Applied Biosystems) using the
program Genemapper v. 4.0 (Applied Biosystems).

With the exception of samples obtained from
Killarney National Park (Co. Kerry) and Screebe Estate
(12/13 individuals from Co. Galway), samples were
collected randomly by deer stalkers throughout the
island of Ireland. Therefore, for analysis of genetic
structure of both species in Ireland, we made no
assumptions as to the spatial localisation of samples.
We tested for population substructure within each of the
two species using the Bayesian clustering algorithm
implemented in STRUCTURE v. 2.2 (Pritchard et al.
2000; Falush et al. 2003). Ten red and six sika deer,
identified as hybrids using either mtDNA or micro-
satellites (see Results), were excluded from these
analyses. Ten independent runs were performed for

each K (number of inferred genetic clusters) value (1-10)
in each species using 500 000 iterations, with a burn-in
period of 100000 iterations. STRUCTURE was run
using the admixture model and correlated frequencies
(Pritchard et al. 2000; Falush et al. 2003). The number of
clusters (K) was calculated by obtaining the mean
posterior probability of these data (Ln Pr X | K) over
the 10 independent runs. Individuals were assigned to
clusters based on their highest membership coefficient
(Q) to a particular genetic cluster averaged over the 10
independent runs.

Tests for linkage disequilibrium between all pairs of
loci within each population of each species and overall
within each species were implemented in GENEPOP v.
34 (Raymond and Rousset 1995) using 10 000
permutations. Measures of observed (Hp) and expected
heterozygosity (Hg) and allelic richness (Agr) for each
locality and clusters identified by STRUCTURE were
calculated in FSTAT v. 2.9.3 (Goudet 1995). Localities
with small sample sizes (Cos. Mayo and Down) were
excluded from these analyses.

Hybridisation

Hybridisation was tested between species using a
Bayesian admixture analysis approach implemented in
STRUCTURE to obtain individual genetic assignment
to either C. elaphus or C. nippon based on the 8
microsatellite loci that amplified in both species. We
assumed the presence of two genetic clusters/species
(K =2; Sanz et al. 2009; Senn and Pemberton 2009).
STRUCTURE was run with 10 independent runs using
500000 iterations, with a burn-in period of 100000
iterations. Thus, each of the 132 individuals could be
assigned to either the C. elaphus cluster (when member-
ship probability is >0.99), to the C. nippon cluster (<0.01)
or to the interspecific hybrid group (0.01 <Q<0.99). The
use of a less stringent 0.01 as a cut-off point increases the
chance of identifying hybrids, although it also potentially
increases the risk of misidentifying ‘pure’ individuals as
hybrids due to ancestral polymorphism (Senn and
Pemberton 2009). Three classes of individuals were
considered: ‘pure’ red deer (C. elaphus), ‘pure’ sika deer
(C. nippon) and hybrids.

Results
Mitochondrial DNA

Analyses of the control region sequences revealed that
two individuals identified as red deer possessed sika
mtDNA and four individuals identified as sika deer
possessed red deer mtDNA (Fig. 1C). All of these
individuals were collected in Co. Wicklow (Figs. 1A and B).
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Table 2. Number and distribution of red deer haplotypes in
Ireland (see Fig. 1C).

Haplotype Localities found No. of
individuals
KNP1 Killarney, Donegal 33
KNP2 Killarney 10
KNP3 Killarney 1
KNP4 Killarney 1
KNP5 Killarney 1
KNP6 Killarney 1
KNP7 Killarney 1
NW1 Donegal, Mayo, Galway, 6
Down, Wicklow
NW2 Donegal 5
NW3 Donegal 3
GY1 Galway, Wicklow, 1 sika 6
deer
GY2 Galway 4
GY3 Galway, Mayo 3
GY4 Galway 1
MY1 Mayo 2
WK1 Wicklow, 3 sika deer 8
WK2 Wicklow 1

Excluding the above individuals, a total of 51
polymorphic sites were found in the control region of
Irish red deer, giving 17 haplotypes (Fig. 1C). These
have been deposited in Genbank (Accession nos.:
FJ1743483-FJ743499). Overall nucleotide diversity (m)
and haplotype diversity (4) was 0.00834+0.00118 and
0.808 +£0.037, respectively. Nucleotide and haplotype
diversity was lowest in the Killarney red deer, with
measures of up to ten times higher in other regions
(Table 1). Haplotype KNPI1 was found in the majority
of individuals from Killarney and two individuals from
Donegal (Table 2). Haplotype NWI1 was found in
individuals from Cos. Donegal, Mayo, Down, Galway
and Wicklow (Table 2).

Only 5 polymorphic sites were found in the control
region of the sika deer, giving three haplotypes (Accession
nos.. FJ743500-FJ743502; Fig. 1C). Nucleotide and
haplotype diversity were very low (m=0.00025+0.00023
and £2=0.05140.048). Nucleotide and haplotype diver-
sities were zero in Wicklow and low in Co. Kerry
(Table 1). A single haplotype was found in the Wicklow
region with a further two haplotypes found in Co. Kerry.

Microsatellite DNA

A total of 122 alleles were found in red deer using 9
microsatellites and 61 alleles were found in sika deer
using 8 microsatellites. Tests for linkage disequilibrium
over all populations in red deer revealed that locus
IDVGASS showed evidence of linkage with loci BL42

and RT13 (P<0.001). However, this differed between
populations and all loci were retained in the analyses.
No locus showed evidence of linkage in sika deer.
Clustering analyses in STRUCTURE defined 3 distinct
genetic clusters in the red deer (Ln Pr X | K: —2027.94).
Red deer in Killarney National Park formed one distinct
cluster (Red Cluster 1; Fig. 2A) while red deer from Co.
Galway (and one individual from Co. Mayo) formed
another distinct cluster (Red Cluster 2; Fig. 2A) and all
other individuals were grouped together in a third
cluster (Red Cluster 3; Fig. 2A). Measures of Hp, Hg
and Agr in ‘Red Cluster 1’ were 0.500, 0.550 and 4.31,
respectively; 0.604, 0.708 and 4.80, respectively, in ‘Red
Cluster 2’; and 0.588, 0.801 and 7.95, respectively, in
‘Red Cluster 3’.

Sika deer formed two distinct clusters in Ireland (Ln
Pr X | K: —554.23). Individuals from Killarney National
Park formed their own distinct genetic cluster (‘Sika
Cluster 1°) while individuals from Cos. Wicklow and
Down were a mixture of ‘Sika Cluster 1’ and ‘Sika
Cluster 2’ (Fig. 2A). Measures of Hg, Hg and Ag in ‘Sika
Cluster 1’ were 0.242, 0.210 and 1.97, respectively and
0.563, 0.556 and 3.80, respectively, in ‘Sika Cluster 2’.

Hybridisation between red and sika deer

Bayesian admixture analyses of microsatellite data
assigned 88.2% (75/85) of red deer (C. elaphus) samples
to the ‘pure’ red deer genetic cluster at a probability
>0.99. Two individuals (2.4%) were identified as belong-
ing to the ‘pure’ sika deer genetic cluster and these same
individuals possessed a sika deer mtDNA haplotype.
These were both from the Wicklow region. A total of
eight red deer individuals (9.4%) were identified as
interspecific hybrids (0.011<Q<0.989). Six red deer
identified as hybrids were from the Wicklow region
(membership to red Q=1: 0.654; 0.0.823; 0.655; 0.859;
0.989 and 0.664) with a further two individuals from Cos.
Mayo and Galway (red Q: 0.977 and 0.970; Fig. 2B). A
large number of sika deer (42/47; 89.4%) were ‘pure’ sika
deer. Five sika deer (10.6%) were classified as an
interspecific hybrid (0.016<Q<0.984). All these indivi-
duals were from Co. Wicklow (sika Q=1: 0.035; 0.886;
0.055; 0.984 and 0.981; Fig. 2B). Two of these individuals
possessed a red deer mtDNA haplotype. Interestingly, one
further sika deer which possessed red deer mtDNA was
classified as ‘pure’ sika using microsatellites.

Discussion
Genetic diversity and structure of red deer

Overall genetic diversity within Ireland using mtDNA
was equivalent to other red deer populations in
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Scotland, Bulgaria and Romania and others (Hajji et al. a very low level of nucleotide diversity (Table 1), much
2007). This is likely due to the fact that the Irish lower than that observed in other regions of Ireland and
population is derived from multiple introductions rather populations in Scotland and England (Hmwe et al. 2006;
than maintaining genetic diversity over a long period of Pérez-Espona et al. 2009b). Control region haplotypes
time (Whitehead 1960, 1964; Staines et al. 2008). were generally shared throughout the island with the
However, red deer within Killarney National Park had exception of the Killarney red deer. Two Donegal red

RED SIKA

RED SIKA

Fig. 2. Distribution of genetic clusters identified by STRUCTURE (A) of red deer and sika deer in Ireland. The ‘Red Cluster 1’ is
represented by black, the ‘Red Cluster 2’ by grey and the ‘Red Cluster 3’ by white for red deer. ‘Sika Cluster 1’ is represented by
black and the ‘Sika Cluster 2’ by white in sika deer. Distribution of ‘pure’ red deer (white), hybrids (grey) and ‘pure’ sika deer (black)
found in red and sika deer (B).
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deer in the north shared a haplotype with the southern
Killarney red deer but this is likely due to deer being
translocated in the past from the southern region of
Ireland to the northern regions (Whitehead 1960, 1964).
Haplotype NWI1 is spread throughout the country,
occurring in Cos. Donegal, Mayo, Down, Galway and
Wicklow (Table 2) and three other haplotypes were
shared between regions. Clearly the most divergent
group according to mtDNA is the red deer occupying
the Wicklow region (haplotype WKI1; Fig. 1C).
Although two individuals share haplotypes with red
deer from other parts of the country, the majority of red
deer from the region are distinct from the rest of the
country. This may be due to a unique introduction.
Lord Powerscourt is known to have imported red deer
from the Island of Islay, Scotland to his estate in
Wicklow at some stage in the late 1800s (Whitehead
1960, 1964) and red deer were translocated in 1246 from
England to the Glencree valley in Co. Wicklow which is
nearby to Powerscourt’s Estate (Moffat 1938). The
origins of the Wicklow red deer, in addition to the other
red deer populations in Ireland, are being explored
within a concurrent red deer phylogeographic study
(R.F. Carden, A.D. McDevitt and C.J. Edwards, pers.
comm.).

Bayesian clustering analysis revealed the presence of
three distinct genetic clusters within Ireland (Fig. 2A).
All individuals from Killarney grouped in a single
cluster (Red Cluster 1), individuals from Co. Galway
and one individual from Co. Mayo formed another
cluster (Red Cluster 2) and finally, individuals from the
rest of the country formed the third genetic cluster (Red
Cluster 3). The clustering of Killarney red deer is not
surprising given its isolation from other red deer
populations. The founding stock of the Screebe Estate
herd in Co. Galway (where 12/13 individuals were from)
originates from Britain (Warnham deer park) and
western European stocks (Banwell 1994). The third
genetic cluster is composed of what appears to be the
relatively isolated (from one another) populations/
regions of Cos. Donegal, Down, Mayo, Wicklow
(Fig. 2A). STRUCTURE identifies the minimum
number of genetic clusters (Pritchard et al. 2000) so
this may be a somewhat over-simplified overview.
However, the results obtained from microsatellites
concur with the results obtained from mtDNA (see
above). Killarney red deer are isolated from the rest of
the country using both types of molecular markers. Like
the mtDNA data, the microsatellite data indicates gene
flow between the populations in the rest of the country.
Currently, red deer populations (with the exception of
Killarney) in Ireland may be more connected to each
other than the distribution range of the species suggests
(Hayden and Harrington 2000; Staines et al. 2008), at
least the eastern, northern and north-western red deer
populations may be interconnected (Gammell et al.,

pers. comm.). Alternatively, it is highly likely that these
results may be confounded by unreported translocation
of live deer from one geographical area to another in
order to establish and/or add to a local population of
deer (Frantz et al. 2006). Further investigations are
required to quantify absolute ranges of each population
in Ireland.

Measures of genetic diversity using microsatellites
were very low in Killarney compared to Galway and the
rest of Ireland. This may be an artefact of the
populations occurring in the rest of the country
representing several populations rather than two genetic
clusters. However, it is clear that the Killarney popula-
tion has levels of diversity similar to those present in
threatened red deer populations in Tunisia for example
(Hajji et al. 2007). Historical records pertaining to the
Killarney population indicate a bottleneck or popula-
tion crash around 1860 (post Famine) and prior to or
around 1970 (Ryan 2001), which was prior to the Irish
Wildlife Act 1976, where red deer were protected by law.
Furthermore, these records from the 18th Century
onwards indicate that the red deer numbers continued
to remain low, even after the last wolf was shot in Co.
Kerry in 1720 (Ryan 2001). There are no reports of red
deer numbers increasing after the only natural mamma-
lian predator was eliminated from the island. These
factors, coupled with the population’s isolation from the
rest of Ireland, may have caused levels of genetic
diversity to remain low.

Genetic diversity and structure of sika deer

Measures of genetic diversity of Irish sika deer were
typically low, as expected for a recently introduced
species. Only three mtDNA haplotypes were found in 47
animals (Fig. 1C). This species has only been present in
Ireland for approximately 150 years and levels of
diversity were similar to those found in Scotland (Senn
and Pemberton 2009). Two distinctive genetic clusters
were identified using microsatellites (Fig. 2A) and this
can be simplified into two clusters-Co. Kerry (Sika
Cluster 1) and Cos. Down and Wicklow (Sika Cluster 2;
Fig. 2A). These regions had low levels of diversity;
Kerry being particularly low which is not surprising
given that it was founded by only 3 individuals from
Wicklow in 1864 (Fehily and Shipman 1967).

Hybridisation between red and sika deer

It has been known from observations of hybrid
phenotypes in the Wicklow region, direct cross-breeding
experiments and protein testing that hybridisation has
been occurring between red and sika deer in Ireland for
some time (Powerscourt 1884; Harrington 1973, 1979,
1982). What is unknown though is whether this has
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spread to other parts of the country where the species’
ranges are sympatric, and the full extent to which this
occurs in wild-ranging red and sika deer.

Two red deer possessed sika deer mtDNA haplotypes
but microsatellite analysis revealed that these two
individuals belonged to the ‘pure’ sika genetic cluster.
Phenotypically, it is difficult to identify hybrid deer in
Wicklow based solely on their respective external
appearances (pelage characteristics). Body proportions
(head, neck, body ratios) vary considerably depending
on the dominant phenotype displayed and assignation
of such characteristics can be highly subjective to the
observer. These characters may be confounded by
successive generations of hybrid deer that may favour
assignation towards either red or sika deer based on
either head or body exhibited characteristics that are
similar to the pure form (Senn and Pemberton 2009;
R.F. Carden, pers. comm.).

Six interspecific hybrids were found in individuals
identified as red deer and five individuals identified as
sika deer in the Wicklow region (Fig. 2B). A further two
red deer individuals from Cos. Mayo and Galway were
identified as hybrids. We used a less stringent method to
identify hybrid individuals than in previous studies of
red-sika hybridisation in Britain (Diaz et al. 2006; Senn
and Pemberton 2009) but our method is justified in this
study given that three sika deer individuals carrying red
deer mtDNA would not have been identified as hybrids
if the Q=0.05 cut-off point used initially by Senn and
Pemberton (2009) was applied. This is also confounded
by the fact that only three of the loci used by Senn and
Pemberton (2009) were used in this study, thus making
the use of a less stringent method necessary to identify
hybrid individuals that are not 1st or 2nd generation
hybrids (Senn and Pemberton 2009). The majority of
‘red deer’ in Wicklow were identified as hybrids with five
of these individuals being either 1st or 2nd generation
hybrids (sika Q=0.141-0.346). This implies that the
breeding hind of these individuals was a red deer and the
breeding stag a sika deer (because individuals possessed
red deer mtDNA). Harrington (1982) failed to show that
male sika deer produced offspring with female red deer
in enclosures but it appears as though this is the case in
wild populations in Ireland (this study) and Scotland
(Senn and Pemberton 2009). Interestingly, Harrington
(1979, 1982) suggested that most, if not all, of the deer
occurring in the Wicklow region were hybrids and that
deer in the region have now formed a hybrid swarm
(Pérez-Espona et al. 2009a). The results presented here
show that the majority of supposedly ‘red deer’
individuals were hybrids (Fig. 2B) but we might expect
to see the same situation in sika deer if most of the deer
in the region are hybrids. Only five individuals were
identified as hybrids with another individual having red
deer mtDNA and ‘pure’ sika deer microsatellites.
Therefore, only a small minority of sika deer are hybrids

(12.8%), the majority of sika deer in Wicklow appear to
be ‘pure’ sika deer. This is possibly due to the direction
of hybridisation being determined by colonising (or
‘pioneering’) sika males (Pérez-Espona et al. 2009a;
Senn and Pemberton 2009), and the knock-on effect of
this will be a greater dilution of red deer DNA, rather
than sika deer DNA. Hybridisation in wild, free-ranging
red and sika deer still appears to be a rare event and
based on the results of this study and contrary to
popular belief, it is doubtful that all, or even most, of
the deer in Wicklow are hybrids (Harrington 1979;
Pérez-Espona et al. 2009a).

The majority of hybrids found in this study were
confined to the Wicklow region (Fig. 2B). However,
hybrids were also found in Cos. Mayo and Galway.
Unfortunately, we had no sika deer from this region as
sika deer are not known to be sympatric with red deer in
this area (Hayden and Harrington 2000). There is a
population of the large bodied Manchurian sika deer
(C. n. mantchuricus) in the south Mayo region, escaped
from an enclosed area (P. Wood, pers. comm.).
Hybridisation has been documented in Co. Fermanagh
in a Park (Brooke 1898) and these hybrids may have
dispersed westwards over time. It is known among local
deer stalkers that large-sized sika deer have been illegally
translocated to Cos. Mayo and Galway over the years
and with the free-roaming escaped Manchurian sika
deer in the area (P. Wood, pers. comm.), suggests a
possible mechanism by which hybridisation occurred.
This could have occurred either by ‘pure’ sika deer
breeding with ‘pure’ red deer or the translocation of
hybrid individuals. The presence of hybrids in the West
of Ireland is potentially a threat to the red deer of
Screebe Estate, particularly as this herd is important
commercially from a hunting perspective and the
translocated Killarney red deer within Connemara
National Park.

It has been suggested that hybridisation mostly arises
in either enclosures or Parks (Pérez-Espona et al. 2009a)
but it can and does occur in wild populations (Kintyre,
Scotland; Senn and Pemberton 2009). Importantly,
despite the range of sika deer completely overlapping
that of red deer in Killarney National Park, it appears
that no hybridisation has occurred between the species
(Harrington 1979; Long et al. 1998). It is important to
note, however, that this was based on a limited number
of samples in the area, particularly sika deer. However, a
large amount of red deer were analysed in Killarney
(compared to the other regions) and judging by the
number of hybrids found in Wicklow, we would expect
to record them in Killarney also. There must be some
explanation as to why hybridisation has not occurred in
Co. Kerry and is supposedly widespread in Wicklow, as
both species’ ranges have been sympatric for almost the
same period of time. The lack of hybrids in Kerry may
be due to behavioural and/or morphological differences.
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Thus, morphological and behavioural differences may
exist. Several possible reasons could be put forward
tentatively at this point; however, further in-depth
investigations are warranted. One reason could be due
to overall body size differences-Wicklow sika deer are of
a larger body size than Kerry sika deer, and both
Wicklow and Kerry red deer are relatively similar in
overall body sizes (Carden 2006). There are large body
and skeletal size differences between both sexes of adult
sika and red deer (Carden 2006). Thus, mating may be
attained, if size is a precursor to successful mating in a
hybridisation event, between the larger Wicklow sika
and the Wicklow red deer.

Management implications

It is important to understand the underlying mechan-
isms as to why hybridisation occurs between these two
species and what can be done to prevent it. Given the
short period of time that the two species have been in
contact in Ireland (~150 years), hybridisation is still
relatively rare and is not as widespread in areas as was
previously thought (Harrington 1979; Pérez-Espona
et al. 2009a). However, it seems inevitable that sympatric
populations will become hybridised over time (Pérez-
Espona et al. 2009a; Senn and Pemberton 2009) and
expanding sika deer populations represent a very real
threat to the genetic integrity of ‘pure’ red deer
populations. While hybridisation can be beneficial to a
species, as new adaptive diversity can be generated
(Seehausen 2004; Reyer 2008; McDevitt et al. 2009), the
persistence of ‘pure’ populations that are genetically
unique and isolated, such as the Killarney red deer
within an Irish context, must remain paramount.
Selective shooting of obvious phenotypically hybrid
individuals as well as selective culling of pioneering sika
stags entering red deer areas should be encouraged
(Pérez-Espona et al. 2009a), particularly in the West of
Ireland and Killarney. This study represents a prelimin-
ary investigation into hybridisation between red and sika
deer in Ireland and it is vital that ongoing research be
expanded upon and conducted on identifying regions
where hybridisation occurs in Ireland and where it could
potentially be a threat to red deer populations.

Acknowledgements

Thanks to Jacinta Mullins, Siobhan Moran, Lee
Coffey and Karen Tambling for technical assistance in
Waterford Institute of Technology. We also thank
Stefano Mariani for use of the molecular sequencing
facilities in University College Dublin (UCD) and to
Ilaria Coscia, Maria Sala, Carlotta Sacchi and Alisha

Goodbla for technical assistance in UCD. We would
like to thank the following who provided assistance in
obtaining deer tissue samples: J. Daly, B. Doherty and
the British Deer Society-Northern Ireland, L. Green,
M. Healy, P. Hogan, A. Lee, B. Moore, J. Murphy,
M. Murphy, N. McCoy, I. McCulloch, L. McGarry,
D. McNeamin, P. O’Brien and P. Wood. Frank Zachos,
John O’Brien, Andrew Graham, Josephine Pemberton
and two anonymous referees kindly provided invaluable
comments on earlier versions of the manuscript. We are
grateful to the following for co-funding this research:
The Heritage Council (Wildlife Grant Scheme 2008, No.
16530); Screebe Estate, Connemara, Co. Galway;
IRCSET Basic Research Grant Scheme (project number
SC/2002/510); R.F. Carden; The Irish Deer Society and
the International Council for Game and Wildlife
Conservation (C.I.C.-Ireland).

References

Bandelt, H.-J., Forster, P., R6hl, A., 1999. Median-joining
networks for inferring intraspecific phylogenies. Mol. Biol.
Evol. 16, 37-48.

Banwell, D.B., 1994. The Royal Stags of Windsor. The
Halcyon Press, Halcyon Publishing Ltd., New Zealand.
Bishop, M.D., Kappes, S.M., Keele, K.W., et al., 1994. A
genetic linkage map for cattle. Genetics 136, 619-639.
Bonnet, A., Thévenon, S., Maudet, F., Maillard, J.C., 2002.
Efficiency of semi-automated fluorescent multiplex PCRs
with 11 microsatellite markers for genetic studies of deer

populations. Anim. Genet. 33, 343-350.

Brooke, D., 1898. Hybrid red deer. The Field 92, 182.

Buchanan, F.C., Crawford, A.M., 1993. Ovine microsatellites
at the OarFCBI11, OarFCBI128, OarFCB193, OarFCB266
and OarFCB304. Anim. Genet. 24, 145.

Carden, R.F., 2006. Putting flesh on bones: the life and death
of the giant Irish deer (Megaloceros giganteus, Blumenbach
1803). Unpublished Ph.D. Thesis, National University of
Ireland, University College Dublin, Ireland.

Diaz, A., Hughes, S., Putman, R., Mogg, R., Bond, J.M.,
2006. A genetic study of sika (Cervus nippon) in the New
Forest and in the Purbeck region, southern England: is
there evidence of recent or past hybridisation with red deer
(Cervus elaphus)? J. Zool. London 270, 227-235.

Falush, D., Stephens, M., Pritchard, J.K., 2003. Inference of
population structure using multilocus genotype data: linked
loci and correlated allele frequencies. Genetics 164,
1567-1587.

Fehily, J., Shipman, P., 1967. The Killarney Valley survey. An
Foras Forbartha Teoranta (The National Institute for
Physical Planning and Construction Research), Dublin 12.

Finnegan, L.A., Edwards, C.J., Rochford, J.M., 2008. Origin
of, and conservation units in, the Irish red squirrel (Sciurus
vulgaris) population. Conserv. Genet. 9, 1099-1109.

Frantz, A.C., Pourtois, J.T., Heuertz, M., Schley, L.,
Flamand, M.C., Krier, A., Bertouille, S., Chaumont, F.,
Burke, T., 2006. Genetic structure and assignment tests
demonstrate illegal translocation of red deer (Cervus



272 A.D. McDevitt et al. /| Mamm. biol. 74 (2009) 263-273

elaphus) into a continuous population. Mol. Ecol. 15,
3191-3203.

Goodman, S.J., Barton, N.H., Swanson, G., Abernethy, K.,
Pemberton, J.M., 1999. Introgression through rare hybri-
disation: a genetic study of a hybrid zone between red and
sika deer (Genus Cervus) in Argyll, Scotland. Genetics 152,
355-371.

Goudet, J., 1995. FSTAT (Version 1.2): a computer program
to calculate F-statistics. J. Hered. 86, 485-486.

Hayjji, G.M., Zachos, F.E., Charfi-Cheikrouha, F., Hartl, G.B.,
2007. Conservation genetics of the imperilled Barbary red
deer in Tunisia. Anim. Genet. 10, 229-235.

Hamill, R.M., Doyle, D., Duke, E.J., 2006. Spatial patterns of
genetic diversity across European subspecies of the
mountain hare, Lepus timidus L. Heredity 97, 355-365.

Hamill, R.M., Doyle, D., Duke, E.J., 2007. Microsatellite
analysis of mountain hares (Lepus timidus hibernicus): low
genetic differentiation and possible sex-bias in dispersal.
J. Mammol. 88, 784-792.

Harrington, R., 1973. Hybridisation among deer and its
implications for conservation. Ir. For. J. 30, 64-78.

Harrington, R., 1979. Some aspects of the biology and
taxonomy of the deer of the county Wicklow region,
Ireland. Unpublished Ph.D. Thesis, National University of
Ireland, University College Dublin, Ireland.

Harrington, R., 1982. The hybridisation of red deer (Cervus
elaphus L. 1758) and Japanese sika deer (C. nippon
Temminck 1838). Proc. Int. Game Con. 14, 559-571.

Hayden, T., Harrington, R., 2000. Exploring Irish Mammals.
Town House and Country House Ltd., Dublin.

Hmwe, S.S., Zachos, F.E., Sale, J.B., Rose, H.R., Hartl, G.B.,
2006. Genetic variability and differentiation in red deer
(Cervus elaphus) from Scotland and England. J. Zool.
London 270, 479-487.

Long, A.M., Moore, N.P., Hayden, T.J., 1998. Vocalisations
in red deer (Cervus elaphus), sika deer (Cervus nippon), and
red x sika hybrids. J. Zool. London 244, 123-134.

McCormick, F., 1999. Early evidence for wild animals in
Ireland. In: Benecke, N. (Ed.), The Holocene History of the
European Vertebrate Fauna: Modern Aspects of Research.
Verlag Marie Leidorf GmbH, Rahden, Germany,
pp. 355-371.

McDevitt, A.D., Mariani, S., Hebblewhite, M., DeCesare,
N.J., Morgantini, L., Seip, D., Weckworth, B.V., Musiani,
M., 2009. Survival in the Rockies of an endangered hybrid
swarm from diverged caribou (Rangifer tarandus) lineages.
Mol. Ecol. 18, 665-679.

McDevitt, A.D., Rambau, R.V., O’Brien, J., McDevitt, C.D.,
Hayden, T.J., Searle, J.B., in press. Genetic variation in
Irish pygmy shrews Sorex minutus (Soricomorpha: Sorici-
dae): implications for colonisation history. Biol. J. Linn.
Soc.

Mezzalani, A., Zhang, Y., Redaelli, L., et al., 1995.
Chromosomal localization and molecular characterization
of 53 cosmid-derived bovine microsatellites. Mamm.
Genome 6, 629-635.

Moffat, C.B., 1938. Mammals of Ireland. Proc. R. Ir. Acad.
44B, 61-128.

Nielsen, E.K., Olesen, C.R., Pertoldi, C., Gravlund, P.,
Barker, J.S.F., Mucci, N., Randi, E., Loeschcke, V., 2008.

Genetic structure of the Danish red deer (Cervus elaphus).
Biol. J. Linn. Soc. 95, 688-701.

Nussey, D.H., Coltman, D.W., Coulson, T., Kruuk, L.E.B.,
Donald, A., Morris, S.J., Clutton-Brock, T.H., Pemberton,
J., 2005. Rapidly declining fine-scale genetic structure in
female red deer. Mol. Ecol. 14, 3395-3405.

Pérez-Espona, S., Pérez-Barberia, F.J., McLeod, J.E., Jiggins,
C.D., Gordon, 1.J., Pemberton, J.M., 2008. Landscape
features affect gene flow of Scottish Highland red deer
(Cervus elaphus). Mol. Ecol. 17, 981-996.

Pérez-Espona, S., Pemberton, J.M., Putman, R., 2009a. Red
and sika deer in the British Isles, current management issues
and management policy., Mamm. Biol. this issue,
doi:10.1016/j.mambio.2009.01.003.

Pérez-Espona, S., Pérez-Barberia, F.J., Goodall-Copestake,
W.P., Jiggins, C.D., Gordon, 1.J., Pemberton, J.M., 2009b.
Genetic diversity and population structure of Scottish
Highland red deer (Cervus elaphus) populations: a mito-
chondrial survey. Heredity 102, 199-210.

Powerscourt, Viscount., 1884. On the acclimatization of
Japanese deer at Powerscourt. Proc. Zool. Soc. London,
207-209.

Pritchard, J.K., Stephens, M., Donnelly, P., 2000. Inference of
population structure using multilocus genotype data.
Genetics 155, 945-959.

Raymond, M., Rousset, F., 1995. GENEPOP (Version 1.2):
population genetics software for exact tests and ecumeni-
cism. J. Hered. 86, 248-249.

Reyer, H.U., 2008. Mating with the wrong species can be right.
Trends Ecol. Evol. 23, 289-292.

Rozas, J., Sanchez-DelBarrio, J.C., Messeguer, X., Rozas, R.,
2003. DnaSP, DNA polymorphism analysis by coalescent
and other methods. Bioinformatics 19, 2496-2497.

Ryan, S., 2001. Deer forests, game shooting and landed estates
in the south west of Ireland 1840-1970. Unpublished Ph.D.
Thesis, National University of Ireland, University College
Cork, Ireland.

Sanz, N., Araguas, R.M., Fernandez, R., Vera, M., Garcia-
Mariin, J.-L., 2009. Efficiency of markers and methods for
detecting hybrids and introgression in stocked populations.
Conserv. Genet. 10, 225-236.

Searle, J.B., 2008. The colonisation of Ireland by mammals. In:
Davenport, J.L., Sleeman, D.P., Woodman, P.C. (Eds.),
Mind the Gap: Postglacial Colonisation of Ireland. Ir. Nat.
J. Spec. Supp., pp. 109-115.

Seehausen, O., 2004. Hybridisation and adaptive radiation.
Trends Ecol. Evol. 19, 198-207.

Senn, H.V., Pemberton, J.M., 2009. Variable extent of
hybridisation between invasive sika (Cervus nippon) and
native red deer (C. elaphus) in a small geographical area.
Mol. Ecol. 18, 862-876.

Slate, J., Coltman, D.W., Goodman, S.J., MacLean, I.,
Pemberton, J.M., Williams, J.L., 1998. Bovine microsatel-
lites are highly conserved in red deer (Cervus elaphus), sika
deer (Cervus nippon) and Soay sheep (Ovis aries). Anim.
Genet. 29, 307-315.

Staines, B.W., Langbein, J., Burkitt, T.D., 2008. Red deer.
In: Harris, S., Yalden, D.W. (Eds.), Mammals of
the British Isles, fourth ed. Mammal Society, London,
pp. 573-587.


dx.doi.org/10.1016/j.mambio.2009.01.003

A.D. McDevitt et al. | Mamm. biol. 74 (2009) 263-273 273

Tamura, K., Dudley, J., Nei, M., Kumar, S., 2007. MEGA4:
molecular evolutionary genetics analysis (MEGA) software
version 4.0. Mol. Biol. Evol. 24, 1596-1599.

Whitehead, G.K., 1960. The Deerstalking Grounds of Great
Britain and Ireland. Hollis and Carter, London.

Whitehead, G.K., 1964. The Deer of Great Britain and
Ireland: An Account of their History Status and Distribu-
tion. Routledge and Kegan Paul, London.

Wilson, G.A., Strobeck, C., Wu, L., Coffin, J.W., 1997.
Characterization of microsatellite loci in caribou Rangifer

tarandus, and their use in other artiodactyls. Mol. Ecol. 6,
697-699.

Woodman, P., McCarthy, M., Monaghan, N., 1997. The Irish
Quaternary Fauna Project. Quat. Sci. Rev. 16, 129-159.
Xia, X., Xie, Z., 2001. DAMBE: data analysis in molecular

biology and evolution. J. Hered. 92, 371-373.

Zachos, F.E., Hartl, G.B., Apollonio, M., Reutershan, T.,
2003. On the phylogeographic origin of the Corsican red
deer (Cervus elaphus corsicanus): evidence from microsa-
tellites and mitochondrial DNA. Mamm. Biol. 68, 284-298.



	Genetic structure of, and hybridisation between, red (Cervus elaphus) and sika (Cervus nippon) deer in Ireland
	Introduction
	Material and methods
	Sample collection and DNA extraction
	Mitochondrial DNA analyses
	Microsatellite DNA analyses
	Hybridisation

	Results
	Mitochondrial DNA
	Microsatellite DNA
	Hybridisation between red and sika deer

	Discussion
	Genetic diversity and structure of red deer
	Genetic diversity and structure of sika deer
	Hybridisation between red and sika deer

	Management implications
	Acknowledgements
	References




