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Abstract

Sika Cervus nippon are native to Japan and East Asia but are now naturalized in

many parks of the world, including Britain. In contrast to the substantial body of

research on the extent of hybridization between sika and red deerCervus elaphus in

Scottish populations, there has been little genetic analysis of the English popula-

tions of sika. Sika in England still have a patchy and discontinuous distribution;

populations are thus still genetically isolated and may be expected to show higher

variability in genetic type. The current paper uses DNA-based techniques to

explore the genetic composition of sika in the New Forest (Hampshire) and that of

sika from the largest population in England, in the Purbeck region (Dorset). The

study aims were to determine whether New Forest sika show signs of recent

interbreeding with New Forest red deer populations, whether New Forest sika are

genetically distinct from Purbeck sika, and whether New Forest and Purbeck sika

show evidence of past hybridization or whether they are pure (non-hybrid) strains.

Microsatellite analysis was used to compare the genetic profiles of individual deer.

Results showed that sika and red deer in the New Forest were genetically distinct,

indicating that there is no large-scale in situ hybridization occurring between these

feral populations. In terms of overall genetic composition, there was no significant

difference between the sika in the New Forest and Purbeck. However, a more

detailed analysis found that New Forest sika showed a lower level of introgression

with red deer compared with the Purbeck sika. We conclude that, overall, the New

Forest sika deer do appear to be more genetically pure bred than the Purbeck sika.

Introduction

Feral sika Cervus nippon occur in many parts of England,

Scotland and Eire (Ratcliffe, 1987; Putman, 2000). As in

other countries to which sika have been introduced (e.g.

New Zealand: Harrington, 1973; Coomes et al., 2003), it has

become increasingly apparent, as they become widely estab-

lished, that sika may have considerable ecological and

economic impacts. Feral sika populations in Britain have

been shown to have the potential to cause significant

damage to forestry, agricultural crops and conservation

habitats (Horwood & Masters, 1981; Chadwick, Ratcliffe

& Abernethy, 1996; Abernethy, 1998; Putman & Moore,

1998; Putman, 2000; Kelly, 2002; Diaz, Pinn & Hannaford,

2005). There is also an additional concern that sika hybri-

dize freely with red deer Cervus elaphus (e.g. Harrington,

1973, 1982; Lowe & Gardiner, 1975; Ratcliffe, 1987; Rat-

cliffe et al., 1992; Putman & Hunt, 1994; Goodman et al.,

1996, 1999) and may thus threaten the genetic integrity of

native populations of red deer.

Sika are native to Japan and East Asia and were first

introduced into the British Isles in 1860 (Whitehead, 1964).

In the same year Viscount Powerscourt introduced one stag

and three sika hinds from Japan into his mixed deer park at

Enniskerry in Ireland (Powerscourt, 1884). Numerous

further introductions were made to Britain up until the

1930s, but few of these later introductions came directly

from Asia and many were of animals originally bred at

Powerscourt (Ratcliffe, 1987). There is documented evi-

dence that hybridization between sika stags and red hinds

occurred as early as during the 1870s while the animals were

held at Powercourt (Carne, 2000). Consequently, it is prob-

able that second- or third-generation animals from such

collections, while phenotypically appearing to be ‘sika’, in

fact contain introgressed genes of other species of Cervus,

such as red deer C. elaphus.
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Whatever their original genetic status, it is well documen-

ted that naturalized feral populations of sika in Britain, and

elsewhere, have repeatedly hybridized with red deer (Har-

rington, 1973, 1982; Abernethy, 1994; Goodman et al., 1999;

Putman, 2000). Indeed, analyses based on multi-dimen-

sional analysis of cranial morphometrics suggest that the

majority of populations in Scotland and England may be of

hybrid status (Ratcliffe et al., 1992; Putman & Hunt, 1994).

Although sika are now relatively abundant in Scotland

(with estimates of between 15 000 and 20 000 in 2000;

Putman, 2000), in England sika still have a scattered and

essentially local distribution. As a consequence of their

comparative scarcity, much less work appears to have been

undertaken on sika populations in England. This scarcity,

and the fact that sika in England still tend to occur in small,

relatively isolated populations, makes a study of their

genetics complementary to existing studies of the almost

continuous population distribution within Scotland.

The early morphometric studies of Putman & Hunt

(1994) found that the majority of UK populations sampled

were of hybrid status. However, the population in the New

Forest (Hampshire) did not cluster with the other sika

populations sampled (all of which were intermediate in form

between pure sika and pure red deer and thus were con-

sidered probable hybrids) or with the red deer included in

the analysis (Putman &Hunt, 1994). These early indications

suggested that the New Forest sika population might prove

to be pure sika or at least of a different nature from other

populations sampled. No animals from the Purbeck region

were included in the above analyses. There was also no

further investigation into whether sika in the New Forest are

currently hybridizing with sympatric populations of red deer

in the area. Modern techniques of DNA analysis allow the

true status of such populations to be investigated.

This paper presents a comparison of the genetic architec-

ture of sika deer in the New Forest and the Purbeck region

in southern England. The study aims were to determine (1)

whether New Forest sika show signs of recent interbreeding

with New Forest red deer, (2) whether New Forest sika are

genetically distinct from Purbeck sika, and (3) whether New

Forest and Purbeck sika show evidence of past hybridiza-

tion or whether they are pure (non-hybrid) sika.

Study populations

This paper considers feral sika living as geographically

isolated herds in two areas of southern England, the New

Forest in Hampshire and the Purbeck region (Dorset),

c. 40 miles to the west in Dorset (Fig. 1). Both these areas

contain a rich mosaic of habitats, many of high conservation

value, including lowland heath, acid grasslands, and decid-

uous and coniferous woodland. There are also some areas of

improved grassland but a feature of both the New Forest

and Purbeck is that neither have large areas of arable land or

urban development. The specific pattern of habitat use by

sika varies between animals in Purbeck and the New Forest

(Mann & Putman, 1989a), but the core habitats for both are

heaths, acid grasslands and woodlands.

Feral sika in the New Forest are considered to be

descended from four animals: one pair that escaped from

the collection of Lord Montagu at Beaulieu (Hampshire) in

1904 into neighbouring Ashen Wood and another pair that

were deliberately released into the same wood the following

year (Lever, 1977; Carne, 2000). For much of the 20th

century feral sika were restricted to the woods to the south

of the railway line running through the New Forest between

Brockenhurst and Beaulieu Road Station (Lever, 1977;

Fig. 2). However, during the 1970s and 1980s sika spread

to other parts of the New Forest. Population sizes

also increased during this time and numbers exceeded

200–300 animals by the late 1980s (Putman, 1986, 1996).

Culling policy was changed in the late 1980s and the number

of sika in the New Forest is now held at below 150 animals

(Putman & Langbein, 1999). The population remains

centred in the woods along the Lymington River Valley

between Brockenhurst and Boldre and extends east as far as

Beaulieu (Putman & Langbein, 1999; Carne, 2000).

Red deer C. elaphus also occur in the New Forest. Al-

though presumably native to the area (and recorded in the

Isle of Wight

The New Forest
BournemouthIsle of Purbeck

London

300
kilometers

200100500

Figure 1 Location of the New Forest and the Isle of Purbeck within

southern England.

Figure 2 A map of the New Forest, Hampshire, showing major

geographical features referred to in the text.
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first formal census of 1670), the numbers of red deer over the

past 200 years have probably never exceeded 80–100 animals

and it is probable that red deer became extinct within the

New Forest by the mid-18th century (Putman, 1996; Carne,

2000). Current populations date from the early 1960s when a

deliberate attempt was made to re-establish red deer within

the New Forest with a number of separate releases of

animals of English park stock. Current populations thus

are clearly of recent origin and of uncertain genetic prove-

nance (Putman & Langbein, 1999; Carne, 2000).

Until comparatively recently, the numbers of red deer

remained extremely low and populations were restricted,

rather like those of sika, to localized distributions in two

distinct areas in the south-west and the east of the New

Forest, but in areas quite distinct from those occupied by

sika. However, since the late 1980s and early 1990s numbers

have been increasing and the red deer have begun to

colonize larger areas of the New Forest. The two former

‘subpopulations’ are now effectively continuous, and red

deer may be encountered virtually throughout the southern

part of the New Forest (Putman & Langbein, 1999).

The Purbeck region in Dorset, England, now has one of

the largest groups of feral sika in England (with estimated

numbers in the region of 2000 individuals) and range

expansion is currently occurring into parts of Devon and

Somerset (Putman, 2000). Sika were first introduced to

Dorset in c. 1880 into the Melbury Park Estate, and

subsequently to Brownsea Island in Poole Harbour in 1886

(Lever, 1977). The Brownsea animals escaped to the main-

land during the early 20th century and established feral

herds in the surrounding area as did escapees from a second

captive population introduced to Hyde House, near Ware-

ham (Lever, 1977; Carne, 2000; Putman, 2000). The origin

and history of the sika introduced to Brownsea Island and

to Hyde is uncertain, but it is probable that, like many other

British populations of sika, they originated from captive

stock bred at Powerscourt Park, Wicklow, Ireland and so

are not pure sika (Putman, 2000). Further description of the

status, distribution and ecology of the sika populations of

both the New Forest and the Isle of Purbeck may be found

in Mann & Putman (1989a,b), Putman (1996), and Putman

& Langbein (1999).

Methods

Sample collection

New Forest

Samples of red and sika deer tissue in the form of neck

muscle, ear or tongue tips were obtained from a selection of

deer culled in the New Forest during the winters of 2001/

2002/2003. A total of 54 sika and 13 red deer were sampled

from the New Forest. Samples were taken by the New

Forest keepers during routine cull operations. Samples of

sika and red deer were obtained from a range of sites across

the New Forest, including Frame Wood Heath & Inclosure,

Pignal Inclosure, Ironside Inclosure, New Copse Inclosure,

Setley and Brownhill Inclosures, Brick Kilns Inclosure and

Ober Heath. During collection of the tissue samples, care

was taken to thoroughly clean knives between processing

different animals to avoid cross-contamination of samples.

Samples were frozen at �20 1C as quickly as possible after

collection (certainly within a few hours).

Purbeck

Samples of sika tissue (again, a mixture of neck muscle, ear

or tongue tips) were collected from a total of 329 sika

collected from locations widely distributed across the Pur-

beck area of south Dorset. Samples were collected during

the winter of 2002/2003 using the same protocols that are

described in the ‘New Forest’ section above. Samples were

obtained from sika culled during routine culling operations.

Control pure-bred sika and red deer

Samples were also obtained from populations of red and

sika deer that are considered to be pure bred, that is

uncontaminated with introgressed genes from other species

of Cervus. The red deer control samples were collected in

Fife (four animals) and Rum (five animals) and provided by

Dr J. M. Pemberton (University of Edinburgh). The sika

deer control samples came from three animals from the

Nagasaki region of Japan, and were supplied as DNA

extracts by Dr S. J. Goodman (University of Leeds). The

DNA extracts of both the red deer and sika deer had been

produced using the same protocol as described below.

Suspected non-native red deer samples

Red deer in East Anglia, UK are generally thought to have

derived at least in part from stock that originated in deer

parks and are thus of uncertain genetic provenance. Five

animals from East Anglia that were phenotypically ‘red’

were analysed in this study to investigate whether the genetic

analysis was able to detect sika DNA introgression in these

animals. Samples were supplied by Mr H. Rose (Secretary,

British Deer Society) in the form of fresh tissue samples that

were processed as described in the ‘New Forest’ section

above. However, one of these samples was later excluded

from the analysis as it only amplified at one locus.

Sample preparation and analysis

DNA was extracted from each sample using the following

method adapted from Gemmell & Akiyama (1996). Each

sample (�0.5 cm2 of tissue) was placed into 1.2mL racked

microtubes; to each microtube a tungsten carbide bead and

300mL of extraction buffer were added. The tissue was

disrupted using anMM300mixer mill (Qiagen,West Sussex,

UK) and the original protocol followed with slight amend-

ments to the volume of reagents added. Samples were

resuspended in 100 mL of 1�TE and diluted to a 1:50

concentration before use. A polymerase chain reaction
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(PCR) technique was used to amplify microsatellites at eight

unlinked loci; these loci were selected because of their

extended use in previous studies of red deer and sika

populations (Abernethy, 1994; Slate et al., 1998; Goodman

et al., 2001; S. Goodman, pers. comm.).

The PCR and gel electrophoresis conditions used in this

study are based on published genetic studies of red and sika

deer (Abernethy, 1994; Slate et al., 1998; Goodman et al.,

1999). Each sample was amplified in a 10 mL reaction

volume containing 1mL DNA template, 1.5mM MgCl2,

0.1mM dNTPs, 0.2mM of each primer, 0.15U of Biotaq

(Bioline, London, UK) and 1� ammonium-based buffer

(Bioline). Amplification was carried out using an MJ Re-

search Thermal Cycler; amplification conditions are available

from the author. PCR products were visualized by loading

1.3mL onto a 6% polyacrylamide gel and staining the gel

using pre-measured silver stain reagents (Promega, South-

ampton, UK). Alleles were scoredmanually according to size,

with reference samples being run on every gel for comparison;

alleles of the same size were given the same single-digit code.

Data analysis

All samples were screened to determine the total number of

microsatellite alleles present. The number of alleles identi-

fied per locus were as follows: FCBO48=1, BOVIPBP=5,

INRA006=4, VH054=1, HH064=6, BM4006=5,

INRA005=6, RM012=8. It has been noted that analysis

of genetic data based on too many initial assumptions (such

as Hardy–Weinberg and linkage disequilibrium) can be

misleading (Goodman et al., 1999, 2001). Additionally,

processes that influence the effective population size and

levels of heterozygosity may also complicate the interpreta-

tion of many of the standard genetic measures such as Fst

(Hedrick, 1999; Goodman et al., 2001). Therefore, all initial

analyses of data were undertaken making no assumptions of

Hardy–Weinberg equilibrium, population size, linkage dis-

equilibrium or levels of heterozygosity. Using the results

from all loci, genetic similarity between each individual was

measured as a simple allele sharing coefficient, where 1

indicates that all alleles are shared (i.e. individuals are

genetically identical) and 0 indicates that no alleles are

shared (i.e. genetically dissimilar).

The simplest way of detecting interbreeding is the identi-

fication of red deer-specific alleles within the sika samples.

Previous studies have shown that some alleles are shared

between the species (Goodman et al., 1999), making this

simple diagnostic method unreliable. Goodman et al. (1999)

suggest that analysis of the spatial pattern of introgressed

alleles is nonetheless illuminating, with ancestral shared loci

having a uniform geographic spread, whereas recently

introgressed alleles will be more frequent near the point of

hybridization. In order to assess this, we counted the

number of introgressed alleles in all individuals identified as

showing signs of introgression. In a departure to the

approach of Goodman et al. (1999), which took into

account the most likely mutations, we simply classified

alleles as being ‘red’ or ‘sika’ based on their frequency in

our controls. Although we adopt this approach of consider-

ing individual alleles for consistency with previous work

(e.g. Goodman et al., 1999), we ourselves believe that more

accurate information can be generated from a multi-locus

analysis of Euclidean genetic distances plotted using multi-

dimensional scaling methods or Bayesian modelling.

Visualization of the differences between the sika and red

deer populations was carried out using non-metric multi-

dimensional scaling (MDS), which makes minimal assump-

tions regarding the data before analysis. The MDS techni-

que takes a distance matrix and plots all the samples in the

configuration that best satisfies all the constraints of the

matrix. Therefore, samples with the greatest similarity will

be plotted closest together, with the axis of the MDS plot

representing arbitrary units rather than actual genetic dis-

tance (e.g. Bond et al., 2004; Bond, Daniels & Bioret, 2005).

The MDS optimization procedure places the n points so as

to maximize the agreement between the ranks of actual

genetic distances and the ranks of MDS plot distances. The

lack of agreement is measured by a statistic called the stress

value. A stress value o0.1 corresponds to an excellent

representation of the data with little chance of a misleading

diagram. Plots with a stress value 40.3 should be treated

with some caution, particularly when there are few data

points plotted (Krzanowski, 1987). MDS plots were drawn

using the PRIMER package (Clark & Warwick, 2001).

Within the PRIMER package, the ANOSIM function

was used to test statistically the null hypothesis of ‘no

differences between populations’. For the null hypothesis

to be true, the test statistic (R) will change little when the

labels identifying the populations are randomly rearranged.

R-values fall between 1 (maximum separation) and 0

(indistinguishable), with R-values 40.75 indicating the

populations are well separated, R values 40.5 indicating

overlapping but different populations, and R-values o0.25

indicating the populations are barely separable (Clarke &

Gorley, 2001). Significance values, as determined by permu-

tation testing, indicate the reliability of the result. R-values

were examined between each population pair to determine

which populations showed the greatest genetic separation.

The extent to which populations differed genetically from

the control red and sika individuals was measured using

STRUCTURE 2 (Pritchard, Stephens & Donnelly, 2000;

Falush, Stephens & Pritchard, 2003). STRUCTURE is a

Bayesian model-based clustering technique that can be used

to assign individuals to populations and infer population

structuring (Pritchard et al., 2000; Falush et al., 2003;

Colson & Hughes, 2004; Harter et al., 2004). The STRUC-

TURE analysis has been shown to identify hybrids when

PCA analysis alone has failed (Randi et al., 2001). However,

unlike the previous analysis STRUCTURE assumes that the

populations are in Hardy–Weinberg equilibrium and that

loci are unlinked. Conformation of Hardy–Weinberg equili-

brium and linkage disequilibrium was tested before using

the STRUCTURE program within Fstat using a randomiza-

tion-based test (Goudet, 2001), and the significance of any

results was determined using Bonferroni adjusted P-values

(Rice, 1989). Using STRUCTURE we estimated the
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proportion of each individual’s genome that originated from

either sika or red deer. For this analysis, k was set to 2

(representing the two species), no prior information on the

origin of each sample was utilized, the admixture model (in

which the ancestry from each species is estimated) was used

and the program was run for 100 000 iterations. As is

standard procedure, STRUCTURE was run a number of

times (‘burn in’) to produce a consistent result. The pro-

gramme was run 10 times, by which time results were stable;

the results presented here are from the tenth run. For all

individuals with an introgressed genotype, we calculated the

number of introgressed alleles.

Results

Do the New Forest sika show signs of recent
interbreeding with neighbouring New Forest
red deer?

No overlap was found in the overall genetic profile of the

sika and red deer within the New Forest as identified by

MDS analysis (Fig. 3). This result indicates that there is

limited genetic similarity and little evidence of recent inter-

breeding. The stress value of this plot is low at 0.03,

indicating that the diagrammatic representation of genetic

distances accurately reflects the actual genetic distances

between the two species. Additionally, the ANOSIM testing

found that the genetic differences between the red and sika

deer were statistically significant (R=0.999; P=0.001 for

999 permutations).

The degree of sample clustering shown on the MDS plot

is also informative. The sika samples are highly clustered

compared with the red deer samples (Fig. 3). The greater

clustering of the New Forest sika deer samples indicates that

they contain lower within-population genetic variability

compared with the red deer samples. Given that relatively

few red deer were sampled, we can anticipate that the genetic

variability of the red deer population is actually higher than

indicated here. As already noted, red deer were reintroduced

to the New Forest relatively recently, and from a number of

geographically different sources; the observed wide varia-

tion in genotype among the red deer sample is therefore as

expected.

The simple analysis of counting introgressed alleles was

uninformative as no geographic patterns were revealed,

because individuals with low levels of introgressed alleles

(o3) were sampled from across the New Forest. The single

individual with more than three alleles assessed as ‘intro-

gressed’ (5) was homozygous for an allele that was more

common in the red deer and thus classified as introgressed,

but in practice was also present in the sika control samples

from Japan. Consequently it is unclear whether the allele in

question is truly introgressed or not.

Are New Forest sika genetically distinct
from Purbeck sika?

Comparison of the multi-locus genetic profiles of the Pur-

beck and New Forest sika deer found that the genetic

profiles of sika deer in the New Forest and Purbeck regions

are indistinguishable (Fig. 4), as shown by the overlapping

distribution of samples and the non-significant ANOSIM

test (R=�0.062; P=0.937 for 999 permutations). Interest-

ingly, the amount of genetic variation contained in each

population is remarkably similar, as shown by the wide, but

similar, spread of data points in each population.

Do New Forest and Purbeck sika show
evidence of past hybridization or do they
appear to be pure (non-hybrid) sika?

The two control groups (sika from Japan and red deer from

Scotland) are significantly different (Fig. 5, Table 1);

Stress: 0.03

Sika – New ForestRed – New Forest

Figure 3 Multi-dimensional scaling (MDS) plot representing the ge-

netic dissimilarity between New Forest sika Cervus nippon and red

deer Cervus elaphus samples as the separation of samples in two-

dimensional space. The greater the spacing between samples on the

MDS plot, the greater the genetic distance between them.

Stress: 0.17

Sika – New ForestSika – Purbeck

Figure 4 Multi-dimensional scaling (MDS) plot representing the ge-

netic dissimilarity between New Forest and Purbeck sika Cervus

nippon as the separation of samples in two-dimensional space. The

greater the spacing between samples on the MDS plot, the greater

the genetic distance between them.
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consequently the analysis is able to detect hybrids as

individuals with an intermediate position on the horizontal

MDS axis (Fig. 5). We might also note at this point that the

analysis was sufficiently sensitive to detect that the red

control samples from Scotland were genetically distinct

from the New Forest red deer at the P40.001 level

(Table 1).

No significant differences were found between genetic

composition of either the Purbeck sika and the control sika

from Japan or the New Forest sika and the control sika

from Japan (Table 1). The negative R-value generated in

these comparisons indicates that the genetic distances be-

tween individuals within a population (i.e. between two

individuals from the Purbeck region) are greater than the

genetic distances generated between two individuals from

different populations (i.e. between an individual from the

New Forest and Purbeck regions). The ANOSIM analysis

also showed that the English sika deer are, as expected, well

separated from the Scottish red deer controls but that there

is no statistically significant difference in the genetic compo-

sition between the two English sika populations and the

small group of three pure sika from Nagasaki, Japan. It

should be emphasized that this does not prove that the

English deer surveyed are pure sika, simply that, on average,

they group genetically with sika, not with red deer.

The clear separation of the sika and red deer samples

from the Purbeck and New Forest regions indicated that F1

hybrids were not found among the samples in this study

(Fig. 5, Table 1). It is most probable that some ex situ

hybridization occurred between captive animals in the past

and several generations of backcrossing have generated

individuals with a small amount of introgressed red DNA

but which, in terms of overall genetic composition, are

virtually identical to pure sika.

In order to investigate the possibility of hybridization in

more detail, the program STRUCTURE was utilized. The

program STRUCTURE takes the multi-locus DNA profile

for each individual and calculates the proportion of the

DNA profile assigned to each of two clusters representing

sika and red deer. The results are shown in Table 2.

Using the STRUCTURE program, all sika and red deer

were assigned to the correct cluster, indicating that the

species retain distinct gene pools. STRUCTURE did identi-

fy low levels of introgression, with the inclusion of DNA of a

type more characteristically associated with red deer in

12.5% (n=43) of sika deer from the Purbeck region.

In contrast, only 3.7% (n=2) of sika deer from the New

Forest contained DNA more commonly associated with red

deer, whereas the remainder of the sample contained no

‘red-type’ DNA. For those sika individuals containing

DNA types more commonly associated with red deer, the

maximum proportion of their genome that corresponded to

the red deer control DNA profile was 0.21 (Table 2). Despite

these regional differences in percentage of sika showing

signs of introgressed red DNA, the average (median) pro-

portion of red deer DNA in individuals with an introgressed

genotype was not significantly different between the Pur-

beck and New Forest sika (Mann–Whitney U=5.0,

P=0.087).

The STRUCTURE analysis also revealed information

about the introgression of sika deer DNA into the red deer

population. In the New Forest 46.2% of red deer individuals

contained DNA that was more typically associated with sika

(Table 2). This level of hybridization was not evident in the

earlier MDS analysis, but is consistent with the known

pattern of recent establishment of red deer within the New

Forest by introduction of park stock.

The STRUCTURE program is a more sensitive method

of detecting introgression and has, as anticipated, revealed

Red – Scotland

Red – E. Anglia

Red – New Forest

Sika – New Forest

Sika – Purbeck

Sika – Japan

Stress: 0.08

Figure 5 Multi-dimensional scaling plot representing the genetic

dissimilarity between all sika Cervus nippon and red deer Cervus

elaphus samples.

Table 1 Pairwise population R-values for all the deer populations in the study

Population/species Control sika Purbeck sika New Forest sika New Forest red East Anglian red Control red

Control sika – NS NS P40.001 P40.001 P40.001

Purbeck sika �0.01 – NS P40.001 P40.001 P40.001

New Forest sika �0.09 �0.06 – P40.001 P40.001 P40.001

New Forest red 0.93 1 0.99 – P40.001 P40.001

East Anglian red 1 1 1 0.67 – NS

Control red 1 1 1 0.63 0.17 –

R-values are shown below the diagonal, whereas the significance of any comparison is shown above the diagonal.
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more information than the MDS plots, which are suitable

for detecting gradients in patterns.

Discussion

The present study has measured several aspects of hybridi-

zation between red and sika deer in two regions of southern

England. We have investigated the frequency of hybridiza-

tion within populations and the extent of hybridization per

individual to determine if introgression is widespread and of

recent origin. Overall, we have found that there is little

introgression of red deer DNA into the sika deer studied,

and that the low levels of introgression detected are not the

result of recent hybridization.

Previous work on sika/red hybrid zones in Argyll (Scot-

land) has shown conflicting results (Abernethy, 1994; Good-

man et al., 1999). Initial studies found evidence of extensive

hybridization generating a cline of sika to red genotype

depending on the geographical distance from the probable

point of introduction of the sika (Abernethy, 1994). The

study also identified no clear evidence regarding the direc-

tion of the initial F1 cross, but a selective advantage of the

sika genotype was found (Abernethy, 1994). However, later

work using the same samples but a more sophisticated

analysis that took into account shared alleles found that

individuals tended to fall into one of two distinct categories,

sika- or red-deer-like, disputing the existence of a genetic

cline but still detecting variation in hybridization patterns

(Goodman et al., 1999).

Where the two species distributions overlap, individuals

with introgressed genomes are common, suggesting the

possibility that hybridization occurred several generations

before sampling (Goodman et al., 1999). Our results concur

with this later conclusion.

It is possible that hybridization is currently occurring as a

rare event within the New Forest and that our study was

unable to detect this because of the limited sample size

available. If we assume a hybridization rate of H=0.0015

(as found in Argyll; Goodman et al., 1999), then we would

anticipate F1 hybrids to arise at a frequency of 0.003;

consequently the sample size in the New Forest was insuffi-

cient to detect such a rare event. It would however be

sufficient to detect introgression in a larger number of

descendants resulting from hybridization events that

occurred a number of generations ago. We detected no

evidence of any such in situ hybridization occurring in either

current or previous generations.

Hybridization is widespread in sympatric populations of

sika and red deer in other parts of Britain (Harrington, 1982;

Abernethy, 1994; Goodman et al., 1996, 1999). Therefore, it

is possible that the apparent absence of hybridization

between these species in the New Forest is due to low levels

of sympatry. An absence of sympatry or very little sympatry

can be caused, at least in part, by different habitat prefer-

ences and by partial reproductive barriers, such as prefer-

ences for con-specific matings, and by postzygotic barriers.

An additional factor that will limit hybridization of red and

sika deer in the New Forest is that there has been little

overlap in species distribution until recent decades. Current

management is, furthermore, aimed at minimizing any over-

lap by, for example, selectively culling sika that cross to the

northern side of the Brockenhurst–Beaulieu railway line

(Carne, 2000). Our findings suggest that this combination

of factors has been effective in maintaining reproductive

isolation to date.

No significant genetic difference was found between the

sika in the New Forest and those in Purbeck, and the genetic

composition of these UK populations was statistically

similar to the control sika from Japan. This close similarity

supports the findings of Goodman et al. (2001), which

indicated that the UK sika population originated from

Kyushu and thus the Nagasaki region of Japan.

The differences between the New Forest and Purbeck

populations are likely to be the result of small variations in

the genetic makeup of the small original founder popula-

tions and subsequent genetic drift. Genetic drift has been

Table 2 STRUCTURE analysis of the proportional match of each individual to sika Cervus nippon or red deer Cervus elaphus DNA

Group

Control sika

Japan

Control red

Scotland

Sika

Purbeck

Sika New

Forest

Red New

Forest

Red East

Anglia

For all individuals

n 3 9 329 54 13 4

% with sika genotype 100 0 87.5 96.3 0 0

% with red genotype 0 100 0 0 53.8 100

% with introgressed genotype 0 0 12.5 3.7 46.2 0

For individuals with an introgressed genotype

n – – 41 2 6 –

Mean proportion of genome that is sika – – 0.97 0.88 0.04 –

Mean proportion of genome that is red – – 0.04 0.12 0.96 –

Maximum proportion of sika genome in a sample – – 0.99 0.93 0.12 –

Minimum proportion of sika genome in a sample – – 0.79 0.82 0.01 –

Maximum proportion of red genome in a sample – – 0.21 0.18 0.99 –

Minimum proportion of red genome in a sample – – 0.01 0.07 0.88 –

No. of individuals with 1/2/3/3+ introgressed alleles – – 20/16/4/1 0/1/1/0 1/3/1/1 –

Summary statistics are presented for each group of samples.
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observed in sika populations in Japan that have also been

isolated since the 19th century (Goodman et al., 2001).

Although no overall significant genetic differences were

found between the New Forest and Purbeck populations of

sika in the MDS analysis, it did suggest some difference in

that the New Forest deer were more tightly clustered around

the range of genetic variation exhibited by the Japanese

deer. The more sensitive STRUCTURE analysis expands

upon this by showing that relatively few of the New Forest

sika contained detected introgressed red DNA. Although it

is not possible to attach confidence intervals to these find-

ings, these small, but perhaps important, genetic differences

between the populations support the earlier deduction based

on cranial morphometrics (Putman & Hunt, 1994) that New

Forest sika may be more pure sika than other populations of

feral sika in Britain.
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