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ABSTRACT
In this article we describe the structure of a hybrid zone in Argyll, Scotland, between native red deer

(Cervus elaphus) and introduced Japanese sika deer (Cervus nippon), on the basis of a genetic analysis using
11 microsatellite markers and mitochondrial DNA. In contrast to the findings of a previous study of the
same population, we conclude that the deer fall into two distinct genetic classes, corresponding to either
a sika-like or red-like phenotype. Introgression is rare at any one locus, but where the taxa overlap up to
40% of deer carry apparently introgressed alleles. While most putative hybrids are heterozygous at only
one locus, there are rare multiple heterozygotes, reflecting significant linkage disequilibrium within both
sika- and red-like populations. The rate of backcrossing into the sika population is estimated as H 5 0.002
per generation and into red, H 5 0.001 per generation. On the basis of historical evidence that red deer
entered Kintyre only recently, a diffusion model evaluated by maximum likelihood shows that sika have
increased at z9.2% yr21 from low frequency and disperse at a rate of z3.7 km yr21. Introgression into
the red-like population is greater in the south, while introgression into sika varies little along the transect.
For both sika- and red-like populations, the degree of introgression is 30–40% of that predicted from the
rates of current hybridization inferred from linkage disequilibria; however, in neither case is this statistically
significant evidence for selection against introgression.

TRANSLOCATION of an exotic species into a novel congeneric with Britain’s native red deer (Cervus ela-
phus). They are smaller at the shoulder, having roughlyecosystem often results in hybridization between

the introduced species and related native genera. Where half the body weight of red deer, and show a number
few barriers to gene flow exist, this frequently leads of other differences in coat pattern, antler complexity,
to the rapid introgression of genetic and phenotypic and breeding system (Whitehead 1964, 1972, 1993;
characters from one species into another (Abbott 1992; Ratcliffe 1991; Staines 1991). Members of the genus
Rhymer and Simberloff 1996). As well as being of Cervus often hybridize and produce fertile offspring
practical concern, hybridization with invading species (Caughley 1971; Harrington 1973, 1979, 1982; Fen-
gives a valuable opportunity to observe the initial stages nessey et al. 1991). However, during the period of sika
of hybridization: in contrast, most hybrid zones are an- introductions, hybridization in the wild was thought un-
cient (Barton and Hewitt 1985, 1989; Harrison likely due to differences in body size. This view persisted
1993). Here, we describe a quantitative analysis of the despite reports of rapid and complete phenotypic intro-
genetic interaction between introduced sika deer (Cer- gression in populations of red and sika in County
vus nippon) and native red deer (Cervus elephas) in Scot- Wicklow, Ireland (Harrington 1973, 1982) and north-
land and show how a low rate of hybridization can lead west England (Lowe and Gardiner 1975). Phenotypic
to substantial introgression. hybrids were reported in many areas of Scotland from

Sika were first brought to the British Isles in 1860 the 1950s (Whitehead 1964; Delap 1967; Harrington
(Powerscourt 1884). These animals were subsequently 1973, 1982; Lowe and Gardiner 1975). Concern over
bred and distributed to parks throughout Ireland, En- the genetic impact of sika on red deer was finally voiced
gland, and Scotland, with new introductions continuing by Ratcliffe (1987) while he was reviewing the status
up until the 1930s. Later, sika were either deliberately of sika in the United Kingdom and reporting on multi-
released or escaped from deer parks, quickly becoming ple cases of putative hybrids in Scotland.
part of the naturalized fauna (Lever 1977). Sika are In a previous genetic study, Abernethy (1994a,b)

mapped allele frequencies at four nuclear loci [two pro-
tein loci, superoxide dismutase (sod-1) and 6-phospho-
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DNA haplotypes across the sika phenotype range in cessive backcrosses into a base population. The base
population may contain an appreciable frequency ofArgyll. This survey extended z130 km from the south

of the Kintyre peninsula, past the introduction point of alleles that accumulated from past hybridization or an-
cestral polymorphism, but these can be treated as beingsika at the Carradale estate, to the southern part of the

Cowal peninsula [see Figure 1. Note that the distance in linkage equilibrium. Thus, individuals can be treated
either as kth generation backcrosses carrying a propor-scale in Abernethy (1994a,b) is inflated]. Abernethy’s

survey demonstrated that alleles typical of the opposite tion 22k of foreign genes or as members of the base
population with genotypes in linkage equilibrium. (Thistaxa had introgressed into both species and found

strong linkage disequilibrium and heterozygote deficit view assumes no linkage: information on the distant
origin of an individual could come from observingin the populations longest exposed to hybridization.

Sika alleles at nuclear markers could be detected at linked markers—cf. Baird 1995; Kaplan et al. 1995.)
Fortunately, one can disentangle the current rate ofhigh frequency further to the north than could sika

mitochondrial haplotypes, suggesting that hybridization hybridization from its long-term consequences for allele
frequencies. Linkage disequilibrium is generated by theat sites far from the introduction point was initiated by

dispersing sika stags. mixing of gene pools with different allele frequencies,
but associations among loosely linked markers decayHere, we present a new screening of the original Argyll

transect, with 11 microsatellite loci plus a mitochondrial rapidly at a rate equal to the recombination rate. There-
fore, associations among loosely linked genes must bemarker. This indicates that the two protein loci used in

Abernethy’s study do not have completely diagnostic due to hybridization in the last few generations. Epistatic
selection on rare alleles is ineffective (Turelli and Bar-red and sika alleles, a conclusion that is supported by

other population surveys of allozyme variation in Cervus ton 1994) and so cannot contribute significantly. Thus,
observing the pattern of linkage disequilibrium gives(Gyllensten et al. 1983; Linnell and Cross 1991;

Emerson and Tate 1993). Hence, the extent of hybrid- an estimate of the rate of current introgression. This
argument can be seen in a different way by consideringization between red and sika in Argyll is lower than

was inferred by Abernethy (1994a,b). Robust analysis the relative frequency of successive backcrosses. In the
absence of selection, these should be in the ratio 1:2:4:requires that no assumption is made as to the ancestral

state of the introduced and native populations. Our new . . . , and each backcross generation should carry a
proportion 1⁄4: 1⁄8: 1⁄16: . . . of introgressed genes. In laterdata show that the deer fall into two distinct classes.

These are best analyzed as separate populations that generations, these ratios will be distorted by selection,
which would also cause heterogeneity in disequilibriumreceive an influx of genes as a result of occasional hy-

bridization with each other. If the red- and sika-like across loci. However, the proportions of recent back-
cross generations, and hence the current rate of hybrid-populations are considered as one, there will be strong

linkage disequilibrium and heterozygote deficit. How- ization, can be estimated from the frequency of geno-
types with multiple introgressed alleles.ever, these reflect the relative proportions of red and

sika, and do not give a useful description of hybridiza- The effect of hybridization is to increase the frequency
of introgressed alleles within each population. It is hardtion and introgression (Abernethy 1994a,b). These

problems are general. Most previous quantitative analy- to separate the accumulated effects of this recent intro-
gression from ancestral polymorphism. However, someses of hybrid zones have either applied to random mat-

ing (Barton and Gale 1993) or has concentrated on information comes from the spatial pattern of introgres-
sion: ancient polymorphism should have diffused toassociations with cytoplasmic markers (Asmussen and

Arnold 1991). Moreover, analyses are often based on a uniform frequency, while recently introgressed alleles
will be more frequent near regions where the hybridiz-“hybrid index,” which counts the number of apparently

introgressed loci, on the assumption that the markers ing taxa overlap (cf. “demic diffusion” in man; Barbu-
jani et al. 1994). In our analysis, we first establish thatbeing used are fixed in alternative populations (Arnold

1997). Here, we introduce new methods that are appro- there is significant linkage disequibrium within each
population and use this to estimate the rate of currentpriate when hybridization is rare and use these to sepa-

rate the contributions of ancestral polymorphism from hybridization. We then use simple diffusion models for
the spread of sika and red through Argyll to findcurrent hybridization.

Hybridization introduces sets of foreign alleles; these whether the observed introgression is consistent with
the estimated rate of current hybridization and to exam-sets are broken up by recombination and may be elimi-

nated by selection. In the long run, there is some effec- ine the likely genetic and ecological outcomes of hybrid-
ization.tive rate of influx of introgressed alelles, which ulti-

mately segregate independently and either are fixed or
reach frequencies determined by their own selective

METHODS
disadvantage. However, in the early stages of hybridiza-
tion, hybrids may be sufficiently rare that one can ana- This article describes an extension of the genetic anal-

ysis on the sika and red deer samples collected by Aber-lyze the composition of the two interacting populations
separately by treating hybridization as consisting of suc- nethy (1994a,b) between 1991–92. A full description of
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Figure 1.—Map of the study site
in Argyll, Scotland showing the
sampled forest blocks. Sika were
introduced at Carradale. In the
text sample sites are referred to by
number as follows: 1, South Kin-
tyre (225 km); 2, Carradale (0
km); 3, Achaglachach (40 km); 4,
Knapdale (50 km); 5, Kilmichael
(55 km); 6, Birdfield (75 km); 7,
North Cowal (100 km); 8, East Co-
wal (105 km); 9, Glendaruel (110
km); 10, South Cowal (115 km).
Values in parentheses are dis-
tances from introduction point.

the study site and sampling is presented in Abernethy products and polymorphism in red and sika deer. Ini-
tially 97 primer sets were tested in a panel consisting of(1994b). Briefly, samples were collected from an area

that covered the range of phenotypically sika-like deer four sika deer (two each from Kintyre and Peebles,
Scotland), three red deer (one each from Galloway, thein Argyll, Scotland. This extends from the sika introduc-

tion point at Carradale on the Kintyre peninsula to the Great Glen, and Rum) and one sheep control. Micro-
satellite variation was assayed by PCR and polyacryl-southern part of the Cowal peninsula (Figure 1). Tissue

samples were collected for genetic analysis from 246 amide gel electrophoresis as described in Slate et al.
(1998). MgCl2 concentration was initially kept at 2.0 mmdeer shot during normal Forestry Commission culling

operations. The culling strategy aimed for an overall and annealing temperatures to 50–528. Primer sets that
generated microsatellite products in deer (determinedreduction in deer numbers and was not targeted spe-

cifically at red or sika in different areas. Sampling should by the presence of microsatellite-associated artifacts, e.g.,
“stutter bands”) were identified, and those in whichtherefore reflect the relative population frequencies

of red-like and sika-like deer in each area. Ten commer- alleles were not shared by red and sika were selected
for further investigation. Nine loci, in addition to thecial forest blocks were sampled, spaced on a 140-km

transect extending along the two peninsulas (Aber- two selected by Abernethy (BOVIRBP and OarFCB193;
Abernethy 1994b), were identified as being diagnosticnethy 1994b). Tissue samples were handled as pre-

viously described (Abernethy 1994b), and DNA was because, in a larger test panel of 44 sika and 44 red
of diverse geographic origins, no alleles were sharedextracted using standard procedures (Sambrook et al.

1989). between the taxa. References for each locus and reac-
tion conditions are listed in Table 1. All putative hybridsPrimer sets for the amplification of microsatellite loci

identified in cattle and sheep (e.g., Bishop et al. 1994; (either red-sika heterozygotes or red/sika homozygotes
in a background of the opposing taxa) identified in theCrawford et al. 1995) were assayed for amplification
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TABLE 1

Microsatellite locus primer sequences, PCR conditions, and locus reference

MgCl2 DMSOa Annealing
Locus (mm) (%) temperature Reference

BM6438 2.0 5 52–54 Bishop et al. (1994)
RM095 2.0 5 52–54 Bishop et al. (1994)
RME025 2.0 5 48–50 Grosse et al. (1995)
OarFCB048 2.0 10 52–54 Buchanan et al. (1994)
OarFCB193 2.0 10 52–54 Buchanan and Crawford (1993)
BOVIRBP 2.0 10 52–54 Moore et al. (1991)
MM012 2.0 10 48–50 Mommens et al. (1994)
VH054 2.0 5 52–54 Pierson et al. (1994)
HH064 2.0 5 52–54 Henry et al. (1993)
DRB003 2.0 — 46–54 Paterson and Pemberton (1997)
TGLA387 2.0 5 50–52 Georges and Massey (1992)
d-loop 2.0 — 50 Cook (1993); Kocher et al. (1989);

Nagata et al. (1998)

a Percentage of dimethylsulfoxide by reaction volume.

TABLE 2TABLE 2

For each locus, the allele sizes (in base pairs) are listed, fol- (Continued)
lowed by their classification as ‘‘sika’’ or ‘‘red’’ alleles and

their frequency within sika-like and red-like individuals Locus Frequency Frequency
(no. alleles) Allele Race in sika in red

Locus Frequency Frequency
134 Red 0 0.2985(no. alleles) Allele Race in sika in red
136 Red 0 0.106
138 Red 0 0.0031BOVIRBP 144 Sika 0.6061 0

(9) 146 Sika 0.0555 0.068 140 Red 0 0.0613
142 Red 0 0.0861150 Red 0 0.1238

152 Red 0 0.0936 144 Red 0 0.0153
[ Red 0 0.0345154 Red 0.0173 0.117

156 Red 0.0694 0.2982
REM025 157 Red 0 0.0092160 Red 0 0.1987

162 Red 0 0.0146 (5) 171 Red 0 0.8159
173 Red 0 0.0945166 Red 0 0.0146

[ Red 0.2517 0.0714 197 Sika 1.000 0
209 Red 0 0.0061

FCB193 101 Red 0 0.0635 [ Red 0 0.0742
(14) 103 Red 0.0152 0.0076

105 Red 0 0.0076 BM6438 251 Red 0.0127 0.4932
(6) 253 Red 0 0.231107 Red 0 0.1224

109 Red 0 0.0319 255 Red 0 0.1857
263 Red 0 0.0122111 Red 0 0.3035

113 Red 0 0.0794 267 Sika 0.3228 0
277 Sika 0.6646 0115 Red 0 0.0153

117 Red 0 0.0076 [ Red 0 0.078
119 Red 0 0.1411
121 Red 0 0.1295 VH054 79 Red 0 0.012

(14) 81 Red 0 0.043127 Red 0 0.0076
129 Sika 0.9848 0 83 Red 0 0.0122

85 Red 0 0.0373139 Red 0 0.0077
[ Red 0 0.0751 87 Red 0 0.3941

89 Red 0 0.0994
RM095 122 Red 0 0.0379 91 Red 0 0.147

93 Red 0 0.0123(11) 126 Sika 0.9937 0.0061
128 Red 0 0.0689 96 Red 0 0.012

97 Red 0 0.006130 Red 0 0.0627
132 Red 0.0063 0.2195 102 Red 0 0.028

(continued)(continued)
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first round of screening were genotyped a second time McEwan and K. Dodds, unpublished data; Bishop et
al. 1994).to confirm hybrid status.

Linkage information was available for all of the micro- Mitochondrial DNA haplotypes that were diagnostic
between sika and red were assayed in two ways. Aber-satellite markers from either red deer (Tate et al. 1995;

M. Tate, J. Slate, P. Fennessy, R. Anderson, H. Mat- nethy (1994b) originally used PCR amplification of 16s
and ND1 fragments, followed by RFLP analysis. Furtherias, M. McEwan and K. Dodds, unpublished data),

ovine (Crawford et al. 1995), or bovine (Bishop et al. mitochondrial genotypes were assigned in the current
study using a diagnostic 39-bp tandem repeat in the1994) linkage maps. All markers map to separate chro-

mosomes except for BM6438 and RM95 and for left domain of the mitochondrial control region (Cook
1993; Nagata 1995; Cook et al. 1999; Nagata et al.TGLA387 and DRB3. In red deer BM6438 and RM95

both map to chromosome 31, but are located at opposite 1998). Red deer have a single repeat, while sika deer
have multiple repeats. Diagnostic length variation inends of the chromosome and show a high recombina-

tion frequency. TGLA387 and DRB3 map to chromo- the mitochondrial control region was assayed by PCR
amplification followed by agarose gel electrophoresis.some 20 in sheep, but there is no evidence to suggest

that they are linked in red deer or cattle (M. Tate, PCR was performed in a reaction volume of 25 ml using
150 ng genomic DNA; 13 PARR Excellence PCR bufferJ. Slate, P. Fennessy, R. Anderson, H. Matias, M.

TABLE 2 TABLE 2

(Continued) (Continued)

Locus Frequency Frequency Locus Frequency Frequency
(no. alleles) Allele Race in sika in red (no. alleles) Allele Race in sika in red

106 Red 0 0.0661 (27) 1 V Red 0 0.0148
110 Sika 1.000 0.009 (26) 1 V Red 0 0.0209
139 Red 0 0.003 (25) 1 V Red 0.0256 0.0178
[ Red 0 0.1184 (24) 1 V Red 0.0064 0.0179

(23) 1 V Red 0 0.0089
HH064 107 Red 0.0128 0.0482 (22) 1 V Red 0.0064 0.0118

(11) 117 Red 0 0.003 (21) 1 V Red 0 0.0059
119 Red 0 0.018 V Red 0 0.0669
121 Red 0 0.0238 [ Red 0 0.5323
123 Red 0 0.0181
125 Sika 0.9551 0.0178 DRB003 151 Red 0 0.0341
127 Red 0 0.0239 (10) 157 Red 0.0128 0.3886
131 Red 0.0256 0.4132 159 Red 0 0.003
133 Red 0.0064 0.1634 161 Red 0 0.0824
135 Red 0 0.0579 163 Red 0.0064 0.0061
137 Red 0 0.0059 167 Red 0.0128 0.0642
[ Red 0 0.2067 171 Red 0 0.0061

181 Red 0 0.003
TGLA387a 128 Red 0 0.0029 187 Sika 0.0192 0

(27) 130 Red 0 0.0059 189 Sika 0.9487 0.0245
132 Red 0 0.0029 [ Red 0 0.3881
134 Sika 0.9487 0.0147
138 Red 0 0.0059 MM012 89 Red 0 0.741
139 Red 0 0.0029 (3) 91 Red 0 0.256
140 Red 0 0.0608 93 Sika 1 0.003
141 Red 0 0.0207 [ Red 0 0
142 Red 0 0.0576
143 Red 0 0.0059 FCB048 143 Red 0.0513 0.9028
144 Red 0.0064 0.0724 (4) 145 Red 0 0.0309
172 Red 0 0.0059 155 Sika 0.7949 0.0063
198 Red 0 0.0029 157 Sika 0.1538 0

(213) 1 V Red 0 0 [ Red 0 0.0599
(212) 1 V Red 0 0.0059

The frequencies are maximum-likelihood estimates, assum-(211) 1 V Red 0 0.0029
ing the presence of null alleles ([); these estimates are made(210) 1 V Red 0 0.0059
without assuming that missing data are due to null homozy-(29) 1 V Red 0 0.0088
gotes (see text).(28) 1 V Red 0.0064 0.0177

a At TGLA387, some alleles were very long (.250 bp) and so
are scored relative to a reference allele of 250 bp, designated V.(continued)
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(Cambio Ltd., Cambridge, UK); 2.0 mm MgCl2; 1 mm were introduced at Carradale in 1893) and to the diverse
origins of Scottish red deer.each of dCTP, dGTP, dATP, dTP (Pharmacia, Piscata-

way, NJ); 5 pmol of each primer H16498 and L3 An allele was classified as typical of red or sika ac-
cording to whether it was more frequent within red or(Kocher et al. 1989; Cook 1993: see Table 1); and 1
within sika; most of the analysis was based on this pool-unit of Taq DNA polymerase (Applied Biosystems, Fos-
ing of alleles. This allocation was made to simplify calcu-ter City, CA). Reactions were overlaid with z20 ml of
lations: we did not assume that the ancestral sika popula-mineral oil, and thermal cycling was carried out for 40
tion contained only alleles typical of sika or the ancestralcycles of 958, 1 min; 508, 1 min; and 728, 1 min 30 sec.
red population contained only alleles typical of red. InFollowing PCR, 5 ml of loading buffer (0.25% bromo-
almost all cases, classification was straightforward. How-phenol blue, 40% sucrose w/v in dH2O) was added
ever, the origin of some alleles that are rare in both reddirectly to the reactions. PCR products were resolved
and sika populations is unclear. For example, allele 146by electrophoresis on 3% Nuseive GTG agarose gels
at BOVIRBP has a frequency of 0.055 in sika-like individ-(Flowgen), with 13 tris-acetate electrophoresis buffer
uals and 0.063 in red-like individuals. On the one hand,(Sambrook et al. 1989), at z120 V for 2 to 4 hr. Products
it is more likely that a rare allele would be found withinwere visualized by ethidium bromide staining with UV
the diverse red population than within sika. On theillumination. Argyll red deer were fixed for a single
other, allele 146 is closest in length to allele 144, whichrepeat and produced a band size of 350 bp, while Argyll
is found in 81% of sika-like individuals; if microsatellitessika were fixed for three repeats and yielded a fragment
mutate to new alleles of similar length, this suggests anof 430 bp. During population screening fragments were
origin from the sika introduction. We therefore assignscored in relation to two marker individuals of known
this allele as sika. Such uncertainties are rare and dogenotype.
not affect the assignments of those crucial individuals
carrying introgressed alleles at multiple loci, which are
inferred to be of recent hybrid origin (see below).ANALYSES AND RESULTS

There are 246 individuals in the sample, each scored
These analyses describe the structure of the hybrid for 11 unlinked autosomal microsatellite markers plus

zone in terms of the contribution to red and sika popula- mtDNA. All individuals are clearly sika-like or red-like;
tions from current hybridization and from past intro- there are 54 apparently “pure” sika, 28 sika-like hybrids,
gression or ancestral polymorphism. We first present 144 apparently pure red, and 25 red-like hybrids (Table
allele frequencies, using maximum likelihood to allow 3). The mtDNA shows a similar pattern to the nuclear
for the presence of null alleles. We then describe an loci, with no indication that it introgresses to a different
analysis based on genotype frequencies, which intro- extent into either sika or red. Most hybrids are either
duces tests of significance for linkage disequilibrium heterozygous at a single nuclear locus or have dis-
when hybridization is rare, plus maximum-likelihood cordant mitochondrial DNA. However, there are a sub-
estimates (MLEs) of the rate of hybridization and intro- stantial number of individuals that are introgressed at
gressed allele frequency in red and sika populations. several loci. Furthermore, many individuals (especially
Finally we describe a diffusion model that specifically within the red-like population) are apparently homozy-
assesses the influence of ecological parameters on the gous for rare introgressing alleles. Apparent red homo-
rates of spread and increase of deer populations and zygotes are found within sika-like hybrids once at BOV-
spatial variation in the rates of hybridization and intro- IRBP and once at HH064; within red-like hybrids, sika
gression in red and sika. All the analyses described in homozygotes are found once at TGLA387 and FCB048
this article were performed using a Mathematica 3.0 and four times at DRB003. Homozygosity is most un-
notebook (Wolfram 1996). A copy of this notebook is likely to be due to crossing between red and sika-like
available on request from the authors or over the world- individuals, because this would give extensive heterozy-
wide web from http://helios.bto.ed.ac.uk/evolgen/. gosity; such intercrossing must be rare, otherwise F1-like

Estimating allele frequencies: Each of the 246 individ- hybrids would be seen. Homozygosity cannot be ex-
uals could clearly be classified as red-like or sika-like, plained by matings between backcrossed hybrids, be-
on the basis of its multilocus genotype. This division of cause this would only lead to homozygosity if the parents
individuals corresponded exactly to assignments based passed on introgressed alleles at the same loci. We there-
on phenotype at the time of culling. However, pheno- fore believe that the most likely explanation is that such
type cannot be used as an indicator that individuals apparent homozygotes are in fact heterozygous for null
carry introgressed alleles. Table 2 shows the frequency (nonamplifying or unresolveable) alleles (Callen et al.
of each allele within the 79 sika-like individuals and 1993; Paetkau and Strobeck 1995; Pemberton et al.
within the 167 red-like individuals. There is much more 1995).
diversity within the red-like population than within the If there are null alleles at high frequency, the null
sika; this may be due to the limited set of alleles in the homozygotes should appear as missing data. To exam-

ine this possibility, we made MLEs, for each locus ininitial sika introduction (nine females and two males
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TABLE 3

Classification of individuals at each site into pure red or sika: heterozygotes at a single locus,
introgressed mtDNA, or complex hybrids

Site
(sample Pure Single mtDNA Complex Pure Single mtDNA Complex
size) sika heterozygote hybrid hybrid red heterozygote hybrid hybrida

1 (n 5 2) 0 1 0 0 0 0 0 (0, 0, 1)
2 (n 5 40) 26 5 3 (0, 2, 0) 3 0 0 (0, 5, 0)

(1, 1, 0)
3 (n 5 33) 16 7 0 (0, 5, 0) 5 2 0 (0, 2, 0)

(0, 3, 0)
4 (n 5 29) 7 5 0 (0, 2, 0) 10 2 1 (0, 0, 1)

(0, 3, 0)
(0, 3, 2)

5 (n 5 9) 2 1 0 0 4 1 0 (0, 0, 1)
6 (n 5 40) 0 0 0 0 35 3 1 (0, 1, 1)
7 (n 5 48) 0 0 0 0 43 3 0 (0, 0, 1)

(0, 2, 0)
8 (n 5 12) 0 0 0 0 12 0 0 0
9 (n 5 11) 0 0 0 0 10 1 0 0

10 (n 5 22) 0 0 0 0 20 1 0 (0, 0, 1)

a Classified by three numbers: whether the mtDNA is introgressed (0/1); the number of loci heterozygous
for introgressed alleles; and the number homozygous for introgressed alleles. (The “homozygotes” are most
likely heterozygous for null alleles; see text.)

each taxon separately, of the frequency of nulls and of bly, it is these loci that show the highest frequency of
missing data: loci that do not show apparent homozy-introgressed alleles, on the assumption that missing data

are indeed null homozygotes (Table 4). (We ignore gotes for rare alleles never show more than six missing
genotypes and average 3.4 missing values out of 246variation in introgression across sites.) Within the red

population, there is a good fit if one assumes that all individuals scored. In sika, there are fewer missing data,
and only two homozygotes for rare alleles (both in thethe missing data are null homozygotes: for none of

the four loci is there a significant deviation from this same individual; Table 4).
These estimates are based on pooling alleles into redassumption. Null frequencies must be high: z40% for

DRB003, 23% for TGLA387, and 20% for FCB048. Nota- and sika classes (see Chakraborty et al. 1992; Brook-

TABLE 4

The maximum-likelihood estimate for null allele frequencies ([), and frequency of introgessed alleles (u)
for each of the loci at which apparent homozygotes for rare alleles was seen

Observed vs. expected number of each genotype
[ freq log(L)

Locus (pooled) u freq [[ RR 1 [R RS SS 1 [S (1 d.f.)

Red 0.231 0.0151 9 153 4 1 0.02
TGLA387 8.88 153.13 3.80 1.20
Red 0.398 0.0243 26 133 4 4 0.12
DRB003 26.47 132.51 4.69 3.33
Red 0.195 0.0060 6 159 1 1 0.46
FCB048 6.36 158.64 1.61 0.40
Sika 0.057 0.0331 0 1 4 74 0.66
BOVIRBP 0.26 0.39 4.75 73.6
Sika 0.117 0.0389 1 1 5 72 0.02
HH064 1.08 0.84 5.19 71.90

Alleles are pooled into null ([), red (R), and sika (S). Missing data are assumed to be null homozygotes.
The last column gives the difference in log likelihood by comparing the numbers of observed and expected
numbers in each genotypic class (1 d.f.). For none of the five loci is there a significant deviation from the
hypothesis that missing data represent null homozygotes (see also Appendix at http://helios.bto.ed.ac.uk/
evolgen/).
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population or that entered by hybridization in the dis-
tant past. Examination of genotype frequencies allows
us to distinguish these possibilities.

Genotype frequencies: Hybridization introduces sets
of alleles that gradually disperse through sucessive back-
crosses by segregation and recombination. Alleles that
entered either population many generations back will
by now have reached linkage equilibrium. We can there-
fore estimate the rate of hybridization over the past few
generations from the linkage disequilibrium or, in other
words, by estimating the excess of individuals carrying
multiple introgressed alleles. One approach would be
to classify each individual as being a first-, second-, or
later-generation backcross, according to whether it car-

Figure 2.—The proportion of sika-like deer, plotted against ries 1⁄4, 1⁄8, . . . , of its genome introgressed (Nason
distance north from the introduction point at Carradale (thick and Ellstrand 1993; Boecklen and Howard 1997).
line). The gray areas bounded by dashed lines show the pro- However, this would be accurate only with an extremely
portion of individuals carrying apparently introgressed alleles

large number of loci. Instead, we first establish thatat nuclear or mitochondrial loci (sika-like hybrids below thick
there is a significant excess of “complex” hybrids (Tableline; red-like hybrids above thick line).
3) and then use likelihood to estimate the rate of intro-
gression and the degree of ancestral polymorphism.

Under linkage equilibrium, the number of intro-field 1996). A useful check on the presence of nulls is
to use the full multiallelic dataset to look for an excess gressed alleles is approximately a Poisson variable, pro-

vided these are rare; this gives a simple test for an excessof apparent homozygotes among polymorphic alleles.
The MLE was found using the EM algorithm (Yasuda of complex hybrids. First, consider just the 11 micro-

satellite markers. Table 5 compares observed and ex-and Kimura 1968; Dempster et al. 1977; see Weir (1996,
pp. 67–73) for a discussion of the allele frequencies in pected degrees of introgression into sika for the five

informative sites and gives the G-statistic along with thethe MNS blood group system. For further details, see
the on-line Appendix to this article at http://helios. P value. Overall, G14 5 20.51 (P 5 0.0581). Table 5 also

compares observed and expected degrees of introgres-bto.ed.ac.uk/evolgen/). Null frequencies made in this
way are shown in Table 2. The results are entirely consis- sion into red for the nine informative sites in the same

way; overall, G15 5 21.31 (P 5 0.213). (Note that thetent with the analysis based on pooled classes of alleles,
strongly supporting our interpretation that homozy- number of degrees of freedom here is equal to the

maximum number of observed heterozygotes; this isgotes for rare alleles are in fact heterozygotes for nulls.
For the remainder of this article, we simply reclassify because one is comparing classes up to this value and

the higher classes, with observed numbers zero.) Be-apparent homozygotes for rare alleles as heterozygotes.
The implicit assumption is that nulls derive from the red cause the expected numbers are so small, testing the

significance of G against the asymptotic x2-distributionpopulation, rather than having themselves introgressed.
(Note that the high-null-allele frequency estimate in is inaccurate. Table 5 also shows a randomization test,

in which diploid genotypes were shuffled across individ-sika at BOVIRBP is based on a single null hymozygote.)
This is reasonable, because at the three loci for which uals 1000 times. This test allows for variation in allele

frequency across loci, because the null hypothesis isnulls are at high frequency in reds, no apparent homozy-
gotes are seen within the sika-like population. Thus, that the frequencies at each locus are as observed, but

randomized across individuals. This test shows signifi-neglecting introgression of nulls will cause negligible
error. cant linkage disequilibrium within sika in site 3 and

within red in site 2. There is also a marginally significantFigure 2 shows the cline in frequency of sika-like indi-
viduals, together with the proportions of putative hy- linkage disequilibrium within sika in site 4. The linkage

disequilibrium rests, however, on only three individualsbrids within the sika-like and red-like populations.
Clines for individual loci are all similar and there is no (one in site 3, sika, with five heterozygous loci; one in

site 4, sika, with five introgressed alleles; and one inindication that allele frequency patterns differ between
loci along the transect. Although introgression is rare site 2, red, with five heterozygous loci). Examination of

mitochondrial haplotype shows no indication of aat any particular locus (at most 6.1% at 0 km in reds,
averaged over loci), individuals carrying apparently in- strong association with nuclear markers; however, there

are too few cases of introgression to test for heterogene-trogressed alleles are common where the two taxa over-
lap (maximum 40% at 50 km). These individuals may ity of associations involving this or any other marker.

The small but significant linkage disequilibriumindeed be hybrids derived from recent crosses between
sika and red. Alternatively, they may be carrying alleles within red- and sika-like populations indicates a low level

of introgression in the few generations preceding thethat were polymorphic at low frequency in the ancestral
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TABLE 5

Analysis of linkage disequilibrium in red- and sika-like individuals for each site
at which the phenotype was present

Number of introgressed alleles (observed vs. expected)
G-statistic Randomization

0 1 2 3 4 5 (P value) test P value

Site (sika)
1 0 1 2.00 —

0.37 0.37 0.1573
2 29 6 1 0.24 0.480

28.83 6.41 0.72 0.6225
3 16 7 0 0 0 1 13.62 0.001

14.56 7.28 1.82 0.30 0.038 0.0038 0.0086
4 7 5 1 1 0 1 6.64 0.078

5.52 5.52 2.76 0.92 0.23 0.046 0.2488
5 2 1 0.38 —

2.15 0.72 0.5386
Site (red)

1 0 1 2.00 —
0.37 0.37 0.1573

2 3 0 0 0 0 1 12.84 0.003
1.15 1.43 0.90 0.37 0.12 0.029 0.0249

3 5 2 1 1 1.80 0.632
4.13 3.22 1.25 0.32 0.6138

4 11 3 0.69 —
11.30 2.42 0.4047

5 4 2 0.76 —
4.30 1.43 0.3845

6 36 3 1 1.68 0.201
35.30 4.41 0.28 0.4327

7 43 4 1 1.26 0.275
42.36 5.29 0.33 0.5331

8 12 — —
12

9 10 1 0.09 —
10.04 0.91 0.7594

10 20 2 0.18 —
20.09 1.83 0.6649

The observed and expected numbers of individuals with 0–5 introgressed alleles. The G-statistic tests against
the null hypothesis that introgressed alleles are in linkage equilibrium (approximated by a Poisson distribution).
The associated p value is calculated using the asymptotic x2-distribution. The last column gives the number of
times the observed G value was exceeded in 1000 random permutations of the dataset. Significant deviations
indicate introgressing alleles are in linkage disequilibrium, suggesting recent hybridization in that site.

sample. To estimate the rate of introgression, we must symmetry across the sexes, so that the mitochondrial
marker can be treated simply as another unlinked markercalculate the probability of sampling the observed geno-

types, given that rate. In general, it is hard to describe (albeit present in one rather than two copies). We con-
sider all loci to be equivalent in their immediate ances-the composition of a hybrid population: there is a total

of 22n diploid genotypes, of which only 3n can be distin- try; however, there may be different allele frequencies
in the hybridizing populations due to different long-guished. All linkage disequilibria up to nth order must

be accounted for, and in addition, there are associations term introgression or ancestral polymorphism, leading
to some variation across loci.between the parental genomes up to order 2n (where

n is the number of loci). With a low level of hybridization The neutral expectation that backcross classes are in
the ratio 1:2:4 . . ., implies an infinite accumulation ofthe problem is simpler: most of the population is of

one or other type. In the Argyll data, matters are even introgressed alleles: the frequency of introgressed al-
leles in each class decreases as 1:1⁄2:1⁄4 . . . , and so thesimpler, because we have sampled no F1 genotypes and

because the markers are effectively unlinked. total frequency in each class is the same (as it should
be if introgressed alleles persist indefinitely). Back-To proceed, we make the crucial approximation that

there is no linkage among markers or with genes that crosses may be eliminated by selection, but even then,
some foreign alleles will be incorporated in every gener-determine mate preference or fitness. We also assume
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ation (see Barton and Bengtsson 1986). Thus, intro- ment of only 3.32 over assuming constant values, at a
gression must be limited either by the time since hybrid- cost of 8 d.f. Results for the red-like population are
ization or by selection on the markers themselves. We similar. With parameters constant across populations,
can ignore these deviations from the null model, be- there is a significant improvement in likelihood by
cause in practice we can only detect the effects of recent allowing both hybridization (H 5 0.0010) and introgres-
hybridization on genotype frequencies. (Ratios between sion (u 5 0.0050). This increases log(L) by 9.20 relative
backcross generations that differ by a factor of two give to introgression alone (u 5 0.0086), and by 6.67 relative
almost identical fits, showing that with these data, we to hybridization alone (H 5 0.0036). Allowing both
have no power to detect selection through the rate of parameters to vary across populations increases log like-
elimination of backcrosses.) We assume a base popula- lihood by 11.21, at a cost of 18 d.f. Thus, for both red
tion in linkage equilibrium with specified allele frequen- and sika, hybridization (H) and introgression (u) are
cies (which may vary across loci) and superimpose back- both significant; in neither case is there a suggestion of
crosses in the proportions 22t. This series is truncated significant variation across sites. However, there are too
at T 5 4 on the grounds that subsequent backcross few data to fit parameters separately for each site. Below,
generations would be undetectable with 12 loci. we fit a specific model for heterogeneity in introgression

The probability of observing a particular genotype and hybridization.
can now be derived, allowing MLEs of the rate of hybrid- Diffusion models: The frequency of hybrids derived
ization, H (the proportion of genes that enter the popu- from recent backcrosses (or equivalently, the strength of
lation through backcrossing per generation), and of the linkage disequilibrium) gives an estimate for the current
frequencies of introgressed alleles in the base popula- influx due to hybridization. This gives a prediction for
tion, ui (1 # i # n, the number of loci). The donor the frequency of introgressed alleles within the red- and
population has frequency ui 1 Dui; we can assume to a sika-like population and its spatial pattern, which can
close approximation that introgressing alleles are fixed be compared with the observed values, ui. Such a predic-
in the other population, so that for the base population tion requires that there be no selection against intro-
Dui 5 1 2 ui. The frequency of backcross classes is Hat, gression and also requires assumptions as to the past
with a 5 2 and t 5 1 labeling the F1. Counting up to t 5 distributions and abundance of red and sika, the genera-
T 5 4, the total frequency of backcrosses is H((aT11 2 tion time, and the way hybridization depends on red
1)/(a 2 1)) , 1. The probability of observing a haploid and sika densities. Here, we present a simple diffusion
genotype X is then model for the spread of sika and red deer and consider

whether the observed degree of introgression is compat-
ible with what is known of the history of the contactH oT

t51a
t pn

i51Fi,t 1 11 2 H 1a
T11 2 1
a 2 1 22pn

i51 Fi,∞ ,
and with a null model of neutral introgression. (The
use of diffusion models to describe biological invasionswhere Fi,t 5 (ui 1 Dui 22t)Xi is reviewed by Shigesada and Kawasaki 1997.)

1 (1 2 ui 2 Dui 22t)(1 2 Xi), (1) First, consider the spread of sika, disregarding genetic
variation among sika-like individuals. The wave is cen-

where Xi 5 0 or 1. Equation 1 also applies to the mito- tered at 50 km north of the introduction point at Carra-
chondrial haplotype, provided that introgression is dale and is z60 km wide; the frequency of sika never
equally likely to be down the maternal or paternal line. reaches 100% even at the introduction point (Figure
(It would be straightforward to extend Equation 1 to 2). The simplest model would be to assume that the
models where the frequency of reciprocal crosses dif- density of the whole deer population is regulated to
fered.) Note that with rare hybridization the pairwise a fixed and uniform value; that sika have a constant
linkage disequilibrium is equal to twice the rate of hy- advantage, r, over red (expressed in terms of the differ-
bridization, H. ence in the rate of increase between red and sika popula-

There is no indication that patterns differ across loci, tions); and that sika were introduced at some low den-
and so we assume that the frequency of rare alleles in sity. Then, the proportion of sika, p, is governed by
the base population is the same across all loci: ui 5 u. Fisher’s (1937) equation for the spread of an advanta-
(We refer to u as the frequency of introgression, on the geous allele:
understanding that it might also represent ancestral
polymorphism.) For sika, with parameters constant ]p

]t
5

s2

2
]2p
]x 2

1 rp(1 2 p) . (2)across populations, there is a significant improvement
in likelihood by allowing both hybridization (H 5

The dispersal rate, s2, is defined as the variance of dis-0.0020) and introgression (u 5 0.0141). This increases
tance between parent and offspring divided by the gen-log(L) by 7.55 relative to introgression alone (u 5
eration time. Distance, x, is measured as the distance0.0226) and by 7.96 relative to hybridization alone (H 5
north from the introduction point and runs from the0.0089). Allowing both parameters to vary across popu-

lations gives log(L) 5 2159.46, which is an improve- southern end of the Kintyre peninsula at x0 5 230 km
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(Figure 1). This model is described by the time since to these scant data. However, we are primarily con-
cerned here with the opportunity for hybridization be-release, T; the initial proportion of sika, J0 5 e∞

x0
pdx; the

tween sika and red and its consequences for the patternrate of increase, r ; and the dispersal rate, s2. The time
of introgression. The contact between sika and red issince release we take to be T z 77 yr before the samples
constrained by what is known of the past history and sowere collected (around 15 sika escaped from the Carra-
may be insensitive to the parameters in Equation 3. Andale estate in 1914; sampling was in 1991–1992; see
explicit model of the population dynamics is useful inIntroduction), and the pattern is insensitive to the initial
that it shows what information would be needed to ac-numbers, J0. Hence, the rate of increase and the dis-
count more fully for the spread of these two taxa andpersal rate could be estimated from the present position
to predict their future course.and width of the cline (Figure 2). It would then be

We assume that red and sika disperse at the same ratepossible to predict the opportunity for hybridization
(ss 5 sr 5 s), and that they increase at the same ratefrom this diffusion model.
from low density (rs 5 rr 5 r). To begin with, we assumeThis simple model is inadequate, because red deer
that the fitness of each type is determined by total deerwere absent from the Kintyre peninsula until the 1960s,
density (i.e., arr 5 ars, ass 5 asr); we later examine thewhen populations became established in the forestry
opposite extreme, where the two types do not interact,plantations at its northern end (Whitehead 1964; Rat-
and so spread independently. We assume that the equi-cliffe 1987). Therefore we must model the separate
librium density of sika is higher than that of redspread of red and sika. However, it is not clear how the
(1/ass , 1/arr; Chadwick et al. 1996). Sika were intro-two taxa interact. In Argyll, red and sika use the same
duced at some low proportion J0, 77 yr before sampling.habitat in slightly different ways; for example, sika make
To make a rough estimate of J0, we take the Kintyregreater use of denser cover (Chadwick et al. 1996)
peninsula to be 10 km wide on average and assume aand show some dietary differences (Abernethy 1994a).
carrying capacity for sika of 6 km22. The latter figureHowever, despite this partitioning, they interact through
is derived from the number of sika culled in forest,hybridization and ecological competition. A general
taken to be 20% of the population (based on Forestrymodel for the numbers of red and sika (n r, n s) is
Commission records; G. Swanson and D. Hendry, un-
published data); the highest value is taken as ap-]n r

]t
5

s2
r

2
]2n r

]x 2
1 rrn r(1 2 arr n r 2 ars n s)

proaching the carrying capacity and is halved to allow
for roughly equal proportions of forest and open habi-]n s

]t
5

s2
s

2
]2n s

]x 2
1 rsn s(1 2 asr n r 2 ass n s). (3) tat. Then, a release of 15 sika corresponds to J0 5 15/

(10 km) (6 km22) 5 0.25 km22. Finally, we must estimate
Here the a-parameters are competition coefficients, de- the time at which red deer began to advance southward
fined for each class of individual (see Shigesada and into the Kintyre Peninsula. Red deer were first estab-
Kawasaki 1997, Chap. 6). If only red deer are present, lished south of Tarbert (30 km north of the release
an equilibrium carrying capacity n r 5 1/arr is ap- point) in 1964 (Ratcliffe 1987); we take this vanguard
proached; colonization of new habitat advances at a to correspond to the leading edge of the wave of ad-
speed sr(2rr

1/2). (This is a minimal speed, which is ap- vance, at 10% of carrying capacity.
With these assumptions, we have free parameters,proached asymptotically; the advance may initially be

faster and occur over a broader wavefront; Fisher which determine the rate of advance of sika in competi-
tion with red: the dispersal rate, s; the initial rate of1937.) The converse applies for sika alone. In another

possible scenario, where interspecies competition be- increase, r, and the relative carrying capacities for red;
and sika, b 5 arr/ass. We fit these parameters by maxi-tween red and sika is weak relative to intraspecies com-

petition (ars ! arr, asr ! ass), then the two waves might mum likelihood, based on the numbers of sika- and red-
like individuals sampled across the transect (Figure 2).spread past each other, with only a slight slowing and

a slight reduction in numbers due to competitive inter- Equation 3 is solved numerically using a simple step-
ping-stone model, with a proportion m/2 of individualsactions. At the other extreme, with strong competition

sika might be able to increase from low density within exchanged in each direction; the number of demes is
determined by setting m as close to 1⁄2 as possible. Assum-the red population (asr , arr), in which case they would

advance to displace the reds. For more symmetric levels ing that sika have a 50% higher equilibrium density
than red (b 5 1.5), the best estimate is that r 5 9.2%of competition, sika might be unable to increase from

low density and vice versa; nevertheless, the boundary yr21 and s 5 3.7 km yr21/2; log[L] 5 210.49. Estimates
are almost identical if sika are given a different competi-between sika and red might advance in favor of sika.

Robust estimates of deer density in Argyll are only tive advantage (b 5 2, r 5 8.0% yr21, s 5 3.8 km
yr21/2, log[L] 5 210.33; b 5 1, r 5 12% yr21, s 5 3.9available for the last 3–4 yr (Forestry Commission; G.

Swanson, unpublished data), and information from km yr21/2; log[L] 5 210.97). These values compare well
to estimates from other ecological studies (Whiteheadbefore this period is largely incomplete or anecdotal.

Equation 3 depends on too many parameters to be fitted 1964; Ratcliffe 1987; Abernethy 1994a; Chadwick
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H *q, I 5 I *q, where q is the proportion of red-like deer
in the whole population and H *, I * are the ratios of H
and I, respectively, to q. We express H and I in terms
of H * and I * to account for the fact that in the diffusion
model these parameters may vary along the transect in
relation to spatial and temporal variation in the propor-
tion of red deer. Note that H and I have different units.
H is the proportion of genes that enter the population
through backcrossing per generation and is measured
from linkage disequilibrium; in the absence of selection,
the proportion of F1’s is 2H. I is the long-term rate of
increase in allele frequency per year due to hybridization,
and determines the observed frequency of introgressed
alleles.

First, consider introgression into sika. Let the fre-Figure 3.—Estimated relative densities (relative number of
quency of red alleles within sika be u s. The diffusiondeer per square kilometer) of sika (n s) and red (n r) deer,
model of Equation 3 extends toassuming equal rates of increase (rs 5 rr 5 9.2% yr21) and a

carrying capacity of sika b 5 1.5 times greater than red (arr 5
ars 5 1.5, ass 5 asr 5 1.5); dispersal rate s 5 3.69 km yr21. ]u s

]t
5

s2

2
]2u s

]x 2
1 s2 ]u s

]x
] log [n s]

]x
1 I *q(u r 2 u s). (4)The observed proportions of sika-like individuals in samples

(dots) are compared with the estimates [p 5 n s/(n s 1 n r);
top left curve]; log[L] 5 210.49. The first term in Equation 4 represents the diffusion

of alleles within the sika-like population; the second,
directional gene flow from regions where sika are moreet al. 1996). Sampling errors on these estimates are fairly
abundant (Nagylaki 1975); and the third, the influx ofsmall: for example, with b 5 1.5, the 2-unit support
genes from the red-like population, at a rate assumed tolimits for r are 8.3–10.4% and with s, 3.21–4.64. (These
be proportional to their abundance [I 5 I*q, where q 5limits are asymptotically equivalent to 95% confidence
n r/(n r 1 n s)]. Initially, red and sika are assumed to beintervals; see Edwards 1972.) However, there is signifi-
fixed for alternative alleles (u r 5 1, u s 5 0 at t 5 0).cant unexplained variation around the fitted model

The three coupled equations for the spread of sika(log[L] 5 210.49 for b 5 1.5, with z8 d.f.); in particu-
(Equation 3) and for introgression from red into sikalar, there are rather more red deer around the release
(Equation 4) and the converse equation for introgres-point than predicted (Figure 3). This might be due to
sion into red are solved numerically using a stepping-long-range dispersal or to the presence of red deer
stone model, in the same way as Equation 3 alone. Thein the south before the dates indicated by Ratcliffe
likelihood of the model is then calculated as the product(1987). These statistical limits, which only reflect sam-
of three components: first, the probability of the ob-pling error, are misleading: the main uncertainties stem
served proportion of sika, p; second, the probability offrom the many assumptions that we have made to arrive
sampling the observed sika-like genotypes, assuming aat a simple model. We have examined many variations
pool of alleles at linkage equilibrium at frequencieson our model and find that these make little difference
given by Equation 4, plus up to four generations ofto the estimates for the initial rate of increase of sika
backcross hybrids generated at a rate H 5 H *q; andand the dispersal rate. The estimates are insensitive to
third, the probability of sampling the observed red-likethe competitive interactions between sika and red, sim-
genotypes. In principle, all the parameters should beply because under our assumptions, the two have only
estimated together, using the full likelihood. However,recently met in Kintyre.
to a good approximation we can assume that foreignWe can now ask whether this model for the spread
alleles are fixed in the donor population; then, parame-of sika and red is consistent with the observed spatial
ters for introgression into the red-like population canpattern of genotype frequencies (Figure 5). This re-
be estimated independently of those for introgressionquires that we make some assumption about how the
in the opposite direction.rate of hybridization varies with the relative abundance

Under this estimation procedure, the population isof sika and red. It seems simplest to suppose that the
divided arbitrarily into two parts: the pool of alleles atrate at which hybridization introduces foreign genes is
linkage equilibrium, which are assumed to have beenproportional to the frequency of the opposite type; we
generated by influx at a rate I; and four generations ofassume that the same relationship holds both for the
backcrosses, which each contribute a component H torate of current hybridization (denoted H) and the rate
the allele frequency. In the absence of selection againstof past introgression (denoted I). Thus, if we consider
introgression, It 5 H, where t is the generation time.introgression into the sika-like population, the rates of

current hybridization and past introgression are H 5 Selection against introgression would be reflected in a
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Figure 5.—Plots of red introgression into sika (a) and sika
introgression into red (b). Points show the observed frequency
of red or sika alleles within the opposite taxa, compared withFigure 4.—Log-likelihood contour plots for introgression the predicted frequency of introgressed alleles (upper smoothinto the sika-like population (a) and the red-like population curve). The lower dashed lines show the contribution to this(b), plotted against the current rate of hybridization H *, and prediction from alleles that have been present for more thanpast introgression I *. The rate of backcrossing into the sika- four generations and are at linkage equilibrium (i.e., fromlike population is assumed to be proportional to the overall ancestral polymorphism and past introgression).proportion of red deer (H 5 H *q, I 5 I *q). The most likely

values (with 2-unit support limits) are H * 5 0.0121 (0.0033–
0.0279) and I * 5 0.00123 (0.00044–0.00193); log(L) 5
2168.50. For the red-like population sika alleles are assumed gives log(L) 5 2168.50 (Figure 4a). The estimated rate
to have a frequency of u 0 5 0.0049 in the ancestral red popula- of past introgression is much smaller than the rate of
tion. The most likely values (with 2-unit support limits) are

current hybridization: taking the generation time as t 5H * 5 0.0051 (0.0009–0.0149) and I * 5 0.0004 (0–0.0027);
4 yr (based on Forestry Commission records; G. Swan-log(L) 5 2152.71. Contours are spaced at 1 unit of log likeli-

hood, and so the 2-unit support limits are at the second con- son and D. Hendry, unpublished data), the discrep-
tour. ancy is I *t/H * 5 40%. However, this is not significantly

different from 1 (Figure 4a), and so there is no more
than a suggestion of selection against red alleles withinreduction in the estimated value of I, below H/t. [The
the sika genetic background. This spatial model predictsfactor by which selection reduces the net influx of neu-
that the frequency of introgressed alleles should de-tral genes was termed the “gene flow factor” by Barton
crease sharply away from the region of overlap (Figureand Bengtsson (1986)].
5a). In fact, the degree of introgression is similarIn estimating introgression and hybridization, we ten-
throughout the sika-like population (dots in Figure 5a).tatively adopt the model in which both sika and red
Correspondingly, the spatially uniform model gave aincrease at the same rate (r 5 9.2% yr21) and have the
better fit [log(L) 5 2162.78 with u 5 0.0141, H 5same dispersal rate (s 5 3.7 km yr21/2), but sika have
0.0020]. This discrepancy could have several explana-50% higher carrying capacity (b 5 1.5). The best esti-
tions. The “introgressed” alleles might in fact have beenmate is that current hybridization is at a rate H * 5
present at low frequency within the introduced sika (as0.0121 gen21 (2-unit support limits 0.0033–0.0279) and

past introgression I * 5 0.0012 yr21 (0.0004–0.0019); this a result of some previous hybridization with red, by
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common descent, or by coincidence). This explanation many individuals carry alleles typical of the opposite
population at one or more loci. This pattern might beis possible, but is rendered less likely by the low genetic

diversity within sika (Table 2). Red might backcross into due either to hybridization between red and sika since
their recent contact or to polymorphism within the an-sika even when rare, so that the influx into sika would

occur further to the south. Finally, some red deer may cestral populations. Three arguments suggest that the
former process best accounts for most introgressed al-have been present in the south of Kintyre when the sika

were introduced: hybridization in the early stages would leles. First, the distribution of allele sizes in sika consists
of one predominant allele plus several rare alleles, eachlead to a spatially uniform pattern. Under all these ex-

planations, selection against introgression would be re- of which is common in the red-like population (Table
2). This argument does not apply for hybridization inquired, because otherwise introgressed alleles would be

seen at higher frequency. the opposite direction, where the diversity of red alleles
obscures introgression from sika; also, it does not showNow, consider introgression into the red-like popula-

tion. In this case, the frequency of alleles typical of sika when hybridization took place. Second, the frequency
of alleles typical of sika within the red-like populationdoes increase sharply to the south, where the two types

meet (dots in Figure 5b). The best estimate is that there increases markedly to the south, where sika are common
(Figure 5b). The converse pattern is not seen withinis no current hybridization (H * 5 0) and a rate of past

hybridization I * 5 0.0025 yr21; this gives log(L) 5 sika, though this is to be expected if introgression took
place while sika were increasing from low frequency2169.84. However, this model is much less likely than

a spatially uniform model; a frequency of introgressed after their introduction. Finally, three individuals carry
5 apparently introgressed alleles, typical of the oppositealleles of u 5 0.0050 and hybridization H 5 0.0010

gen21 gave log(L) 5 2151.73. The fit is poor because race, out of 23 alleles sampled per individual; these are
probably first- or second-generation backcrosses. Therethere is an appreciable frequency of alleles typical of

sika in the northernmost samples. If we suppose that is significant linkage disequilibrium within both red-
and sika-like populations, which can be accounted forthese alleles were present at some low frequency, u,

within the ancestral population of red deer, the fit is by a low rate of current hybridization (H 5 0.002 per
generation into sika, and 0.001 per generation into red).much better: u 5 0.0049, H * 5 0.0051 (0.0009–0.0149),

I * 5 0.0004 (0–0.0027) gives log(L) 5 2152.38 (Figures At first sight, the lack of F1-like genotypes in our sam-
ple is paradoxical. However, (disregarding selection and4b and 5b). While the high diversity within the red-like

population (Table 2) makes ancestral polymorphism nonrandom mating) one expects twice as many first-
generation backcrosses, four times as many second-gen-plausible, other explanations are possible. Sika might

be especially likely to hybridize with red when rare, eration backcrosses, and so on. Taking the average rate
of hybridization as H 5 0.0015, we expect to see a pro-so that introgression would occur in the north of the

transect. Suppose that there is no ancestral polymor- portion 2H of F1’s, or 0.74 individuals in the whole
sample. Thus, it is not unlikely that F1’s would be missed.phism, but rather, that the rate of backcrossing into the

red-like population is almost constant when sika are Red-sika hybrids in captive herds do not show any repro-
ductive difficulties (Harrington 1979), and our dataabove some small threshold frequency [I 5 I *p/(0.001 1

p), H 5 H *p/(0.001 1 p)]. The most likely estimate is show that F1’s in the wild must also breed successfully,
because otherwise, more would be required to accountthen that H * 5 0.0032 (0.0007–0.0072), I * 5 0.0002

(0.0001–0.0004), with log(L) 5 2153.86. Adding the for the presence of later generations of hybrids. Varia-
tion in the breeding success of recent hybrids in red-possibility of ancestral polymorphism to this model of

frequency dependence gives no significant improve- and sika-like populations could account for the higher
level of introgression into sika. Body size is an importantment [log(L) 5 2153.03]. With either ancestral poly-

morphism, or frequency-dependent hybridization, the factor in dominance and reproductive success for both
sexes in the cervidae (Clutton-Brock et al. 1982). Re-rate of current hybridization is estimated to be much

greater than the rate of past introgression. Taking the cent hybrids are intermediate in body size between red
and sika (Harrington 1979; Bartos 1992) and so maygeneration time to be t 5 4 yr, and assuming ancestral

polymorphism, the discrepancy is I *t/H * 5 31%, sug- show increased breeding success in sika populations
compared with red populations. In addition, smallergesting some selection against introgression. However,

as for introgression into sika, this is not statistically sig- body size in sika-like females may facilitate a reduced
birth interval and therefore an enhanced reproductivenificant (Figure 4b).
rate compared to red-like deer (Chadwick et al. 1996).
This could be one aspect of phenotype that is under

DISCUSSION
selection; there may be a threshold body size for females,
related to local environment, which determines the cut-Our analysis of 11 unlinked microsatellite loci and of

the mitochondrial DNA shows that all 246 deer sampled off between different maximum reproductive rates for
females. Future work combining genetic and pheno-in the Kintyre transect fall into two classes, which corre-

spond to their sika- or red-like phenotype. However, typic data should allow such questions to be addressed.



369Red-Sika Hybridization

Abernethy (1994a,b) analyzed the same samples, us- In the current model competitive interactions be-
tween red and sika appear to have had minimal effecting two protein loci, two microsatellite loci, and mtDNA,

and argued for extensive hybridization between sika and on the spread of the populations in Argyll. This is be-
cause the two species have met only recently. As thered. Our interpretation is that there is only a low rate

of hybridization. This discrepancy arises because the contact time increases, the competitive advantage of
each species in different environments may become im-two protein loci scored by Abernethy were polymorphic

within even the northernmost samples of red deer. portant in determining further population expansion
and introgression. Outside the current sampling areaThese loci were treated as diagnostic and were included

in a single “hybrid index”; thus, a high frequency of there are large tracts of upland, open-hill habitat with
large red deer populations, which sika have so far shownhybrids was inferred well to the north, and the clines

for mtDNA and nuclear loci appeared to be staggered. little sign of colonizing (Ratcliffe 1987). Few data are
available on how sika might interact with red deer inOur analysis makes no assumptions as to the origin of

each allele, and instead distinguishes current hybridiza- such environments, but they are likely to differ from
forestry data, where interactions are better knowntion on the basis of spatial patterns of allele frequency

and linkage disequilibria. In general, alleles should (Chadwick et al. 1996). If a competitive advantage to
sika is an important factor, then sika may ultimatelynever be treated as absolutely diagnostic: even if samples

at opposite ends of a transect are fixed, the most that displace red deer from the environments in which they
compete. If red and sika populations equilibrate, neu-can be said is that the actual allele frequency is likely

to be less than some small value. Indeed, our analysis tral loci must inevitably become completely introgressed.
Nonrandom mating has kept red and sika deer dis-suggests that some sika alleles are present at low fre-

quency within the ancestral population of red deer. tinct during the z30 yr since they came into contact in
Kintyre. Natural selection may also be maintaining theseAbernethy’s (1994a,b) analysis treated the red- and

sika-like deer as a single population, with strong linkage separate populations: our analysis suggests that intro-
gression is 30–40% of that expected with no selection.disequilibrium and heterozygote deficit. Such an ap-

proach is appropriate where extensive hybridization has Selection might act against hybrids (“endogenous”) or
against alleles in a foreign environment (“exogenous”);generated a wide range of recombinant genotypes, and

as such was applicable under the original interpretation in this case, the distinction is not clearcut because of
the differences in habitat use between red and sikaof the data. Our approach, in which the population is

divided into two parts, is valid only when hybridization (Abernethy 1994a,b). If selection against hybrids is
occurring, we speculate that it must act at the gene levelis rare and when F1’s tend to backcross in one or other

direction. In this case each part can be seen as consisting because, although red and sika karyotypes differ by two
Robertsonian rearrangements (2n red 5 68, 2n sika 5of a mixture of nth generation backcrosses, each con-

taining a proportion 22n of introgressed alleles. While 64), there is no evidence for nondisjunction in captive
hybrids (Herzog and Harrington 1991). Selectionindividuals cannot be reliably classified to any particular

backcross generation, this genetic structure allows a sim- and assortative mating may maintain distinct pheno-
types indefinitely, despite hybridization. However, al-ple likelihood-based estimation of rates of hybridization

and introgression. leles that are advantageous within the foreign genetic
background will penetrate relatively rapidly, and evenTo determine whether the rates of current hybridiza-

tion inferred from linkage disequilibria are consistent neutral alleles will eventually intermingle (Barton and
Bengtsson 1986). Thus, even if sika do not displacewith the observed extent and spatial pattern of introgres-

sion, we constructed a simple diffusion model for the red deer entirely, the introgression of adaptive traits
from sika into red could have substantial consequencesspread of sika and red deer. Our estimates that sika

increase from low density at r z 9.2% yr21, and that the for the latter. The outcome depends primarily on
whether single genes can confer a selective advantagerate of dispersal is s z 3.7 km in each year, are robust

to assumptions about the initial introduction, the time within the genetic background and environment of the
opposite type.when red deer moved south, and the nature of competi-

tion between red and sika. The rate of increase is consis- In other areas where red and sika have been in con-
tact, such as County Wicklow in Ireland, we must assumetent with the estimate that by the 1940’s, sika had in-

creased to 300–400 individuals (Whitehead 1950, 1964; that the barriers to gene flow posed by assortative mating
and selection were not maintained. Here, complete ge-Ratcliffe 1987): exponential increase at a rate of 9.2%

yr21 over 30 yr, from 15 individuals initially, would give netic and phenotypic introgression appears to have taken
place (Harrington 1973, 1979, 1982). In Wicklow, hy-240 individuals after 30 yr. In making these estimates,

we ignored the effect of hybridization on demography. bridization between red and sika has been taking place
for z80 yr longer than in Argyll (Powerscourt 1884).This is reasonable because hybridization is so rare and

F1’s must be reasonably fertile: the spread of the sika Apart from the date of initial contact, little information
is available to make a comparison between Wicklow andphenotype is determined primarily by ecological rather

than genetic factors. Argyll. With the current data, we cannot discount the
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