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Recent fragmentation of populations as well as historical postglacial recolonization may have
signi®cantly a�ected the population genetic diversity of temperate plant species. Regional allozymic
variability was measured at seven loci within and among 12 populations of Calluna vulgaris in the
previously glaciated region of Scotland. These results were compared with existing data on south-
western continental populations. Low genetic di�erentiation (FST � 0.024) and lack of consistent
geographical pattern were found at the regional level among Scottish populations, implying a high
rate of gene ¯ow (Nm � 10.2), probably favoured by the nearly continuous range of C. vulgaris
across Scotland and characteristics of the Scottish environment. Scottish populations possessed lower
mean allozymic diversity (PLP � 40.48, A � 1.95, He � 0.133) than populations from all the
continental regions investigated previously. Belgian populations were genetically more closely related
to Scottish than to other continental populations. These last two ®ndings are interpreted with regard
to the evolutionary history of the species revealed by palynological data.
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Introduction

Levels of allozyme variation in plant species are highly
variable (Hamrick & Godt, 1989). Life-history traits,
such as breeding system, geographical distribution and
dispersal ability, explain a signi®cant part of the
variability of genetic diversity among plant species
(Hamrick & Godt, 1989), but recent and past evolu-
tionary history may also in¯uence genetic diversity and
genetic di�erentiation within plant species. In recent
centuries, human activity has led to the fragmentation
and isolation of the populations of many temperate
plant species. Both theory and experimental measure-
ments show that processes that erode genetic variation,
such as genetic drift, are more likely to a�ect small
geographically isolated populations (Young et al.,
1996). This loss of genetic variation has traditionally
been considered to decrease both the short-term and the
long-term adaptability of populations in variable and
changing environments (Young et al., 1996). The long-

term evolutionary history of temperate plant species,
including shifts in distribution, fragmentation and
population isolation during and after the last glacial
maximum, also undoubtedly greatly a�ected their pop-
ulation genetic structure. Range expansion following the
late-glacial maximum (18 000 BPBP) most probably resulted
in a series of bottlenecks for the colonizing populations
that should have lead to a loss of alleles and a tendency
to homozygosity (Nei et al., 1975; Hewitt, 1996). Also,
strong genetic di�erentiation among groups of popula-
tions may arise because of the fragmentation of a species
range into geographically isolated refugia during glacial
periods (Hewitt, 1996).

Calluna vulgaris (L.) Hull (heather, ling) (Ericaceae) is
a low shrub distributed throughout Europe, from Spain
to northern Scandinavia and from the Azores to the
Urals, with its principal range within western central
Europe. Calluna vulgaris may have survived in two
regions during the last glaciation events (Weichselian/
Wurm): south Continental Europe (including western
Spain, the Pyrenees at low and mid-altitude and the
Massif Central, France) and southern Britain (Jalut
et al., 1982; Huntley & Birks, 1983; Mardonnes & Jalut,*Correspondence. E-mail: mahy@ecol.ucl.ac.be
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1983; Reille & De Beaulieu, 1988; De Beaulieu & Reille,
1992). Today, C. vulgaris is the dominant species of an
extensive and unique ecosystem of international impor-
tance designated as `Calluna heath'. In most parts of
western Europe, heathlands are now regressing rapidly
because of the cessation of traditional agropastoral
practices, which were responsible for their formation, as
well as active a�orestation, agricultural reclamation and
an increase in atmospheric nitrogen deposition.
A previous study on allozyme variation in 18 popu-

lations of C. vulgaris from the south-western continental
range of the species indicated that these populations
were polymorphic at 52.4% of loci, maintained 2.5
alleles per locus and exhibited a mean expected hetero-
zygosity of 0.191 (Mahy et al., 1997). In this part of
Calluna's range, a trend of decreasing genetic diversity
with distance north was found, which we hypothesized
to be related to the postglacial history of the species.
Population di�erentiation was low, with more than 95%
of genetic variation found within populations, but a
pattern of isolation by distance was detected. Some of
the regions examined in this ®rst study included highly
fragmented populations (in Belgium and the Spanish
Basque country).
The potential in¯uence of distributional shifts during

and after the last glacial age is more easily detected by
examining populations in territories that were previous-
ly glaciated and are currently inhabited by the species of
interest (Hewitt, 1996). During the glacial maximum,
Scotland was entirely ice-covered, and there is no doubt
that C. vulgaris did not survive this period in the region
(Godwin, 1975). Today, C. vulgaris may be claimed to
be one of the most prevalent and widespread plant
species in Scotland. Sixteen per cent of the land is
dominated by heather, and 38% (3 ´ 106 ha) has
heather present (Magnusson, 1995).
This study assesses the allozyme variability and

genetic di�erentiation of Scottish C. vulgaris popula-
tions in a landscape previously glaciated but currently
with a low level of fragmentation compared with
continental regions. We compare Scottish populations
with previously studied continental populations (Mahy
et al., 1997) with the particular aims of examining
di�erences in allozyme variation between the two groups
of populations and determining the degree to which
Scottish populations are di�erentiated from continental
populations.

Materials and methods

Genetic structure of Scottish populations

Twelve populations of C. vulgaris were sampled across
Scotland (Fig. 1, Table 1). Populations were represen-

tative of the range of ecological conditions encountered
by the species at low and mid-altitude, of a range of
management practices (burned, grazed and unmanaged)
and levels of plant vigour (vigorous, grazing suppressed,
climatically suppressed). The population at Culbin
Forest (Sc9) was mainly composed of the hairy form
of C. vulgaris (C. vulgaris var. hirsuta). Thirty-one to 48
individuals were sampled per population, giving a total
of 475 individuals.
Sampling methods, enzyme extraction and techniques

for starch gel electrophoresis were carried out according
to the method of Mahy et al. (1997). Seven loci, already
studied in the south-western continental populations of
C. vulgaris, were examined: Mdh-2 and Mdh-3
(EC 1.1.1.37), Pgm-3 (EC 2.7.5.1), 6pgd-2 (EC
1.1.1.44), Pgi-2 (EC 5.3.1.9), Mnr-1 (EC 2.7.5.1) and
Idh-2 (EC 1.1.1.42). The genetic basis of polymorphic
patterns was inferred from known subunit composition
and the number of isozymes commonly observed in
diploid plants. All the variants detected in Scottish
populations were compared with the variants reported
by Mahy et al. (1997) by running them side-by-side.
Three multilocus measures of genetic diversity were

computed: average number of alleles per locus (A);
percentage of polymorphic loci at the 0.05 criterion
(PLP); and mean expected heterozygosity under Hardy±
Weinberg equilibrium (He, gene diversity; Nei, 1978)
using GENSURVEYGENSURVEY (Vekemans & LefeÁ bvre, 1997). Devi-
ation from Hardy±Weinberg equilibrium for each vari-
able locus in each population as well as homogeneity of
allele frequencies among populations were assessed with
unbiased estimates of the Fisher's exact test using
GENEPOPGENEPOP (Raymond & Rousset, 1995). Furthermore,
to assess the level of di�erentiation among populations,
the global de®cit of heterozygotes (FIT) was partitioned
into its two components: the de®cit of heterozygotes
within populations (FIS) and the de®cit of heterozygotes
among populations (FST) (Wright, 1951). The F-statis-
tics and their 95% and 99% con®dence intervals (CI)
were estimated using F-STATF-STAT (Goudet, 1995) according to
the method of Weir & Cockerham (1984). Gene ¯ow
between populations was estimated according to the
equation: Nm � (1±FST)/4FST (Wright, 1951).
Cavalli-Sforza & Edwards (1967) arc distance was

used as the basis for an UPGMAUPGMA cluster analysis using
BIOSYS-BIOSYS-1 (Swo�ord & Selander, 1981). This distance was
chosen to follow the method used by Mahy et al. (1997)
and because the resulting dendrogram had the highest
cophenetic correlation with the data when compared
with other classical genetic distances. Geographical and
genetic data were also combined in order to test for
isolation by distance among the Scottish populations.
The extent of gene ¯ow between two populations was
estimated for each pair of populations asM � (1±q)/4q,
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with q the coancestry coe�cient (Reynolds et al., 1983;
Slatkin, 1993). A log10±log10 linear regression of M
against geographical distances for each pair of popula-
tions was computed (Slatkin, 1993). Signi®cance of the
correlation between the matrix of M and geographical
distance after log transformation was tested using a
Mantel test with 1000 permutations using GENSURVEYGENSURVEY.

Scottish vs. continental populations

To compare Scottish and continental populations, we
include the 18 populations (593 individuals) studied by
Mahy et al. (1997) in south-western Europe (Fig. 1).
Student's t-tests were used to test for signi®cant di�er-
ences in genetic diversity between Scottish and the entire
set of continental populations. Percentage data were
arcsine transformed before statistical analysis. In addi-
tion, populations were grouped into six regions accord-
ing to their geographical proximity Ð Scotland,
Belgium, the Massif Central (France), Landes (France),
the Pyrenees (France±Spain) and the Spanish Basque
country (hereafter designated as Spanish populations)
Ð and averaged measures of genetic diversity
(A, PLP, He) were calculated for each region. Genetic
relationships among all populations were examined by
computing the Cavalli-Sforza & Edwards (1967) arc
distance between all pairs of populations and using the
genetic distance matrix in an UPGMAUPGMA cophenetic cluster-
ing (BIOSYSBIOSYS-1; Swo�ord & Selander, 1981). Furthermore,
to test whether speci®c groups of populations were
signi®cantly di�erentiated, we tested the signi®cance of
the di�erence between the mean Reynolds distance
(Reynolds et al., 1983) within groups of populations

against mean Reynolds distances between groups of
populations with the following numerical resampling
method (Sokal & Rohlf, 1995) using GENSURVEYGENSURVEY: 1000
samples were simulated randomly, assigning popula-
tions to each group in order to build the distribution of
the statistic under interest, i.e. the di�erence between
average pairwise distance within a group and the
average pairwise distance between groups. The observed
di�erence was then tested against two-tailed critical
values at 95% and 99% of the distribution.

Results

From the seven loci surveyed, all except Mdh-3 showed
some variation in at least one Scottish population. A
total of 23 putative alleles were detected across Scottish
populations. Two rare alleles detected in Scottish
populations were not detected in south-western conti-
nental populations: Idh-2.8 coding for a form interme-
diate between Idh-2.1 and Idh-2.2; and Pgi-2.8 coding
for a form intermediate between Pgi-2.1 and Pgi-2.2.

The Scottish within-population genetic variability
estimates are presented in Table 1 for each population.
Mean proportion of polymorphic loci (PLP) was
40.5 � 8.2 (SD). The mean number of alleles per locus
(A) ranged from 1.6 to 2.3 with a mean of 1.9 � 0.2.
The mean gene diversity (He) varied from 0.087 to 0.167
with a mean of 0.133 � 0.025. Scottish populations had
signi®cantly less mean allozyme diversity than south-
western continental populations as a whole (Table 1).
Also, Scottish populations appeared to be less variable
than all individual continental regions examined for all
estimates of genetic diversity (Table 1).

Fig. 1 Location of the 12 Scottish
populations of Calluna vulgaris sampled

for the study of allozyme diversity and
genetic structure, and location of the 18
C. vulgaris populations sampled for the
allozyme diversity and genetic structure

study in south-western continental re-
gions (Mahy et al., 1997). Sc, Scotland;
Be, Belgium; MC, Massif Central

(France); La, Landes (France); Py, the
Pyrenees; Sp, the Spanish Basque
country.
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The genotype distribution at each locus in each Scottish
population departed signi®cantly from the Hardy±Wein-
berg equilibrium in only one out of 49 cases, a frequency
expected by chance alone. The FIS-values for individual
loci were always low, ranging from)0.052 (Idh-2) to 0.059
(Mnr-1), with a mean of 0.020 that was not signi®cantly
di�erent from zero (95% CI )0.050 to 0.059).
Signi®cant (P < 0.05) heterogeneity in allelic fre-

quencies among the 12 populations was observed at all

variable loci except Mdh-2 (P � 0.360). However, the
FST-values for individual loci were low, ranging from
)0.001 (Mdh-2) to 0.044 (Pgm-3), with a mean of 0.024,
signi®cantly di�erent from zero (99% CI 0.018±0.042).
The number of migrants exchanged per generation
among the 12 populations (Nm) was estimated as
10.16. The inclusion of European populations in the
UPGMAUPGMA dendrogram based on Cavalli-Sforza & Edwards
distances did not modify the relative positions among

Table 1 Allozyme variability within Scottish populations of Calluna vulgaris and comparisons with mean allozyme
variation in continental regions

Location Nind PLP A He

Scotland
Sc1 Pentland Hills 39 57.1 2.1 0.133

Loganlea Rise
Sc3 Flanders Moss 40 28.6 1.9 0.121
Sc4 Rannoch Moor 40 42.9 1.6 0.149

Lochan na h-Achlaise
Sc5 Isle of Skye 41 42.9 2.1 0.138

Glenmore (top)
Sc6 Kentra Bay 48 42.9 1.9 0.135

Acharacle
Sc7 Knapdale 40 28.6 2.0 0.105

Kilberry Head
Sc8 Collieston 31 42.9 2.1 0.162

Sands of Forvie
Sc9 Culbin Forest 39 28.6 1.6 0.087
Sc10 Lecht Road 40 42.9 2.3 0.167

Carn Liath
Sc11 Loch Craggie 38 42.9 2.3 0.153

Croc Craggie
Sc12 Glen A�ric 40 42.9 1.7 0.141
Sc14 Abernethy Forest 39 42.9 1.9 0.101

Regions Npop
Mean Scotland 12 40.48 1.95 0.133
(SD) (8.25) (0.25) (0.025)

Belgium 5 48.57 2.23 0.148
(7.82) (0.31) (0.043)

Massif-Central 4 42.86 2.32 0.168
(11.66) (0.14) (0.023)

Landes 2 57.14 2.45 0.209
(20.15) (0.64) (0.029)

Pyrenees 3 57.1 2.86 0.232
(0.0) (0.14) (0.019)

North Spain 4 60.71 2.79 0.230
(7.15) (0.18) (0.019)

All continental populations 18 52.38 2.50 0.191
(10.96) (0.36) (0.045)

t-test t 2.68 )4.93 4.409
P 0.012 0.001 0.001

Nind, number of individuals sampled in Scottish populations; Npop, number of populations in each region; PLP, proportion of
polymorphic loci; A, mean number of alleles; He, gene diversity (Nei, 1978). t-values and P-values are for the comparison of genetic
diversity between Scottish and the entire set of continental populations.
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Scottish populations. Thus, only the dendrogram in-
cluding all populations (Scottish + continental) is
represented in Fig. 2. No clear evidence of geographical
ordering was detected among Scottish populations.
Adjacent populations did not tend to cluster more
frequently than distant populations. The matrix of gene
¯ow (M ) and the matrix of geographical distance were
not signi®cantly correlated (standardized Mantel statis-
tic, r � 0.066, P � 0.62). This suggested that gene ¯ow
between Scottish populations did not decrease with
distance separating those populations.

The UPGMAUPGMA clustering based on Cavalli-Sforza &
Edwards distance suggested that Scottish C. vulgaris
populations were reasonably separated from other
continental populations, albeit with an individual Bel-
gian population intermingled (Fig. 2). This was consis-
tent with the fact that the mean Reynolds distance
among Scottish populations and all other groups of
populations (continental and individual continental
regions) was signi®cantly higher than the mean pairwise
Reynolds distances within groups (Table 2). Despite the

fact that Scottish populations formed a homogeneous
genetic group, the genetic structure at the scale consid-
ered was not shaped by a major discontinuity among
Scotland and the continent. Indeed, the UPGMAUPGMA dendro-
gram (Fig. 2) exhibited three major sub-branches: one
grouping the Scottish and Belgian populations; another
the Massif Central and Landes populations; and the
third the Pyrenean and Spanish populations. Examina-
tion of mean Reynolds distances among speci®c groups
of populations (Table 2) also indicated that the mean
genetic distance between Scottish and Belgian popula-
tions (0.0354) was far lower than the mean genetic
distance betweenBelgian and either Spanish + Pyrenean
populations (0.0594) or Massif Central + Landes
populations (0.0591). Altogether, these results suggest
that Belgian populations are genetically more similar to
Scottish populations than to other continental popula-
tions.

Discussion

The partitioning of total genetic diversity into within-
and among-population components for Scottish C. vul-
garis populations is similar to the pattern reported for
continental populations by Mahy et al. (1997). Most of
the variation (>95%) is found within populations.
Nevertheless, the di�erentiation among Scottish popu-
lations was exceptionally low (FST � 0.024), despite
some populations being separated by more than
300 km. The very low di�erentiation between any of
the Scottish populations is con®rmed by the lack of
consistently interpretable clustering of populations and
by the lack of isolation by distance. The estimate of Nm
among Scottish populations of C. vulgaris was consist-
ently higher than the threshold value of 1.0 considered
su�cient to prevent signi®cant divergence caused by
genetic drift for neutral loci (Wright, 1951).

Mahy et al. (1997) suggested that outcrossing, insect
pollination and evidence for occasional long-distance
dispersal of seeds by wind or animals may reasonably
account for high estimates of gene ¯ow between Calluna
populations situated within the same geographical
region. Some features of the Scottish environment are
also likely to enhance the level of gene ¯ow experienced
by C. vulgaris populations in this region. Long-distance
dispersal of viable seeds in the droppings of red grouse
Lagopus lagopus scoticus may be expected to play a
signi®cant role in Scotland, where many heaths are
managed for red grouse shooting (Welch, 1985). Long-
distance dispersal of seed-retaining ¯owers over smooth,
frozen surfaces during the winter can be shown to be
possible even in moderate wind conditions (Legg et al.,
1992). In general, dispersal of seeds and pollen by wind
may be expected to be favoured in the treeless windy

Fig. 2 UPGMAUPGMA cluster analysis of Cavalli-Sforza & Edwards'
pairwise distances for Scottish and south-western continental

populations of Calluna vulgaris. Geographical location of the
populations is shown in Fig. 1.
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environment in which most Scottish C. vulgaris popu-
lations occur. Alternatively, if gene movement in this
species through pollen or seeds is actually more
restricted and does not occur over long distances, then
the lack of apparent isolation by distance within the
Scottish region may suggest that the species has not
reached an equilibrium between genetic drift and gene
¯ow in this part of its range (Slatkin, 1993). Despite the
fact that C. vulgaris recolonized Scotland very early in
the Holocene (Godwin, 1975), the extension of Calluna
heath took place mainly under human activity in
historical times (Pennington, 1969), and the number of
generations since the establishment of most of the
populations may have been too low for genetic drift and
di�erentiation to occur.
In contrast to allozyme markers, which did not reveal

much di�erentiation among Scottish populations of
C. vulgaris, ecotypic di�erences for characteristics of
adaptive signi®cance have been observed for growth on
toxic soil, for growth form and for ¯oral phenology in
Scotland and other areas of Britain (Grant & Hunter,
1962; Bannister, 1978; Marrs & Bannister, 1978).
Allozyme and morphological or physiological patterns
are not consistent. This suggests that allozymes are
mainly selectively neutral genetic markers re¯ecting the
e�ects of history and chance, whereas patterns of
variation for many morphological and physiological
characters re¯ect the e�ect of natural selection (Ennos,
1995). The genetic structure of the Culbin Forest
population (Sc9) gives some support to this conclusion.
This population is morphologically well di�erentiated
from other sampled populations because the hairy form
of C. vulgaris (C. vulgaris var. hirsuta), usually rare in
nature, predominates (Grant & Hunter, 1962). This
presumably re¯ects the e�ect of selection in an environ-
ment with low water potential. However, the allozyme
data did not exhibit any signi®cant di�erentiation.
The low level of allozyme variation observed within

Scottish populations of C. vulgaris compared with
continental populations seems surprising, as Scotland
presently supports the largest, mainly nonfragmented,

populations in western Europe, and these populations
apparently exchange genes, a feature expected to coun-
teract genetic drift. Furthermore, agreement with Har-
dy±Weinberg expectations and nonsigni®cant mean FIS

values indicate that inbreeding is not currently an
evolutionarily signi®cant process in Scottish populations
of C. vulgaris. The e�ect of late-Quaternary climatolog-
ical events may provide the most reasonable explanation
for the low genetic diversity of Scottish populations and
their genetic similarity to Belgian populations. On the
continent, populations from regions where C. vulgaris
probably did not survive the last glaciation, such as
Belgium, also displayed less allozyme variation than
populations from presumed refugia. The observation of
low allozyme variation within regions where palynolog-
ical or geological data indicate no survival of C. vulgaris
throughout the glacial stage, such as Scotland and
presumably Belgium, is consistent with theoretical
predictions that founder events and bottlenecks caused
during recolonization processes should lead to a loss of
genetic diversity (Nei et al., 1975; Hewitt, 1996). The
observation that both allelic diversity and heterozygos-
ity are strongly decreased in Scottish populations
suggests that the species has gone through a strong
historical bottleneck in this region (Nei et al., 1975). The
genetic similarity of the Scottish and Belgian popula-
tions compared with other continental populations
indicates, at least partially, a common evolutionary
history for these two sets of populations. This observa-
tion is not consistent with an absence of any genetic
contact between British and continental populations
since the beginning of the last glacial stage, but it is
consistent with the proposal of Huntley & Birks (1983)
that northern and central parts of the continental species
area have been recolonized along a west±east direction
from British populations at a period when the British
Isles were still a part of continental Europe.
The apparent vigour of C. vulgaris and its extension

throughout various environments in Scotland, despite
the low allozyme diversity observed in this region,
suggests that allozyme variation is not a good indicator

Table 2 Matrix of mean Reynolds distance among pairs of populations belonging to di�erent groups of Calluna vulgaris
populations

Sc Be MC + La Py + Sp Cont

Scotland (Sc) (0.0264)
Belgium (Be) 0.0354* (0.0230)
Massif Central + Landes (MC + La) 0.0909** 0.0591* (0.0350)
Pyrenees + Spain (Py + Sp) 0.0828** 0.0594** 0.0510* (0.0196)
South-west continent (Cont) 0.0724** ± ± ± (0.0468)

Average genetic distance within each group is given in brackets. Average genetic distance among populations belonging to two di�erent
groups is signi®cantly higher than the mean genetic distance for pairs of populations within the two groups at *P < 0.05, **P < 0.01.
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of short-term ecological success in this species and that
demographic data should be more useful for monitor-
ing and managing populations in the short term.
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