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The Aconitum lycoctonum complex is a widespread yellow-¯owered group of species found in central
and southern Europe. Because of extreme morphological variability, the systematics of this group is
confusing, and hybridizations among taxa are often hypothesized. To determine whether hybridiza-
tion, realized mating system within populations or colonization from di�erent Pleistocene refugia
might explain some of the morphological variation, the genetic structure of 19 populations from
central and southern Europe was studied using starch gel electrophoresis and 10 enzyme loci, of which
eight were polymorphic. A pattern typical of an outcrossing species was expected because
A. lycoctonum ¯owers are adapted to pollination by long-tongued bumblebees. However, heterozy-
gosity was very low (between 0.031 and 0.150), which is atypical of either widespread or outcrossing
species. The inbreeding coe�cient, FIS, also suggested inbreeding in more than half the populations.
Analysis of molecular variance showed that 31% of the genetic variation is found among populations,
again suggesting inbreeding. A neighbour-joining tree based on Reynolds's genetic distance showed a
clear separation between the central/eastern European populations and the samples from the Iberian
peninsula and Alpes Maritimes. These data are consistent with the hypothesized refugia and the
phylogeographical histories of several European forest trees. The genetic identity of all populations
was very high, suggesting that all investigated populations belong to the same species despite high
morphological variability. Hybridization was not supported by the data.
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Introduction

The extent and structure of genetic variation within
and among plant populations are known to be
strongly in¯uenced by mating systems. Comparisons
of large numbers of species have shown that out-
breeding populations have greater genetic diversity,
with higher levels of heterozygosity and more poly-
morphic loci, than self-fertilized populations. Further-
more, the genetic structure of outcrossing populations
is di�erent. Outcrossing species have greater gene
¯ow, leading to little di�erentiation among popula-
tions. Sel®ng species, on the other hand, show more
di�erentiation among populations (e.g. Hamrick &

Godt, 1989, 1997). Although interspeci®c studies
provide information on general patterns, intraspeci®c
studies allow a more direct investigation of the e�ects
of breeding system on genetic variation and can,
therefore, give valuable insights into the evolution of
mating systems in plants (e.g. Waycott & Sampson,
1997; Fleming et al., 1998).

Mating systems are important, but the natural history
of populations can also a�ect genetic diversity. A
population that undergoes a rapid loss of individuals
may lose many rare alleles as a result of genetic drift,
and thus experience a reduction in average heterozy-
gosity (a bottleneck e�ect). Once average heterozygosity
is reduced, it can take a long time to rebuild to the
original level, whereas the mean number of alleles is
expected to increase much faster if population size
increases again (Nei et al., 1975).*Correspondence. E-mail: utelli@geobot.umnw.ethz.ch
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Ice ages have caused considerable reductions in the
ranges of many plants and have thus strongly in¯uenced
the population histories of organisms in the northern
hemisphere. Hewitt (1996) examined the e�ects of
Pleistocene ice ages on population genetics in Europe.
During the ice age, many species that are now distrib-
uted across Europe had their refugia in southern
Europe. When the climate warmed, these species
expanded north from these refugia. Because this colo-
nization process involved a series of bottlenecks for the
colonizing genome, it led to a loss of alleles and
increased homozygosity. Taberlet et al. (1998) compared
the phylogeographies of 10 European taxa, including
mammals, amphibians, arthropods and trees. They
showed that evidence for the three main refugia in
southern Europe is found in the phylogeographical
histories of many organisms. Taberlet et al.'s (1998)
review includes studies on the genetic variation and
postglacial histories of European forest trees (Lager-
crantz & Ryman, 1990; Konnert & Bergmann, 1995;
Demesure et al., 1996; Dumolin-LapeÁ gue et al., 1997),
but little is known about the recolonization histories of
herbaceous plants in central Europe.
The species complex of yellow-¯owered Aconitum

lycoctonum is distributed widely across southern and
central Europe. These plants occur mainly in moun-
tainous regions in shady habitats, often in forests. The
complex is renowned for extreme morphological vari-
ability, which has led to the description of numerous
taxa and confusing, inconsistent systematics (Warncke,

1964; Hegi, 1974; Hess et al., 1977; Tamura & Lauener,
1978; Tutin et al., 1993). Subspecies lycoctonum (no-
menclature after Warncke, 1964) is described as typical
for central Europe, and ssp. ranunculifolium for
southern Europe. Hybrids are supposed to occur in
contact areas, especially in the Alps (Warncke, 1964;
Hegi, 1974; Hess et al., 1977; Tutin et al., 1993).
Populations in the Alps with glandular hairs on ¯owers
and peduncles are treated as A. penninum at the species
or subspecies level (e.g. Hess et al., 1977), although
Warncke (1964) mentioned that this character is typical
for populations in both the Alps and the Balkan
peninsula, and is therefore without any systematic value.
We used allozymes to investigate the breeding system,

phylogeography and systematics of the yellow-¯owering
A. lycoctonum in central and southern Europe. Allo-
zymes remain the most widely used technique for mating
system estimation. They are also a useful tool for
analysing hybrid zones (Cruzan, 1998).

Materials and methods

Study sites

A total of 19 yellow-¯owering A. lycoctonum s.l.
populations from central, southern and eastern Europe
were investigated (Fig. 1). The populations ranged from
360 to 2450 m above sea level (Table 1). From each
population, 33 plants were collected (except population
13345, from which only 10 were collected) between May

Fig. 1 Geographical locations of the sampling sites for Aconitum lycoctonum s.l. One population, no. 13345 in Romania, is not
shown (see Table 1 for further details).
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Table 1 Site, altitude, population size and genetic variation of 19 populations of Aconitum lycoctonum s.l.

Voucher Altitude Population Mean sample size
number  Collection site (m a.s.l.) sizeà per locus � SE A � SE P§ Hobs � SE Hexp

± � SE FIS

13042 Switzerland: Arolla 2050 Large 24.9 � 0.1 1.5 � 0.2 30.0 0.100 � 0.075 0.097 � 0.065 )0.036
13345 Romania: near Zarnasti 1625 Medium 8.0 � 0.0 1.6 � 0.2 50.0 0.150 � 0.067 0.147 � 0.067 )0.024
14401 Switzerland: Zurich 500 Small 30.9 � 0.1 1.2 � 0.1 10.0 0.065 � 0.061 0.051 � 0.047 )0.279
14403 Switzerland: near Kandersteg 1720 Medium 30.9 � 0.1 1.2 � 0.1 10.0 0.026 � 0.022 0.028 � 0.025 0.094
14405 Germany: near Hof 420 Medium 23.0 � 0.0 1.1 � 0.1 10.0 0.039 � 0.039 0.050 � 0.050 0.214
14406 Germany: Harz Mountains, 400 Small 31.0 � 0.0 1.2 � 0.1 20.0 0.061 � 0.044 0.063 � 0.047 0.032

near Zellerfeld
14411 Italy: E of Lago di Como 1600 Medium 32.8 � 0.1 1.2 � 0.1 10.0 0.031 � 0.025 0.047 � 0.041 0.342*

14414 Spain: Picos de Europa, 360 Medium 31.9 � 0.1 1.4 � 0.1 20.0 0.051 � 0.027 0.057 � 0.031 0.104
near Covadonga

14415 Spain: Picos de Europa, 1120 Medium 27.3 � 0.3 1.4 � 0.2 20.0 0.041 � 0.021 0.039 � 0.020 )0.053
near Covadonga

14419 France: Hautes-PyreÂ neÂ es 2040 Medium 28.0 � 0.0 1.5 � 0.2 40.0 0.089 � 0.047 0.099 � 0.047 0.098
14422 France: PyreÂ neÂ es Orientales 1750 Large 29.0 � 0.0 1.5 � 0.3 30.0 0.093 � 0.052 0.100 � 0.057 0.066
14424 Switzerland: St. Moritz 2020 Large 28.9 � 0.1 1.5 � 0.2 40.0 0.114 � 0.053 0.119 � 0.052 0.039
14425 Switzerland: Chur®rsten 1750 Medium 20.0 � 0.0 1.5 � 0.2 30.0 0.090 � 0.045 0.079 � 0.039 )0.136
14427 Switzerland: Rigi 1410 Medium 31.0 � 0.0 1.3 � 0.2 10.0 0.052 � 0.041 0.057 � 0.047 0.096
14436 Switzerland: Jura, near Basle 450 Small 32.5 � 0.5 1.7 � 0.3 40.0 0.115 � 0.055 0.110 � 0.054 )0.049
14438 Italy: Alpes Maritimes 2050 Medium 25.9 � 0.1 1.3 � 0.2 30.0 0.114 � 0.071 0.098 � 0.056 )0.160
14445 Italy: Alpes Maritimes 2300 Medium 27.0 � 0.0 1.7 � 0.3 40.0 0.119 � 0.057 0.139 � 0.057 0.151
14451 Spain: Sierra Nevada 2450 Medium 25.9 � 0.1 1.3 � 0.2 20.0 0.090 � 0.059 0.102 � 0.065 0.121
14462 Switzerland: Tessin, 1590 Medium 11.0 � 0.0 1.6 � 0.3 40.0 0.127 � 0.059 0.128 � 0.062 0.007

near Airolo

A, mean no. of alleles/locus; P, percentage polymorphic loci; Hobs, observed heterozygosity; Hexp, expected heterozygosity; FIS, the inbreeding coe�cient, which indicates the
probability that an individual in a population is autozygous.
 Deposited in Z-ZT.
àPopulation size was estimated as small (fewer than 100 reproductive individuals), medium (between 100 and 500 reproductive individuals) and large (more than 500 reproductive
individuals).
§A locus is considered polymorphic if the frequency of the most common allele does not exceed 0.95.
±Unbiased estimate (see Nei, 1978).
*P < 0.05.
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1995 and September 1997. After collection, the plants
were maintained in a greenhouse in ZuÈ rich.

Enzyme electrophoresis

Fresh leaf material was homogenized in the phosphate
grinding bu�er±PVP solution described by Soltis et al.
(1983). The extraction was then either immediately
absorbed on paper wicks and loaded onto gels or stored
at )80°C before electrophoresis. Horizontal starch gel
(12.8%) electrophoresis was performed. The best results
were obtained when fresh extractions were used.
After screening 24 enzymes, eight with scorable bands

representing 10 loci were chosen for further investiga-
tions. Gel and electrode bu�er system 1 (Soltis et al.,
1983) was used for malate dehydrogenase (MDH; EC
1.1.1.37), system 5 (Soltis et al., 1983) for acid phospha-
tase (AcPH; EC 3.1.3.2), aspartate aminotransferase
(AAT; EC 2.6.1.1), 6-phosphogluconate dehydrogenase
(6PGD; EC 1.1.1.44) and malic enzyme (ME; EC
1.1.1.40). Phosphoglucomutase (PGM; EC 5.4.2.2, two
loci) was resolved on system 1 and system 5. Two
enzymes were resolved using system 6 (Soltis et al., 1983):
phosphoglucoisomerase (PGI; EC 5.3.1.9, two loci) and
triosephosphate isomerase (TPI; EC 5.3.1.1). Additional
putative loci of 6PGD and MDH were occasionally
detected but could not always be resolved or consistently
scored, and therefore were not used in the analysis.
Heterodimers coded by PGI-2c and PGI-2d and all other
more cathodally located bands migrated towards the
cathode on system 6 of Soltis et al. (1983). Enzymes were
stained according to the recipes of Soltis et al. (1983).
Where more than one isozyme of a given enzyme was

observed, they were numbered sequentially from the
most anodal (no. 1) to the more cathodal isozyme.
Alleles were also named sequentially from the most
anodal (a) to the most cathodal.

Data analysis

The computer program BIOSYSBIOSYS-1 (Swo�ord & Selander,
1989) was used to calculate the mean number of alleles
per locus, percentage polymorphic loci (95% criterion),
observed and expected heterozygosities and allele fre-
quencies. The correlations of these variability estimates
with altitude were investigated, and the e�ect of
population size on variability was tested by a one-way
ANOVAANOVA. Population size was estimated as small (fewer
than 100 reproductive individuals), medium (between
100 and 500) and large (more than 500 reproductive
individuals). Nei's (1972) genetic identity was calculated
to facilitate comparisons with the literature.
For estimating and testing FIS values, FSTATFSTAT (Goudet,

1995) was used. FIS measures the heterozygote de®cit

within a population and thus indicates the probability
that an individual is homozygous.
Deviations from Hardy±Weinberg equilibrium

(HWE) were tested using the program ARLEQUINARLEQUIN (Schn-
eider et al., 1997). It computed a test analogous to
Fisher's exact test using a Markov chain (chain length
100 000, dememorization 1000). Weir (1996) describes
this procedure as the most powerful test for deviations
from HWE.
An isolation by distance e�ect generates a positive

correlation between geographical distance and FST/
(1 ) FST), where geographical distance and FST are
calculated for each pair of populations. We tested for
isolation by distance using the `Mantel test' option of
GENEPOPGENEPOP (Raymond & Rousset, 1995), which tests the
correlation between the natural logarithm of geograph-
ical distances and estimates of FST/(1 ) FST). Logarithm
of distance is recommended if populations are spread in
two dimensions (Rousset, 1997).
To estimate genetic distances among populations, the

allele frequency table calculated in BIOSYS-1BIOSYS-1 was im-
ported into the package PHYLIPPHYLIP (Felsenstein, 1993). The
option SEQBOOTSEQBOOT produced a ®le with 100 bootstrapped
data sets. Genetic distance matrices for these data
sets were calculated by running GENDISTGENDIST. We chose
Reynolds's distance (Reynolds et al., 1983) and Cavalli-
Sforza's chord distance (Cavalli-Sforza & Edwards,
1967). Both these models assume no mutation and that
all gene frequency changes are caused by genetic drift
alone. They do not assume that population sizes have
remained constant and equal in all populations. NEIGH-NEIGH-

BOURBOUR was used to construct neighbour-joining and UP-UP-

GMAGMA trees for all 100 matrices of both distances.
CONSENSECONSENSE then found the consensus tree for each
distance and clustering procedure, indicating how well
each node was supported.
In addition, a maximum likelihood tree based on gene

frequencies was calculated using the option CONTMLCONTML.
This tree is also built on the assumption that each locus
evolves independently by pure genetic drift.
To test the hypothesis that there are hybrids in the

Alps, principal components were computed for the 11
populations of central Europe using angular-trans-
formed allele frequencies. Correlations between the ®rst
principal component axis and the geographical longi-
tude and latitude were calculated.
Finally, we used ARLEQUINARLEQUIN (Schneider et al., 1997) to

analyse genetic structure among and within populations
and among and within geographical groups of popula-
tions by AMOVAAMOVA (analysis of molecular variance). First, a
partitioning of the variation among and within all
populations was calculated. Then the populations were
divided into three geographical regions (Iberian penin-
sula, Alpes Maritimes, and central and eastern Europe).
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This division was suggested by the cluster analysis. We
calculated variation among regions, among populations
within regions and among individuals within popula-
tions. In addition, the three groups were analysed
separately to investigate possible di�erences among
geographical regions.

Results

Loci and alleles scored

Eight of the 10 scored loci were polymorphic in at least
one population. Up to ®ve alleles were detected per
locus. Allele frequencies are available from the corre-
sponding author.

Signi®cant deviations from Hardy±Weinberg equilib-
rium (P < 0.05) were found in four populations, at one
locus each: nos 13042 (AcPH ), 14411 (AcPH ), 14424
(PGM-1) and 14445 (AcPH ). All deviations were the
result of heterozygote de®ciencies.

Genetic variation within populations

Genetic variation di�ered strongly among populations.
Table 1 summarizes the measures of genetic variability.
The average number of alleles per locus (A) varies
between 1.1 and 1.7 (mean 1.41) and the percentage of
loci polymorphic (P) between 10% and 50% (mean
26.32%). Expected heterozygosity (unbiased estimate;
see Nei, 1978) ranges from 0.028 to 0.147 (mean 0.08)
and the inbreeding coe�cient FIS from )0.279 to 0.342
(mean 0.03). The value of 0.342 in population no. 14411
is the only value signi®cantly (P < 0.05) di�erent from
zero. Positive FIS values, indicating inbreeding, were
found in 58% of the populations (11 out of 19); in one
population, FIS was near zero, indicating random
mating; and 37% of the populations (seven out of 19)
had negative FIS values, indicating outcrossing.

No signi®cant correlation could be found between
altitude and number of alleles per locus (r � 0.317,
P � 0.186), percentage of loci polymorphic (r � 0.378,
P � 0.110), observed heterozygosity (r � 0.419, P �
0.075) or FIS (r � 0.126, P � 0.607). Nor did popula-
tion size explain any di�erences among these variability
measures (alleles per locus: F2,16 � 0.483, P � 0.626;
percentage of loci polymorphic: F2,16 � 0.520, P �
0.604; observed heterozygosity: F2,16 � 0.509,
P � 0.613; expected heterozygosity: F2,16 � 0.629,
P � 0.546; inbreeding coe�cient: F2,16 � 1.841, P �
0.191). The only signi®cant correlation (r � 0.486,
P < 0.05) was observed between altitude and expected
heterozygosity.

Genetic distances and relationship among
populations

The investigated populations are genetically very simi-
lar. The genetic identity of the 19 populations was large;
the mean identity of Nei was 0.958 � 0.032 SD (max-
imum 1, minimum 0.845). A value of one indicates that
two populations are genetically identical. The calculated
genetic distance values are small. Cavalli-Sforza's chord
distance values are between 0.002 and 0.256 (mean
0.099 � 0.060), Reynolds's between 0.002 and 0.650
(mean 0.283 � 0.153).

The bootstrapped UPGMAUPGMA and neighbour-joining
trees, based on Reynolds's and Cavalli-Sforza's
distance, respectively, gave very similar results. The
neighbour-joining tree based on Reynolds's genetic
distance had the highest bootstrap values and is shown
in Fig. 2. This tree shows an obvious clustering between
the populations of the Iberian peninsula and the Alpes
Maritimes, and between the populations of central and
eastern Europe.

The maximum likelihood tree also supports the three
main groups, except that no. 14414 (Picos de Europa,
northern Spain) is shown to be more closely related to
nos 14438 and 14445 (Alpes Maritimes) than to the
other four populations from the Iberian peninsula.

PCA analysis was used to test for the occurrence in
the Alps of hybrids between more southern and north-
ern taxa. The populations plotted on the ®rst, second
and third principal components did not show any
clustering coherent with the geographical distribution
(Fig. 3); thus, the hypothesis of hybridization is not
supported. The correlation between the ®rst component
and the geographical latitude was not signi®cant
(r � )0.071, P � 0.835; Fig. 4a), but the correlation
between the ®rst component and longitude was margin-
ally signi®cant (r � )0.582, P � 0.060; Fig. 4b).

Genetic differentiation

Mantel's test indicated an isolation by geographical
distance e�ect (r � 0.474, P � 0.001). Comparing
levels of variation within and among populations, we
found about 32% of the total genetic diversity among
populations (FST � 0.317, P < 0.001; Table 2).
Grouping the 19 populations within geographical re-
gions (Iberian peninsula, Alpes Maritimes, central and
eastern Europe), we found 24.01% of the variation
among, and 14.78% within, these groups. There is a
higher level of interpopulation variation in the Iberian
peninsula (25.45%) than in the Alpes Maritimes
(20.75%) and in central and eastern Europe (17.06%).
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Discussion

Genetic variation

To interpret the causes of the level and pattern of genetic
variation within and among populations of A. lycocto-
num, two factors need to be considered. The ®rst is the
breeding system of the plant. The other is the natural
history of the populations as in¯uenced by glaciation,
including possible refugia and migration during inter-
glacials. These two factors acting alone, or in concert,
are likely to have been the primary forces in¯uencing the
genetic structure of these populations.

The genus Aconitum is famous as `the bumblebee
¯ower par excellence' (Hegi, 1974). It is pollinated
primarily by long-tongued bumblebees, which are the
most e�cient pollinators of these plants (Thùstesen &
Olesen, 1996). The ¯owers of A. lycoctonum are
protandrous. Within racemes, ¯owers open from the
bottom to the top. The bees generally work the plant
from the lower to the upper ¯owers. This should
encourage outcrossing if ¯owers are completely pro-
tandrous. However, the fact that more than half of the
FIS values found showed a de®ciency of heterozygotes
suggests that, at least in some populations, sel®ng or
mating with close relatives is common. One likely cause

Fig. 2 Neighbour-joining tree of 19 Aconitum lycoctonum populations based on Reynolds's genetic distance (Reynolds et al., 1983).
Populations originating from the Iberian peninsula are shown in italics; those from the Alpes Maritimes are shown in bold.
Bootstrap values from 100 bootstraps are given at each fork. For population numbers, see Table 1 and Fig. 1.
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of sel®ng in this species is geitonogamy. Plants typically
have more than one in¯orescence, and bees usually
move between them. Because the plants are not self-
incompatible (A.-B. Utelli & B. A. Roy, unpubl. data),
these within-plant movements may lead to sel®ng. In
addition, the small black seeds of A. lycoctonum are

released from the open capsules by slight wind, but no
long-distance dispersal is known. Thus, seeds are most
likely to fall near the mother plant, further increasing
the likelihood of mating with close relatives.

Hamrick & Godt (1989) reported a highly signi®cant
in¯uence of the breeding system on the variation of
allozymes among populations. The mean percentage of
variation among populations of animal-pollinated out-
crossers was 19.7%, and among populations with
mixed-mating systems it was 21.6%, whereas the

Fig. 3 Scatter plot of (a) the ®rst (PC 1) and second (PC 2)
and (b) the ®rst and third (PC 3) principal components

calculated from allele frequencies of 11 populations of
Aconitum lycoctonum in central Europe. The percentage
of variation that is explained by each component is shown

on each axis. Open circles indicate populations north of or
in the northern part of the Alps; ®lled circles indicate
populations in the main or southern part of the Alps. For
population numbers, see Table 1 and Fig. 1.

Fig. 4 Scatter plot of the ®rst principal component calcu-

lated from allele frequencies of 11 populations of Aconitum
lycoctonum in central Europe vs. (a) geographical latitude
and (b) longitude. Population numbers correspond to
Table 1 and Fig. 1.
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percentage of variation among complete selfers was
signi®cantly higher at 51.0%. In our data, the percent-
age of variation among all 19 populations is 31.7%. This
overall value lies between those reported for species with
mixed-mating systems and absolute selfers. However,
when we separate the data by region, the percentages of
variation among populations in the Alpes Maritimes
and in central Europe are more similar to outcrossers or
species with mixed-mating systems (20.8% and 17.0%,
respectively), whereas the Iberian populations show a
pattern suggesting more sel®ng with variation at 25.5%
(see Table 2). These di�erences among the geographical
regions might be caused by sampling bias, because the
sampling density in central Europe was higher than in
the Iberian peninsula, and Mantel's test showed an
isolation e�ect by geographical distance. Because we
found a range of FIS values in all geographical regions,
we conclude that the observed di�erences in interpop-
ulation variation among the three regions are not caused
by a regional change in the breeding system. Instead, the
individual natural history of each population may have
led to more or less inbreeding.
A low mean heterozygosity of 0.076 was estimated for

endemics by Godt et al. (1996), presumably because
genetic variability decreases as a result of bottlenecks
and founder events, and a continual reduction of
heterozygosity is found when populations remain small.
Our mean value of observed heterozygosity was 0.08,
close to that typical for endemic species, which
A. lycoctonum with its wide range is not. The highest

heterozygosity is found in Romania in a population that
probably lies near to its ice age refugium. The Roma-
nian population is also the population with the most
polymorphic loci. Our data suggest, therefore, that post-
glacial recolonization of central Europe by A. lycocto-
num was characterized by founder events of small
populations that remained small and isolated for a long
time. There is, however, little relationship between
current population size and genetic variability.

Phylogeography

Recently, Taberlet et al. (1998) showed some general
trends concerning refugia during glaciation and subse-
quent recolonization in Europe. First, there are three
main potential refugia: in the Iberian peninsula, in
southern Italy and in the Balkans. But the Carpathian
Mountains are also a potential refugium area (Lager-
crantz & Ryman, 1990; King & Ferris, 1998). Secondly,
Taberlet et al. (1998) stated that the northern part of
Europe has been colonized primarily from the Iberian
and Balkan refugia, whereas populations evolving in
Italy were not able to spread northwards because of the
Alpine barrier. However, some species also colonized
central Europe from the Italian refugium (e.g. oaks;
Demesure et al., 1996) or from a refugium in the
Carpathian Mountains (e.g. black alder; King & Ferris,
1998). Our data are consistent with these results. First,
central and eastern Europe were probably colonized
from ancestors surviving in eastern Europe (Carpathian

Table 2 Analysis of molecular variance (AMOVAAMOVA) of Aconitum lycoctonum

Source of variation d.f. SS
Variance

components
Percentage
of variation P-value

A. Among all populations 18 180.408 0.183 31.71 <0.001
Among individuals within populations 985 387.887 0.394 68.29

B. Among regions 2 94.468 0.155 24.01 <0.001
Among populations within regions 16 85.940 0.095 14.78 <0.001
Among individuals within populations 985 387.887 0.394 61.20 <0.001

C. Among populations of the 4 31.431 0.131 25.45 <0.001
Iberian Peninsula
Among individuals within populations 281 107.671 0.382 74.55
of the Iberian Peninsula

D. Among populations of the 1 8.723 0.154 20.75 <0.001
Alpes Maritimes
Among individuals within populations 104 60.985 0.586 79.25
of the Alpes Maritimes

E. Among populations of central
and Eastern Europe

11 45.787 0.075 17.06 <0.001

Among individuals within populations
of central and eastern Europe

600 219.231 0.037 82.94
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Mountains) or in south-eastern Europe (Balkans),
because the population from Romania is clustering with
the ones from central Europe, and an east±west gradient
is shown by the correlation between the ®rst principal
component and the longitude of the populations in
central Europe. Moreover, the population from Roma-
nia is the most variable, as is expected for populations
near their ice age refugium. However, without any
samples from the Balkans and southern Italy, we cannot
completely exclude the possibility that the Carpathian
Mountains and central Europe were colonized from
either potential refugium. Our data also show that all
populations from the Iberian peninsula are closely
related, because they have common ancestors. To
determine whether the Alpes Maritimes had been
colonized from Italy, or whether migration from the
Iberian peninsula had taken place as KuÈ pfer (1974) has
postulated for several plant species, populations from
southern Italy would need to be examined.

Because A. lycoctonum grows mostly in forests or in
shady places, it is not surprising that its postglacial
history is similar to that found for some forest trees.
Konnert & Bergmann (1995) postulated three refugia
from which silver ®r (Abies alba) recolonized central and
eastern Europe: central Italy, central or eastern France
and the Balkan peninsula. Silver ®r in the Pyrenees must
have originated from a further refugium. Silver ®r from
the Italian refugium crossed the Alps. Dumolin-LapeÁ gue
et al. (1997) and Ferris et al. (1998) found that oaks were
present in refugia in the Iberian peninsula, southern
Italy and the Balkans, and that the Alps were recolo-
nized by white oaks from the Italian refugium. On the
other hand, Demesure et al. (1996) showed that Fagus
silvatica from the Balkan refugium colonized central and
eastern Europe very rapidly, whereas the beeches from
Italy seemed to be stopped south of the Alps, similar to
our hypothesis for A. lycoctonum. Leonardi & Menozzi
(1995) also demonstrated a tendency for an east±west
recolonization by the beech in the northern part of Italy.
Additionally, the central European populations of
Norway spruce (Picea abies) are supposed to have
originated from refugia in the Carpathians and the
Dinaric Alps (Lagercrantz & Ryman, 1990), similar to
Alnus glutinosa, which colonized northern and central
Europe from a refugium in the Carpathian Mountains
(King & Ferris, 1998).

Systematics

Our data do not support any of the suggested system-
atics of the A. lycoctonum group based on morpholog-
ical characters (see Warncke, 1964; Hegi, 1974; Hess
et al., 1977; Tamura & Lauener, 1978; Tutin et al.,
1993). Instead, our data suggest that all investigated

populations belong to the same species because genetic
di�erences among populations are small. Crawford
(1989) stated that the mean identity for populations
belonging to the same taxon is often above 0.90. We
calculated a mean identity of 0.96. One could argue that
there is a subdivision between the south of Europe and
the central and eastern part of Europe (see Fig. 2) and
treat these populations as di�erent subspecies. But the
often-raised hypotheses that the Alps, especially the
Swiss Alps, are the contact zone between a more
northern and a more southern (sub)species (Warncke,
1964; Hegi, 1974; Hess et al., 1977; Tutin et al., 1993) is
not supported by our data. We did not ®nd any
signi®cant correlation between genetic variation and a
north±south gradient in central Europe. Nor did Beul
(1990) ®nd any correlations between the presence or
amount of secondary compounds and collection site or
morphology in a study of the diterpenalkaloids of 24
A. lycoctonum populations in Switzerland.

If the Alpes Maritimes were colonized from Italy, and
if there was a contact area between this Italian and a
possible Balkan line, it might be somewhere between the
Alpes Maritimes and south-west Switzerland, or in the
Slovenian Alps, as has been reported for silver ®r
(Konnert & Bergmann, 1995). However, the lack of a
contact hybrid zone in Switzerland, where one has been
hypothesized, suggests that, instead of hybridizing, the
species is simply morphologically variable.

Hess et al. (1977) call plants with glandular hairs on
the ¯owers and peduncles A. penninum, at the species
level. According to this character, populations 14438
and 14445, both of the Alpes Maritimes, and population
13042 of south-west Switzerland would belong to A.
penninum. However, our cluster analysis does not show
a closer relationship among these three populations than
among any other central European populations.

The morphological di�erences that have caused all the
systematic confusion may be correlated with population
genetic structure. Inbreeding, either as a result of
matings among close relatives in small populations or
as a result of sel®ng, would tend to ®x morphological
di�erences among populations (Baker, 1959). To shed
more light on the systematics of A. lycoctonum s.l.,
additional investigations, including DNA sequencing,
crossing experiments, and morphological measurements
are needed.

Conclusions

We have shown that the investigated A. lycoctonum
populations are not as outcrossed as they were expected
to be based on their pollination relationship with bees.
Cruzan (1998) lists several factors causing intraspeci®c
variation in outcrossing. He includes ¯ower colour,
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degree of dichogamy (i.e. temporal separation of sexual
function within ¯owers), plant density, population
structure and variation in pollinator abundance. Further
investigations will show whether any of these factors are
causing the di�erent inbreeding coe�cients among
A. lycoctonum populations. Because of the close rela-
tionship between specialized bumblebees and Aconitum,
the question of pollinator availability is of special
interest. It is known that pollination systems change
with the available array of pollinators or revert to
autogamy when pollen vectors are scarce or unreliable
(Traveset et al., 1998). Because some populations of
A. lycoctonum are often visited by nectar robbers (pers.
obs.) and nectar robbers can in¯uence reproduction (e.g.
Roubik et al., 1985; Morris, 1996; Traveset et al., 1998),
we will also test their in¯uence on the reproductive
success of A. lycoctonum.
The genetic distances found among 19 A. lycoctonum

populations support the hypothesized ice age refugia in
the south and east of the European continent. Central
Europe was recolonized by plants from the Carpathians
or the Balkan refugium. A second refugium was in the
Iberian peninsula. If plants came from Italy towards the
Alps, then they are restricted to the most south-west of
the Alps.
Finally, allozyme data suggest strongly that all of the

yellow-¯owered A. lycoctonum in central and southern
Europe belong to one single species.
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