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Twelve populations of the epiphytic bryophyte Leucodon sciuroides from three major regions
representing formerly glaciated and nonglaciated regions of Europe were screened for polymorphisms
at 15 putative isozyme loci. The populations clustered into three distinct groups consisting of:
(i) a single population from Crete, representing a cryptic unknown taxon; (ii) four Scandinavian
populations and two populations from northern Greece; and (iii) the remaining populations from
mainland Greece and Crete. The Scandinavian populations were genetically depleted compared with
most Greek populations, thus ®tting the expectation of generally lower levels of variation in formerly
glaciated areas. The transition zone between genetically diverse and depleted populations appears to
be located through northern Greece, coinciding with the northern limit of the Mediterranean region.
This indicates that genetic variation was lost in populations at the northern limit of glacial refugia.
The two groups of populations ®t a progenitor±derivative model. They also have contrasting
reproductive strategies: the Mediterranean populations reproduce sexually, whereas the other
populations propagate vegetatively. Epiphytic species, growing on substrates that are limited in space
and time, appear to be especially vulnerable to loss of genetic variation. Lack of genetic variation and
therefore low adaptability to increased levels of atmospheric pollution may explain why many
epiphytic lichen and bryophytes, including L. sciuroides, are declining over much of Europe.

Keywords: Bryophyta, clonal plant, Greece, isozymes, Pleistocene glaciation, recolonization,
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Introduction

Populations of plants and animals are generally believed
to have reduced levels of intraspeci®c variation in areas
severely a�ected by the Pleistocene glaciations (Taberlet
et al., 1998). Genetic variation is expected to have been
lost through bottleneck e�ects during survival in
geographically restricted refugia and through repeated
founder events during recolonization (Hewitt, 1996).
Few plant species, mostly trees, have been screened for
genetic variation on a broad geographical scale in
Europe. Among those, few show clearly the expected
distribution of variation. For example, data from six
isozyme loci in beech (Fagus sylvatica L.) do not show
any general trend with respect to gene diversity between
Mediterranean and continental regions of Europe
(Comps et al., 1990). In contrast, the European silver
®r (Abies alba Mill.) is genetically more variable in the
Mediterranean region than in central and north-eastern

Europe (Bergmann et al., 1990), but increased levels
of variation exist where remigrated populations from
di�erent refugia meet (Konnert & Bergmann, 1995).
Central European populations of Norwegian spruce
(Picea abies L.) are genetically depauperate, probably as
an e�ect of severe restrictions of population size at
glacial refugia in the Dinaric Alps and in the Carpa-
thians, whereas populations that are believed to have
colonized Scandinavia from a refugium in the present-
day area of Moscow have retained more variation
(Lagercrantz & Ryman, 1990). On a slightly narrower
geographical scale exist several examples of herbs with
reduced levels of variation towards the north (e.g.
Calluna vulgaris L. Hull (Mahy et al., 1997) and Carex
arenaria L. (Jonsson, 1998)). The Mediterranean region,
especially the eastern Mediterranean region, is poorly
represented in studies of genetic diversity (A�re &
Thompson, 1997; Thompson, 1999).

To evaluate the genetic e�ects of Pleistocene glaci-
ations, there is a need to study plants that represent a
greater diversity of taxonomic groups with contrasting*Correspondence. E-mail: nils.cronberg@sysbot.lu.se
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breeding systems and ecological demands (cf. Vogel
et al., 1999). Since bryophytes have wide distribution
areas that extend over several climatic zones, they are
well suited for testing hypotheses on regional infraspeci-
®c variability and di�erentiation. Another important
aspect is the genetic consequences of the haploid status
of the dominant phase of the bryophyte life cycle
(Wyatt, 1982).
To test the hypothesis that populations in formerly

glaciated areas are genetically depleted, I compared
isozyme diversity of some widespread bryophyte spe-
cies. Within this project, populations originating from
Scandinavia and Greece were chosen to exemplify
formerly glaciated and less a�ected regions, respectively.
Although Greek populations must also have experi-
enced drastic climatic changes during the glacial cycles,
they could have moved relatively short distances up and
down the mountain slopes following the climatic oscil-
lations (Hewitt, 1996). This study of Leucodon sciuroides
(Hedw.) Schwaegr. was included in the larger project
to represent an epiphytic life form with a unisexual
breeding system and dispersal via both asexual and
sexual reproduction.

Materials and methods

The plant

Leucodon sciuroides is widespread in the Palaearctic. In
Europe it reaches north to Iceland and northern
Scandinavia (Pippo, 1982; Nyholm, 1954±60) and south
to the Mediterranean region, where it is a dominant
epiphyte above the coastal plains (Preston, 1994). In
Scandinavia L. sciuroides usually grows as an epiphyte
on trunks of lowland deciduous trees with rich bark,
either in forests or along roadsides. To the north, it
occurs occasionally up to the subalpine region on basic
rock (MaÊ rtensson, 1956; Pippo, 1982). In Greece, it
grows on trunks of a variety of trees, usually in
mountain areas with comparatively high levels of
precipitation. The size is variable, and more robust
plants, which are common in the Mediterranean area,
are sometimes recognized as var. morensis (Limpr.) De
Not. The shoots are unisexual and the spores are
24±28 lm in diameter (Nyholm, 1954±60), but sporo-
phytes are, according to records (MoÈ ller, 1912; Preston,
1994; Nyholm, 1954±60), rarely observed in populations
from northern Europe. Instead, vegetative reproduction
takes place by dispersal of specialized brood branches.
Because of atmospheric pollution, L. sciuroides is
declining in southern Scandinavia (SjoÈ gren, 1995) and
in Great Britain (Preston, 1994; Bates et al., 1997), as
well as in central and western Europe (Preston, 1994;
Koperski, 1998).

Sampling procedure and sites

Four populations of L. sciuroides were collected from
each of three major regions: (i) Scandinavia; (ii) main-
land Greece; and (iii) the island of Crete in the Greek
part of the Aegean Sea (Table 1; Fig. 1).
Plant material was collected from 10 to 15 trees at

each site (at AM from a single vertical cli�). As the local
populations were quite unevenly distributed among
the tree trunks, I chose to make the sampling e�ort
proportional to the coverage at each particular stem.
Each sample came from a separate colony along the
trunk, or was separated by 40 cm or more from other
samples if the coverage was continuous. The number of
samples gathered from each stem therefore varied from
one to eight. In total, »40 samples were taken from each
site. Some populations were small, so that fewer samples
had to be collected.
Each sample was divided into two subsamples: one

was kept as a voucher specimen; the other was cultured
until extraction. One or two specimens from each tree
were examined for presence of antheridia or archegonia,
sporophytes, and brood branches.

Electrophoretic procedures

The top centimetre of lateral branches was extracted
following procedures described by Cronberg (1995
[bu�er B]). The gel±electrode bu�er systems used were
(i) a lithium±borate bu�er (Soltis et al., 1983; no. 7),
which ran at 50 mA for 4 h and (ii) a histidine±citrate
bu�er (Wendel & Weeden, 1989; no. 1; adjusted to
pH 6.5), which ran at 30 mA for 3 h. Electrophoresis was
performed on 6 mm thick, horizontal 10.5% starch gels.
After separation, enzymes were stained using standard
colorimetric methods (Wendel & Weeden, 1989). The
lithium±borate bu�er resolved aspartate aminotransfer-
ase (AAT, EC 2.6.1.1), glucose-6-phosphate isomerase
(GPI, EC 5.3.1.9), triosephosphate isomerase (TPI, EC
5.3.1.1), fructose-bisphosphate aldolase (FBA, EC
4.1.2.13), and superoxide dismutase (SOD, EC 1.15.1.1).
The resolution of banding patterns was signi®cantly
improved when this electrode bu�er was recycled once.
The histidine±citrate bu�er resolved aconitase (ACO, EC
4.2.1.3) isocitrate dehydrogenase (IDH, EC 1.1.1.42),
malate dehydrogenase (MDH, EC 1.1.1.37), phospho-
glucomutase (PGM, EC 5.4.2.2), and UDP pyrophos-
phorylase (UGPP; EC 2.7.7.9; Manchenko, 1994).
Homogenate from a single clone of the moss Pleu-

rozium schreberi (Brid.) Mitt. was placed at ®ve positions
on every gel to provide a control against which the
relative mobility of the bands in the other individuals
could be scored. Enzyme loci were numbered in relation
to their migration distance, beginning at the anodal end
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of the gel, with alleles ordered alphabetically, the a-allele
of each locus having the longest migration distance.

Data analysis

Gene frequencies were analysed using B I O S Y SB I O S Y S -1 release
1.7 (Swo�ord & Selander, 1981). Mean number of
alleles per locus (A), percentage polymorphic loci (P),
and allelic diversity (HS, unbiased estimate; Nei, 1975,
1978) were used as measures of genetic variability within
populations. Cavalli-Sforza & Edwards's (1967) pair-
wise chord distances between populations were summar-
ized into a UPGMAUPGMA phenogram. The FSTATFSTAT software
(Goudet, 1995) was used to calculate Weir & Cocker-
ham's (1984) estimate of FST (theta). Means and
variances were obtained by jackkni®ng over loci. All
analyses were performed at ramet level.

At tree trunk level, the numbers of detected genotypes
were compared with the numbers of samples in order to

check whether the populations at individual trees
consisted of one or more genotypes.

Results

Reproduction

The Scandinavian plants reproduced exclusively by
means of vegetative brood branches. Brood branches
were abundant also in the RO and VO populations,
but scarce in the OL population and lacking in the
remaining populations. Sexual reproduction showed a
reverse trend, such that the populations from Crete,
with the exception of the KA population, had colonies
with sporophytes. Occasional sporophytes were found
also in OL and RO. No antheridia or archegonia
could be detected and no sporophytes were found in
the Scandinavian populations (Table 2).

Table 1 Characteristics of the study sites

Location/ Vegetation type Abbreviation Altitude (m) Latitude Longitude

Scandinavia
AmmarnaÈ s AM 550 65°58¢N 16°10¢E
On basic S-facing rock. Subalpine site. Small population at Holocene optimum relictual site

Gysinge GY 60 60°17¢N 16°52¢E
On solitary Acer platanoides, close to the mansion

Vickleby, OÈ land VI 25 56°34¢N 16°26¢E
On Quercus robur in deciduous forest

HaÈ ckeberga, SkaÊ ne HB 50 55°35¢N 13°25¢E
On solitary Acer platanoides along local road

Greece, mainland
Rhodope Mountains RO 1150 41°30¢N 24°23¢E
Fagus sylvatica forest

Voras Mountains VO 1450 40°51¢N 21°46¢E
Fagus sylvatica forest

Pangeon Mountain PA 1250 40°54¢N 24°08¢E
Fagus sylvatica forest

Olympian Mountains OL 900 40°06¢N 22°28¢E
Fagus sylvatica forest

Greece, island of Crete
Dimitriana village DI 700 35°20¢N 23°49¢E
Castanea sativa orchard

Omalos plateau OM 1060 35°19¢N 24°53¢E
Mostly Quercus coccifera trunks in open pastoral landscape

Xiloscala ridge XI 1280 35°18¢N 23°55¢E
On solitary Cupressus sempervirens on steep mountain slope

Kalamonites river valley KA 290 35°24¢N 23°50¢E
Castanea sativa orchard
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Interpretation of banding patterns

All enzymes screened by electrophoresis could be scored
as discrete loci with the expected haploid expression. Of
15 putative enzyme loci, only two (Fba-1, Sod-1) were
monomorphic. AAT showed activity at three loci, two of
which were possible to score (Aat-1, Aat-2). GPI showed
activity at two loci, one of which (Gpi-2) could be used.
TPI had two loci. In ACO two close zones of activity
were revealed, which were interpreted as two separate
loci (Aco-1 and Aco-2), although activity at one of these
(Aco-1) was sometimes lacking. It seems probable that a
duplication has taken place in the past, and subsequently
some alleles at Aco-1may have lost their activity without
lethal e�ect. The same phenomenon appears to occur in
PGM, which also exhibited two close zones of bands
(Pgm-2 and Pgm-3). A third, faster migrating zone of
bands (Pgm-1) was too di�use to allow screening. For
IDH a single zone of activity was detected (Idh-1),
expressed as double or triple bands, which were inter-
preted as post-translational modi®cations. Similarly,
MDH showed triple bands at one zone of activity
(Mdh-1). UGPP exhibited one locus with two alleles.

Variability within populations

Scandinavian populations had low variability within
populations (Table 2), exhibiting consistently low num-
bers of alleles per locus (A� 1.1±1.3), low percentages

Fig. 1 Geographical location of investigated populations of
Leucodon sciuroides in Scandinavia and Greece. Abbreviations
for populations are given in Table 1.

Table 2 Number of samples (N) of Leucodon sciuroides, mode of reproduction (R: S/s, abundant/scarce sexual reproduction
by production of sporophytes; V/v, abundant/scarce vegetative reproduction by brood branches; 0, no reproduction
observed); number of tree trunks (T); number of detected genotypes (G); mean number of alleles per locus (A); percentage of
polymorphic loci (P), where a locus is considered polymorphic if the frequency of the most common allele does not exceed
0.99; and unbiased (Nei, 1978) allelic diversity (HS). Standard errors (within parentheses) are also given. Population (Pop.)
abbreviations are given in Table 1

Pop. N R T G A P HS

AM 8 V   2 1.1 (0.1) 7.1 0.036 (0.036)
GY 37 V 12 3 1.1 (0.1) 14.3 0.043 (0.036)
VI 20 V 8 4 1.3 (0.1) 28.6 0.084 (0.041)
HB 44 V 9 4 1.2 (0.1) 21.4 0.047 (0.035)

RO 33 sV 7 6 1.4 (0.2) 35.7 0.056 (0.028)
VO 29 V 11 15 1.9 (0.2) 64.3 0.180 (0.055)
PA 35 0 11 13 2.2 (0.3) 64.3 0.164 (0.050)
OL 33 sv 10 13 2.3 (0.3) 71.4 0.236 (0.066)

DI 33 S 9 11 1.8 (0.3) 42.9 0.119 (0.052)
OM 41 s 7 16 1.8 (0.2) 50.0 0.150 (0.058)
XI 44 S 8 16 1.8 (0.2) 50.0 0.129 (0.055)
KA 21 0 7 11 1.7 (0.2) 50.0 0.133 (0.044)

 This population was collected from a vertical cli�.
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of polymorphic loci (P� 7.2±28.6) and low allelic
diversity (HS� 0.036±0.084), as well as low numbers of
detected genotypes (G� 2±4). The lowest overall values
were found in the population at the northern distribu-
tional limit (AM). Except for the RO population,
genetic variability was much higher in the Greek
populations. This pattern was consistent at almost all
polymorphic loci, and with all measures of genetic
variability.

Differentiation between populations and regions

A comparison of pairwise genetic distances between
populations showed three groups of populations
(Fig. 2). The Scandinavian populations group together
with the two populations from northern Greece, where-
as the remaining populations from mainland Greece and
three populations from Crete group together in a second
major group. The allelic pool of the former group
represents a subset of the most common alleles of the
latter group. One of the populations from Crete (KA) is
apparently unrelated to any of the other populations,
representing an unidenti®ed taxon. It was collected in a
lowland area that is known for disjunct populations of
tropical ferns.

If the KA population is excluded, the relative di�er-
entiation among the remaining populations is fairly
high; FST� 0.437 � 0.102. When these populations are
separated into the two major groups, the relative
di�erentiation within each group is considerably lower;
0.116 � 0.053 for the Scandinavian and two northern
Greek populations; and 0.088 � 0.018 for the three

Crete, OL, and PA populations. The relative di�eren-
tiation within the subgroup consisting of the three
Scandinavian populations (GY, VI, HB) and one of
the northern Greece populations (RO) is even lower
(0.049 � 0.065).

Within-tree variability

In the Greek populations, most tree trunks with
L. sciuroides were populated by numerous clones, which
could be accurately identi®ed by their haplotypes
because of high levels of isozyme variability. Figure 3(a)
illustrates the relationship between numbers of sampled
colonies and numbers of detected haplotypes from three
sexually reproducing populations on Crete. Multiple
clones, although to a lesser extent, occur also on trees in
Scandinavian populations (Fig. 3b). The cli� population
at AM, northern Sweden, had the lowest number
of haplotypes: only two.

Discussion

Genetic diversity

Populations of L. sciuroides from formerly glaciated
Scandinavian areas and the two Greek populations from
the northern limit of the Mediterranean region (RO and
VO) are clearly genetically depleted compared with the
group of populations consisting of OL and PA from the
Greek mainland and the populations from Crete. The
genetic di�erentiation within this latter group of pop-
ulations (FST� 0.088; the divergent KA population
excluded) was low despite the fact that Crete has been
isolated from the mainland for several millions of years
and has a correspondingly distinctive ¯ora. This indi-
cates that gene ¯ow, probably by spores, across the
Aegean Sea is su�cient to prevent substantial genetic
drift. No comparable study of genetic di�erentiation
across the Aegean Sea seems to exist, but A�re &
Thompson (1997) found a considerably higher level of
di�erentiation (FST� 0.168) among seven populations
of Cyclamen creticum Hildebr. from Crete.

The Mediterranean populations of L. sciuroides have
similar levels of variation to those reported for several
species of Leucodon from Japan (Akiyama, 1994). Wyatt
et al. (1993) have suggested that events related to the
Pleistocene glaciations are possible explanations for low
levels of variation in the European endemic mosses
Plagiomnium elatum (Bruch & Schimp.) T. Kop. and
P. a�ne (Bland) T. Kop. as compared with related
North American species. Their data also indicated that
several species distributed on both continents were more
variable in North America. Similarly, low levels of
genetic variation in a number of liverworts have

Fig. 2 UPGMAUPGMA phenogram expressing overall levels of genetic
similarity among 12 populations of Leucodon sciuroides. The

phenogram is based on Cavalli-Sforza & Edwards's (1967)
chord distance using frequencies from 15 putative isozyme loci
scored at the ramet level.
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been interpreted as a consequence of glaciation (Wyatt
et al., 1993). However, regarding one of these,
P. porelloides (Nees) Lindenb., Cronberg (2000) has
shown that Greek populations are as genetically
depleted as populations from Poland and Scandinavia.
In contrast, the boreal moss Hylocomium splendens
(Hedw.) Bruch & Schimp. appears to have its European
centre of variation in northern Scandinavia (Cronberg
et al., 1997; N. Cronberg, unpubl.), indicating that
populations of Scandinavian bryophytes are not neces-
sarily genetically depleted. The most probable reason for
this heterogeneity is that H. splendens is more resistant
to low temperatures and therefore may have survived in
refugia further to the north.

Postglacial recolonization

Leucodon sciuroides is primarily an epiphyte; hence, it
probably recolonized formerly glaciated areas following
establishment of a cover of suitable host trees. Pollen
diagrams show that, for example, Ulmus reached
northern Scandinavia during the mid-Holocene tempera-
ture maximum at »6000 BPBP (Huntley, 1988), although
recent observations of Ulmus glabra Huds. macrofossils
suggest that the initial colonization was much earlier, at
»8500 BPBP (Kullman, 1998). According to an alternative
possible scenario for recolonization, L. sciuroides ®rst
established by long-range dispersal to areas with suitable
rock and then secondarily colonized tree trunks when
the trees eventually arrived. MaÊ rtensson (1956) re-
marked that the northern populations grow on boulders
and rocks that are used as bird perches, suggesting
dissemination by birds. Under the ®rst scenario,
colonization would have proceeded gradually, which
would allow more alleles to persist, resulting in less
genetic divergence among populations and areas
(Hewitt, 1996). Under the second scenario, it would be
expected that the few initial dispersants, representing a
biased sample of the total gene pool, would expand
rapidly, giving rise to populations with low levels of
variation (Hewitt, 1996). Diaspores of bryophytes are
haploid, which is also likely to contribute to the
depletion of genetic variability under these conditions.
Later migrants would contribute little to the gene pool,
because they would be entering established populations.
Although the Scandinavian populations have low

levels of variation, they are quite similar to the RO
population, and to a slightly lesser extent, to the VO
population. Both areas represented by RO and VO have
a large number of boreal elements, such as Vaccininium
myrtillus L. and Picea abies. The Balkan area has been
proposed as a major glacial refugium for a number of
organisms (Huntley, 1988; Bennett et al., 1991; Taberlet
et al., 1998; Hewitt, 1999). The Scandinavian popula-
tions could well be derived from the same refugium as
the RO population, without loss of alleles. Therefore a
gradual, slow expansion seems more likely than a fast
expansion. Also, the reduction of genetic variation is
likely to be a consequence of processes acting in the
glacial refugium, rather than processes acting during
recolonization. Being fairly well adapted to low tem-
peratures, L. sciuroides should have been able to survive
the last glaciation further to the north than northern
Greece, but it is possible that access to suitable host trees
has been limiting. It is still possible that the morpho-
logically divergent northern populations growing on
rock (MaÊ rtensson, 1956), here represented by the nearly
monomorphic AM population, have reached their
outposts by long-range dispersal.

Fig. 3 Scatter plot illustrating the relationship between num-
ber of colonies of Leucodon sciuroides sampled from each tree

trunk and number of haplotypes detected by isozyme electro-
phoresis. Trees from which only one colony was sampled have
been omitted. (a) Data compiled from three populations from

the island of Crete (DI, OM and XI; N� 23 trees). (b) Data
compiled from three Scandinavian populations (GY, HB and
VI; N� 22 trees).

GENETIC DIVERSITY OF LEUCODON SCIUROIDES 715

Ó The Genetical Society of Great Britain, Heredity, 84, 710±720.



Sexual vs. vegetative reproduction

All populations from Scandinavia and the RO and VO
populations from northern Greece, di�er from the
Mediterranean populations by predominantly vegetative
propagation and a virtual absence of sexual reproduc-
tion. An intermediate position in this respect is repre-
sented by the OL population, which combines presence
of both vegetative and sexual reproduction with a high
level of variation. Epiphytic bryophytes are likely to be
predisposed for e�cient dispersal, because their habitat is
discontinuous both in time and space. According to
During (1979), L. sciuroides and many other epiphytes
should be referred to as perennial shuttle species,
typically with a comparatively long life-span, moderate
sexual reproductive e�ort, large spores, and frequent
production of asexual propagules. Dispersal by brood
branches is likely to be more e�cient than sexual
reproduction during a colonization phase, because the
time required from establishment on a tree trunk to
production of the next generation of brood branches is
much shorter than the time required to complete the
sexual cycle. Furthermore, for sexual reproduction to
take place, it is necessary that both sexes have arrived
within fertilization distance, which in bryophytes is
restricted to few centimetres (Wyatt, 1982). Ferns of the
genus Asplenium have similar reproductive constraints
(Vogel et al., 1999). In obligately outbreeding diploid
populations, di�erent plants must grow in close proxim-
ity for fertilization to take place, but polyploid deriva-
tives have the capacity for intragametophytic sel®ng and
therefore the potential to establish fertile populations
from single spores. According to Vogel et al. (1999),
diploid populations of Asplenium are con®ned to glacial
relict areas around the Mediterranean basin, whereas
polyploid derivatives, with greater dispersal potential,
have dispersed to Scandinavia and the British Isles.

The dominance of vegetative reproduction could
alternatively be explained by spore dispersal during
the mid-Holocene temperature maximum, leaving the
re-migrated populations dependent on vegetative repro-
duction as the climate deteriorated.

The ®rst suggestion seemsmore likely because all popu-
lations with frequent production of brood branches are
apparently more closely related to each other than to the
remaining, largely sexually reproducing populations. The
two groups of populations also ®t a progenitor±derivative
model (Crawford, 1983), in which the gene pool of the
derivative is a subset of the gene pool of the progenitor.
The shoots are smaller, indicating that production of
brood branches is connected with retention of a juvenile
phase and perhaps prevention of the development of
sexual structures. A trade-o� between production of
vegetative propagules in early development and produc-

tion of sexual structures in maturing shoots seems to be
common in bryophytes (Scho®eld, 1981; Mishler, 1988).
Several similar cases of species pairs with sexually
and vegetatively reproducing taxa occur among Asian
Leucodon species (H. Akiyama, pers. comm.).

Within-tree variation

The ability to identify clones depends on the number of
variable loci in a population. Thus, it is questionable
whether the low number of observed haplotypes per tree
in Scandinavian populations is caused by the actual
existence of few clones or, rather, by low power of
resolution of isozyme markers. The documented pre-
dominance of vegetative reproduction, however, sug-
gests that populations consist of few, widely spread
clones. The high number of clones per tree in the
Mediterranean region indicates that the tree stands act
as a metapopulation system (SoÈ derstroÈ m, 1998), with
frequent dispersal between trees so that the system is
habitat-limited rather than dispersal-limited.

Genetic diversity and environmental change

The loss of genetic diversity is expected to reduce the
ability of a population to respond to environmental
change (Falconer, 1989) and to increase the likelihood of
its extinction (e.g. Lande & Barrowclough, 1987; Ho�-
mann & Blows, 1993). This idea has not been veri®ed by
empirical studies, but it has been possible to con®rm
reduced levels of both morphological variance (Whitlock
& Fowler, 1999) and allozyme diversity (Leberg, 1992) in
experimentally inbred populations. Bergmann et al.
(1990) suggested a link between the decline in population
size of European silver ®r (Abies alba) in Central Europe
and low potential for physiological and evolutionary
adaptation. During recent decades a large number of
epiphytes, including both mosses and lichens, have
become increasingly rare primarily because of detrimen-
tal e�ects of atmospheric pollution (HallingbaÈ ck, 1992;
SjoÈ gren, 1995). Low levels of variation have been
observed in several epiphytic bryophytes that are cur-
rently declining in North and Central Europe, like
L. sciuroides (this investigation), Neckera pennata
(Appelgren & Cronberg, 1999) and Porella platyphylla
(L.) Pfei�. (Boisselier-Dubayle et al., 1998). It is likely
that populations of epiphytes, and other ecological
groups of bryophytes with relatively short turn-over
time of habitats, are more often exposed to genetic
depletion through population bottlenecks than species
that live in more stable habitats. Genetically diverse
populations are more likely to contain alleles that are
bene®cial in a changing environment, which, because the
haploid genomes are directly selected, could rapidly
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penetrate the populations, either by sexual or by vege-
tative reproduction. Because of their exposed habitat,
epiphytes are likely to be vulnerable to atmospheric
pollution, but it is also probable that low levels of genetic
variation reduce the potential for genetic adaptation to
this form of environmental change.
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Appendix

Allele frequencies at 13 polymorphic enzyme loci in 12 populations of Leucodon sciuroides. Abbreviations for populations are
given in Table 1

Population

Locus AM GY VI HB RO VO PA OL OM DI KA XI

Aat-1
(N) 8 37 20 44 33 29 35 35 40 33 21 44
A Ð Ð Ð Ð 0.030 0.034 0.029 Ð Ð 0.030 Ð Ð
B 1.000 1.000 1.000 1.000 0.970 0.966 0.943 0.971 1.000 0.970 0.048 1.000
C Ð Ð Ð Ð Ð Ð 0.029 0.029 Ð Ð 0.952 Ð

Aat-2
(N) 8 37 19 44 33 29 35 35 40 33 21 44
A 1.000 0.946 0.895 0.977 0.909 0.724 0.086 0.171 Ð Ð Ð Ð
B Ð Ð Ð Ð 0.030 Ð 0.029 Ð Ð Ð Ð Ð
C Ð 0.054 0.105 0.023 0.061 0.276 0.857 0.743 1.000 1.000 1.000 1.000
D Ð Ð Ð Ð Ð Ð 0.029 0.086 Ð Ð Ð Ð
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Appendix (Continued )

Population

Locus AM GY VI HB RO VO PA OL OM DI KA XI

Aco-1
(N) 8 37 20 44 33 29 35 18 40 33 21 44
A Ð Ð Ð Ð Ð Ð 0.057 Ð Ð Ð Ð Ð
B Ð Ð Ð Ð Ð Ð 0.057 Ð 0.175 0.030 Ð Ð
C 1.000 1.000 1.000 1.000 0.939 0.552 0.657 0.278 0.325 0.152 0.048 0.250
D Ð Ð Ð Ð 0.061 0.345 Ð 0.444 Ð 0.182 Ð 0.182
E Ð Ð Ð Ð Ð Ð Ð 0.056 Ð 0.030 0.952 Ð
0 Ð Ð Ð Ð Ð 0.103 0.229 0.222 0.500 0.606 Ð 0.568

Aco-2
(N) 8 37 20 44 33 29 35 19 40 33 21 44
A Ð Ð Ð Ð Ð Ð Ð Ð Ð 0.121 Ð 0.045
B 1.000 0.541 0.800 0.591 0.758 0.759 0.971 0.737 1.000 0.848 1.000 0.932
C Ð 0.459 0.200 0.409 0.242 0.241 0.029 0.263 Ð 0.030 Ð 0.023

Gpi-1
(N) 8 37 20 44 33 29 35 35 41 33 21 44
A Ð Ð Ð Ð Ð Ð 0.029 0.029 Ð Ð Ð Ð
B Ð Ð Ð Ð Ð Ð Ð 0.029 Ð Ð Ð Ð
C Ð Ð Ð Ð Ð 0.034 0.486 0.571 0.098 0.364 0.095 0.432
D Ð Ð Ð Ð Ð Ð Ð Ð 0.171 Ð 0.190 0.045
E 1.000 1.000 1.000 1.000 0.970 0.931 0.486 0.371 0.732 0.636 0.714 0.523
F Ð Ð Ð Ð 0.030 0.034 Ð Ð Ð Ð Ð Ð

Idh-1
(N) 8 37 20 44 33 29 35 35 40 33 21 44
A Ð Ð Ð Ð Ð Ð 0.114 0.257 0.025 Ð Ð Ð
B Ð Ð Ð Ð Ð Ð Ð Ð Ð Ð 0.857 Ð
C 1.000 1.000 1.000 1.000 1.000 1.000 0.857 0.714 0.975 1.000 0.048 1.000
D Ð Ð Ð Ð Ð Ð 0.029 0.029 Ð Ð 0.095 Ð

Mdh-1
(N) 8 37 20 44 33 29 35 35 40 33 21 44
A Ð Ð Ð Ð Ð Ð Ð Ð 0.025 Ð Ð Ð
B 1.000 1.000 1.000 1.000 1.000 0.759 0.971 0.971 0.975 1.000 0.143 1.000
C Ð Ð Ð Ð Ð 0.207 Ð Ð Ð Ð Ð Ð
D Ð Ð Ð Ð Ð 0.034 0.029 0.029 Ð Ð 0.810 Ð
E Ð Ð Ð Ð Ð Ð Ð Ð Ð Ð 0.048 Ð

Pgm-1
(N) 8 37 20 44 33 29 35 35 40 33 21 44
A 0.625 1.000 0.900 0.932 1.000 0.724 0.086 0.114 0.025 Ð Ð Ð
B Ð Ð Ð Ð Ð 0.069 0.886 0.686 0.775 0.879 Ð 0.795
C Ð Ð Ð Ð Ð Ð Ð Ð Ð 0.030 Ð Ð
D Ð Ð Ð Ð Ð Ð Ð 0.029 Ð Ð Ð Ð
0 0.375 Ð 0.100 0.068 Ð 0.207 0.029 0.171 0.200 0.091 1.000 0.205

Pgm-2
(N) 8 37 20 44 33 29 35 35 40 33 21 44
A Ð Ð Ð Ð Ð 0.034 Ð Ð Ð Ð 0.190 Ð
B 1.000 1.000 1.000 1.000 1.000 0.966 1.000 1.000 1.000 1.000 0.810 0.977
C Ð Ð Ð Ð Ð Ð Ð Ð Ð Ð Ð 0.023
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Appendix (Continued )

Population

Locus AM GY VI HB RO VO PA OL OM DI KA XI

Tpi-1
(N) 8 37 20 44 33 29 35 35 40 33 20 44
A Ð Ð Ð Ð Ð Ð Ð 0.057 Ð Ð Ð Ð
B 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.943 1.000 1.000 1.000 1.000

Tpi-2
(N) 8 37 20 44 33 29 35 35 39 33 21 44
A Ð Ð Ð Ð Ð Ð Ð 0.057 Ð Ð Ð Ð
B 1.000 1.000 0.650 1.000 1.000 0.966 0.829 0.943 0.718 1.000 1.000 0.932
C Ð Ð 0.350 Ð Ð 0.034 0.171 Ð 0.128 Ð Ð 0.045
D Ð Ð Ð Ð Ð Ð Ð Ð 0.154 Ð Ð 0.023

Ugp-1
(N) 8 37 20 44 33 29 35 35 40 33 21 44
A 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.925 0.970 0.810 0.977
B Ð Ð Ð Ð Ð Ð Ð Ð 0.075 0.030 0.190 0.023
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