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NOTE

Geographic structure of genetic variation in the
widespread woodland grass Milium effusum L. A
comparison between two regions with contrasting
history and geomorphology

Torbjorn Tyler

Abstract: Allozyme variation in the forest grass Milium effusum L. was studied in 21-23 populations within each of
two equally sized densely sampled areas in northern and southern Sweden. In addition, 25 populations from other parts
of Eurasia were studied for comparison. The structure of variation was analysed with both diversity statistics and
measures based on allelic richness at a standardised sample size. The species was found to be highly variable, but no
clear geographic patterns in the distribution of alleles or in overall genetic differentiation were found, either within the
two regions or within the whole sample. Thus, no inferences about the direction of postglacial migration could be
made. Obviously, migration and gene flow must have taken place in a manner capable of randomising the distribution
of alleles. However, there were clear differences in levels and structuring of the variation between the two regions.
Levels of variation, both in terms of genetic diversity and alelic richness, were lower in northern Sweden as compared
with southern Sweden. In contrast, different measures of geographic structure all showed higher levels of population
differentiation in the northern region. This is interpreted as due to different geomorphological conditions in the two
regions, creating a relatively continuous habitat and gene flow in the southern region as compared with the northern
region where the species, although common, is confined to narrow and mutually isolated corridors in the landscape.

Key words: Milium effusum, allozymes, geographic differentiation, population fragmentation, allelic richness.

Résumé : La variation aloenzymatique chez la graminée forestiére Milium effusum L. a été étudiée chez 21-23 popu-
lations au sein de deux régions situées dans le Nord et le Sud de la Suede, les deux régions étant de taille semblable
et ayant fait I’objet d’un échantillonnage important. De plus, 25 populations situées dans d’ autres régions d’ Eurasie ont
été étudiées pour fins de comparaison. La structure de la variation a été analysée tant a |’aide de statistiques estimant
la diversité q'a I’aide de mesures basées sur la richesse alélique au sein d’échantillons de méme taille. Cette espéce
S'est avérée trés variable, mais aucune répartition géographique claire des alléles ou en matiéere de différenciation géné-
tique n'a été observée, pas plus au sein des deux régions que pour I’ensemble de I’ échantillon. Ainsi, aucune inférence
quant & la direction de la migration post-glaciaire n'a pu étre faite. Evidemment, de la migration et des échanges de
genes ont da avoir lieu de fagon a randomiser la distribution des alléles. Cependant, il y avait des différences claires
quant au niveau et a la structuration de la variation entre les deux régions. La variation, tant en termes de diversité
génétique que de richesse alélique, était plus faible dans le Nord de la Suéde que dans le Sud. Par contre diverses
mesures de la structure géographique ont montré un plus grand degré de différenciation de la population dans la région
septentrionale. Ceci est interprété comme étant di a des conditions géomorphologiques différentes au sein des deux
régions. Cela aurait créé un habitat et un flux génique relativement continus au Sud par rapport a la situation au Nord
ou |’ espece, hien que répandue, est confinée dans d' étroits corridors isolés les uns des autres.

Mots clés : Milium effusum, alloenzymes, différenciation géographique, fragmentation d’'une population, richesse
aléique.
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Introduction

The various coacting forces shaping geographic patterns
and distributions of neutral genetic variation may be divided
into three categories: historic migration processes, processes
with a basis in population genetics (including random pro-
cesses), and deterministic processes determined by distribu-
tional edge effects. However, the patterns observed also
largely depend on how genetic variation and differentiation
are defined and measured.

Processes of migration and range expansion, e.g., during
postglacia colonisation, are generally considered to reduce
levels of genetic variation (Hewitt 1996). Colonising individ-
uals will only be able to carry with them a fraction of the
variation present in the source population. However, the re-
duction in variability of populationsin recently colonised ar-
eas, as compared with refugial source populations, may be
more or less pronounced, depending on the number of mi-
grants involved, the number of consecutive steps in the mi-
gration process, the possibility for multiple waves of
migration, and the speed of population growth in newly
colonised areas (cf. lbrahim et al. 1996). Loss of variation
will act directly on the number of variants (i.e., alelic rich-
ness), whereas compound measures of genetic diversity may
or may not decrease simultaneously (Nei et al. 1975; Comps
et al. 2000). However, if different migrating populations
from genetically differentiated sources come into secondary
contact and mix, levels of genetic variation may increase in
colonised areas as compared with the source populations (cf.
Taberlet et a. 1998).

Population genetic processes are determined by levels of
gene flow, population size dynamics, and the reproductive
biology of a given species in a given environment. Traits
promoting efficient gene flow between genets and popula-
tions generally increase levels of genetic variation and re-
duce geographic (i.e., between population) differentiation
(Hamrick and Godt 1989). Within a particular species, cli-
matic and geological factors influence the availability and
quality of suitable habitats as well as the probability of suc-
cessful reproduction. Population fragmentation in general re-
duces gene flow and effective population size, thereby
reducing the potential to retain genetic variation and facili-
tating differentiation of local populations through genetic
drift. Populations growing under suboptimal conditions are
likely to suffer from a reduction of intrinsic growth potential
and sexua reproduction and may be further subjected to
strongly fluctuating population size, all factors known to de-
crease levels of genetic variation and increase population
differentiation (Barrett and Kohn 1991). Clona vegetative
propagation may increase in relative importance in
suboptimal habitats because either resources are too limited
for sexual organs to develop, suitable pollinators are want-
ing, or flowers and fruits are destroyed during spells of cold-
ness or drought (Gabrielsen et al. 1997). However, although
rarely discussed, there are also deterministic forces acting on
levels of variation in marginal populations. We may consider
a hypothetical species with a vast stable geographic distribu-
tion. Within this distribution area, ecological properties
change clinaly such that the suitability of the habitat de-
creases continuously in all directions from the centre of the
distribution area. This will lead to a situation where the pop-
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ulation density decreases and the distance between popula-
tions restricted to suitable microsites increases, omni-
directionally with increasing distance from the distribution
centre. If it is assumed that (i) either variation is initialy
evenly distributed among individuals throughout the distri-
bution or new variation is introduced through mutation at
equal rates throughout, (ii) al diaspores produced are
equally likely to disperse over longer distances and over any
such distance, and (iii) dispersal is equally likely in all direc-
tions throughout the distribution area, then selectively neu-
tral variation will successively accumulate towards the
distribution centre simply because geographically centra
populations will receive dispersants (carrying new variation)
from more directions and more distances than marginal pop-
ulations.

In the present investigation, | have chosen to study levels
and patterns of allozyme variation in the widespread wood-
land grass Milium effusum L. in two regions of approxi-
mately equal size. In addition, all available material of the
species from throughout its distribution range was studied.
The two regions were so chosen as to represent areas with
contrasting distribution of the species and its habitat, as well
as different patterns of human influence. Further, the two re-
gions do represent areas with different position in the spe-
cies total distribution and in relation to known postglacial
migration routes for plants and animals. The species was se-
lected among a large number of candidates representing
widespread Scandinavian woodland herbs because it was
shown in an initial study to contain more interpretable
alozyme variation than most other candidates (unpublished
data). The aims have been to (i) study whether patterns of
genetic differentiation within the areas can be explained by
historic routes for migration and gene flow, (ii) relate differ-
ences between the two areas in levels and structure of ge-
netic variation to the regiona distribution of the species
populations and its habitat, (iii) attempt to trace routes of
postglacial migration into the regions concerned, and
(iv) study the behaviour of different measures of genetic
variation and differentiation when applied to natural popula-
tions.

Materials and methods

Species

Milium effusumis atall perennia rhizomatous broad-leaved
grass that forms loose mats in shaded habitats. Propagation
by seed is common also within closed stands, and ramets
sampled a few metres apart, although seemingly belonging
to the same stand, usually belong to different genets (personal
observation). The approximately 1-m-high, wind-pollinated
inflorescenses appear sparsely in midsummer. Seed set is
usually good. The achenes are smooth, approximately
1.5 mm in size, and show no apparent adaptations for any
particular means of dispersal. The common form of the spe-
cies has a chromosome complement of 2n = 28 and probably
has a tetraploid origin but shows a normal diploid meiotic
pattern (Bennet and Thomas 1991). A diploid chromosome
number of 2n = 14 is known from the literature
(Sokolovskaya and Strelkova 1960), but the vast majority of
counts from all parts of the distribution area have revealed
the tetraploid number (cf. Bennet and Thomas 1991; Bennet
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Fig. 1. Map of Europe indicating the geographic position of the analysed Milium effusum populations. Population 8 from the Altai

Mountains in central Asia is located outside the map.

and Bennet 1992). In Europe, M. effusum grows in nemoral
and boreal forests on neutral or mildly acidic sails. It is fa-
voured by moving subsoil water and may under such condi-
tion occur in fairly light open habitats, but it can also be
found in dry situations in closed forests. Except for forests
on strongly acid and base-poor soils, M. effusum can be
found in virtually any forest community in Scandinavia as
well as on riverbanks and in lakeshore thickets. It thrives
well in traditionally managed wooded hay meadows and it
was probably formerly common in such habitats, but it has
never been intentionally cultivated in Scandinavia. The spe-
cies is widespread and common in most parts of Scandinavia
and reaches the timberline in the Scandes Mountains but is
much less common in areas with predominantly siliceous
bedrock and acid moraines. In such areas, the regional popu-
lation is generally strongly fragmented and local populations
are defined to limited sites with favourable geomorpho-
logical conditions. The total distribution of the species cov-
ers amost al of Europe, excluding only the southernmost
dry regions, and extends through the taiga belt of central
Asia to Japan and Kamchatka. It is also found in the north-
eastern parts of the American continent (Hultén and Fries
1986) but is nowadays mostly rare and declining there
(Dawn Foglia, New York, personal communication). Apart
from the typical race, a morphologicaly deviating but
poorly understood race is known from the mountains of east-
ern Europe (subspecies alpicola (Chrek) S6o).

Regions

One region in southern Sweden and one in northern
Sweden were chosen for intense comparative investigation
(Fig. 1). These regions are of approximately equal size. The
northern region represents the provinces of Angermanland,
Véasterbotten, and Asele Lappmark, the largest distance be-
tween any two sampled populations being 285 km. The
southern region represents the provinces Skane, Halland,
Sméland, Blekinge, and Ostergétiand, the largest distance
between any two sampled populations being 345 km.

The north Swedish region is a sparsely populated area of
boreal conifer forest (sometimes referred to as “western
taiga’). The geography is largely characterised by rivers run-
ning towards the southeast from the Scandes Mountains to
the Baltic (cf. Fig. 1). The river valeys contain fertile fluvial
deposits, and ultrabasic bedrock is often exposed along their
often high and steep sides. In contrast, the areas in between
the rivers are mostly characterised by coarse acid moraines
and outcrops of hard siliceous bedrock. The large river val-
leys hold relatively dense human populations and, in particu-
lar in the past, human trade and transport have amost
exclusively taken place along the main rivers. Plant species
demanding more fertile and base-rich soil are generally
common, with almost continuous populations in the river
valleys, but are rare and fragmented in the intervening areas,
and this is true for M. effusum as well (Stefan Ericson,
Umed, Sweden, personal communication). This region was
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the last lowland region to deglaciate after the last ice age. It
became available for colonisation by plants and animals ap-
proximately 5000 years later than did southern Sweden
(Bjorck 1995). In several anima species, populations mi-
grating into Scandinavia from both western European
refugia and refugia further to the east appear to have met
precisely in this area (Taberlet et al. 1998).

The south Swedish region consists of a central highland
area that slopes in all directions towards (coastal) lowland
plains. As compared with northern Sweden, the human influ-
ence on the landscape is much larger and has a much longer
history. The coastal plains are generally densely populated,
deforested, and intensively used for agriculture, whereas the
central highland, which has largely been used for extensive
pastures in the past, is today mostly covered by coniferous
forest on coarse and acid moraines. The surrounding broad
zone of “slope areas’ as well as some ridges on the coastal
plains are relatively highly sculptured and dominated by
nemoreal deciduous forest on relatively fertile soils. De-
manding woodland species are generally widespread and
common in these slope areas, and M. effusum occurs in a-
most every 25-km? area here (unpublished information
kindly made available by the floristic inventory projects of
the provinces of Skéne, Halland, Blekinge, and Smaland).
The whole area has been inhabited by humans for more than
10 000 years and there are no major geographic barriers to
human trade and transport.

Sampling

Twenty-one populations were sampled from the south
Swedish region and 23 populations from the north Swedish
region (Fig. 1). To investigate the pattern of genetic variation
at a larger geographic scale, and the genetic context of the
two intensely studied regions, material from 25 populations
from Europe and one population from the Altai Mountains
in central Asia was also analysed.

Living plant material for enzymatic analyses was obtained
from three different sources. Some Swedish populations as
well as some populations from other areas were sampled as
adult plants directly in the field. In these cases, 20-25
ramets growing >3 m apart were sampled from each popula-
tion. Either ramets were transported to Lund and grown in a
greenhouse prior to analyses or leaf material appropriate for
enzyme extraction was sampled directly in the field. The re-
maining Swedish populations were sampled as seeds in a
controlled manner. In these cases, mixed samples of seeds
from at least 25 different inflorescensces, growing >3 m
apart, were collected from each population. The seeds were
germinated in a greenhouse at Lund and, whenever avail-
able, the green parts of 24 seedlings were chosen at random
for enzyme extraction. Most material from outside the two
intensely investigated areas in northern and southern Sweden
was obtained as bulk seed samples from local botanists or
through the international seed-exchange system of the bo-
tanic gardens. These seeds originated from natural popula-
tions, but information about the sampling technique is
usualy wanting. Whenever possible, 24 seedlings were
raised and analysed from these seed samples, but in several
cases, only 8-15 living seedlings were obtained. In total,
1377 individuals from 69 populations were sampled.
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Enzyme electrophoresis

Protocols for extraction, starch gel electrophoresis, and
staining follow Tyler et al. (2002). Eight enzyme systems
with a total of 14 polymorphic loci were analysed: three loci
of PGl (EC 5.3.1.9), two loci of each of AAT (EC 2.6.1.1),
DIA (EC 1.6.99), TPI (EC 5.3.1.1), SKD (EC 1.1.1.25), IDH
(EC 11.1.42), and PGM (EC 5.4.2.2), and one locus of
6PGD (EC 1.1.1.44).

All enzyme stainings revealed products of more loci than
usually found in diploid graminoides (personal observation),
and in many cases, “aleles’ (i.e., gene products with identi-
cal electrophoretic mobility) were shared between loci, a-
though mostly in highly different relative frequencies. This
is most probably due to an ancient allopolyploid origin of
the species as previously suggested by Bennett and Thomas
(1991) based on C-banding patterns. However, although gel
interpretation in some cases became complicated owing to
shared aleles and loci with overlapping mobilities, the elec-
trophoretic patterns observed were consistent with a diploid
mode of inheritance. At some loci with shared alleles, it was
impossible to distinguish homozygotes from heterozygotes
for some rare combinations of alleles. For this reason, | have
refrained from calculating any measures based on observed
heterozygosity. However, these ambiguities can, at most,
have had a minor influence on the results as far as frequen-
cies of alleles are concerned and, keeping in mind the gen-
eral questions of geographic differentiation addressed here,
these ambiguities were considered insignificant. All interpre-
tation problems could have been avoided by treating the al-
leles as dominant markers, but this would have caused
significant loss of information as compared with the original
(codominant) data set.

Data analysis

Allele frequencies at al loci and in al populations as well
as in the regional populations of the north and south Swed-
ish regions were computed. These frequencies were illus-
trated on geographic maps and used to calculate genetic
Cavalli-Sforza chord distances (CSCD) (Cavalli-Sforza and
Edwards 1967) between all populations. The different ge-
netic distance measures commonly used have been shown to
give essentialy the same result when compared under differ-
ent conditions (Wiens 2000). However, CSCD puts relatively
greater importance on the distribution of low-frequency al-
leles, as may be desired when patterns hypothesised to be
shaped mainly by genetic drift are the main concern (cf.
Konnert and Bergman 1995; T. Tyler, unpublished data).
Two-dimensional  nonmetric  multidimensional  scaling
(MDS) (Kruskal 1964a, 1964b) based on the CSCD were
performed and the genetic patterns revealed were illustrated
on geographic maps. MDS produces an ordination of popu-
lations where the distances between populations have a
monotone relationship to the origina distances. As com-
pared with the more commonly used method of principal
components analyses (PCO), MDS does not require that the
ordination as a whole explains a maximum share of the orig-
inal variation. Because of this difference, MDS tends to
reproduce the distances between the more similar popula-
tions more faithfully than does PCO. All of these calcula-
tions were made using the software package NTSYS-pc
(Rohlf 1994).
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Fig. 2. MDS plot based on Cavalli-Sforza chord distances between all pairs of Milium effusum populations (stress: 0.392). Population
numbers refer to Fig. 1; open numbers refer to populations in southern Sweden (region | in Fig. 1), solid numbers refer to populations
in northern Sweden (region Il in Fig. 1), and italicized numbers refer to populations from outside these more intensely sampled re-
gions. Large symbols and dashed lines indicate the delimitation and representation of subclusters in Fig. 3.
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Within the north and south Swedish region, the observed
numbers of every allele in each population were used to cal-
culate genetic diversity (H) and its between-population com-
ponent (Ggr) (Nei 1973) as well as alelic richness at a
standardised sample size (A;g) and its partitioning among
populations (Agr = 1 — (As — 1)/(Ar — 1), where Ag is the
mean within-population A and Ar is the total Ay of the
data set (Petit et al. 1998 3 These calculations were made
using the program CONTRIB written by Rémy Petit and down-
loaded from www.pierroton.inrafr/genetics/labo/Software/. This
program uses the method of rarefaction (Hurlbert 1971) to
calculate allelic richness at a given standard sample size as
described by Petit et al. (1998). The standard sample-size (g)
was put at 24, since this was the smallest actual sample size
of any investigated population.

Results

A total of 41 alleles were found at the 14 analysed poly-
morphic loci (2.9 alleles per polymorphic locus) in the
whole material comprising 2754 haploid genomes. Eight al-
leles were restricted to single populations; one of these was
found in the north Swedish region and two in the south
Swedish region. Among the remaining low-frequency al-
leles, all were found in two or more geographically distant
populations and none was restricted to a single region or to a
few neighbouring populations. In general, al aleles showed
highly patchy, or seemingly random, geographic distribu-
tions (not shown). Allele frequencies of all populations can
be obtained upon request from the author.

Interpopulational genetic distances (CSCD), when illus-
trated on maps, did not reveal any discernible geographic
patterns (not shown). Small (<1.5) as well as large (>5)
genetic distances were found both among pairs of geograph-
icaly adjacent populations (a few kilometres apart) and
among pairs of populations spanning the whole European

continent (not shown). Lines connecting the genetically most
similar populations also did not produce any geographically
meaningful pattern. This lack of genetic—geographic pattern
was consistently observed both within the two Swedish re-
gions and throughout the whole material. However, genetic
distances were generally somewhat smaller between Scandi-
navian populations than both between extra-Scandinavian
populations and between these and the Scandinavian popula-
tions. The largest genetic distances (CSCD = 10-14) were
found between the Icelandic and Slovenian populations
(populations 60 and 21) on one hand and al other popula-
tions on the other.

The regional gene pools of the north Swedish and south
Swedish regions were very similar, the CSCD between the
two regions being only 0.44. Most similar to both Swedish
regional populations were population 5 in northern Finland
and population 13 in western Germany (CSCD = 0.9-1.4).
The genetic distances (CSCD) between both Swedish re-
gional populations and the various other populations were
generally in the range 1.5-3.0 and no particular geographic
patterns in these distances could be revealed (not shown).
Most genetically distant from the Swedish regional popula-
tions were population 60 from Iceland (CSCD = 6.3-8.8)
and Slovenian population 21 (CSCD = 5.1-5.9), wheress,
e.g., the genetic distances to the remote central Asian popu-
lation 8 were =3.0.

Two-dimensional MDS based on CSCD genetic distances
distributed the populations fairly evenly along the two axes
(Fig. 2). No distinct subclusters were formed, but a few pop-
ulations, e.g., Slovenian population 21, Icelandic population
60, and north Swedish population 35, appeared as distant
outliers. There was a dlight tendency for extra-Scandinavian
populations to cluster in the outer regions (in al directions)
of the ordination plot, outside a more tight central cluster
containing most of the Scandinavian populations (Fig. 2).
Furthermore, most populations from the eastern part of the
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Fig. 3. Geographic distribution of Milium effusum populations referred to eight arbitrarily delimited subclusters in the MDS analyses.
See Fig. 2 for further explanation. Central Asian population 8, which belongs to the subcluster denoted by an open circle, is located

outside the map.

south Swedish region clustered tightly together (around zero
on both axes in the MDS plot), but several populations from
other parts of Europe were aso included in this group. Al-
though several attempts were made to differently divide the
MDS plot into subclusters and illustrate the geographic dis-
tribution of these subgroups, no geographic patterns, apart
from the tendencies mentioned above, were revealed. The
result of one of these attempts is shown in Fig. 3.

Allélic richness (A) as well as genetic diversity (H), both
within populations and within regions, were higher in the
south Swedish region than in the north Swedish region
(Table 1). Owing to insufficient sampling and incomparable
sampling design, comparable measures for the central Euro-
pean populations could not be calculated, but no apparent
differences in levels of genetic variation between these and
the Scandinavian populations were revealed upon inspection.
In spite of the larger sample size, the observed number of al-
leles per locus (Ag) Was considerably lower in the north
Swedish region as compared with the south Swedish region.
However, since many of the additional alleles found in the
south Swedish region were very rare, this difference became
less apparent upon standardisation to a sample size of 24
(Ar24)- In contrast, all measures of population differentia-
tion, regardless of whether based on genetic distance mea-
sures (mean CSCD), alelic richness (Agr), or genetic
diversity (Ggr), were 1.5-2 times higher in the north Swed-

Table 1. Summary of diversity statistics for Milium effusum in
southern Sweden (820 haplotypes from 21 populations; region |
in Fig. 1) and in northern Sweden (1052 haplotypes from 23
populations; region Il in Fig. 1).

Southern Sweden Northern Sweden
H 1.94 1.78
Mean Hg 0.099 0.06
Ggr 0.29 0.53
Avioa 1.5 1.42
Mean Agy 131 1.17
Arobs 243 1.86
Asti2q) 0.38 0.59
Mean CSCD 2.59 4.13

Note: H; is the total genetic diversity (Nei 1973) of the region, mean
Hs is the mean (over loci and populations) within-population genetic
diversity, Gg; is the proportion of the total genetic diversity explained by
between-population differentiation (Nei 1973), A,y is the total regional
alelic richness (i.e., number of alleles per locus) at a standardized sample
size of 24, mean Ag,, is the mean within-population number of aleles
per locus at a standardized sample size of 24, A, is the observed
number of alels per locus a the true sample size, Agr,y is the proportion
of the total alelic richness explained by between-population differentiation
(Petit et al. 1998), and mean CSCD is the mean Cavalli-Sforza chord
distance (Cavalli-Sforza and Edwards 1967) between al pairs of
populations in each region.
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ish region as compared with the south Swedish region (Ta-
ble 1).

Discussion

The distribution of alleles and their frequencies were
found to be very patchy at all investigated geographic scales.
No alleles were confined to well-delimited geographic areas,
and multivariate methods based on genetic distances did not
show much genetic—geographic pattern (cf. Fig. 3). Except
for a few deviant populations (see below), genetic distances
between populations were even and no distinct subclusters
were formed upon MDS analyses. This pattern is congruent
with a situation where genetic drift in small populations, ini-
tial founder events, and rare but highly leptokurtic
long-distance dispersal are the most important factors shap-
ing the geographic structure of genetic variation. Similar
(lack of) patterns have been found in other widespread
woodland plants (Tyler et al. 2002; Tyler 2002a) but appear
to be rare among other studied plant species. However, most
studies hitherto undertaken have concentrated either on for-
est trees, which generally have extremely efficient gene flow
with pollen, or on rare and threatened species with highly
digunct distributions. It may be speculated that patterns with
locally differentiated and isolated populations founded by
leptokurtic long-distance dispersers may become more com-
mon as more data on widespread and common herbs accu-
mulate.

Within the north Swedish region, | expected to find some
patterns of genetic differentiation following the main river
valleys, but no such patterns were found. Either more gene
flow has occurred between these narrow corridors than ex-
pected or strong local population differentiation through ge-
netic drift has concealed any patterns of among-valley
differentiation. Within the south Swedish region, MDS anal-
yses produced what appears to be a nonrandom pattern of
population differentiation (Fig. 3), but the pattern revealed
has no evident biogeographical meaning and it is lost when
populations from other areas are included.

However, there were large and congruent differences be-
tween the north Swedish and south Swedish regions in all
measures of overall levels and structure of genetic variation
(Table 1). All measures of levels of genetic variation (Hr,
Hs, Ay, Ag) were higher in the southern region as compared
with the northern region. Since the genetic distance between
the regional gene pools of these two areas was very small,
the possibility that the gene pools compared originate from
essentially different waves of immigration can be excluded.
The northern population must have either lost more variation
during immigration or failed to retain the variation once
present, as compared with the southern region. It appears
impossible to distinguish between these two processes and
the true scenario may involve both. If Scandinavia was colo-
nised mainly from refugia in southern Europe, as believed
for most organisms, then the distance migrated to reach
northern Sweden will have been considerably longer than to
southern Sweden, and more variation might have been lost
during repeated founder events. However, given the pres-
ent-day total distribution of M. effusum, a postglacial sce-
nario with immigration mainly from a refugium in western
Asia seems equally possible. The deterministic effects of

Genome Vol. 45, 2002

marginality outlined in the Introduction may have reduced
levels of variation in the northern area. However, since the
species distribution extends further to the north from this
region, and since these forces are probably relatively slow,
effects of marginality appear unlikely as a major cause of
the differences observed.

All measures of overall genetic differentiation of local
populations (Ggr, Ast, CSCD) were higher in the north
Swedish region as compared with the south Swedish region.
These estimates indicate lower overall levels of gene flow in
the former area, which is consistent with expectations based
on the more mosaic distribution pattern for the species, its
habitat, as well as more restricted anthropogenic dispersal in
this region. In the south Swedish region, the suitable habitat
for this species is amost continuous over large areas and
should have been even more widespread in the past.
Anthropogenic dispersal with hay, either for commercial
trade or with fodder for travellers horses, may also have
been important in this region. In the north Swedish region,
the suitable habitat is continuous only along the river val-
leys. Most human transports have followed the same valleys,
and horses with travellers were probably very rare in older
times. Accordingly, it is plausible with lower levels of
historic and present gene flow in the northern region, and this
may be taken as an explanation for the overall lower levels of
variation as well. Reduced levels of gene flow reduce effective
population size, dow down the extinction—recolonization pro-
cess, and increase the probability of loss of rare alleles. How-
ever, since M. effusumis along-lived perennial, metapopulation
dynamics are likely to be slow. Further, since the species is
common in both regions, regional populations are certainly
very large and the forces of genetic drift on a regional scale
should have been weak.

Levels of overall population differentiation may also be
related to the mean age of the populations. If genetic drift is
the main driving force and is not contra-acted by gene flow,
population differentiation should increase with time. How-
ever, if gene flow is efficiently balancing genetic drift, then
the initial founder event may be the main cause of popula-
tion differentiation, which will then decrease with time
(Wade and McCauley 1988; Comps et a. 2000). Wright
(1931) argued that if the number of migrants per generation
(N, is larger than 1, gene flow will efficiently counteract
genetic drift and the number of migrants per generation may
be calculated as N, = /4(1/Ggr — 1). Applying this formula
to M. effusum, the number of migrants per generation in both
the north Swedish and south Swedish regions is far less than
1 (0.23 and 0.61, respectively). Although this way of esti-
mating N,, involves many unrealistic assumptions and is
poorly adapted to natural situations (Bossard and Prowell
1998; Whitlock and McCauley 1999), the result might be
taken as an indication that population differentiation in
M. effusum is likely to increase with time. The larger overall
population differentiation in northern Sweden as compared
with southern Sweden can thus not readily be explained by
the shorter time since deglaciation of the former area.

Most pairwise genetic distances between the both Swedish
regions and populations from other areas were of approxi-
mately the same size and no geographic trends could be
found. Likewise, the distribution of individua alleles also
gave no clear indication about the geographic origin of the
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Swedish regional populations. Thus, no inferences about
refugia and directions of postglacia migration could be
made. However, it is noteworthy that the most geographi-
cally distant population, population 8 from the Altai Moun-
tains in central Asia, was not more genetically distant than
most other populations. There are still very few studies of
genetic—geographic patterns in widespread Eurasian organ-
isms, but a study in the forest grass Melica nutans L. (Tyler
2002b) including material from central Siberia revealed that
populations from these areas are surprisingly genetically
similar to European populations, and the same result has
been reached for several species of fish (Bernatchez and
Wilson 1998; Stepien et al. 1998; Nesbg et al. 1999). In
Melica nutans, genetic distances between various proposed
refugial populations in southern Europe were far greater
than between the central Asian populations and most north
European populations (Tyler 2002b). The information ob-
tained so far is obviously too scarce to allow for any general
conclusions, but these results point to the need to also in-
clude Asian material when studying genetic—geographic pat-
terns and the phylogeography of European species.

The most genetically differentiated populations appeared
to be population 60 from Iceland and population 21 from
Slovenia. It may be speculated that the Icelandic populations
may be more closely related to those in North America
However, the investigated material was received through the
international seed-exchange system and its origin was given
as “lceland” only; thus, any conclusions based on this sam-
ple must be treated with the utmost care. Milium effusum is
rare in North America, and although several attempts have
been made, it has not been possible to obtain any samples
from there. Slovenian population 21 was sampled in an area
where the badly understood subspecies alpicola (Chrek) S6o
is known to occur. Since no adult plants were raised, it was
not possible to tell which subspecies the material belonged
to. However, it appears likely that some strongly differenti-
ated genotypes occur in this region.

The different measures based on genetic distance (CSCD),
allelic richness (A), and genetic diversity (H) all showed the
same genera pattern in M. effusum. This partly contradicts
previous studies using empirical data (Comps 2000). Fur-
ther, theoretical studies have shown that these measures may
behave incongruently under a variety of assumptions
(Chakraborty et al. 1988; Luikart et al. 1998; Wakeley
1998). It has been proposed that measures based on allelic
richness and genetic diversity may under some circum-
stances show different pictures deserving different explana-
tions (cf. Petit et al. 1998; Comps et a. 2000). Under
theoretical conditions (assuming e.g., mutation—drift equilib-
rium), genetic diversity is strongly positively correlated with
alelic richness (the number of different alleles per locus
found at a given sample size; Chakraborty et al. 1980), but
the most comprehensive study to date of the topic in a true
species found a strong negative correlation between these
two measures (Comps et al. 2000). Whereas allelic richness
depends directly on the presence of aleles that, once lost,
can only be regained through the very slow process of muta-
tion, genetic diversity depends mainly on the evenness of
frequencies of the most common aleles, which may increase
as long as there are at least two alleles at a particular locus.
Since the most prominent effect of genetic drift is the loss of
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low-frequency alleles, alelic richness should give a better
indication of historic processes reducing the effective popu-
lation size than does genetic diversity (Konnert and Berg-
man 1995; Luikart et al. 1998). Apart from the ambiguity
concerning the relationship between genetic diversity and
allelic richness discussed above, Ggr, When used as a mea-
sure of average population differentiation, suffers from the
fact that it does not differentiate between alleles. Whenever
there are more than two alleles at a locus, genetic diversity,
the measure on which Ggr is based, may have the same size
in different populations even if they do not have a single al-
lele in common. The Agr, based on standardised allelic rich-
ness but otherwise computed in conformity with Gy, largely
depends on the distribution of rare alleles among popula
tions and may thus give a better measure than Gg; of popu-
lation differentiation caused by genetic drift, but this
measure is also unable to differentiate between aleles. As an
aternative, mean genetic distance, and there have been quite
a number of such distance measures proposed in the past,
may be used as a measure of population differentiation.
However, there are still very few studies using these mea-
sures in a readily comparable way on the same data set, a
practice that | believe should be strongly encouraged.
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