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Abstract To gain information on the extent and nature
of genetic variation in Elymus alaskanus, levels and
distribution of genetic variation were assessed within
and among 13 populations originating from Iceland,
Norway, Sweden and Russia using allozymes. The
results showed that four (30.7%) of the 13 loci were
polymorphic within the species, while the mean per-
centage of polymorphic loci within the populations was
1.9%. The mean number of alleles per locus for the
species was 1.8 and 1.02 across the populations. Gen-
etic diversity at the species level was low (H

%4
"0.135),

and mean population diversity was notably lower
(H

%1
"0.005). A high degree of genetic di!erentiation

was observed among populations. The salient points
emerging from this study are: (1) statistically signi"cant
di!erences were found in allele frequencies among
populations for every polymorphic locus (P(0.001),
(2) the high mean coe$cient of gene di!erentiation
(G

ST
) showed that 95% of the total allozyme variation

was attributable to di!erences among populations, and
(3) relatively high genetic distances between the popu-
lations were obtained (mean D"0.16). The Norwegian
populations had the highest genetic diversity as com-
pared with the other populations. Geographical com-
parisons revealed three di!erent groups of populations
clearly di!erentiated, i.e. Scandinavia (Norway and
Sweden), Iceland and Russia. Cluster and principal
coordinates analyses revealed the same genetic patterns
of relationships among populations. Generally, this
study indicates that E. alaskanus contains low al-
lozymic variation in its populations. The implications
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of these results for the conservation of the species are
discussed.
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Introduction

Elymus L. is the largest genus in the tribe Triticeae, with
some 150 species distributed in most temperate regions
of the world (Dewey 1984). At present, except for a few
species, very little is known about the extent and nature
of genetic diversity within and among populations in
this genus, or the genetic structure in di!erent geo-
graphic areas, (DmHaz et al. submitted; Sun et al. 1998,
1999 a, b). The Elymus species are related to wheat,
barley, rye, and several important forage grasses. Thus,
they may serve as a source of desirable traits for the
improvement of these crops. For most Elymus species,
however, their potential use in plant breeding is still
unknown and needs to be investigated.

Elymus alaskanus (Scribn. & Merr.) LoK ve, as delin-
eated by us, is an arctic-alpine species complex with
a northern circumpolar distribution, which includes
the Nordic region, northern Russia, Siberia, Alaska,
northern Canada, and Greenland. The current taxo-
nomic classi"cation is still under discussion and the
complex has previously been treated as several di!erent
taxa (see Barkworth 1997). E. alaskanus is a perennial,
self-fertilising, and allotetraploid species which grows
on limestone outcrops, screes, moraines, dry meadows
and similar low-competition habitats.

In the Nordic region, E. alaskanus is found in north-
ern Iceland, the Scandinavian mountains and northern
Finland. Usually, it has a patchy distribution pattern
with distinct populations of varying size. Within this
area, E. alaskanus is morphologically relatively variable
in spike characters (e.g. glume and lemma size, shape,



Table 1 List of the E. alaskanus populations included in this investigation with their population designations, sample size and geographical
origin (the numbers in brackets refer to the accession code of our own collections)

Population Sample Geographical origin Latitude! Longitude! Altitude (m)
designation size

SWE-1 138 Sweden, Norrbotten province (H 10356) 68 314@N 18 350 @E 540
SWE-2 10 Sweden, VaK sterbotten province (H 10372) 64 332@N 16 357@E 550
NOR-1 15 Norway, Troms province (H 10368) 69 315@N 19 354@E 5
NOR-2 50 Norway, Troms province (H 10369) 69 314@N 19 347@E 80
NOR-3 50 Norway, Oppdal province (H 10574) 62 314@N 9 344@E }"

NOR-4 36 Norway, Oppdal province (H 10576) 62 33@N 9 329@E }"

NOR-5 56 Norway, Oppdal province (H 10577) 61 351@N 9 318@E }"

ICE-1 50 Iceland, Eyjafjardarsysla (H 10357) 65 319@N 17 357@W 20
ICE-2 13 Iceland, Eyjafjardarsysla (H 10358) 65 312@N 18 35@W 30
ICE-3 50 Iceland, Skagafjardarsysla (H 10365) 65 323@N 19 310@W 140
ICE-4 49 Iceland, Skagafjardarsysla (H 10366) 65 37@N 19 39@W 100
ICE-5 10 Iceland, Hunavatnssysla (H 10367) 65 336@N 19 330@W 30
RUS-1 22 Russia, Far East, Kamchatka (H 10458) 53 336@N 157 343@E 700

!Approximation
"No information available

and vestiture). Based on these di!erences it has been
suggested that the Nordic populations of E. alaskanus
be divided into three subspecies, namely, subsp. is-
landicus (Meld.) LoK ve & LoK ve in Iceland and subsp.
subalpinus (Neuman) LoK ve & LoK ve and subsp. scan-
dicus (Nevski) Meld. in Scandinavia (Melderis 1978;
LoK ve 1984). Whereas E. alaskanus subsp. islandicus is
rather distinct, the independent status of the latter two
subspecies is quite dubious and subsp. scandicus was
included in subsp. subalpinus by Tzvelev (1973). All
Scandinavian populations used in the present study
belong to subsp. subalpinus in the narrow sense.

To e!ectively conserve and utilise the genetic re-
sources of E. alaskanus, information about its genetic
population structure, which is to-date unknown, is re-
quired. One way to obtain this information is by using
allozyme markers, which have proved to be useful tools
for assessing levels of genetic variation as well as de-
grees of di!erentiation in plant populations (Brown
1978; Brown and Weir 1983). Therefore, the objectives
of the present study were: (1) to quantify the amount
and distribution of genetic variability in 13 populations
of E. alaskanus using allozyme analysis, and (2) to
utilise this information to develop appropriate conser-
vation strategies for this species in the Nordic region.

Materials and methods

Thirteen populations of E. alaskanus were sampled from di!erent
locations in Iceland, Norway, Sweden and Russia (Table 1). The
sampling procedure followed that described by DiHaz et al. submitted.
The allozyme analysis was carried out using horizontal starch-gel
electrophoresis. The enzyme systems assayed were: aconitase (ACO,
EC 4.2.1.3), diaphorase (DIA, EC 1.8.1.4), glucose phosphate
isomerase (GPI, EC 5.3.1.9), malate dehydrogenase (MDH, EC
1.1.1.37), phosphoglucomutase (PGM, EC 5.4.2.2) and shikimate
dehydrogenase (SKD, EC 1.1.1.25). Methods of enzyme extraction,

horizontal starch-gel electrophoresis, and enzyme staining were all
according to DiHaz et al. (1998). The genetic interpretation of the
zymograms was inferred as in DiHaz et al. submitted. Each locus was
numbered sequentially, beginning with the most anodal migrating
locus designated as 1, the next 2, and so on (e.g. Aco-1, Aco-2, etc.).
The electrophoretic variants referred to as alleles were labelled
alphabetically, starting with the letter &&a'' for the most anodal allele.
Only loci that exhibited consistent activity and clear bands were
considered in the analyses.

The amount of genetic variation was measured both at the species
and population levels using three parameters; the mean number of
alleles per locus (A), the proportion of polymorphic loci (P) and the
gene diversity index (H

%
). Parameters subscripted with the letter &&s''

represent within-species values and those subscripted with the letter
&&p'' are mean within-population values. The mean number of alleles
per locus was determined by summing all the alleles observed at all
loci analysed within the species or population and dividing this sum
by the total number of loci analysed. A locus was considered poly-
morphic if the frequency of its most common allele does not exceed
0.95. The proportion of polymorphic loci was calculated by dividing
the number of loci polymorphic within the species or within a popu-
lation by the total number of loci considered. The gene diversity
index (H

%
) is equivalent to the expected heterozygosity and was

calculated by the unbiased method of Nei (1978), which adjusts
for sample sizes. H

%
was calculated for each locus including

monomorphic and polymorphic loci. Mean genetic diversity at the
species or population level was obtained by averaging H

%
over all

loci. Mean within-population parameters were obtained by aver-
aging over individual populations for P, A and H

%
. The computa-

tions were carried out with the computer program BIOSYS-1
(Swo!ord and Selander 1989).

To study the distribution of genetic variation in the populations,
Nei's (1973) gene-diversity statistics was employed. At each poly-
morphic locus, the total gene diversity for the species is presented by
H

T
, which is partitioned into the mean gene diversity within popula-

tions (H
S
) and the gene diversity among populations (D

ST
). These

quantities are related by the expression H
T
"H

S
#D

ST
. The propor-

tion of total genetic variation residing among populations was
estimated using the coe$cient of gene di!erentiation (G

ST
), which is

calculated as the ratio D
ST

/H
T
. The G

ST
value can vary between 0 and

1, where a value of G
ST
"1 indicates that the populations are "xed

for di!erent alleles. An overall population di!erentiation was esti-
mated from the mean G

ST
value. Gene #ow among populations was

estimated by the indirect method of Slatkin and Barton (1989),
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Table 2 Allele frequencies at four polymorphic loci analysed in 13 populations of E. alaskanus

Locus Allele Population!

SWE-1 SWE-2 NOR-1 NOR-2 NOR-3 NOR-4 NOR-5 ICE-1 ICE-2 ICE-3 ICE-4 ICE-5 RUS-1

Aco-2 a 1.00 1.00 } } 0.90 } 0.89 1.00 1.00 1.00 1.00 1.00 }

b } } 1.00 } 0.10 } 0.11 } } } } } 1.00
c } } } 1.00 } 1.00 } } } } } } }

Aco-3 a 1.00 1.00 1.00 1.00 } 1.00 0.67 1.00 1.00 1.00 1.00 1.00 }

b } } } } 1.00 } 0.33 } } } } } 1.00

Skd-1 a } } } } } } } 1.00 1.00 1.00 1.00 1.00 1.00
b 1.00 1.00 1.00 1.00 1.00 1.00 1.00 } } } } } }

Skd-2 a } } } } } } } 1.00 1.00 1.00 1.00 1.00 1.00
b 1.00 1.00 1.00 1.00 1.00 1.00 1.00 } } } } } }

!Population designations refer to Table 1

which is based on the average number of migrants (Nm) between any
pair of populations. Since G

ST
is equivalent to Wright's between-

population di!erentiation coe$cient F
ST

(Nei 1973), Nm was cal-
culated as follows: Nm"(1}G

ST
)/4G

ST
, where N is the e!ective

population size and m the rate of migration.
Population di!erentiation was also estimated by using Nei's un-

biased genetic distance (Nei 1978). To graphically display the genetic
relationship of the populations, a dendrogram was generated from
a pairwise distance matrix using the unweighed pair group method
with arithmetic average (UPGMA) (Sneath and Sokal 1973). A prin-
cipal coordinates analysis (PCoA) (Gower 1966) was also calculated
from the distance matrix using the double-center and EIGEN pro-
cedures in the NTSYS-pc computer program (Rohlf 1993). This
multivariate analysis was chosen to provide a complementary pic-
ture of the genetic relationships among populations given by
UPGMA clustering, because UPGMA has a higher resolution for
the analysis of closely related populations, while PCoA is more
informative regarding distances among major groups (Hauser and
Crovello 1982). A two-dimensional projection of the populations on
the two PCo axes was done to illustrate the relationships among the
populations.

Results

Patterns and levels of genetic variation

The six enzyme systems assayed in this study were
found to be encoded by 14 loci. The Gpi-2 locus showed
a "xed heterozygous phenotype with the same alleles in
all individuals analysed. Since no variation was found,
this locus was not considered in the calculations to
avoid an over-estimation of the genetic variation. Of
the remaining 13 loci, nine were monomorphic for the
same allele (Aco-1, Aco-4, Dia-1, Gpi-1, Mdh-1, Mdh-2,
Mdh-3, Pgm-1 and Pgm-2) and four were polymorphic
(Aco-2, Aco-3, Skd-1 and Skd-2). All polymorphic loci
were scored as diallelic, except for Aco-2 which dis-
played three alleles. At each polymorphic locus, all
individuals were homozygous for one of the alleles, and
no heterozygotes were observed. The allele frequencies
at polymorphic loci in the populations show almost
exclusive "xation for di!erent alleles (Table 2).

At the population level (Table 3), the mean number
of alleles per locus (A1) was 1.02, ranging from 1.0 to
1.2. The percent of polymorphic loci (P1) ranged from
0% to 15.4%, with a mean of 1.9%. The mean popula-
tion gene diversity (H%1) was 0.005, ranging from 0 to
0.049. The highest A1, P1 and H%1 values were always
observed in the populations NOR-5 and NOR-3. The
remaining populations showed apparently no diversity
at all. At the species level (i.e. treating the populations
as one unit, Table 3), the mean number of alleles per
locus (A4) was 1.8, the percent of polymorphic loci (P4)
was 30.7% and the gene diversity index (H%4) was 0.135.

Distribution of genetic variation and di!erentiation
among populations

Results of chi-square tests for heterogeneity of allele
frequencies and hierarchical partitioning of the gene
diversity in the species are presented in Table 4. Sta-
tistically signi"cant di!erences (P(0.001) in allele
frequencies among populations existed for all polymor-
phic loci. The average total genetic diversity (HT) was
0.44, ranging from 0.29 to 0.49. The mean within-
population component of diversity (HS) was 0.02,
ranging from 0.0 to 0.03. The mean gene diversity
among populations (DST) was 0.42, ranging from 0.26 to
0.49. The proportion of total genetic variation among
populations (GST) was, on average, 0.95. This reveals
that the within-population component accounted for
5% of the total gene diversity at polymorphic loci while
95% of the total was due to the interpopulational
component. This also indicates a high degree of di!er-
entiation among the populations. The number of mi-
grants per generation among populations (Nm), based
on the mean GST for all polymorphic loci, was 0.01.

Genetic distances were calculated for each pair of
populations to estimate the extent of their divergence.
The mean genetic distance (D) among populations was
0.16. The lowest genetic distance (D"0.00) was found
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Table 3 Levels of allozyme variation detected in 13 populations of
E. alaskanus. A"mean number of alleles per locus, P"percentage
of polymorphic loci and H

%
"gene diversity (equivalent to the

expected heterozygosity under panmixia, Nei 1978)

Population A P H
%

SWE-1 1.0 0.0 0.000
SWE-2 1.0 0.0 0.000
NOR-1 1.0 0.0 0.000
NOR-2 1.0 0.0 0.000
NOR-3 1.1 7.7 0.014
NOR-4 1.0 0.0 0.000
NOR-5 1.2 15.4 0.049
ICE-1 1.0 0.0 0.000
ICE-2 1.0 0.0 0.000
ICE-3 1.0 0.0 0.000
ICE-4 1.0 0.0 0.000
ICE-5 1.0 0.0 0.000
RUS-1 1.0 0.0 0.000

Mean 1.02 1.9 0.005
Species! 1.8 30.7 0.135

!Analysis was performed by treating all populations as one unit

Table 4 Number of alleles at each polymorphic locus, heterogeneity
chi-square values (with degrees of freedom) and gene diversity ana-
lyses (Nei 1973) of 13 E. alaskanus populations!

Loci Allele s2 (df ) [S]" H
T

H
S

D
ST

G
ST

Aco-2 2 1850.764 (24)* 0.49 0.03 0.46 0.94
Aco-3 3 902.375 (12)* 0.29 0.03 0.26 0.89
Skd-1 2 1078.000 (12)* 0.49 0.00 0.49 1.00
Skd-2 2 1078.000 (12)* 0.49 0.00 0.49 1.00

Mean 2.25 0.44 0.02 0.42 0.95

!H
T
"total gene diversity; H

S
"gene diversity within populations;

D
ST
"gene diversity among populations and G

ST
"coe$cient of

gene di!erntiation
"[S] Signi"cance: *P(0.001

between populations in Sweden (SWE-1 and SWE-2)
and between populations in Iceland (ICE-1}ICE-5).
The highest genetic distance (D"0.241) was found
between the Icelandic and Russian populations and the
rest. The UPGMA dendrogram revealed a clear geo-
graphical pattern in the relationships of populations
(Fig. 1). Three major groups were observed at the 50%
level. The "rst included the populations from Sweden
and Norway, while the second comprises all the Icelan-
dic populations. The last group was formed by the
single Russian population. The co-phenetic correlation
coe$cient for this dendrogram was 0.90, indicating that
the structure of the dendrogram is a very good repres-
entation of the genetic relationships among popula-
tions (Rohlf 1993).

The principal coordinates analysis (PCoA) showed
the same pattern of interpopulational relationship
obtained by cluster analysis (see Fig. 2), but with
a clearer di!erentiation of the Scandinavian popula-
tions according to their geographical origin. The

Fig. 1 UPGMA dendrogram of 13 E. alaskanus populations using
Nei's (1978) genetic distances. Population designations refer to
Table 1. The groups are shown in Roman numbers. Co-phenetic
correlation coe$cient 0.90

Fig. 2 Patterns of relationships of 13 E. alaskanus populations re-
vealed by the principal coordinates analysis. Proportion of the total
variance explained by the "rst two axes is 100%. Population desig-
nations refer to Table 1

Russian and Icelandic populations were separated from
the Scandinavian populations as two distinct groups.
Among the Scandinavian populations, the Swedish
ones appeared to be slightly separated from the Norwe-
gian. The "rst two axes explained 100% of the total
allozyme variation, with PCo1 accounting for 73.5%
and PCo2 for 26.5%.

Discussion

Genetic variation at species and population levels

Plant isozyme variation has usually been estimated at
the population level. However, for species with
considerable population di!erentiation, as is expected
for self-pollinating taxa, population means may not
accurately re#ect total genetic diversity (see Hamrick
et al. 1991 for an explanation). Therefore, assessing
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levels of genetic diversity at both the population and
the species levels has been suggested (Hamrick and
Godt 1989, 1997).

The levels of allozyme variation maintained at the
species level by E. alaskanus are very close to the values
obtained for other self-fertilising species (Hamrick and
Godt 1989). For instance, the average number of alleles
per locus (A

4
"1.8) and the mean gene diversity

(H
%4
"0.135) were slightly higher in E. alaskanus than

for the other self-fertilising species (A
4
"1.69 and

H
%4
"0.12). The proportion of polymorphic loci

(P
4
"30.7%) was, on the other hand, slightly lower

than the average value for the other selfers
(P

4
"41.8%). When comparing these results with those

obtained for Elymus ,brosus (A
4
"1.5, H

%4
"0.025,

P
4
"50%, in DmHaz et al. submitted), E. alaskanus has

higher values for A
4
and H

%4
, but lower for P

4
.

At the population level, considerably lower genetic
variation was detected in E. alaskanus (A

1
"1.02,

P
1
"1.9% and H

%1
"0.005, Table 3), as compared

with the means reported for other self-pollinating taxa
(A

1
"1.31, P

1
"20%, and H

%1
"0.07, in Hamrick and

Godt 1989). Similar results were obtained for 63 popu-
lations of Elymus canadensis L. (A

1
"1.09, P

1
"9.2%

and H
%1
"0.026) by Sanders et al. (1979), and for 14

populations of E. ,brosus (A
1
"1.05, P

1
"4.8% and

H
%1
"0.007) by DmHaz et al. submitted. Furthermore,

low levels of polymorphism have been reported for
accessions of Elymus trachycaulus (Link) Gould ex
Shinners and Elymus transbaicalensis (Nevski) Tzvel.
(DmHaz et al. 1998). The levels of allozyme variation in E.
alaskanus are still lower than those detected for these
two Elymus species.

Distribution of genetic variation and di!erentiation
among populations

Genetic variation is non-randomly distributed among
populations, species and higher taxa (Hamrick et al.
1979; Nevo 1998). This distribution of alleles and geno-
types in space or in time is often referred to as the
genetic structure of a population (Loveless and Ham-
rick 1984). In the present study, the results indicate
that E. alaskanus maintains (at polymorphic loci) a
high allozyme variation and 95% of this variation is
found among populations (H

T
"0.44, H

S
"0.02,

D
ST
"0.42 and G

ST
"0.95). This pattern corresponds to

what was previously reported for other Elymus species
in particular (Sanders et al. 1979; DmHaz et al. submitted)
and sel"ng species in general (Hamrick and Godt 1989,
1997).

Population genetic structure can be either continu-
ous or fragmented and a species may be genetically
homogeneous or di!erentiated into genetically distinct
populations, with all combinations and grades between
the extremes. Species that occur as small isolated
patches scattered over large geographic areas, such as

E. alaskanus, are expected to show genetic drift and to
exhibit high levels of population divergence (Godt and
Hamrick 1993). In this respect, three main features of
genetic di!erentiation among E. alaskanus populations
are notable. First, statistically signi"cant di!erences
were found in allele frequencies among populations for
every polymorphic locus (P(0.001). Second, the high
G

ST
value shows that 95% of the total allozyme vari-

ation was due to di!erences among populations. This
level of divergence is almost twice the mean reported
for sel"ng species (Hamrick and Godt 1989) and is the
highest reported for Elymus species (Hamrick et al.
1979; Hamrick 1983; DmHaz et al. submitted). Third,
relatively high genetic distance values were obtained
between populations (mean D"0.16), which corres-
pond well to the degree of population divergence ob-
served in this study. Obviously, the drastic di!erences
found were due to the exceptionally high degree of
"xation found at di!erent loci.

The migration of genes among populations has an
important e!ect on the population di!erentiation
(Wright 1978; Hamrick 1987; Hamrick and Godt 1989).
Species with a limited potential for gene #ow show
more di!erentiation among populations than do
species with high levels of gene #ow (Govindajaru 1989;
Hamrick et al. 1991). Direct estimation of gene #ow in
natural populations is generally di$cult and, therefore,
indirect methods have usually been employed (Ham-
rick 1987). We estimated gene #ow among E. alaskanus
populations by the indirect measure of Nm (Slatkin and
Barton 1989). In E. alaskanus, the Nm value (0.01)
suggests that the gene #ow between populations is too
low to a!ect population di!erentiation. Gene #ow can
occur most likely only between adjacent populations
like NOR-3 and NOR-5 which also have similar allele
frequencies at the Aco-2 locus. Apparently, this level of
gene #ow is not su$cient to counterbalance the e!ects
of genetic drift and/or bottleneck and founder e!ects.
Genetic drift is considered to be the main factor respon-
sible for population di!erentiation when Nm(1
(Slatkin 1987). The low allelic variation within popula-
tions and the very high G

ST
estimates at every polymor-

phic locus indicate that some kind of stochastic forces,
such as genetic drift, may have been a major factor in
the population di!erentiation in E. alaskanus.

Natural selection, on the other hand, may be another
important factor in#uencing the genetic structure and
di!erentiation of the E. alaskanus populations. The
fact that all Icelandic populations were &&a-a-a-a'' (their
genotype at the four polymorphic loci), all the Swedish
ones were &&a-a-b-b'', two Norwegian populations were
&&c-a-b-b'' and the others were either &&b-a-b-b'', &&a/b-b-
b-b'' or &&a/b-a/b-b-b'', while the Russian population
was &&b-b-a-a'', shows that di!erent alleles were mostly
"xed in geographically (and probably environmentally)
di!erent regions. This observation may indicate selec-
tion pressures on multiloci. Natural selection can
operate on multilocus allelic combinations as a unit
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(i.e. co-adapted gene complexes) and leads to stable
superior multilocus genotypes adapted to speci"c habi-
tats (see Allard et al. 1972; PeH rez de la Vega et al. 1994;
Allard 1997; Nevo 1998). Whether these allele combina-
tions are actually selected by speci"c environments is
not known. There is not enough information to con-
clude one way or another. Further studies are needed
to demonstrate the possible e!ect of selection pressures
on the isozymes analysed in the present study.

An association between geographic origin and gen-
etic relationships was revealed by both the cluster and
principal coordinates analyses (Figs. 1 and 2). Three
di!erent groups of populations were clearly identi"ed,
i.e. Russia, Iceland and Scandinavia ("Sweden and
Norway). Within each group, no correlation between
geographic distance and genetic divergence was found.
The Russian group (with only one population, RUS-1)
showed the largest genetic distance when compared to
the Scandinavian group, and showed the highest
isozyme similarity with the Icelandic populations.
Within the Scandinavian group, two Norwegian popu-
lations (NOR-3 and -5) exhibited the highest levels of
genetic variation (A

1
, P

1
and H

%1
). The divergence of

the populations NOR-3 and -5 was principally due to
the presence of the Aco-3(b) allele. In addition, the
Aco-2(c) allele appears to be speci"c to the Norwegian
populations NOR-2 and NOR-4.

Based on morphological characteristics, the Islandic
populations of E. alaskanus have been designated as
E. alaskanus subsp. islandicus whereas the Scandi-
navian populations used in this study belong to
E. alaskanus subsp. subalpinus. A corresponding genetic
divergence was clearly observed when comparing
the Islandic populations with those from Scandinavia,
especially at the Skd-1 and Skd-2 loci. Hence, the
allozyme di!erentiation supports the morphological
di!erentiation.

All the Icelandic populations were genetically identi-
cal, with no intrapopulational variation. This suggests
that these populations originated from a (few) indi-
vidual(s) of an ancestral population (founder e!ect) and
thus genetic drift may have been an important factor
regulating the gene content and causing low allozymic
variability.

Low levels of genetic variation within populations

The cause of the low allozyme variability observed
within the E. alaskanus populations (A

1
, P

1
and H

%1
)

could mainly be explained by a predominantly self-
pollinated breeding system. A relationship between au-
togamy and low levels of allozyme variation has been
demonstrated in various plant species (Brown 1979;
Brown and Moran 1981; Hamrick 1983). Although no
analysis of the breeding system has been performed in
E. alaskanus, the #oral structures (e.g. small anthers and
comparatively closed #owers) indicate that this species

is highly self-pollinated. In sel"ng species, high levels of
inbreeding result in homozygosity and decreased gen-
etic variation within groups and increased variance
between groups. Populations can also be monomor-
phic at almost all loci over their geographic range
(Selander 1983; Crawford 1990; Tayyar and Waines
1996). A restricted intrapopulational variation and
high levels of divergence (G

ST
"0.95) were marked fea-

tures of the E. alaskanus populations analyzed in this
study. Furthermore, most of the loci were monomor-
phic and no heterozygous individuals were observed at
polymorphic loci. If we compare the level of gene #ow
with estimates averaged over a number of species
(Sanders et al. 1979; Govindajaru 1989; DmHaz et al.
submitted), we again "nd that E. alaskanus with
Nm"0.01 "ts well within the category of self-pollin-
ated species.

Implications of genetic structure for conservation

The present survey, although based on only a few
polymorphic loci, demonstrates that E. alaskanus has
a population genetic structure of a typically highly self-
pollinated species. Relatively high total genetic vari-
ation (H

T
) was observed at polymorphic loci in

E. alaskanus, with high levels of genetic di!erentiation
and low levels of gene #ow among populations. From
a conservation perspective, the results suggest that as
many populations as possible, but with only small
sample sizes (e.g. about "ve individuals), would be
enough to preserve most of the genetic variability in the
Nordic region. This suggestion is relevant for Scandi-
navia, where the genetic variation and di!erentiation
were higher as compared to Iceland, where the popula-
tions were identical. On Iceland, one or two selected
populations with small sample sizes should be enough
to capture the genetic diversity of E. alaskanus as re-
vealed by isozymes.

The preservation of these populations should be
achieved by both in situ and ex situ methods. Note-
worthy, the two methods are complementary rather
than antagonistic (Falk 1987; Given 1987; Nevo 1998).
Since a high degree of di!erentiation was found among
populations in the Scandinavian region, further collect-
ing in Norway, Sweden and Finland is needed for ex
situ conservation. Especially, populations of typical
subsp. scandicus should be collected to assess genetic
di!erences with the other two subspecies. In situ con-
servation should also be emphasised for the Norwegian
populations that displayed relatively higher levels of
variation and unique genetic structures. A sweeping
recommendation can not be made on the basis of
isozymes alone. Although isozyme diversity has pro-
vided a valuable insight into the genetic structure of
this species in the Nordic region, it would be necessary
to use DNA markers, phenology and morphology to
obtain a broader picture of genetic diversity, and such
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combined data would possibly allow the formulation of
a sound sampling strategy.
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