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Abstract Freshwater pearl mussels (Margaritifera mar-
garitifera) are among the most critically threatened bivalve
molluscs worldwide. An understanding of spatial patterns
of genetic diversity is crucial for the development of
integrative conservation strategies. We used microsatellites
to study the genetic diversity and differentiation of 14
populations of M. margaritifera in central Sweden, an area
which was described as a major secondary contact zone in
postglacial colonisation for other species. Genetic diversity
of Swedish pearl mussel populations was much greater than
in central and southern Europe but similar to the genetic
diversity observed in the northeastern portion of their
European range. Genetic differentiation among populations
was pronounced but to a large extent independent from
present-day drainage systems. The complex patterns of
genetic diversity and differentiation in pearl mussel seem
to be strongly influenced by the species’ high degree of
specialisation and extraordinary life history strategy which
involves facultative hermaphrodism and an obligatory
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encystment stage on a host fish. Genetic drift effects and
anthropogenic disturbances resulting in reduction of pop-
ulation size and loss of connectivity are less pronounced in
northern pearl mussel populations compared to those in
central and southern Europe.
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Introduction

Freshwater bivalve molluscs (order Unionoida, also known
as naiads) are often considered the most endangered group
of animals in the world (Bogan 1993; Neves et al. 1997,
Lydeard et al. 2004; Strayer et al. 2004). The complex life
cycle of unionoids typically involves an encystment phase
on a host fish. Their specific water quality and substratum
requirements during different stages of development make
them good indicator species for aquatic ecosystem health.
Given the important roles of freshwater bivalves in particle
filtration and processing, nutrient release and sediment
mixing, the decline or extinction of freshwater mussels can
profoundly affect ecosystem processes in aquatic habitats
(Vaughn and Hakenkamp 2001; Geist and Auerswald
2007).

One of the most critically threatened naiads in Europe
is the freshwater pearl mussel (Margaritifera margaritif-
era). M. margaritifera was a formerly widespread and
abundant species, distributed from the Arctic and tem-
perate regions of Western Russia through Europe to the
north-eastern seaboard of Northern America (Jungbluth
et al. 1985). Several studies have revealed dramatic
declines throughout its range (e.g. Bauer 1988), and the
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species is at present under a serious threat of extinction in
Europe with only a small number of successfully
recruiting populations remaining (Ziuganov et al. 1994;
Young et al. 2001; Geist 2005; Geist and Auerswald
2007). Excessive pearl fishing, habitat destruction by
water pollution, eutrophication, acidification, river engi-
neering and the local decline of host fish populations have
all contributed to the decline of freshwater pearl mussels
(Young et al. 2001; Geist 2005). The great reproductive
potential in concert with the longevity of pearl mussels,
and the robust status of host fish stocks in many European
watersheds (Geist et al. 2006) suggest that the species has
the potential for recovery if immediate action is taken.
Studies into the life-history traits of freshwater pearl
mussel populations along a latitudinal gradient (from
Spain to the polar circle) revealed a strong variation in
life-history traits such as life span and reproductive suc-
cess (Bauer 1992). These differences may also be
reflected in the genetic structure of populations in north-
ern Europe versus populations in the southern portion of
the species’ range. The recognition of these regional
genetic patterns may be crucial for the development of
effective conservation strategies for pearl mussels.

Recent studies have demonstrated that knowledge of the
genetic structure of freshwater pearl mussel populations
can be extremely useful for their conservation (Geist et al.
2003, 2008; Marchordom et al. 2003; Geist and Kuehn
2005, 2008; Bouza et al. 2007). The lowest genetic
diversity of pearl mussels and a strong genetic differenti-
ation of populations were observed in the southwestern
portion of their European range (Bouza et al. 2007) despite
the fact that this area was an important refugium for many
species during the proposed glacial maximum during the
pleistocene (Taberlet et al. 1998; Hewitt 2000). In contrast,
higher genetic diversity was found in eastern and north-
eastern Europe (Geist and Kuehn 2005, 2008), but no study
has yet investigated the genetic structure of pearl mussel
populations in north-western Scandinavia. A geographical
zone in central Sweden has been described as a major
European contact zone for genetically divergent evolu-
tionary lineages in many species (reviewed in Taberlet
et al. 1998; Hewitt 2000), including aquatic taxa and fish
species (e.g. Gum et al. 2009). This region was thus
selected as a candidate area for studying the genetic
structuring of pearl mussels and for comparing it with
results on the genetic variation within and between popu-
lations from central, southern and northeastern Europe.

The objective of this study was to analyse the spatial
pattern of genetic diversity and differentiation of fresh-
water pearl mussels from three major drainage systems in
the northern portion of their European range in the context
of the species life history strategy and the known contact
zone.

@ Springer

Materials and methods
Sampling strategy

A total of 250 individuals from 14 pearl mussel populations
were sampled from three major drainage systems of
Angermanéi]ven (four populations), Gideélven (three pop-
ulations) and Ljungan (seven populations) in county
Visternorrland in central Sweden during August 2008. The
selection of sampling sites was based on a representative
distribution of populations from three major drainage sys-
tems in the area, from populations of good versus bad prior
ecological population assessment by the district of Vist-
ernorrland (Soderberg et al. 2008; H. Soderberg, personal
communication), as well as from downstream populations
close to the sea versus upstream populations far from the
sea (in order to include possible differences in the host fish
spectrum, Atlantic salmon, Salmo salar and brown trout,
Salmo trutta). Special attention was attributed to repre-
sentative sampling of mussels over the distribution stretch
in the respective rivers and to representative sampling of all
age classes except for mussels <4.5 cm maximum shell
length. Smaller mussels were excluded since they live
buried in the stream substratum and could have been
harmed during sampling. In one population (SSB) only six
mussels were recovered during intensive search. This
number appears to be close to the remaining total number
of mussels in this river. Descriptions of the sampling
locations are provided in Table 1 and Fig. 1. Haemolymph
sampling as described in Geist and Kuehn (2005) was
carried out in order to prevent any harm to the mussels. All
mussels were returned to the original sites after the
sampling.

DNA isolation and microsatellite analyses

Haemolymph samples were transferred into 1.7 ml Ep-
pendorf vials, cooled at 2°C during the sampling trip and
then immediately processed in the laboratories of Techni-
sche Universitidt Miinchen, Germany. After centrifugation
at 14,000g for 5 min the supernatant was discarded and
DNA was isolated from the remaining cellular pellet with
the NucleoSpin Tissue Kit (Machery-Nagel) following the
manufacturer’s instructions for preparation of tissue
material. In order to allow comparability of results with
other genetic studies on pearl mussels, all genetic analyses
were conducted based on genotyping of nine species-spe-
cific standard microsatellite markers for M. margaritifera
as described in Geist et al. (2003), Geist and Kuehn (2005,
2008). Polymerase chain reactions (PCRs) were performed
in a total volume of 12.5 ul with the following compo-
nents: 25-50 ng of genomic DNA, 200 nM of each primer,
0.2 mM of each dNTP, 3 mM MgCl, (2 mM MgCl, for
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Table 1 Sampling sites and characterization of M. margaritifera populations in county Visternorrland, Sweden; population size estimates from

Soderberg et al. (2008) and H. Soderberg, personal communication

Drainage Population Code Sample size Population size GPS latitude (N) GPS longitude (EO) Altitude (m)
Angermanﬁlven Kérmsjobidcken SKJ 20 10*-10° 63.84554 16.81963 264
Kvarnan (Edsele) SKV 20 230,000 63.43612 16.51926 190
Mangsén SMA 20 100-10° 63.08532 17.91777 148
Skullerstabdacken SSB 6 <10 62.86014 18.02682 15
Gideilven Gideélven mainstream SGI 20 10°-10* 63.34246 19.11630 1
Hemlingséan SHE 20 120,000 63.72071 18.19507 262
Mattarbodbicken SMT 19 <100 63.60429 18.59781 191
Ljungan Galtstrommen SGA 21 10%-10* 62.16471 17.46861 33
Grossjobicken SGR 20 10°-10* 62.61430 15.97412 318
Hasselan SHA 20 100-10° 62.22255 16.80776 274
Nibbtjirnsbicken SNB 16 10°-10* 62.57820 15.33243 333
Rangebicken SRA 16 10*-10° 62.59383 15.33535 289
Vattenan (above waterfall) SVA 16 10*-10° 62.56826 15.47554 296
Vattenan (below waterfall) SVB 16 10*-10° 62.55736 15.52798 215

locus MarMa5280), 1x PCR buffer (10 mM Tris—HCI,
50 mM KCl, 0.08% Nonidet P40), and 0.25 U Tag DNA
Polymerase (Qbiogene). PCR products were separated on
5% denaturing 19:1 acrylamide:bisacrylamide gels on
ALFexpressll DNA analyser and scored with ALLELELINKS
1.02 software (Amersham Pharmacia Biotech). Electro-
phoresis was carried out with two internal standards (70,
300 bp) in each lane. Additionally, an external standard
(50-500 bp ladder) and a previously sequenced reference
sample were included on each gel in order to ensure exact
scoring and to facilitate cross-referencing among gels.

Statistical and population genetic analyses

Allele frequencies, average allele numbers per locus (A),
and expected and observed heterozygosities (H., H,) were
calculated with GENEPOP v. 3.4 (Raymond and Rousset
1995a). GENEPOP v. 3.4 was also used to test the geno-
typic distribution within populations for conformance with
Hardy—Weinberg (HW) expectations (Hardy—Weinberg
exact test). Values of Fis and allelic richness (Agr) as a
standardized measure of the number of alleles per locus
corrected by the sample size were calculated with
the FSTAT v. 2.9.3 program package (Goudet 1995).
Alleles were considered private if they showed a frequency
higher than 5% in one population and did not occur in any
other population.

Genetic differentiation between pairs of populations
was estimated by Fgr (Weir and Cockerham 1984). Tests
for significant population differentiation among all pairs
of populations were performed with GENEPOP using
100,000 iterations and 1,000 de-memorisation steps

(Raymond and Rousset 1995b). Nei D5 genetic distance
(Nei et al. 1983) was calculated using the DISPAN pro-
gram (Ota 1993). ARLEQUIN 3.0 software (Excoffier
et al. 2005) was used to hierarchically quantify genetic
population structure by analysis of molecular variance
(AMOVA; Excoffier et al. 1992), and to incorporate
molecular information based on allelic frequencies. All
probability tests were performed applying the Markov
Chain algorithm (Guo and Thompson 1992; Raymond and
Rousset 1995b). Sequential Bonferroni adjustments (Rice
1989) were used to correct for multiple tests. The
Bayesian approach of population assignment test (Cornuet
et al. 1999; ‘as it is’ option) implemented in the
GENECLASS 1.0.02 program (Piry and Cornuet 1999)
was used to estimate the likelihood of an individual’s
multilocus genotype to be assigned to the population from
which it was sampled. Relatedness between individuals
was estimated based on the F-value from the 2MOD
program (Ciofi and Bruford 1999) which refers to the
probability that two genes share a common ancestor
within a population and correlates with effective popula-
tion sizes. The 2MOD program was also used to inves-
tigate the population history of the freshwater pearl
mussel populations based on the coalescent theory. The
method uses the comparison of the relative likelihoods of
a model of immigration-drift equilibrium (gene flow
model) versus drift. A Markov Chain Monte Carlo sim-
ulation (100,000 iterations) was computed, and the first
10% of the output were discarded in order to avoid bias
due to the starting conditions.

In order to determine the number of genetic clusters (K)
and to probabilistically assign individuals to these clusters,
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Fig. 1 Sampling locations (black circles) of freshwater pearl mussel (Margaritifera margaritifera) populations in Sweden and magnification of
the sampling sites from three major drainage systems Angermanilven, Gideidlven and Ljungan; sample codes according to Table 1

the Bayesian clustering method as proposed by Pritchard
et al. (2000) was carried out using STRUCTURE 2.2 soft-
ware (Pritchard et al. 2000). This model-based Bayesian
approach was selected since it excludes prior information on
the origin of individuals. We tested K from one to 14 with ten
iterations (20,000 burn-in, 200,000 Markov chain Monte
Carlo replicates in each run) to assess convergence of In
Pr(XIK). The number of clusters present was then determined
from posterior probabilities of K and additionally by an ad
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hoc statistic AK based on the rate of change in the log
probability of data (Evanno et al. 2005). For the determined
values of K, we assessed the average proportion of mem-
bership (admixture coefficient, g) of the samples to the
inferred clusters using CLUMPP (Jakobsson and Rosenberg
2007), applying the LargeKGreedy algorithm.

In order to combine geographical and genetic data and
to identify zones of reduced gene flow between popula-
tions, we generated a synthesis map with the first principal
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component (PC) scores obtained from a PC analysis using
allele frequencies of each locus and each population as
variables according to Piertney et al. (1998). PC1 scores
were interpolated within space by the Kriging interpolation
procedure (Journel and Huijbregts 1978). The interpolated
lines in the resulting diagram represent zones of equal
genetic divergence (isogenes). The number of isogenes
between two sampling sites shows the degree of their
genetic differentiation. The colour shows the value the first
principal component. The analyses were carried out with
STATISTICA 6.0 and SURGE 1.4.0. In addition, a Mantel
test with 1,000 iterations implemented in GENALEX 6
(Peakall and Smouse 2006) was used to test for the cor-
relation of geographic distance among population pairs
(measured by the shortest waterway distance between
populations on 1:25,000 and 1:65,000 scale maps,
Norrgrann 2001) with their genetic differentiation [mea-
sured by (Fst/(1—Fst); Rousset 1997].

Results
Genetic diversity

Genetic diversity of freshwater pearl mussels in their
northern European range was higher than previously
described for central and southern European populations. A
mean number of 11 alleles per locus were observed for the

nine microsatellite loci used in this study. The number of
alleles per locus ranged from one at locus MarMa5280 to
21 at locus MarMa3621. Identical multilocus genotypes
were only found in the genetically least diverse population
SMT, where six redundant genotypes occurred. Allelic
variation, expressed by the average number of alleles per
locus (A) and allelic richness (Agr) varied strongly between
populations and averaged 4.4 and 3.0 over all loci and
populations, respectively. A summary of the microsatellite
diversity indices is provided in Table 2. Both the highest
(A=06.7, AR =3.6) and the lowest genetic diversity
(A = 2.2, Ag = 1.6) were observed within the Gidedlven
drainage system. Only one population, SMT, showed a
distinctively low genetic diversity compared to all other
populations. Expected and observed heterozygosities (H,
and H,) averaged 0.496 and 0.444, respectively, and were
also exceptionally low for population SMT (Table 2). The
inbreeding coefficient Fis was highest in population SMT
as well. The proportion of common ancestors within each
population inferred from the F-values of the 2MOD
program covered a wide range, from F = 0.028 in the
genetically diverse population SGI to F = 0.592 in popu-
lation SMT. Private alleles occurred at six different loci
and in six populations from all three drainage systems.
They consistently occurred at frequencies of 10% or less.
The maximum of private alleles (3) was found in popula-
tion SGI where the maximum values of H., and H, (0.580
and 0.528, respectively) were found. Six out of the fourteen
populations (42%) significantly deviated from expected

Table 2 Microsatellite diversity indices of Swedish freshwater pearl mussel (Margaritifera margaritifera) populations

Drainage Population N A AR Ap H, H, Fis F Puw
Angermanélven SKJ 20 34 2.5 1 0.436 0.419 0.039 0.282 n.s.
SKV 20 5.1 32 1 0.510 0.516 —0.013 0.092 n.s.
SMA 20 4.7 29 0 0.484 0.462 0.047 0.146 n.s.
SSB 6 2.8 2.7 0 0.505 0.448 0.123 0.216 n.s.
Gideilven SGI 20 6.2 3.6 3 0.580 0.528 0.092 0.028 n.s.
SHE 20 6.7 3.6 2 0.560 0.506 0.100 0.049 n.s.
SMT 19 2.2 1.6 0 0.143 0.094 0.351 0.592 HokE
Ljungan SGA 21 4.0 2.8 0 0.488 0.449 0.082 0.226 *
SGR 20 52 33 1 0.535 0.397 0.264 0.087 HorE
SHA 20 4.9 32 1 0.511 0.467 0.090 0.090 n.s.
SNB 16 4.1 3.0 0 0.555 0.559 —0.008 0.143 n.s.
SRA 16 33 2.8 0 0.534 0.388 0.279 0.278 *
SVA 16 4.2 3.1 0 0.545 0.505 0.075 0.119 *
SVB 16 4.2 32 0 0.562 0.486 0.140 0.111 *

Drainage, population code, sample size (N), average number of alleles per locus (4), mean allelic richness per population (Ag), number of private
alleles (Ap), expected (H.) and observed (H,) heterozygosity, Fis value and F-value based on the 2MOD program, result of Hardy—Weinberg
probability test for deviation from expected Hardy—Weinberg proportions (Pgw)

* *%% refer to significance levels of o < 0.05 and o < 0.001 (P-values adjusted according to sequential Bonferroni corrections); n.s. = not

significant
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Hardy—Weinberg proportions at single loci after Bonferroni
correction (Table 2).

AMOVA analyses of hierarchical gene diversity
revealed that 76.9% of the genetic variation was accounted
within individuals, 6.8% was due to differences among
individuals within populations and 16.3% was due to dif-
ferences among populations within drainage systems. Only
0.01% of the variation was due to differences among
drainage systems. The global fixation indices were 0.082,
0.163, 0.231 for Fis, Fst and Fit, respectively. Fsc and
Fcr were 0.163 and <0.001.

Genetic differentiation

Pearl mussel populations in county Visternorrland, Swe-
den showed a drainage-independent, strongly structured
genetic differentiation pattern, with a mean Fgt of 0.163.
Genetic distance was very great between some population
pairs with Fgt values as high as 0.500 between SMT and
SGA and a maximum Nei D, of 0.405 (Table 3). In con-
trast, populations in close geographical vicinity had lowest
genetic differentiation, as evident for the four geographi-
cally adjacent populations SNB, SRA, SVA, SVB for
which pairwise Fgr values were consistently <0.070. The
mantel test found no significant correlation between geo-
graphic (measured along waterways) and genetic differ-
entiation of populations (+* = 0.028, P = 0.144). The
results of the distance matrices (Table 3) and the combined
incorporation of geographical and genetic data in the syn-
thesis map (Fig. 2) clearly show that the observed genetic
differentiation pattern is largely independent from the three

major drainage systems in the area. For instance, popula-
tions SHE (from the northernmost Gideélven drainge) and
SGR and SHA (both from the southernmost Ljungan
drainage) were only moderately differentiated as evident
from similar z-values in the PCA (Fig. 2) and pairwise Fgr
values of 0.090 and 0.102, respectively (Table 3). In con-
trast, genetic differentiation within the Gideédlven drainage
system was much more pronounced with the geographi-
cally adjacent populations SHE and SMT showing distinct
z-values and a pairwise Fgr value of 0.436. The drainage-
independent genetic population structure is also supported
by the results of the assignment test, by the AMOVA
analyses of hierarchical gene diversity, and by the genetic
cluster analyses. Individual multilocus genotype based
STRUCTURE analyses identified two hierarchical levels of
structure with three or six genetic clusters of pearl mussel
populations using AK and In Pr(XIK) analyses (Fig. 3).
None of the drainage systems is exclusively assigned to
one single genetic cluster, but populations with geograph-
ical proximity within drainage systems (SVB, SVA, SRA,
SNB) were consistently assigned to the same genetic
cluster for K =3 and for K = 6 (Table 4). The high
genetic variability and the missing link between genetic
differentiation and drainage systems is also reflected in the
weak assignment of individuals to their source populations
and their drainage systems: Only 125 out of the 250 indi-
viduals (50%) were correctly assigned to their sampling
site and 163 out of 250 (63%) were correctly assigned to
their drainage of origin (Table 5). One exceptionally high
rate of correct self-assignment was evident for population
SMT (100% assignment to population of origin and to

Table 3 Fgr distance matrix of Swedish pearl mussel populations (lower left) and Nei D, (Nei et al. 1983) distances (upper right)

Angermanﬁlven Gideilven Ljugan

SKJ SKV SMA SSB SGI SHE SMT SGA SGR SHA SNB SRA SVA SVB
SKJ 0226  0.239 0.208  0.211 0236 0210 0293 0.173 0208 0252 0.242 0.201 0.172
SKV 0.176 0.186  0.167 0.113  0.144 0268 0.180 0.174 0.135 0.18 0256  0.177  0.157
SMA  0.201 0.166 0.199  0.156  0.157 0357 0.225 0203 0.149 0.227 0279 0.194 0.179
SSB 0.135  0.102  0.093 0.186  0.202 0294  0.151 0.211 0.136  0.235 0296  0.240  0.204
SGI 0.133  0.052 0.072  0.057 0.122 0290 0.172 0.142 0.130 0.187 0.233 0.143  0.152
SHE 0.190  0.131 0.083  0.108  0.047 0.344 0.177 0.144 0.173 0.184 0.292 0.183  0.144
SMT 0270  0.373 0471 0474 0373  0.436 0405 0210 0230 0.343  0.301 0.241 0.286
SGA 0256 0.177 0179  0.103  0.108  0.138  0.500 0.251 0.171 0.167 0295 0228  0.180
SGR 0.100  0.118  0.137  0.068  0.074  0.090  0.281 0.183 0.147  0.198 0265 0.178  0.154
SHA 0.143  0.081 0.081 0.046  0.049 0.102  0.321] 0.150  0.061 0.189  0.235 0.166  0.169
SNB 0206  0.134  0.171 0.140 0.074 0.112 0447 0.125 0.117 0.123 0.103  0.107  0.052
SRA 0206  0.207  0.233  0.191 0.145 0213 0433 0230 0.196 0.195  0.067 0.114  0.113
SVA 0.135  0.096 0.160 0.107 0.053 0.122 0332 0.168 0.083 0.070 0.050 0.070 0.065
SVB 0.132  0.102 0.137 0.089 0.052 0.088 038  0.126 0.079  0.099 0.006 0.070  0.026

Genic differentiation was highly significant (P < 0.001) for all pairwise Fsr comparisons with exception of SVB/SNB
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Fig. 2 Synthesis map
combining geographical and
genetic data using principal
component analysis (PCA) with
the x and y axis representing the
geographical latitude and
longitude of the sampled
populations and colours and
topography representing the first
principal component scores
(z-values) obtained from allele
frequencies of each locus and
population as variables. The
interpolated lines in the
resulting diagram represent
zones of equal genetic
divergence (isogenes)

160 delta K r -4400
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v 100 - T -5000 9
S 80 15200 R
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T 60 + -5400 £
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K

Fig. 3 Mean (£SD) of log likelihood values (14 independent runs),
In(XIK), and rate of change in the log probability of data between
successive values of K, AK, for the Margaritifera margaritifera
dataset (n = 250)

drainage system). The strong differentiation of this popu-
lation to other populations is likely to be influenced by
strong genetic drift effects since SMT was simultaneously
found to have lowest genetic diversity of all investigated
populations. In contrast, none of the specimens from pop-
ulation SGI was assigned to their sampling site and only
10% were correctly assigned to the drainage of origin. At
the same time, population SGI had the lowest probability
of common ancestors and was one of the genetically most
variable populations (Table 2).

Based on the results of the 2MOD program (Ciofi and
Bruford 1999), the relative likelihood of the model of gene
flow-drift equilibrium versus drift revealed a gene-flow
model (P = 1.0) for the Swedish pearl mussel populations.

Discussion

Genetic diversity

This study represents the first analyses of the genetic
diversity of endangered freshwater pearl mussel popula-
tions in the northwestern portion of their Scandinavian
distribution range using highly variable microsatellite
markers. In congruence with genetic studies in southern
(Bouza et al. 2007), central, and eastern European fresh-
water pearl mussel populations using the same panel of
microsatellites (Geist and Kuehn 2005, 2008), a substantial
degree of genetic structure within small geographical
scales was observed. Genetic diversity of Swedish pearl
mussels as measured by mean number of alleles, allelic
richness, observed and expected heterozygosities, Fis and
F-values was on average higher than in populations from
central Europe and from the Iberian peninsula but similar
to those in the north-eastern distribution range. For
instance, allelic richness was consistently below 2.0 for all
investigated central European populations (Geist and Ku-
ehn 2005) and averaged 2.1 for all Iberian populations
(Bouza et al. 2007). In thirteen out of the 14 Swedish
populations investigated in this study, allelic richness was
higher than 2.7 but did not exceed values >4.0 which were
recorded in populations from Finish Lapland (Geist and
Kuehn 2008). Observed and expected heterozygosities in
some Swedish populations even exceeded the values from
Finish Lapland and mark the highest values ever described
in the species. This pattern is also reflected in the proba-
bility of common ancestors (2MOD), which was much

@ Springer



1346

Conserv Genet (2010) 11:1339-1350

Table 4 Assignment for Swedish pearl mussel populations to three and six possible inferred clusters (IC) based on STRUCTURE (Pritchard
et al. 2000) and CLUMPP (Jakobsson and Rosenberg 2007) analyses

Drainage Population K=3 K=6
IC1 1c2 IC3 (o) I1C2 IC3 I1C4 I1C5 I1C6
Angermanilven SKIJ 0.14 0.68 0.18 0.02 0.02 0.03 0.84 0.04 0.05
SKV 0.74 0.14 0.12 0.13 0.64 0.04 0.05 0.06 0.08
SMA 0.83 0.08 0.09 0.03 0.07 0.03 0.02 0.02 0.83
SSB 0.76 0.11 0.12 0.61 0.14 0.03 0.05 0.05 0.12
Gideilven SGI 0.74 0.14 0.12 0.17 0.46 0.04 0.07 0.03 0.23
SHE 0.78 0.07 0.14 0.11 0.34 0.04 0.06 0.01 0.43
SMT 0.03 0.95 0.03 0.01 0.02 0.01 0.04 0.92 0.01
Ljungan SGA 0.87 0.05 0.08 0.87 0.04 0.02 0.03 0.02 0.03
SGR 0.37 0.45 0.19 0.05 0.45 0.11 0.22 0.06 0.12
SHA 0.65 0.24 0.11 0.13 0.33 0.04 0.07 0.11 0.32
SNB 0.18 0.05 0.77 0.16 0.06 0.70 0.02 0.01 0.04
SRA 0.03 0.11 0.86 0.01 0.01 0.84 0.06 0.06 0.02
SVA 0.19 0.13 0.68 0.05 0.11 0.59 0.07 0.06 0.11
SVB 0.18 0.09 0.73 0.08 0.14 0.58 0.09 0.03 0.09

Table 5 Assignment test for freshwater pearl mussel (Margaritifera margaritifera) based on the bayesian method (‘as it is’ option) implemented

in the GENECLASS 1.0.02 program (Piry and Cornuet 1999)

Population Angermanélven Gideilven Ljungan All
SKJ SKV SMA SSB SGI SHE SMT SGA SGR SHA SNB SRA SVA SVB
SKJ (Kérmsjobidcken) 13 2 1 1 1 1 1 20
SKV(Kvarnan = Edsele) 9 3 2 2 1 1 1 20
SMA (Mangsan) 3 16 4 4 1 2 6 5 3 2 46
SSB (Skullerstabiacken) 1 1 2 1 1 11
SGI (Gidedlven mainstream) 1 1 2
SHE (Hemlingsén) 3 1 2 5 1 12
SMT (Mattarbodbécken) 2 19 1 2 1 25
SGA (Galtstrommen) 2 1 14 2 1 1 22
SGR (Grossjobicken) 2 1 12 3 18
SHA (Hasselan) 1 1 3 1 2 8 1 17
SNB (Nébbtjiarnsbiacken) 1 1 3 1 5 1 12
SRA (Rangebicken) 1 1 312 3 21
SVA (Vattenan above waterfall) 1 1 2 1 1 1 1 3 17
SVB (Vattenan below waterfall) 2 1 2 7
Sample size 20 20 20 20 20 19 21 20 20 16 16 16 16 250
Observed number assigned to sample site 13 9 16 0 5 19 14 12 8 5 12 6 2125
Percent correctly assigned to sample site 65 45 80 67 0 25 100 67 60 40 31 75 38 13 50
Observed number assigned to drainage of origin 14 14 17 2 5 19 15 15 14 9 14 10 10 163
Percent correctly assigned to drainage of origin 70 70 85 8 10 25 100 71 75 70 56 88 63 63 65

lower in Swedish populations compared to those from other
areas. Consequently, the most inclusive measure of all
inbreeding (Fy1) in Swedish populations was only 50% of
the Fir value observed in central European populations

@ Springer

(0.231 and 0.423, respectively). A number of reasons may
contribute to the high genetic diversity observed in the
north of the pearl mussel distribution range: several studies
have suggested that central Sweden is a major European
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contact zone where distinct evolutionary lineages have met
in diverse taxonomic groups, resulting in an overall
increased genetic diversity (Taberlet et al. 1998; Hewitt
2000). These patterns have also been observed in aquatic
species such as grayling (Thymallus thymallus; Gum et al.
2009), a fish which frequently co-occurs with freshwater
pearl mussels (Geist et al. 2006). The validity of the contact
zone in pearl mussel could explain the high genetic
diversity found in this area. Due to the complex life cycle
of pearl mussels which involves an encystment phase on
the gills of a host fish, a greater spectrum of host fish stocks
may also render a greater genetic diversity of the pearl
mussel. Whereas brown trout (Salmo trutta) is currently the
only available host fish for pearl mussels in central Europe
(Wichtler et al. 2001; Geist et al. 2006), central Sweden is
also a major habitat for Atlantic salmon (Salmo salar) and
for migratory forms of the Salmo trutta complex which are
all suitable host fishes for pearl mussel, too (Ranke et al.
1999). Within the study area, the Gidedlven is the most
important salmon stream in which two forms of the Salmo
trutta complex, the migratory sea trout and the brown trout
also occur (H. Soderberg, personal communication). The
most downstream population in the Gideédlven mainstream
(SGI) was found to have highest genetic diversity, lowest
probability of common ancestors and the smallest rate of
correct assignment of all investigated populations, indi-
cating that a link between diversity of host fish species and
genetic diversity in pearl mussel may exist.

One of the most important factors on a larger geo-
graphical scale is that genetic diversity of pearl mussels
seems to be closely linked to latitudinal differences in the
ecology and life-history strategy of the species (Bauer
1992; Geist and Kuehn 2008). Margaritifera margaritifera
has maintained highest population densities in optimal
northern habitats and longevity in northern populations can
exceed the reproductive life span of central and southern
European populations by more than 100 years, which
increases the chances of contribution of individual parent
mussels to the next generation. Both factors contribute to
reduced genetic drift over time and may also explain the
high genetic diversity of pearl mussel in the northern
portion of its range (Geist and Kuehn 2008). This finding
may be attributable to the specialisation and exceptional
life history of pearl mussel since the observations of
highest genetic diversity in post-glacially colonised areas
are inconsistent with the theoretical expectation that
genetic diversity should decrease with distance from gla-
cial refugia (Hewitt 1996) and also with results from North
American mussels where genetic diversity was found to
decrease in northern mussel populations relative to south-
ern populations (Elderkin et al. 2008). The strong effect of
life history strategy and ecological niche on the genetic
pattern observed in pearl mussel is also supported by the

negative correlation between genetic diversity of pearl
mussel and brown trout (Geist and Kuehn 2008). Northern
pearl mussel populations are located in areas with a low
density of humans and seem to be less influenced by
anthropogenic disturbances such as habitat loss, eutrophi-
cation, siltation and habitat fragmentation compared to
populations in central and southern Europe (Geist and
Auerswald 2007), thus increasing the chances of geneti-
cally diverse juvenile recruitment at low rates of genetic
drift. Pronounced genetic drift effects resulting in reduction
of genetic diversity and overestimation of genetic differ-
entiation have mostly been reported for peripheral and
disturbed populations in southern and central Europe
(Bouza et al. 2007; Geist and Kuehn 2005). This effect
appears to significantly influence the overall population
structuring of pearl mussels and has also been described to
increase the distinctiveness of some North American
mussel populations (e.g. Grobler et al. 2006).

Genetic differentiation

The observed pattern of pearl mussel population differen-
tiation in central Sweden was very structured but largely
independent from present-day drainage systems with only
0.01% of the genetic variation being due to differences
among drainage systems. As evident from the Mantel test,
an isolation-by-distance model does not explain the genetic
differentiation patterns observed. At smaller geographical
scales within drainages, however, a closer relatedness of
populations was observed, as evident for the clustering of
populations SVA, SVB, SRA and SNB. The lack of
structure among drainages could theoretically be due to
movements of host fish (historically or recent), either due
to naturally large ranges (as evident in salmon and
migratory brown trout) or anthropogenic movements of
fish. Indeed, these hypotheses are supported by the gene-
flow model for the Swedish pearl mussel populations.
However, the genetic differentiation among populations
based on estimates of Fgr and Nei D, as well as the results
of the structure analyses, the synthesis map and the
occurrence of unique private alleles in six populations all
indicate a pronounced genetic structure of Swedish pearl
mussel populations. Strong population differentiation
within single tributaries has also previously been described
in pearl mussel from central European areas (Geist and
Kuehn 2005) and in North American mussel species (e.g.
Berg et al. 2007) but may be species specific even for
mussels that occur in the same ‘bed’ (Elderkin et al. 2008).

The weak rates of correct assignment to the populations
of origin are in sharp contrast to central and southern
European populations, where 92% (Iberian Peninsula;
Bouza et al. 2007) and 79% (central Europe; Geist and
Kuehn 2005) of the individuals were correctly assigned to
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their sampling sites. These differences can largely be
explained by the greater genetic variability and by higher
gene flow in Swedish pearl mussel populations compared
to those in more southern areas. The genetically most
variable Swedish populations (e.g. SGI, SHE) had very low
rates of correct assignment to their sampling site
(SGI = 0%, SHE =5%) and drainage of origin
(SGI = 10%, SHE = 25%), whereas the genetically least
variable population SMT which lies in the same drainage
and between the two most variable ones had 100% correct
assignment of specimens to their original stream from
which they were sampled.

The degree of genetic differentiation among pearl
mussel populations is generally influenced by the coloni-
sation history of populations, by local adaptations due to
mutation and selection, as well as by drift and migration,
and ultimately by the life history strategy and demography
of populations. Colonisation of pearl mussel populations in
Sweden must have happened after the last ice age, probably
not earlier than about 10,000 years ago (Hamilton et al.
1989). The pearl mussel colonisation history is probably
closely linked to the colonisation history of the fish host
(Geist and Kuehn 2008) but the roles of brown trout (Salmo
trutta), salmon (Salmo salar) and arctic charr (Salvelinus
alpinus) in this process remain unresolved. Among fresh-
water invertebrates, population structure has been nega-
tively correlated with degree of isolation (Miller et al.
2002) and dispersal ability (Bilton et al. 2001). The strong
dependence of pearl mussel migration on passive glochi-
dial transport via host fish and the high degree of special-
isation of pearl mussels to extremely oligotrophic
conditions probably both contribute to stronger mecha-
nisms of isolation compared to other co-occurring aquatic
species, even within adjacent populations in the same
drainage system (Geist and Kuehn 2008). In addition,
female mussels can switch to facultative hermaphrodites
and periodically produce enormous numbers of offspring
(Bauer 1987). This extraordinary reproductive strategy is
likely to increase genetic founder/drift effects and to result
in elevated levels of inter-population differentiation. In
addition, anthropogenic factors which directly reduce the
effective population sizes and which influence habitat
quality and fragmentation can enhance genetic drift effects
and induce genetic bottlenecks (Geist and Kuehn 2005).
This effect is strongest in central and southern European
populations, but also partially occurs in the dataset from
Swedish populations, where the strong differentiation of
the small population SMT to other populations may be
overestimated due to the extremely low genetic diversity in
this population. Population SMT only comprised <100
individuals of similar size (and age) and was the only
population where redundant genotypes were found,
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indicating that this population may have reached a severe
genetic bottleneck.

Adaptation to specific habitat conditions may also con-
tribute to the genetic differentiation patterns observed yet
remains untested. Culturing and breeding experiments
indicate that genetically differentiated pearl mussel popu-
lations may have different survival rates and dietary pref-
erences (Lange, personal communication).

Conclusions

The results of this study in concert with previous results
from other geographical regions (Bouza et al. 2007; Geist
and Kuehn 2005, 2008) clearly suggest that the spatial
genetic structuring of pearl mussels is more complex than
that in other species. Whereas drainage-specific genetic
structuring is a common observation in many fish species
(e.g. Hinfling and Brandl 1998; Gross et al. 2001), patterns
of genetic diversity and differentiation of pearl mussels and
of co-occuring species in the same habitats, including their
host fish, seem to differ in many cases (Geist and Kuehn
2008). The high genetic diversity of pearl mussel in the
north of its European range is inconsistent with the
expectation that genetic diversity would be lowest in post-
glacially colonised areas. The life history strategy and the
narrow ecological niche of the species, as well as coloni-
sation history and anthropogenic habitat modifications all
shape the degree of genetic diversity and differentiation of
M. margaritifera. The cryptic spatial genetic population
structure of pearl mussels thus requires detailed genetic
studies in order to be able to fully reveal these patterns and
to be able to develop sound conservation strategies which
conserve a maximum of the species’ evolutionary potential.
The recognition of genetic clusters and the identification of
priority clusters for conservation can be a useful conser-
vation tool, as described for migratory fish species (Geist
et al. 2009). Studies which link genetic patterns of diversity
and differentiation with ecological habitat features and
with the life history of species may increase our under-
standing of the cryptic genetic structure in freshwater pearl
mussels and other aquatic mollusc species.
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