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The endangered freshwater pearl mussel Margaritifera

margaritifera shows adaptation to a local salmonid host in
Finland
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Jyvaskyla, Jyvaskyla, Finland 1. The freshwater pearl mussel Margaritifera margaritifera (FPM) is an endangered
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Salmo salar or brown trout S. trutta, although some FPM populations have been

fish populations may be crucial for conservation actions for this mussel species,

but the relative suitability of local (sympatric) and non-local (allopatric) salmonid
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populations as the hosts for FPM has been studied only rarely. We hypothesised

fore, that they would be more successful (abundant, larger) attached to sympat-

. Here, we investigated the infection success (abundance and growth of encysted
larvae in fish) of FPM in local versus non-local fish by caging different strains of
brown trout and Atlantic salmon in rivers where FPM populations are present.

3. Higher abundances of glochidia in local fish were observed in three brown trout
streams, and larger glochidia were found in sympatric hosts in one brown trout
stream and in one salmon river. Furthermore, non-local allopatric fish were
not better hosts than local fish in any of the FPM populations tested, neither
in brown trout or salmon rivers and neither in abundance nor size of larvae.
Therefore, the results supported the hypothesis that glochidia show local adap-
tation by being more successful when attached to local fish strains.

4. Thus, the local, sympatric fish strain should be preferred in FPM conservation
programmes that involve captive breeding of juvenile mussels and introduction
of host fish, but the regional assessment of local host dependency of FPM also
would be important outside the current study area.

5. The results also indicate the importance of restoration of original salmonid pop-

ulations in FPM rivers to enable the natural, effective reproduction cycle of FPM

in their original, sympatric hosts, and thus to promote the recovery of endan-

gered FPM populations.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.
© 2022 The Authors. Freshwater Biology published by John Wiley & Sons Ltd.
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1 | INTRODUCTION

Freshwater mussels (Unionida) have declined globally (Haag &
Williams, 2014; Lydeard et al., 2004). For example, populations of
the freshwater pearl mussel, Margaritifera margaritifera (FPM), have
collapsed dramatically during recent decades (Bauer, 1988; Cosgrove
et al., 2000; Geist, 2010; Jung et al., 2013; Lopes-Lima et al., 2017)
and the species is now classified as critically endangered in Europe
(Cuttelod et al., 2011). Furthermore, young mussels often are absent
or rare in many remnant FPM populations (Cosgrove et al., 2000;
Geist, 2010), indicating unsuccessful reproduction and probable ex-
tinction debt.

The reproduction cycle of Unionida (Hyriidae, Unionidae and
Margaritiferidae) is complex, and includes an obligatory parasitic
stage, the glochidium larva, which infects fish or amphibian hosts
(Barnhart et al., 2008; Bauer, 2001; Lopes-Lima et al., 2017). For
European FPM, the salmonids brown trout (Salmo trutta) and
Atlantic salmon (S. salar) are the suitable host fishes (Bauer, 1987;
Hastie & Young, 2001; Salonen et al., 2016; Young & Williams, 1984),
although Danube salmon (Hucho hucho) may be an additional but
poor host (Taeubert & Geist, 2017). The parasitic phase of FPM in
the gills of host is of exceptionally long duration at almost one year,
and is characterised by a remarkable growth (Bauer, 1987; Denic
et al., 2015; Salonen et al., 2016). Thus, the infectivity of glochidia
and performance of FPM during the parasitic life cycle stage are im-
portant factors concerning the reproduction and furthermore the
full dispersal and recruitment of this threatened mussel species.

FPM inhabit only rivers and streams. One reason for their low
recruitment and decline is low density or the complete absence of
suitable fish hosts as a consequence of migration obstacles and/or
overfishing (Cosgrove et al., 2000; Geist, 2010; Oulasvirta, 2011).
Therefore, stocking of host salmonids, with or without encysted
FPM glochidia, often has been used to promote restoration of FPM
populations (Bauer, 1988; Geist et al., 2006; Simon et al., 2015).
Captive FPM breeding programmes, in which FPM juveniles are cul-
tivated in fish in captivity to be released into rivers, also have been
started recently (Eybe et al., 2013, 2015; Gum et al., 2011; Hoftyzer
et al., 2008; Thomas et al., 2010). However, the source of the sal-
monid hosts in relation to FPM origin may have important conse-
quences for the success of both of the above conservation actions,
because it has been observed recently that FPM populations inhab-
iting large river channels often prefer Atlantic salmon as their host,
whereas FPM in smaller streams may use only brown trout as their
host (Karlsson et al., 2014; Osterling & Wengstrém, 2015; Salonen
et al., 2017; Wacker et al., 2019). In addition to this host specificity,
populations or strains within a host species also may vary in their
suitability (Jung et al., 2013; Osterling & Larsen, 2013; Taeubert
et al., 2010). Therefore, the potential degree of local/non-local ad-
aptation (i.e., the preference for either sympatric or allopatric fish

hosts within the suitable species) needs further investigation. In
fact, identification of primary mussel and host fish relationships
and compatibilities recently were ranked as one of the urgent re-
search priorities in conservation of endangered freshwater mus-
sels by Ferreira-Rodriguez et al. (2019). So far, only Osterling and
Larsen (2013) have addressed host strain specificity experimentally
by using FPM and a host fish strain originating from the same river.
Interestingly, they found that an allopatric, non-local brown trout
strain appeared to be the best host for FPM, having greater glochidia
abundance and larger size (Osterling & Larsen, 2013). Furthermore,
Jung et al. (2013) found glochidia survival, growth and prevalence
to be higher in brown trout originating from a different country to
the FPM. In addition, no signs of local adaptation were observed in
the relationship between Margaritifera laevis and its salmonid host
Oncorhynchus masou masou in Japan (Kitaichi et al., 2021). By con-
trast, Taeubert et al. (2010) showed that brown trout that originated
outside the distribution range of FPM were poorer hosts than trout
from within the FPM range, and that the more local (although not
sympatric) host fish were the most suitable hosts.

Local adaptation, higher infection success and fitness of para-
sites in their local (sympatric) than in non-local (allopatric) host pop-
ulations, has been found frequently in host-parasite associations
(e.g., Ebert, 1994; Greischar & Koskella, 2007; Kaltz & Shykoff, 1998;
Saarinen & Taskinen, 2005). However, local maladaptation, when
local host individuals are less suitable hosts than those from a
non-local population, also has been observed (Kaltz et al., 1999).
Generally, theories predict that in a given host-parasite relation-
ship the most rapidly evolving partner (i.e., the one having a shorter
generation time, higher mutation rate or higher migration rate [gene
flow]), usually is locally adapted whereas the other partner is not
(Blanquart et al., 2012; Gandon, 2002; Gandon & Michalakis, 2002;
Lively, 1999). Migration rate of FPM can be expected to be lower than
that of the salmonid host since the migration of FPM depends on
movements of fish hosts carrying their larvae; therefore, this should
decrease the probability of local adaptation in FPM with respect to
fish. In addition, and unlike the majority of parasites, the generation
time of FPM (with a life span of 40-200 years and age at first repro-
duction of 10-15 years (Bauer & Wichtler, 2000; Jung et al., 2013;
Young & Williams, 1984)), is much longer than that of salmonids
(typical life span <10 years and at first reproduction <5 years; see,
e.g., Klemetsen et al., 2003). Thus, theoretically, local maladaptation
should be observed in FPM (see, e.g., Blanquart et al., 2012), provid-
ing better infectivity in allopatric salmonid hosts. Furthermore, the
likelihood of local adaptation of the parasite should, theoretically, in-
crease with virulence (i.e., highly pathogenic parasites are more fre-
quently locally adapted than less harmful parasites [Gandon, 2002;
Lively, 1999]). Although FPM infection is associated with harm and
even mortality to the fish (Chowdhury, Marjomaki, et al., 2021;
Marwaha et al., 2021; Osterling et al., 2014; Taeubert & Geist, 2013),
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and induces acquired immunity in salmon and trout (Chowdhury
et al., 2018), FPM generally are considered a benign rather than a
virulent parasite (e.g., Ziuganov, 2005) which also should decrease
the tendency for local adaptation by FPM. Finally, the partner having
the larger population size often is the one that is locally adapted,
and usually this is the parasite rather than the host (Ebert, 1994,
Price, 1980). In the present host-parasite case, current populations
of FPM probably are smaller than that of the salmonid species, but
the historical population sizes of FPM have probably been enor-
mous. However, high host specificity often leads to local adaptation
of parasites (Gandon, 2002), and as the survival of parasites depends
critically on compatibility with the local host, the parasite is, in gen-
eral, expected to have a stronger selection pressure on compatible
host genotypes than vice versa (Douda et al., 2017). Furthermore,
local adaptation by parasites generally is found when host migration
is low, and parasites disperse at the same rate (or slightly more) than
their hosts (Lively, 1999). In the current case, movement by adult
mussels is minor, so they disperse only as larvae relying on the host,
which suggests local adaptation, although the migration and gene
flow of salmonid hosts between rivers also can be very low (Palstra
& Ruzzante, 2010; Verspoor, 1997).

In light of these different scenarios, we studied the potential local
adaptation of FPM to salmonid host strain. According to the studies
and theories mentioned above, we expected adaptation by FPM to
local host populations within the most suitable host species, be-
cause the high specialisation observed in FPM between host species
(Salonen et al., 2017) should favour local adaptation (Gandon, 2002).
Thus, our hypotheses were that (a) glochidia will be more infective to
local host stains than to non-local host strains, and (b) glochidia will
grow faster in local than non-local host strains.

2 | METHODS

Performance of FPM, measured as prevalence and abundance of
encysted FPM glochidia in fish gills and as length of glochidia, in
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local and non-local hosts was investigated by conducting a series
of transplant (cage) experiments, with as fully reciprocal design (see
Kawecki & Ebert, 2004) as logistic challenges permitted. The experi-
ments were carried out in 2011-2013 by placing fish in cages close
to FPM beds in tributaries of the River lijoki (catchment of 14,200
km?, Baltic Sea drainage), in the main channel of the River Simojoki
(catchment of 3160 km?, Baltic Sea drainage) and in tributaries of the
River Luttojoki (the River Tuloma catchment of 21,500 km?, Barents
Sea drainage) in Finland (Figure 1). The experiments involved both
of the two suitable host species for European FPM (Atlantic salmon
and brown trout) (Salonen et al., 2016), and in each experiment fish
from a local population and from two non-local populations within
the same species were used (Table 1).

Brown trout strains were caged in six FPM streams, four of
them belonging to the River lijoki and two to the River Tuloma
catchment (Table 1; Figure 1). In these streams, brown trout was
the only salmonid and/or the most suitable host for FPM (Salonen
et al., 2017). Atlantic salmon strains were caged in two FPM rivers
(Table 1; Figure 1), representing former (River Livojoki) and present
(River Simojoki) spawning grounds of Atlantic salmon. Therefore,
both these rivers are referred to as salmon rivers, and the FPM pop-
ulations in these rivers are specialised to use salmon as their host
(Salonen et al., 2017). For protection of FPM, the exact locations of
these caging experiments are not given but can be provided upon
request. The characteristics of each study river are given in Table S1.

The sea-migrating (anadromous) brown trout and Atlantic
salmon strains originating from the River lijoki were obtained
from fish farms where they have been maintained by the Natural
Resource Institute Finland (Luke) since damming of the lijoki
main channel for hydropower production in the 1960s (see, e.g.,
Erkinaro et al., 2011). Before building of the dams, the anadro-
mous lijoki brown trout also may have migrated to spawn in the
smaller streams included in this study, but as it generally, accord-
ing to local knowledge, preferred the main channel for spawning,
this strain also was considered a non-local fish in these stream
experiments. Farmed Rautalampi brown trout (a strain originating

FIGURE 1 Map showing Finland in
Europe and the three northern Finnish
catchments where the cage experiments
were performed (dark grey), and the
location of all catchments from where
the fish strains used in the experiments
originated. The River lijoki catchment
included Ala-Haapuanoja, Lohijoki,
Porraslammenoja and Portinjoki streams,
and River Livojoki, and the River Luttojoki
area included Hanhioja stream and the
River Kolmosjoki (Table 1)

Luttojoki
Simojoki
Tijoki

Tornionjoki

Rautalampi




TASKINEN anp SALONEN

ﬂ—Wl |B2A& Freshwater Biology

TABLE 1 The caging rivers, the brown trout and Atlantic salmon strains compared (- indicates the local partner) and the results of
statistical analyses for the differences in abundance of FPM infection and in length of FPM glochidia between the partner strains

Species River Strains compared
Brown trout Ala-Haapuanoja Ala-Haapuanoja* Rautalampi
Ala-Haapuanoja* lijoki
lijoki Rautalampi
Lohijoki Lohijokit Portinjoki
Lohijokit lijoki
Portinjoki lijoki
Porraslammenoja Porraslammenoja“ Rautalampi
Porraslammenoja“ lijoki
lijoki Rautalampi
Portinjoki Portinjoki‘ Lohijoki
Portinjoki* lijoki
Lohijoki lijoki
Hanhioja Hanhioja* Kolmosjoki
Hanhioja* Luttojoki
Kolmosjoki Luttojoki
Kolmosjoki Kolmosjoki" Hanhioja
Kolmosjoki® Luttojoki
Hanhioja Luttojoki
Atlantic salmon Livojoki lijokit Simojoki
lijoki“ Torniojoki
Simojoki Torniojoki
Simojoki Simojoki" lijoki
Simojoki“ Torniojoki
lijoki Torniojoki

Abundance of glochidia Length of glochidia

Analysis p H Analysis p H

M-W 0.795 0 ANOVA 0.784 0

M-W 0.036** local 0.646 0

M-W 0.021** n.a. 0.299 0

M-W >0.999 0 -

M-W 0.528 0 -

M-W 0.174 0 -

M-W 0.105 0 ANOVA 0.946 0

M-W >0.999 0 0.939

M-W <0.001*** n.a. 0.252

M-W >0.999 0 -

M-W >0.999 0 -

M-W 0.570 0 -

ANOVA <0.001*** local ANOVA <0.001*** local
<0.001*** local 0.944 0
0.608 0 <0.001*** n.a.

ANOVA 0.441 0 ANOVA 0.799 0
0.011** local 0.732 0
0.236 0 0.293 0

M-W 0.312 0 M-W 0.108 0

M-W 0.132 0 M-W 0.474 0

M-W >0.999 0 M-W 0.009 n.a.

M-W >0.999 0 M-W 0.052* local

M-W >0.999 0 M-W 0.906 0

M-W >0.999 0 M-W 0.019 n.a.

Note: ANOVA with Tukey’s post hoc test (ANOVA) or Mann-Whitney U test (M-W) were used. Statistical significances (after Bonferroni correction
when necessary): ***highly significant, p < 0.001; **significant, 0.010 < p < 0.050; and *marginally significant, 0.050 < p < 0.100. ‘H’ refers to study
hypotheses: local = support for local adaptation, n.a. = statistically significant difference but neither of the strains could be assigned as local, and 0 =

H, hypothesis (no difference) not rejected.

from southern Finland; Figure 1) and Tornionjoki salmon (Figure 1)
also were available, while resident brown trout from the streams/
Lohijoki,

Hanhioja, Kolmosjoki and Luttojoki (a resident strain originating

rivers Alahaapuanoja, Porraslammenoja, Portinjoki,
from headwaters above the FPM habitats and above the spawning
ground of Atlantic salmon of the River Luttojoki main channel),
as well as anadromous Atlantic salmon from Simojoki strain were
collected by electrofishing.

For the caging experiments, cylindrical steel cages (height
250 mm, diameter 490 mm, mesh 5.7 mm) with two to three rep-
licates per fish strain were used, except for the Porraslammenoja
stream, in which only one tank of local trout existed owing to the
low availability of 0+ wild trout. The number of fish individuals
cage™ population™ was generally between 20 and 30, with some
exceptions resulting from low catch of natural fish (Figures 2-4).
Cages were placed in the rivers in early autumn shortly before the
start of FPM glochidia release and removed after the release so that
the caging period varied from 7 to 9 weeks (Table 2). The fish were

not provided with food during caging. Loss of fish during caging was
minor, < 2 fish per cage.

The farmed fish used in the experiments had not been in contact
with FPM earlier. Size differences of the wild fish caged generally
were small (Table S2), indicating that every fish belonging to the age
group O+ (hatched in the previous spring and thus having no FPM
infection before). In 2011, fish of different ages were caged, but only
the O+ individuals were included in statistical analyses to exclude the
potential effects of previous FPM contact (Hastie & Young, 2001).
As an exception, in the experiments at the River Tuloma catchment
the size differences (Table S2; Hanhioja and Kolmosjoki) between
fish groups were considerable, probably indicating that the largest
Luttojoki fish also included older individuals. However, these fish
were collected from an FPM-free area and they then had no previous
contact with FPM. Thus, these fish were included to analyses, and
in these experiments the glochidia numbers were standardised by
dividing the number by fish mass (Taeubert et al., 2010) to exclude
the potential effect of larger host size (i.e., gill area) on the results.
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FIGURE 2 Abundance (number) of FPM glochidia in different brown trout strains caged in the streams Ala-Haapuanoja (a), Lohijoki (b),
Porraslammenoja (c) and Portinjoki (d), all belonging to the River lijoki catchment. The individual dots represent the number of larvae in

individual fish, and the diamond is the mean abundance of the strain

After caging, fish were killed with a sharp blow on the head and
transported to the laboratory on ice. However, in 2011 only around
a third of the fish from each group were killed immediately after
the caging, while the rest were transported to Konnevesi Research
Station (University of Jyvaskyl3d) where they were maintained — to
monitor the growth of glochidia — in individual, flow-through aquaria,
and examined at varying intervals during the next 8 months, when
total length and fresh mass were measured. Then gills were dissected
and pressed between two large glass plates and the number of FPM
glochidia in each gill was counted microscopically using transmitted
light. Length (the longest diameter) of glochidia was measured mi-
croscopically from a randomly selected subsample of larvae (n = 10)
using an ocular scale in 2012-2013 experiments (Table 1).

2.1 | Dataanalysis

Differences in the prevalence of FPM infection (percentage of fish
carrying encysted FPM glochidia) between different salmonid strains
were analysed using y” test. For analyses of glochidia abundance (av-
erage number of FPM glochidia fish™) and glochidia length between
different strains, parametric tests (ANOVA and Tukey’s post hoc
test) for comparisons of means were applied (with variable trans-
formation if necessary), but if the assumptions of parametric test-
ing were not met, nonparametric rank order tests (Mann-Whitney U
test) were applied (details in Table 1). In the case of glochidia length,
fish-individual-specific mean glochidium length was used as the re-

sponse variable (i.e., individual fish as the statistical unit).
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FIGURE 4 Abundance (number) of FPM glochidia in different Atlantic salmon strains caged in the River Livojoki (a) and River Simojoki (b).
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Before the comparisons between different salmonid strains, the
significance of differences in prevalence and abundance between
the replicate cages (and between the examination dates in the 2011
experiments), were analysed. Differences between the replicates or
between the 2011 examination dates within any fish strain in any
experiment were non-significant (p > 0.05 in all cases). Thus, data
from the replicate cages were pooled for the subsequent analy-
ses. Statistical analyses were performed with SPSS v22.0.01 (IBM
Corporation, Armonk, NY, USA) and Bonferroni correction was ap-

plied in multiple comparisons.

3 | RESULTS
3.1 | Brown trout experiments in the River lijoki
catchment

FPM glochidia were found in every fish individual from both local
and non-local strains after 7.5 weeks caging in each of the four
brown trout streams (Ala-Haapuanoja, Lohijoki, Porraslammenoja
and Portinjoki) in the River lijoki catchment. Thus, there were no
differences in the prevalence of FPM infection between any strains.
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TABLE 2 Length (mean + SE) of FPM glochidia in different brown trout and Atlantic salmon strains after the caging period shown in the

first row

27.08-18.10.2012

23.08-04.10.2012 20.08-16.10.2013

Species and strain Ala-Haapuanoja

Brown trout 80 + 0.9

Ala-Haapuanoja

Brown trout 119 +4.5

Porraslammenoja
Brown trout Hanhioja
Brown trout Kolmosjoki
Brown trout Luttojoki
82+1.3
79 £2.0

119+ 4.5
121+£2.6

Brown trout lijoki
Brown trout Rautalampi
Atlantic salmon lijoki
Atlantic salmon Simojoki

Atlantic salmon Tornionjoki

Among the brown trout caged in the Ala-Haapuanoja stream,
the abundance of FPM infection in local trout was significantly
higher than that in anadromous lijoki trout, but was not statistically
different from that in non-local Rautalampi trout (Table 1; Figure 2).
The abundance of FPM infection in local fish did not differ sta-
tistically from either of the non-local fish strains in the Lohijoki,
Porraslammenoja and Portinjoki streams (Table 1; Figure 2).
Significant differences in abundance were found between the non-
local strains in the Ala-Haapuanoja and Porraslammenoja streams,
but not in the Lohijoki and Portinjoki streams (Table 1; Figure 2).

There were no statistically significant differences in the length
of encysted FPM glochidia between any of the different brown
trout strains in the Ala-Haapuanoja and Porraslammenoja streams
(Tables 1 and 2).

3.2 | Brown trout experiments in the River
Tuloma catchment

FPM glochidia were found from all fish individuals after 6 weeks
caging in the River Tuloma catchment. Thus, there were no differ-
ences in prevalence of FPM infection between any of the three trout
strains tested in the Hanhioja and Kolmosjoki streams.

The abundance of FPM infection in the Hanhioja stream was sig-
nificantly higher in local Hanhioja trout than in non-local Luttojoki
and Kolmosjoki trout (Table 1; Figure 3). The abundance of FPM in-
fection in the River Kolmosjoki also was significantly higher in local
trout than in non-local Luttojoki trout, but did not differ significantly
from the abundance in the other non-local strain. In both rivers the
non-local strains did not differ significantly from each other in terms
of glochidia abundance (Table 1; Figure 3).

Among the fish caged in the Hanhioja stream, the glochidia
in the local trout were significantly larger than those in the non-
local Kolmosjoki trout (Tables 1 and 2). The difference in length
of glochidia between the non-local strains also was statistically

Porraslammenoja

Hanhioja Kolmosjoki Livojoki Simojoki

102+ 1.7 82+1.6

91+1.5 83+1.7

102+ 1.5 85+0.9
113+ 1.1 91+1.38
117 £ 1.6 100 + 3.0
110+ 1.2 98 +2.0

significant in the Hanhioja experiment (Tables 1 and 2). There were
no significant differences in glochidia length between any of the dif-

ferent fish strains in the River Kolmosjoki (Tables 1 and 2).

3.3 | Atlantic salmon experiments

FPM glochidia were found in all (100%) salmon individuals after
8 weeks caging in the River Livojoki (lijoki catchment), meaning
there were no differences in the prevalence between different
salmon strains in that river. In the main channel of the River Simojoki,
72% of local Simojoki salmon, 72% of non-local lijoki salmon and
63% of non-local Tornionjoki salmon were parasitised by FPM glo-
chidia. These differences in prevalence were not significant (y* test,
Bonferroni-corrected p > 0.999 in all three comparisons).

There were no differences in the abundance of FPM infection
between any of the salmon strains in the River Livojoki (Table 1;
Figure 4). Likewise, no differences in the abundance were observed
between salmon strains in River Simojoki (Table 1; Figure 4).

There were no statistically significant differences in glochidia
length between the local and non-local salmon caged in the River
Livojoki, while a significant difference between non-local strains was
found (Tables 1 and 2). The FPM glochidia in the River Simojoki were
marginally significantly larger in the local salmon than in the non-
local lijoki salmon (Tables 1 and 2), while the difference from the
other non-local strain was not significant (Table 1). There also was a
significant difference in glochidia length between non-local strains
in the River Simojoki (Tables 1 and 2).

4 | DISCUSSION

Our results support the local adaptation hypothesis, that is better
infection success of a parasite in a local, sympatric host. Thisisin line
with the general idea that parasites usually are adapted to the host
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genotype most frequently encountered in a habitat (Ebert, 1994;
Greischar & Koskella, 2007; Kaltz & Shykoff, 1998). Local adaptation
of FPM was not as clearly obtained from several brown trout rivers,
but in none of these rivers were the fish from non-local, allopatric
strains better hosts than the local fish. No clear indication of local
adaptation was observed in the Atlantic salmon experiments but, as
in the brown trout rivers, in none of the salmon rivers was the non-
local fish the better host. Thus, there was no support for the local
maladaptation hypothesis in this parasite-host relationship from
any of the experiments in this study. Interestingly, both Karlsson
et al. (2014) and Geist et al. (2018) found the genetic differentiation
among mussel populations that use only trout as their host to be
very large, and significantly larger than among salmon-specialised
mussel populations. This genetic differentiation may be one expla-
nation for the higher local adaptation observed in mussels that use
brown trout as their host. However, in Swedish catchments where
different host species (salmon, resident brown trout, anadromous
trout) occur, no genetic evidence for such co-adaptation was found
(Geist et al., 2010), stressing the importance of a regional assess-
ment of host dependency.

Many freshwater mussel species are endangered throughout
the world (Lydeard et al., 2004). However, surprisingly, the po-
tential local adaptation of mussels to their fish hosts has been
studied only rarely, even though laboratory breeding and trans-
location programmes to restore and re-establish populations of
endangered mussels are used widely (Eybe et al., 2013, 2015; Gum
et al., 2011; Hoftyzer et al., 2008; Thomas et al., 2010). Previously,
Rogers et al. (2001) addressed the question of adaptation of fresh-
water mussels to their local fish host and found evidence for local
adaptation in tan riffleshell (Epioblasma florentina walkeri) and fan-
tail darter (Etheostoma flabellare). Furthermore, Douda et al. (2017)
observed an ability to exploit foreign host fishes when studying
infectivity of the invasive freshwater mussel Sinanodonta woo-
dina at a global scale, and no evidence for population-specific
adaptation in the original range of S. woodiana, indicating the
importance of geographical scale and possibility of host counter-
adaptation in studies of local adaptation of freshwater mussels
to their fish hosts. Therefore, local adaptation (or maladaptation)
and population-level differences in host compatibility of freshwa-
ter mussels with respect to fish host population could be an im-
portant factor affecting the success of conservation operations
with mussels, which should be studied further so that potential
association-specific differences can be taken into account to in-
crease the success of conservation of freshwater mussels (Douda
et al., 2014; Ferreira-Rodriguez et al., 2019). Huber and Geist
(2019) have shown that non-sympatric fishes can be suitable hosts
for duck mussel (Anodonta anatina), but also, interestingly, found
differences in duration of the metamorphosis/ development of
glochidia between different host fish species - something that to
our knowledge has not yet been studied for the freshwater pearl
mussel. Determining metamorphosis success rate and juvenile
quality of FPM (see Douda et al., 2020) may yield other new re-
search directions in the area of population-level host suitability

and local adaptation. Finally, as FPM glochidia infestation may pro-
vide protection for host fish against bacterial disease (Chowdhury,
Roy, et al., 2021), yet unknown features of the co-evolutionary re-
lationship between endangered FPM and their salmonid hosts - in
addition or related to local adaptation - may be recovered through
successful conservation programmes.

According to the theoretical models of host-parasite coevolu-
tion, our findings of adaptation of FPM to local brown trout should
be related either to a higher migration rate or a higher population size
of FPM relative to brown trout (see review by Blanquart et al., 2012).
The River Tuloma catchment, where both the studied FPM popu-
lations exhibited clear adaptation in parasitising brown trout from
the local populations, is the area where the largest Finnish FPM
populations are found (see Oulasvirta, 2011). Thus, local adapta-
tion of FPM in the tributaries of the River Tuloma catchment could
be linked to the large number of FPM populations and individuals,
which fuels the capacity of FPM for evolutionary adaptations (e.g.,
Blanquart et al., 2012). This area also is a hotspot of genetic diversity
of FPM in Europe (Geist & Kuehn, 2008), which also may have in-
creased the ability of FPM to evolutionarily differentiate in order to
more successfully parasitise the local than the allopatric salmonids
(see Blanquart et al., 2012). Furthermore, historically (before any an-
thropogenic effects and, thus, decline in water quality) the number
of mussels in these populations may have been enormous, possibly
resembling the contemporary population in the geographically ad-
jacent River Varzuga where c. 2 million FPM individuals have been
estimated (Ziuganov et al., 1994).

Intuitively, using sympatric fish and FPM, and stocking
captive-bred FPM juveniles to the river from where their paren-
tal FPM originated (see, also, results by Denic, Taeubert, Lange,
et al,, 2015), should be the recommended practice. However, pre-
vious tests of the potential differences in the suitability of differ-
ent salmonid strains as host for FPM have found that an allopatric,
non-local brown trout strain from another drainage (Osterling &
Larsen, 2013), or from another country (Jung et al., 2013) was a
better host for FPM than a (more) local strain, opposite to our find-
ings. By contrast, Taeubert et al. (2010) showed that brown trout
that originated outside the distribution range of FPM were poorer
hosts than trout from within the FPM range, and the more local (al-
though not sympatric) host was the most suitable, consistent with
our results. Thus, the geographical scale at which fish strains are
tested may affect the findings of local adaptation/maladaptation
studies. Furthermore, in many catchments ancient links between
FPM and their original, historically sympatric salmonid popula-
tions have been altered or erased by relatively recent fish trans-
fers or barriers to migration created by humans. The data in this
study came from catchments that generally can be considered to
be closer to their natural state than, for example, rivers in central
Europe (Jung et al., 2013); especially the small headwater streams,
where the links to local adaptation were stronger. Thus, fisheries
management may explain why local adaptation has not been de-
tected everywhere, as in the studies of Osterling and Larsen (2013)
and Jung et al. (2013).
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Owing to the enormous collapse of FPM populations during the
last century, the conservation of FPM requires artificial propagation,
including captive breeding techniques and restoring suitable host
fish populations via restocking (Geist, 2010; Gum et al., 2011), an
approach that would be useful for other mussel species, too (Douda
et al., 2014). Although host specificity by FPM is well known, the
present study provides confirmation that it exists and demonstrates
a novel approach to determining host-parasite relationships at the
population level. In conclusion, for the conservation of FPM, it is im-
portant to know the potential patterns of local adaptation of FPM
with respect to fish host populations. Our results suggest that par-
asitism of FPM glochidia in terms of abundance and growth is most
successful in a sympatric fish host - that is, in fish originating from
the same area, or river, as the mussel. Although stocking or using
allopatric salmonid hosts can be and has been applied in the con-
servation of this parasite species, the best success of these actions
is likely to come with use of original, sympatric fish with respect to a
given FPM population.

ACKNOWLEDGEMENTS

We thank especially Pirkko-Liisa Luhta and Eero Moilanen for their
valuable contribution to the practical implementation of the study,
and Felix Luukkanen, Olli Nousiainen, Panu Oulasvirta, Tapani
Sakkinen and Jarno Turunen for help in the field and with laboratory
work. We thank Timo J. Marjomdki for valuable comments on the
manuscript. We acknowledge EU Interreg IV A Nord Programme, the
Doctoral Programme in Biological and Environmental Science of the
University of Jyvaskyld, the Maj and Tor Nessling Foundation, the
Raija and Ossi Tuuliainen Foundation, the Emil Aaltonen Foundation,
the Academy of Finland and LIFE20 NAT/FI/000611 - LIFE Revives
project for support. The required permissions (LAP-2008-L-
505-254, PPO-2008-L-709-254 and POPELY/513/07.01.2011) to
collect, transport and handle FPM individuals were granted by the
North Ostrobothnia regional Centre for Economic Development,
Transport and the Environment (Oulu, Finland), and permissions
(ESLH-2008-10038/Ym-23 and ESAVI/6759/04.10.03/2011) for
caging fish in the field and exposing fish artificially to FPM in the
laboratory were granted by the Animal Experiment Board of Finland

(Regional Administration of Southern Finland).

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT

Data are available from the authors upon reasonable request.

ORCID
Jouni Taskinen "= https://orcid.org/0000-0003-0098-9560
Jouni K. Salonen "= https://orcid.org/0000-0002-8118-5048
REFERENCES

Barnhart, M. C., Haag, W. R., & Roston, W. N. (2008). Adaptations to
host infection and larval parasitism in Unionoida. Journal of the

Freshwater Biology BVVA| LEYJ—9

North American Benthological Society, 27, 370-394. https://doi.
org/10.1899/07-093.1

Bauer, G. (1987). The parasitic stage of the freshwater pearl mussel
(Margaritifera margaritifera L.) 1ll. Host Relationships. Archiv Fir
Hydrobiologie, 76, 413-423.

Bauer, G. (1988). Threats to the freshwater pearl mussel Margaritifera
margaritifera L. in central Europe. Biological Conservation, 45, 239-
253. https://doi.org/10.1016/0006-3207(88)20056-0

Bauer, G. (2001). Life-history variation on different taxonomic levels of
naiads. Chapter 5. In G. Bauer, & K. Wachtler (Eds.), Ecology and evo-
lution of the freshwater mussels Unionoida. Berlin: Springer-Verlag.

Bauer, G., & Wichtler, K. (2000). Ecology and evolution of the freshwater
mussels Unionoida. Berlin: Springer-Verlag.

Blanquart, F., Gandon, S., & Nuismer, S. (2012). The effects of migra-
tion and drift on local adaptation to a heterogenous environ-
ment. Journal of Evolutionary Biology, 25, 1351-1363. https://doi.
org/10.1111/j.1420-9101.2012.02524.x

Chowdhury, M. M. R., Marjoméki, T. J., & Taskinen, J. (2021). Effect
of glochidia infection on growth of fish: Freshwater pearl mus-
sel Margaritifera margaritifera and brown trout Salmo trutta.
Hydrobiologia, 848, 3179-3189. https://doi.org/10.1007/s10750-
019-03994-4

Chowdhury, M. M. R, Roy, A., Auvinen, K., Pulkkinen, K., Suonia, H.,
& Taskinen, J. (2021). Glochidial infection by the endangered
Margaritifera margaritifera (Mollusca) increased survival of salmonid
host (Pisces) during experimental Flavobacterium disease outbreak.
Parasitology Research, 120, 3487-3496. https://doi.org/10.1007/
s00436-021-07285-7

Chowdhury, M. M. R,, Salonen, J. K., Marjoméki, T. J., & Taskinen, J.
(2018). Interaction between the endangered freshwater pearl
mussel Margaritifera margaritifera, the duck mussel Anodonta
anatina and the fish host (Salmo): Acquired and cross-immunity.
Hydrobiologia, 810, 273-281. https://doi.org/10.1007/s1075
0-017-3114-6

Cosgrove, P. J., Young, M. R,, Hastie, L. C., Gaywood, M., & Boon, P. J.
(2000). The status of the freshwater pearl mussel Margaritifera
margaritifera Linn. in Scotland. Aquatic Conservation: Marine and
Freshwater Ecosystems, 10, 197-208.

Cuttelod, A., Seddon, M., & Neubert, E. (2011). European red list of non-
marine molluscs. Luxembourg: Publications Office of the European
Union.

Denic, M., Taeubert, J.-E., & Geist, J. (2015). Trophic relationships be-
tween the larvae of two freshwater mussels and their fish hosts.
Invertebrate Biology, 134, 129-135. https://doi.org/10.1111/
ivb.12080

Denic, M., Taeubert, J.-E., Lange, M., Thielen, F., Scheder, C., Gumpinger,
C., & Geist, J. (2015). Influence of stock origin and environmen-
tal conditions on the survival and growth of juvenile freshwater
pearl mussels (Margaritifera margaritifera) in a cross-exposure
experiment. Limnologica, 50, 67-74. https://doi.org/10.1016/j.
limno.2014.07.005

Douda, K., Escobar-Calderén, F., Vodakova, B., Horky, P., Slavik, O., &
Sousa, R. (2020). In situ and low-cost monitoring of particles fall-
ing from freshwater animals: From microplastics to parasites.
Conservation Physiology, 8, 1-10. https://doi.org/10.1093/conphys/
co0aa088

Douda, K., Liu, H.-Z., Yu, D., Rouchet, R., Liu, F., Tang, Q.-Y., ... Reichard,
M. (2017). Therole of local adaptation in shaping fish-mussel coevo-
lution. Freshwater Biology, 62, 1858-1868. https://doi.org/10.1111/
fwb.13026

Douda, K., Sell, J., Kubikova-Pelakova, L., Horky, P., Kaczmarczyk, A.,
& Mioduchowska, M. (2014). Host compatibility as a critical fac-
tor in management unit recognition: Population-level differences
in mussel-fish relationships. Journal of Applied Ecology, 51, 1085-
1095. https://doi.org/10.1111/1365-2664.12264


https://orcid.org/0000-0003-0098-9560
https://orcid.org/0000-0003-0098-9560
https://orcid.org/0000-0002-8118-5048
https://orcid.org/0000-0002-8118-5048
https://doi.org/10.1899/07-093.1
https://doi.org/10.1899/07-093.1
https://doi.org/10.1016/0006-3207(88)90056-0
https://doi.org/10.1111/j.1420-9101.2012.02524.x
https://doi.org/10.1111/j.1420-9101.2012.02524.x
https://doi.org/10.1007/s10750-019-03994-4
https://doi.org/10.1007/s10750-019-03994-4
https://doi.org/10.1007/s00436-021-07285-7
https://doi.org/10.1007/s00436-021-07285-7
https://doi.org/10.1007/s10750-017-3114-6
https://doi.org/10.1007/s10750-017-3114-6
https://doi.org/10.1111/ivb.12080
https://doi.org/10.1111/ivb.12080
https://doi.org/10.1016/j.limno.2014.07.005
https://doi.org/10.1016/j.limno.2014.07.005
https://doi.org/10.1093/conphys/coaa088
https://doi.org/10.1093/conphys/coaa088
https://doi.org/10.1111/fwb.13026
https://doi.org/10.1111/fwb.13026
https://doi.org/10.1111/1365-2664.12264

TASKINEN anp SALONEN

gl—Wl |B2A® reshwater Biology

Ebert, D. (1994). Virulence and local adaptation of a horizontally trans-
mitted parasite. Science, 265, 1084-1086. https://doi.org/10.1126/
science.265.5175.1084

Erkinaro, J., Laine, A., Maki-Petdys, A., Karjalainen, T. P., Laajala, E.,
Hirvonen, A., ... Yrjana, T. (2011). Restoring migratory salmonid
populations in regulated rivers in the northernmost Baltic Sea
area, Northern Finland - biological, technical and social chal-
lenges. Journal of Applied Ichthyology, 27(3), 45-52. https://doi.
org/10.1111/j.1439-0426.2011.01851.x

Eybe, T., Thielen, F., Bohn, T., & Sures, B. (2013). The first millimetre
- rearing juvenile freshwater pearl mussels (Margaritifera mar-
garitifera L.) in plastic boxes. Aquatic Conservation: Marine and
Freshwater Ecosystems, 23, 964-975. https://doi.org/10.1002/
aqc.2384

Eybe, T., Thielen, F., Bohn, T., & Sures, B. (2015). Influence of the ex-
cystment time on the breeding success of juvenile freshwater pearl
mussels (Margaritifera margaritifera). Aquatic Conservation: Marine
and Freshwater Ecosystems, 25, 21-30. https://doi.org/10.1002/
aqc.2471

Ferreira-Rodriguez, N., Akiyama, Y. B., Aksenova, O. V., Araujo, R.,
Christopher Barnhart, M., Bespalaya, Y. V., ... Vaughn, C. C. (2019).
Research priorities for freshwater mussel conservation assessment.
Biological Conservation, 231, 77-87. https://doi.org/10.1016/j.
biocon.2019.01.002

Gandon, S. (2002). Local adaptation and the geometry of host-
parasite coevolution. Ecology Letters, 5, 246-256. https://doi.
org/10.1046/j.1461-0248.2002.00305.x

Gandon, S., & Michalakis, Y. (2002). Local adaptation, evolution-
ary potential and host-parasite coevolution: Interactions be-
tween migration, mutation, population size and generation
time. Journal of Evolutionary Biology, 15, 451-462. https://doi.
org/10.1046/j.1420-9101.2002.00402.x

Geist, J. (2010). Strategies for the conservation of endangered freshwa-
ter pearl mussels (Margaritifera margaritifera L.): A synthesis of con-
servation genetics and ecology. Hydrobiologia, 644, 69-88. https://
doi.org/10.1007/s10750-010-0190-2

Geist, J., & Kuehn, R. (2008). Host-parasite interactions in oligotro-
phic stream ecosystems: The roles of life-history strategy and
ecological niche. Molecular Ecology, 17, 997-1008. https://doi.
org/10.1111/j.1365-294X.2007.03636.x

Geist, J., Moorkens, E., Killeen, I, Feind, S., Stoeckle, B. C., Connor, A.
0., & Kuehn, R.(2018). Genetic structure of Irish freshwater pearl
mussels (Margaritifera margaritifera and Margaritifera durrovensis):
Validity of subspecies, roles of host fish, and conservation impli-
cations. Aquatic Conservation: Marine and Freshwater Ecosystems,
28, 923-933. https://doi.org/10.1002/aqc.2913

Geist, J., Porkka, M., & Kuehn, R. (2006). The status of host fish popula-
tions and fish species richness in European freshwater pearl mus-
sel (Margaritifera margaritifera) populations. Aquatic Conservation:
Marine and Freshwater Ecosystems, 16, 251-266. https://doi.
org/10.1002/aqc.721

Geist, J., S6derberg, H., Karlberg, A., & Kuehn, R. (2010). Drainage-
independent genetic structure and high genetic diversity of en-
dangered freshwater pearl mussels (Margaritifera margaritifera) in
northern Europe. Conservation Genetics, 11, 1339-1350. https://
doi.org/10.1007/s10592-009-9963-4

Greischar, M. A., & Koskella, B. (2007). A synthesis of experimental work
on parasites local adaptation. Ecology Letters, 10, 418-434. https://
doi.org/10.1111/j.1461-0248.2007.01028.x

Gum, B., Lange, M., & Geist, J. (2011). A critical reflection on the success
of rearing and culturing juvenile freshwater mussels with a focus on
the endangered freshwater pearl mussel (Margaritifera margaritif-
era L.). Aquatic Conservation: Marine and Freshwater Ecosystems, 21,
743-751. https://doi.org/10.1002/aqc.1222

Haag, W. R., & Williams, J. D. (2014). Biodiversity on the brink: An assess-
ment of conservation strategies for North American freshwater

mussels. Hydrobiologia, 735, 45-60. https://doi.org/10.1007/s1075
0-013-1524-7

Hastie, L. C., & Young, M. (2001). Freshwater pearl mussel (Margaritifera
margaritifera)  glochidiosis in  wild and farmed salmonid
stocks in Scotland. Hydrobiologia, 445, 109-119. https://doi.
org/10.1023/A:1017588222480

Hoftyzer, E., Ackerman, J. D., Morris, T. J., & Mackie, G. L. (2008). Genetic
and environmental implications of reintroducing laboratory-raised
unionid mussels to the wild. Canadian Journal of Fisheries and
Aquatic Sciences, 65, 1217-1229. https://doi.org/10.1139/F08-024

Huber, V., & Geist, J. (2019). Host fish status of native and invasive spe-
cies for the freshwater mussel Anodonta anatina (Linnaeus, 1758).
Biological Conservation, 230, 48-57. https://doi.org/10.1016/j.
biocon.2018.12.007

Jung, M., Scheder, C., Cumpinger, C., & Waringer, J. (2013). Habitat traits,
population structure and host specificity of the freshwater pearl
mussel Margaritifera margaritifera in the Waldaist River (Upper
Austria). Biologia, 68, 922-931. https://doi.org/10.2478/s1175
6-013-0244-9

Kaltz, O., Gandon, S., Michalakis, Y., & Shykoff, J. A. (1999). Local malad-
aptation in the anther-smut fungus Microbotryum violaceum to its
host plant Silene latifolia: evidence from a cross-inoculation exper-
iment. Evolution, 53, 395-407. https://doi.org/10.2307/2640776

Kaltz, O., & Shykoff, J. A. (1998). Local adaptation in host-
parasite  systems.  Heredity, 81, 361-370. https://doi.
org/10.1046/j.1365-2540.1998.00435.x

Karlsson, S., Larsen, B. M., & Hindar, K. (2014). Host-dependent genetic
variation in freshwater pearl mussel (Margaritifera margaritifera
L.). Hydrobiologia, 735, 179-190. https://doi.org/10.1007/s1075

0-013-1679-2
Kawecki, T. J., & Ebert, D. (2004). Conceptual issues in local ad-
aptation.  Ecology Letters, 7, 1225-1241.  https://doi.

org/10.1111/j.1461-0248.2004.00684.x

Kitaichi, H., Negishi, J. N., Ito, D., Miura, K., & Urabe, H. (2021). Testing
local adaptations of affiliate freshwater pearl mussel, Margaritifera
laevis, to its host fis, Oncorhynchus masou masou. Ecological Research,
36, 803-814. https://doi.org/10.1111/1440-1703.12245

Klemetsen, A., Amundsen, P.-A., Dempson, J. B, Jonsson, B., Jonsson, N.,
QO’Connell, M. F., & Mortensen, E. (2003). Atlantic salmon Salmo salar
L., brown trout Salmo trutta L. and Arctic charr Salvelinus alpinus (L.):
A review of aspects of their life histories. Ecology of Freshwater Fish,
12, 1-59. https://doi.org/10.1034/j.1600-0633.2003.00010.x

Lively, C. M. (1999). Migration, virulence, and the geographic mosaic of
adaptation by parasites. American Naturalist, 153, S34-S47. https://
doi.org/10.1086/303210

Lopes-Lima, M., Sousa, R., Geist, J., Aldridge, D. C., Araujo, R., Bergengren,
J., ... Zogaris, S. (2017). Conservation status of freshwater mussels
in Europe: State of the art and future challenges. Biological Reviews,
92,572-607. https://doi.org/10.1111/brv.12244

Lydeard, C., Cowie, R. H., Ponder, W. F,, Bogan, A. E., Bouchet, P., Clark,
S. A, ... Thompson, F. G. (2004). The global decline of nonmarine
mollusks. BioScience, 54, 321-330.

Marwaha, J., Jakobsen, P. J., Karlsson, S., Larsen, B. M., & Wacker,
S. (2021). Higher mortality of the less suitable brown trout host
compared to the principal Atlantic salmon host when infested
with freshwater pearl mussel (Margaritifera margaritifera) glochidia.
Parasitology Research, 120, 2401-2413. https://doi.org/10.1007/
s00436-021-07145-4

Osterling, E. M., Ferm, J., & Piccolo, J. J. (2014). Parasitic freshwater
pearl mussel larvae (Margaritifera margaritifera L.) reduce the drift-
feeding rate of juvenile brown trout (Salmo trutta L.). Environmental
Biology of Fishes, 97, 543-549. https://doi.org/10.1007/s1064
1-014-0251-x

Osterling, E. M., & Wengstrom, N. (2015). Test of the host fish species
of a unionoid mussel: A comparison between natural and artificial
encystment. Limnologica, 50, 80-83.


https://doi.org/10.1126/science.265.5175.1084
https://doi.org/10.1126/science.265.5175.1084
https://doi.org/10.1111/j.1439-0426.2011.01851.x
https://doi.org/10.1111/j.1439-0426.2011.01851.x
https://doi.org/10.1002/aqc.2384
https://doi.org/10.1002/aqc.2384
https://doi.org/10.1002/aqc.2471
https://doi.org/10.1002/aqc.2471
https://doi.org/10.1016/j.biocon.2019.01.002
https://doi.org/10.1016/j.biocon.2019.01.002
https://doi.org/10.1046/j.1461-0248.2002.00305.x
https://doi.org/10.1046/j.1461-0248.2002.00305.x
https://doi.org/10.1046/j.1420-9101.2002.00402.x
https://doi.org/10.1046/j.1420-9101.2002.00402.x
https://doi.org/10.1007/s10750-010-0190-2
https://doi.org/10.1007/s10750-010-0190-2
https://doi.org/10.1111/j.1365-294X.2007.03636.x
https://doi.org/10.1111/j.1365-294X.2007.03636.x
https://doi.org/10.1002/aqc.2913
https://doi.org/10.1002/aqc.721
https://doi.org/10.1002/aqc.721
https://doi.org/10.1007/s10592-009-9963-4
https://doi.org/10.1007/s10592-009-9963-4
https://doi.org/10.1111/j.1461-0248.2007.01028.x
https://doi.org/10.1111/j.1461-0248.2007.01028.x
https://doi.org/10.1002/aqc.1222
https://doi.org/10.1007/s10750-013-1524-7
https://doi.org/10.1007/s10750-013-1524-7
https://doi.org/10.1023/A:1017588222480
https://doi.org/10.1023/A:1017588222480
https://doi.org/10.1139/F08-024
https://doi.org/10.1016/j.biocon.2018.12.007
https://doi.org/10.1016/j.biocon.2018.12.007
https://doi.org/10.2478/s11756-013-0244-9
https://doi.org/10.2478/s11756-013-0244-9
https://doi.org/10.2307/2640776
https://doi.org/10.1046/j.1365-2540.1998.00435.x
https://doi.org/10.1046/j.1365-2540.1998.00435.x
https://doi.org/10.1007/s10750-013-1679-2
https://doi.org/10.1007/s10750-013-1679-2
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1111/j.1461-0248.2004.00684.x
https://doi.org/10.1111/1440-1703.12245
https://doi.org/10.1034/j.1600-0633.2003.00010.x
https://doi.org/10.1086/303210
https://doi.org/10.1086/303210
https://doi.org/10.1111/brv.12244
https://doi.org/10.1007/s00436-021-07145-4
https://doi.org/10.1007/s00436-021-07145-4
https://doi.org/10.1007/s10641-014-0251-x
https://doi.org/10.1007/s10641-014-0251-x

TASKINEN anp SALONEN

Osterling, M. E., & Larsen, B. M. (2013). Impact of origin and condition of
host fish (Salmo trutta) on parasitic larvae of Margaritifera margari-
tifera. Aquatic Conservation: Marine and Freshwater Ecosystems, 23,
564-570. https://doi.org/10.1002/aqc.2320

Qulasvirta, P. (2011). Distribution and status of the freshwater pearl
mussel Margaritifera margaritifera in northern Fennoscandia.
Toxicological and Environmental Chemistry, 93, 1713-1730. https://
doi.org/10.1080/02772248.2010.493157

Palstra, F. P., & Ruzzante, D. E. (2010). A temporal perspective on pop-
ulation structure and gene flow in Atlantic salmon (Salmo salar) in
Newfoundland, Canada. Canadian Journal of Fisheries and Aquatic
Sciences, 67, 225-242. https://doi.org/10.1139/F09-176

Price, P. W. (1980). Evolutionary biology of parasites. Princeton, NJ:
Princeton University Press.

Rogers, S. O., Watson, B. T., & Neves, R. J. (2001). Life history and
population biology of the endangered tan riffleshell (Epioblasma
florentina walkeri) (Bivalvia: Unionidae). Journal of the North
American  Benthological ~Society, 20, 582-594. https://doi.
org/10.2307/1468089

Saarinen, M., & Taskinen, J. (2005). Local adaptation in a crusta-
cean parasite-molluscan host interaction: A field experiment.
Evolutionary Ecology Research, 7, 1191-1199.

Salonen, J. K., Luhta, P.-L., Moilanen, E., Oulasvirta, P., Turunen, J., &
Taskinen, J. (2017). Atlantic salmon (Salmo salar) and brown trout
(Salmo trutta) differ in their suitability as a host for the endangered
freshwater pearl mussel (Margaritifera margaritifera) in northern
Fennoscandian rivers. Freshwater Biology, 62, 1346-1358. https://
doi.org/10.1111/fwb.12947

Salonen, J. K., Marjomaki, T. J., & Taskinen, J. (2016). An alien fish
threatens an endangered parasitic bivalve: The relationship be-
tween brook trout (Salvelinus fontinalis) and freshwater pearl
mussel (Margaritifera margaritifera) in northern Europe. Aquatic
Conservation: Marine and Freshwater Ecosystems, 26, 1130-1144.
https://doi.org/10.1002/aqc.2614

Simon, O. P, Vanickova, 1., Bily, M., Douda, K., Patzenhauerova, H.,
Hruska, J., & Peltanova, A. (2015). The status of freshwater pearl
mussel in the Czech Republic: Several successfully rejuvenated
populations but the absence of natural reproduction. Limnologica,
50, 11-20.

Taeubert, J.-E., Denic, M., Gum, B., Lange, M., & Geist, J. (2010).
Suitability of different salmonid strains as hosts for the endangered
freshwater pearl mussel (Margaritifera margaritifera L.). Aquatic
Conservation: Marine and Freshwater Ecosystems, 20, 728-734.
https://doi.org/10.1002/aqc.1147

Freshwater Biology V.V LEYJﬁ

Taeubert, J.-E., & Geist, J. (2013). Critical swimming speed of brown trout
(Salmo trutta) infested with freshwater pearl mussel (Margaritifera
margaritifera) glochidia and implications for artificial breeding of an
endangered mussel species. Parasitology Research, 112, 1607-1613.
https://doi.org/10.1007/s00436-013-3314-6

Taeubert, J.-E., & Geist, J. (2017). The relationship between the freshwa-
ter pearl mussel (Margaritifera margaritifera) and its hosts. Biology
Bulletin, 44, 67-73. https://doi.org/10.1134/51062359017010149

Thomas, G. R, Taylor, J., & de Leaniz, C. G. (2010). Captive breeding of
the endangered freshwater pearl mussel Margaritifera margaritif-
era. Endangered Species Research, 12, 1-9. https://doi.org/10.3354/
esr00286

Verspoor, E. (1997). Genetic diversity among Atlantic salmon (Salmo salar
L.) populations. ICES Journal of Marine Science, 54, 965-973. https://
doi.org/10.1016/51054-3139(97)80001-X

Wacker, S., Larsen, B. M., Karlsson, S., & Hindar, K. (2019). Host spec-
ificity drives genetic structure in a freshwater mussel. Scientific
Reports, 9, 10409. https://doi.org/10.1038/s41598-019-46802-8

Young, M., & Williams, J. (1984). The reproductive biology of the fresh-
water pearl mussel Margaritifera margaritifera (LINN.) in Scotland I.
Field studies. Archiv Fiir Hydrobiologie, 99, 405-422.

Ziuganov, V. V. (2005). A paradox of parasite prolonging the life of its
host. Pearl mussel can disable the accelerated senescence program
in salmon. Biology Bulletin, 32, 360-365. https://doi.org/10.1007/
s10525-005-0112-4

Ziuganov, V., Zotin, A., Nezlin, L., & Tretiakov, V. (1994). The freshwater
pearl mussels and their relationships with salmonid fish. Moscow:
VNIRO.

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Taskinen, J., & Salonen, J. K. (2022).
The endangered freshwater pearl mussel Margaritifera
margaritifera shows adaptation to a local salmonid host in
Finland. Freshwater Biology, 00, 1-11. https://doi.
org/10.1111/fwb.13882



https://doi.org/10.1002/aqc.2320
https://doi.org/10.1080/02772248.2010.493157
https://doi.org/10.1080/02772248.2010.493157
https://doi.org/10.1139/F09-176
https://doi.org/10.2307/1468089
https://doi.org/10.2307/1468089
https://doi.org/10.1111/fwb.12947
https://doi.org/10.1111/fwb.12947
https://doi.org/10.1002/aqc.2614
https://doi.org/10.1002/aqc.1147
https://doi.org/10.1007/s00436-013-3314-6
https://doi.org/10.1134/S1062359017010149
https://doi.org/10.3354/esr00286
https://doi.org/10.3354/esr00286
https://doi.org/10.1016/S1054-3139(97)80001-X
https://doi.org/10.1016/S1054-3139(97)80001-X
https://doi.org/10.1038/s41598-019-46802-8
https://doi.org/10.1007/s10525-005-0112-4
https://doi.org/10.1007/s10525-005-0112-4
https://doi.org/10.1111/fwb.13882
https://doi.org/10.1111/fwb.13882

