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Abstract — The decline of freshwater pearl mussel (Margaritifera margaritifera L.) populations is globally well
documented, but there is a lack of knowledge concerning the status of the species and its interaction with host fishes in
the rivers of the White and Baltic Seas. This study aimed to identify the host fish of pearl mussel in four rivers of Karelia
(Northwest Russia), to analyse the duration of the parasitic phase, and the susceptibility of fish hosts to the infestation.
Juvenile sea-migrating and land-locked Atlantic salmon (Salmo salar L.) were identified as the most important hosts.
In the Keret’” River, reduced numbers of juvenile Atlantic salmon are likely to result in a decline of pearl mussel. This
problem does not appear to be present for the other three studied rivers. Pearl mussel glochidia were mostly found in
yearlings (0+), whereas older fish were infected less, suggesting a more complex pattern of host use than commonly
expected. The remote location of Karelian pearl mussel rivers, the high number of pearl mussels in them, and their
rather pristine state all suggest that these rivers have a high conservation priority. The importance of Atlantic salmon as
a host fish and the emerging declines of Atlantic salmon populations, e.g., in the Keret’ River, suggest that the sustaining
of this host species should have a high conservation priority.
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Résumé — Les caractéristiques de I’infestation de saumons atlantiques juvéniles par des glochidies de la moule
perliére d’eau douce dans les rivieres de la Russie du Nord-Ouest. Le déclin des populations de la moule perliere
(Margaritifera margaritifera L.) est globalement bien documenté, mais il y a un manque de connaissances concernant
le statut de I’espece et son interaction avec les poissons hdtes dans les rivieres des mers Blanche et Baltique. Cette étude
visait a identifier les poissons hotes de la moule perliere dans quatre rivieres de la Carélie (Ouest de la Russie), pour
analyser la durée de la phase parasitaire, et la sensibilité des poissons hotes a I’infestation. Les juvéniles de saumon
atlantique migrants ou land-locked (Salmo salar L.) ont été identifiés comme les hotes les plus importants. Dans la
riviere Keret’, la réduction du nombre de saumons atlantiques juvéniles est susceptible d’entrainer une baisse de la
moule perliere. Ce probleme ne semble pas étre présent pour les trois autres rivieres étudiées. Les glochidies de moule
perliere ont été principalement trouvés dans les poissons de 1’année (0+), tandis que les poissons plus agés ont été moins
infectés, ce qui suggere un modele de 1’utilisation des hotes plus complexe que généralement prévu. L’éloignement des
rivieres de Carélie a moules perlieres, le nombre élevé de moules perlieres présentes, leur état plutot vierge suggerent
que ces rivieres ont une haute priorité de conservation. L’ importance du saumon atlantique comme poisson hote et les
baisses en cours des populations de saumon de I’ Atlantique, par exemple, dans la riviere Keret’, suggere que le maintien
de cette espece hote doit avoir une haute priorité de conservation.

Mots-clés : Margaritifera margaritifera | Salmo salar | infestation glochidiale / poisson hote

1 Introduction

The freshwater pearl mussel (Margaritifera margaritifera
L.) is a threatened species of the European fauna. Its conser-
vation status is secured by Annex III of the Bern Convention

* Corresponding author: murzina.svetlana@gmail.com

(1979) and the IUCN Red List of Threatened Animals (1996),
as well as the Red Data Book of East Fennoscandia (1998), the
Red Data Book of the Russian Federation (2001) and the Red
Data Book of Karelia (2007). A unique feature of this mus-
sel is the exceptionally long life span, sometimes exceeding
200 years (Bauer, 1992).
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The freshwater pearl mussel has a complex life cycle with
an obligate parasitic phase on a salmonid fish host. The host-
parasite relationship is exceptional in the way that the genera-
tion intervals and life span of the host are far shorter than the
generation time of the parasite (Geist and Kuehn, 2008). The
mussel larvae (glochidia) must encyst on the gills of salmonids
to develop, with juveniles being the preferred hosts. Glochidia
attach themselves to gill filaments and become encapsulated in
a cyst formed by the host (Young and Williams, 1984; Bauer,
1987; Ziuganov et al., 1994). This phase of larval develop-
ment involves metamorphosis and a transfer of nutrients from
the host to the mussel (Taeubert et al., 2015). It begins in
autumn and is completed the following summer. In summer,
young mussels leave the host to live freely. Some authors ar-
gue that the mussels are the most vulnerable during this life
phase, which lasts approximately 5 years (Hastie and Young,
2001; Geist and Auerswald, 2007; Geist, 2010).

Most researchers believe that the parasitic larval phase
does not limit recruitment and thus does not play a signifi-
cant role in maintaining the numbers of the pearl mussel. The
focus is usually on the hosts on which the glochidia special-
ize — Atlantic salmon and brown trout — as well as on the
response of the host to the infection (Young and Williams,
1984; Bauer, 1987; Geist et al., 2006). There is also no agree-
ment on how pathogenic the glochidia are while residing on
juvenile salmonids (Cunjak and McGladdery, 1991). Because
high loads of pearl mussel glochidia typically result in reduced
swimming performance and increased mortality of brown trout
hosts, and because there is a transfer of nutrients from the fish
to the mussel involved, the relationship is considered parasitic
(Taeubert and Geist, 2013; Taeubert et al., 2015). Most studies
only measure the total glochidial loads on a fish host without
considering the distribution of the glochidia.

The metamorphosis of the glochidium of different species
of freshwater mussels on the gills of a host fish has been widely
studied using histological techniques, and such research pro-
vides important information about the host-parasite relation-
ship on a cellular and immunological level. This information
can, thus, help answer one of the currently unresolved ques-
tions, namely, the host response to attached glochidia (Nezlin
et al., 1994; Araujo et al., 2002). Moreover, histology could
be used as an instrument to study the growth and general de-
velopment of glochidia in relationship to host specificity and
sustainability and as a means of investigating host suitability,
as applied in this study.

Ieshko et al. (2009) presented the first attempt to quantita-
tive analyse and model the population dynamics of glochidia
on the gills of juvenile salmon from the Gridina River (Karelia,
Russia) and trout from the Skjellbekken River (Norway). In
particular, the frequency distribution of parasites among hosts
was used as the basis of the quantitative assessment of the na-
ture of parasitism and its role in sustaining ecological system
stability (Crofton, 1971a, b).

The core objective of this paper was to identify the host fish
of pearl mussel in four rivers of Karelia (Northwest Russia)
and to analyse the duration of the parasitic phase as well as
the susceptibility of fish hosts to the infestation. This included
analysing the distribution patterns and abundances of freshwa-
ter pearl mussel glochidia on the gills of juvenile land-locked

and anadromous Atlantic salmon from rivers of Karelia, and
the characterisation of the size- and age-dependency of the in-
festation. Additionally, the aggregation patterns of glochidial
distribution depending on the timing of salmon parr infestation
in the rivers were considered, as well as the stage of metamor-
phosis of the pearl mussel larvae.

Specifically, we hypothesize that (i) Atlantic salmon is
the preferred host in these Northern Rivers, (ii) the young of
the year fish (YOY) are the most important hosts, and (iii)
that glochidial aggregation on the gills is positively linked to
glochidial loads.

Although the biology of the freshwater pearl mussel is well
described (e.g., Geist, 2010 and references therein), little is
known about the populations and their host-dependence in the
remote rivers draining into the White, Baltic and Barents Sea,
which are believed to harbour some of the largest pearl mus-
sel populations in the world (Ziuganov et al., 1994) and may
thus play a crucial role in the conservation of the species in
Northwestern Russia.

2 Materials and methods
2.1 Study area

Four Karelian rivers draining into the White Sea
(Rivers Gridina, Keret’ and Vuokinjoki) and the Baltic Sea
(Syskyinjoki River) with large populations of the freshwater
pearl mussel were included in this study (Figure 1). All of
these rivers provide the rare opportunity of studying the pearl
mussel host-parasite relationship in its pristine state since all
of the rivers are located in remote areas with their catchments
being entirely unaffected by agricultural land use, catchment
management or frequent fish stockings.

The Gridina River is 72 km long and the main channel in-
cludes 24 major rapids. Sea-migrating Atlantic salmon spawn
in the river. The drainage area is 468.2 km?. The population of
young salmon include different age classes (0+, 1+, 2+) vary-
ing among habitats. Occasional mussels are found in rapids,
and small colonies occur downstream of rapids.

The Keret’ River is a large Karelian river with no hy-
dropower facilities. Its length from source to mouth is 110 km,
including 34 km of lake-like stretches with stagnant water. The
size of the drainage area is 3393 km?. The river flows across
4 large lakes and numerous pools. Atlantic salmon from the
White Sea migrate to the river for spawning. As estimated by
Ziuganov et al. (1994), pearl mussel abundance in the Keret’
used to be over 2 million individuals.

The Vuokinjoki River is 9.2 km long and empties into Lake
Kuito. Land-locked salmon spawn in 5 rapids of the river with
a combined length of 2.2 km. Pearl mussels occur in all rapids.
The mussel lives in colonies in some parts of rapids.

The Syskydnjoki River is 33 km long. The drainage area is
477 km?. The main channel has 4 rapids. Salmon parr densi-
ties in this river are high only in the rapid in the headwaters.
Land-locked salmon from Lake Ladoga spawn in the river.
Densities in the most fast-flowing part of the rapid (surface
flow velocities of 1.5—1.7 m-s~!) with the coarse boulder sub-
strate can be high. The densities in the riffles downstream of
the rapid, are usually much lower. Pearl mussels inhabit all
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Fig. 1. Locations of studied rivers. Figure 1. Locations of studied rivers. Detailed map of the Keret” River, Sampling sites: 1 — Varatskiy rapid,

2 — Sukhoi rapid.

rapids and riffles from source to mouth. There are both singu-
lar mussels and small colonies.

2.2 Fish sampling and infestation analyses

Juvenile sea-migrating salmon were captured from rivers
Gridina (39 fish) and Keret’ (53 fish). Additionally, one adult
Atlantic salmon (Salmo salar. Linnaeus, 1758) and an in-
troduced pink salmon (Oncorhynchus gorbuscha, Walbaum,
1792) from the Gridina River were examined for glochidial
infection. The sample from the Vuokinjoki River, which emp-
ties into Lake Kuito (Kem’ River catchment, White Sea), in-
cluded 21 specimens of land-locked salmon. In the Baltic Sea
drainage basin, juvenile land-locked salmon was sampled from
the Syskyidnjoki River which drains into Lake Ladoga, with
51 parr studied in different years (Table 1). Fish were captured

Table 1. Population density of juvenile Atlantic salmon and freshwa-
ter pearl mussel (FPM) in studied rivers.

Gridina 12-98 15-19
Keret’ 4-12 1-30
Vuokinjoki 15-36 6-12
Syskydnjoki 22-179 20

by electrofishing (Fa-2, Norway), the population density of
juveniles Atlantic salmon inhabited rifts of the studied rivers
were also evaluated using this method. Density calculations
followed the catch-and-release method of Zippin (1956) and
Bohlin (1984).
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The distribution and numbers of glochidia on host fish gills
from four rivers were studied by partial parasitological dissec-
tion (Bykhovskaya-Pavlovskaya, 1985). The infection of the
parr was studied on a number of years (2007-2014) in Oc-
tober, when the water temperature below 10 °C. Altogether,
164 parr were measured for weight (+0.1 g) and total length
AB (0.1 cm). The age of fish was determined by counting of
annuli from scales posterior to the dorsal fin.

The infestation was quantified using the following indices:

1. Prevalence (E) or percentage of the infected popula-
tion (%).
E = (N; x 100)/N,

where N; is the number of infected fish, N — number of
examined fish.
2. Mean infection intensity (parasites per fish), or index of

abundance (M)
M = Z n/N,

where N is the number of examined fish, and } n is the total
number of parasites detected on all examined fish.

Quantitative data were treated (E, M, D computations), the
type of the frequency negative binominal distribution law of
glochidial numbers was determined, and parameter k was esti-
mated using Quantitative Parasitology (QP) software (Rozsa
et al., 2000). Typically, parasitic systems are highly aggre-
gated: most hosts are infected with relatively few parasites, and
a small number of hosts are infected with high intensity. Also,
the variance of parasite abundance is typically much greater
than its mean. Many authors (Crofton, 1971a,b; Anderson
et al., 1978; Grafena and Woolhouse, 1993, etc.) stressed that
the distribution of parasites in a host population most often
conforms to the negative binomial (NB) law, and our previous
studies have corroborated this statement (Pavlov and Ieshko,
1986; Ieshko er al., 2009). Negative binomial distribution has
two characteristic parameters: mean parasite abundance (M)
and parameter (k). Parameter k is inversely proportionate to
the degree of parasite aggregation (k — 0 as parasites are con-
centrated on a decreasing number of hosts, and k — oo as the
distribution grows more even). Using k as a measure of aggre-
gation, one finds aggregation is by far the predominant pattern
across natural host-parasite systems (Anderson, 1982; Shaw
and Dobson, 1995). Statistical analysis of Pearson correlation
between the infection intensity and the infected salmon parr
body weight was carried out with the PAST v. 2.17 software
(Hammer et al., 2001).

2.3 Histological analysis

Material for histological analysis was collected in Octo-
ber, December in 2013 and in May in 2014. Gills of Atlantic
salmon parr from the Vuokinjoki River and Syskyinjoki River
were dissected from fresh material, fixed in 10% formaldehyde
and subsequently analysed at the environmental biochemistry
laboratory of the Institute of Biology of the Karelian Research
Centre of the Russian Academy of Sciences (Petrozavodsk,
Russia). For this part of the study, we used recommendations
and advice from Mikodina et al. (2009).

Tissues were filled with Biodeck R for 24 h, then rinsed
during 1 h with tap water and finally embedded in paraffin us-
ing MICROM STP-120 spin tissue processor (Thermo fisher
scientific, USA). To make paraffin moulds of dehydrated and
paraffin infiltrated tissues, MICROM paraffin embedding cen-
tre EC-350 (Thermo fisher scientific, USA) was used. The
paraffin moulds were cut on a sliding microtome MICROM
HM 450 (Thermo fisher scientific, USA) in transverse sec-
tions at 6 um thickness. The sections were stained with haema-
toxylin and eosin (H&E) using manual stating containers line
(BioOptica, Italy). Histological sections were studied under
the light microscope Axioskop 40 (Carl Zeiss) with eye lens
%10 and objective lenses x5, x10, x20, x40, x100. The sec-
tions on the slides were photographed with a Pixera Pro 150ES
camera connected to the microscope.

All photos were analyzed with Videotest software
(VideoTest Ltd, Russia); every glochidia and cyst were mea-
sured (+ 1 pm) per microscopic field and the width, length, and
diameter in 2D were obtained. Diameter was recommended to
measure structures close to an oval according Vidoetest. Diam-
eter (wm) was used as a parameter characterized the size and
indicating growth progress of glochidia.

3 Results

Atlantic salmon (Salmo salmo) parr collected with elec-
trofishing were dominant in the rapids and riffles of the studied
rivers. Brown trout (Salmo trutta) were rather uncommon and
were not found adjacent to the pearl mussel populations. Data
on the abundance of juvenile Atlantic salmon and freshwater
pearl mussel in the studied rivers are shown in Table 1.

3.1 The Gridina River (White Sea drainage basin)

Early (04th) October surveys revealed a fairly high oc-
currence of pearl mussel glochidia in juvenile salmon (aged
0+, 1+, 2+) from this river. The survey was conducted at al-
most the same time at which adult mussels released glochidia
in the water. Some glochidia had just attached to the gills of
the juvenile fish and were not yet encysted. The mean inten-
sity of the infection was 116.8 glochidia per fish, the preva-
lence was 84.6% (Table 2). Young-of-the-year (YOY, 0+) had
lower infection parameters compared with older parr (1+ and
2+). This distinction was more evident for the mean infection
intensity — 47.4 and 170.5, respectively (Table 2). However,
the mean differences were not significant because this type
of distribution is distinctly aggregated. In any case, glochidial
abundances in all age classes were modelled by the negative
binomial distribution (NBD) (Kolmogorov-Smirnov test 0.36,
p > 0.05, no significant difference at 95.0% confidence level).
Parameter k of the NBD, which describes the degree of aggre-
gation of the parasite on the gills of the examined fish, ranged
from 0.272 to 0.342 (Table 2).

In spite of the high aggregation, the positive correlation
between parr body weight and the number of glochidia on the
parr was only weak (Spearman’s rs = 0.33, p < 0.04). The
linear regression equation has the form: number of glochidia
(N) = 18.66 + 11.33x fish body weight (W), 95.0% confidence
level.
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Table 2. Infection indices and parameters of the negative binomial distribution of glochidial abundances on juvenile Atlantic salmon from rivers

of Karelia.

Gridina (all fish)|04.10.2007 39 33

YOY 0+ 17 13

1+/2+ juveniles 22 20

Keret’Varatskiy [09.10.2008 21 21

(all fish)

YOY 15 15

Syskyénjoki 26.10.2009 15 15

Syskyénjoki 08.10.2013 23 23
05.12.2013 5 5
07.05.2014 8 6

Vuokinjoki 17.10.2013 21 13

84.6 116.8 59432.4 0.3
76.5 47.4 13032.5 0.3
90.9 170.5 90689.6 0.3
100.0 68.4 6246.9 0.9
100.0 39.9 1103.8 1.4
100.0 382.3 277783.0 1.3
100.0 10.5 89.9 1.4
5of5 145,6

60of 8 165,4

61.9 48.6 6564.9 0.2

*Specific site details are confidential owing to threat of illegal pearl fishing.

3.2 The Keret’ River (White Sea drainage basin)

Early in October 2008, we found pearl mussel larvae on
salmon parr from the Keret’ (Table 2). All fish were infected,
with a mean intensity of 68.4 (ranging from 2 to 317) glochidia
per fish. The fish sample consisted of YOY and juveniles at
age 1+ (Table 2). The parameters of the glochidial infection
in this age class were similar to those in fish from the Grid-
ina River (Table 2). However, parameter k of the abundance
NBD was higher (for the entire fish sample, as well as only
considering YOY). Fish from the Keret’ generally revealed a
relatively high and statistically significant correlation (Spear-
man’s rs = 0.70; p < 0.05) between the glochidial abundance
and the weight parameters of the fish of different ages. The
equation of the linear regression is N = 25.14 + 8.72 x W
(95.0% confidence level).

3.3 The Vuokinjoki River (White Sea drainage basin)

The land-locked salmon parr sample from the river com-
prised all major age classes, from YOY to 3+. Generally,
glochidial infestation on fish was low (Table 2), with glochidia
only detected on 13 fish. The infected fish were mostly YOY,
with only 2 specimens aged 1+. The intensity of infection
ranged from 1 to 276 glochidia. Negative correlations were
found between the infection intensity (glochidial abundance)
and the parr weight (Spearman’s rs = 0.41; p > 0.05, no statis-
tically significant relationship between N and W at the 95.0%
confidence level). Parameter k of the NBD, which describes
the degree of aggregation of the parasite on the gills of the ex-
amined fish, was the lowest for any studied population in the
entire fish sample (Table 2).

3.4 The Syskyéanjoki River (Baltic Sea drainage basin)

The salmon parr population surveyed late in October 2009
had a high mean abundance (Table 2). The sample from this

river comprised mainly older parr (1+ and 2+) and one dwarf
male (5+). Glochidial infection intensity and the fish weight
were positively correlated (Spearman’s rs = 0.58 p < 0.03).
The equation of the linear model regression is N = 97.18 +
47.9x W (95.0% confidence level). Even after exclusion of the
3+ and 5+ individuals, which were infected with high num-
bers of glochidia (318 and 2168, respectively), there was still a
positive correlation between the glochidia abundance and the
fish weight (Spearman’s rs = 0.58, p < 0.05).

In 2013, salmon parr in the Syskyédnjoki River were also
surveyed in October, but the survey was conducted 18 days
earlier than the survey in the Vuokinjoki. The sample com-
prised all age classes from O+ to 3+, but the mean abundance
of glochidia was strikingly low (Table 2). A majority of in-
fected fish contained 1 to 10 glochidia, with a maximum in-
dividual infection of 31 glochidia per fish. Additionally, we
did not find any statistically significant correlation between the
number of glochidia and the weight parameters of the infected
fish (Spearman’s rs = 0.39, p < 0.05 there is no significant
relationship between N and W at the 95,0% confidence level).

The infestation of juvenile fish in the Syskyénjoki River
was highly variable in different years and was different by both
the values of the mean infection intensities and the distribution
of glochidia in the host populations (Kolmogorov-Smirnov
statistics = 301 and p < 0.001 defined statistically significant
differences between the two distributions at the 950% confi-
dence level). In spite of the significant differences in infection
intensities, aggregation parameters were similar between years
The NBD parameter k£ was high in different years, indicating
a relatively uniform, unaggregated nature of the infestation of
juveniles at different intensities (Table 2).

The surveys assumes that the infestation of salmon parr
with Margaritifera margaritifera glochidia in the rivers of
Karelia occurred in October and excystment takes place in
September. Development of glochidia and excystment from
the host seem to be mainly determined by temperature condi-
tions in the region. Karelian rivers are generally characterized
by a time of constant cooling after the water temperature has
decreased to less than 10 °C.
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Fig. 2. Salmon gills with pearl mussel glochidia of parr from the Vuokinjoki River, 17.10.2013 (A — small magnification, binocular microscope,
B — microscope with 108 magnification, C — histological slide, Scale: 80 um).

Fig. 3. Early phase of the salmon parr infection (08.10.2013) in the Sysky@njoki River. Scale: 80 wm.

In the rivers of the White Sea drainage basin — the Gridina
and the Keret” — salmon were infected with non-encysted lar-
vae at the beginning of October. In the Gridina River early in
October, we found glochidia not only on salmon parr but also
the gills of adult salmon and even on introduced pink salmon
(Oncorhynchus gorbuscha, Walbaum, 1792), suggesting that a
massive propagation of the pearl mussel was taking place.

A histological analysis allowed analyses of size differences
of encysted glochidia during their parasitic phase of develop-
ment on the gills of juvenile salmon in the Syskyénjoki River
from October 2013 until May 2014 (Table 3). In October, the
beginning of the infestation of fish was observed, as shown
by the measured small size of glochidia and the low degree
of size variation. The mean size of the encysted larvae was
57.4 um (Table 3), being similar to the size of glochidia that
are freshly released from mussels. The identification of the ini-
tial phase of infection was additionally supported by the histo-
logical analysis: the triangle shape with sloping edges that is

Table 3. The mean diameter (um) statistical parameters of size of
glochidia on the gills of salmon parr, and water temperature in the
Syskyidnjoki River. * — the size of glochidia significantly different
(p < 0.05) between October and December, ** — the size of glochidia
significantly different (p < 0.05) between December and May.

Parameter/Date 08.10.2013 | 05.12.2013 | 07.05.2014
N studied 45 24 52
Mean 57.4 72.5% 108
Std. error 2.9 4.0 3.9
Variance 367.9 390.7 784.6
Water temperature 5.6 0.2 8.4
(O

typical of glochidia freshly attaching (Nezlin et al., 1994) to a
host (in the Gridina and the Keret’ Rivers) was clearly visible
(Figures 2, 3). Subsequently, formation of a cyst by the host
epithelial tissues was observed which covered the glochidia
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Fig. 4. A, B. Slow growing and diapausing glochidia of freshwater pearl mussel on the gills of salmon (05.12.2013) from the Syskyénjoki River.

Scale: 80 um. A —
muscle (M) and gills (G) of glochidia.

St T —_ Mm’:xﬁéﬁ:

glochidia has a rounded completely embedded in gill tissue; B - the exterior (EL) and interior layers (IL) of the mantle, the

: s e o, a7
R 55 e e
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Fig. 5. A — Young metamorphosing pearl mussels (May 2014) on the gills of the host salmon from the Syskyénjoki River. Scale: 100 um. B —
Cysts with young mollusks, empty cysts (asterisk) and cysts with non-viable glochidias (arrow) on the gills of salmon (May 2014) from the

Syskyinjoki River. Scale: 100 um.

with a thin layer of cells (Figure 3). It thus appears likely that
the infestation began 5—6 days before sampling based on size
and growth rate data. The negligible increase in the size of
the encysted larvae showed that the growth of the glochidia
was slow during more than 60 days of development in De-
cember (Table 3). In this period, the glochidia developed a
rounded shape, and they were completely embedded in gill tis-
sue and protected by the cyst (Figure 4A). Interestingly, some
glochidia settled close to the base of the gill filament and to
cysts formed by the epithelial cells of adjacent gills. Glochidia
inside the cyst were growing and developing barely percepti-
ble, and in addition to the exterior and interior layers of the
mantle, the muscle, gills and the beginning of the formation
of other organs were detected (Figure 4B). Infestation and in-
growth of glochidia in the Syskyénjoki River were observed
in October at a water temperature of 5.6 °C. Significant dif-
ferences (r = 3.1, p < 0.05) were found between the mean
sizes of glochidia in October and December (Table 3), indi-
cating slow growth and development at low water tempera-
tures. A previous study (Ieshko et al., 2014) described that the
water temperature under the ice cover reached 1.4 °C when

the river was frozen over, in November. Then, from December
until March, the water temperature was less than 0.2 °C and
ranged from 0.2 to 2.8 °C.

In the beginning of May 2014, after more than 150 days of
development, significant increases in the mean size (r = 5.6,
p < 0.05) of the encysted glochidia were found in compar-
ison to size parameters of the attached glochidia in Septem-
ber and December (Table 3). Analyses of histological images
showed that the metamorphosis of glochidia was almost com-
plete, with close to completely metamorphosed juvenile mus-
sels inside several cysts (Figure 5SA). The water temperature
was 2.8 °C in April immediately following the spring breakup
of ice on the Syskyinjoki River, and the average water temper-
ature increased to 8.4 °C in the begging of May (Ieshko et al.,
2014). The measured average size (Table 3) of encysted young
pearl mussels (20%) on the gills of juvenile salmon in the
studied river in May was relatively less than the size reported
in a previous paper (Nezlin ef al., 1994), where the encysted
mollusc size was approximately 200 um. In addition to cysts
with young molluscs, we also observed empty cysts (5%) and
cysts with developmental disorders of glochidia — non-viable
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100 um

Fig. 6. Encysted and diapausing glochidia on the gills of salmon
(26.10.2013) from the Vuokinjoki River. Scale: 100 um.

glochidia (20%) — in May 2014, i.e., when the mussels had
completed their development on the host and dropped off
(Figure 5B).

The relationship between salmon parr and glochidia was
also evident from the results of the histological studies
(Figures 2—6). Encysted glochidia on the gills of fish from the
Syskyénjoki River in October and December differed in size,
but no signs of cyst rejection were detected based on histology.

The average size of glochidia collected at the end of Oc-
tober (26th) from the Vuokinjoki River ranged from 140 to
187 wm. The glochidia from this river were metamorphosing,
well developed and larger (Figure 6) in comparison to those on
the gills of the juvenile fish from the Syskyénjoki River.

4 Discussion

The results of this study revealed that Atlantic salmon is
the main host of the freshwater pearl mussel in the Karelian
rivers surveyed. Salmon parr dominated in the examined
mussel-populated rapid sections of the rivers, whereas trout
was absent. This observation is in contrast to the host use of
freshwater pearl mussel in central Europe, where brown trout
is the preferred or only available host (Geist et al., 2006; Bauer,
1987).

Data from the rivers that we have surveyed point to a pos-
itive correlation between glochidial abundances and the size
and weight of the parr. The correlation was most significant
in the fish from the Keret’ and the Gridina, where the in-
fection was at an early stage. The fact that larger hosts can
carry greater numbers of glochidia could be explained by their
more intense respiration and greater water uptake as well as
their greater gill surface area. The same size-dependent pattern
within one age class of fish hosts was also previously observed
in the pearl mussel-brown trout relationship (Taeubert et al.,
2010). Surprisingly, despite their expected immunity, older
hosts also carried great numbers of glochidia, which could be
explained by their lack of previous contact with pearl mussel
glochidia or an incomplete immunity. Yet, the role of YOY

in the pearl mussel life cycle has always been crucial — while
matching older age classes in the intensity of infection, YOY
are more abundant and thus probably most important in terms
of pearl mussel recruitment.

There is no general opinion about how pathogenic the
glochidial infection is to fish. For instance, some researchers
(Murphy, 1942; Meyers, Millemann, 1977; Karna, Millemann,
1978) reported mortalities among juvenile brown trout (Salmo
trutta), Atlantic salmon (Salmo salar), rainbow trout (On-
corhynchus mykiss), coho salmon (O. kisutch) and chi-
nook salmon (O. fchawytscha) experimentally infested with
glochidia. Tauebert and Geist (2013) found that swimming
performance and mortality in brown trout was increased at
high rates of glochidial infection, probably decreasing the per-
formance of highly infested fish in the wild. In contrast, Young
and Williams (1984), as well as Young et al. (1987), found no
mortalities or growth retardation in glochidia-infected trout.
Similar data were obtained from experimental infestation of
Atlantic salmon parr (Treasurer et al., 2006). Such differ-
ences can be explained by the occurrence of different host
fish strains or different environmental conditions (e.g., temper-
ature), which can all affect host-parasite interaction.

The population approach to the analysis of host-parasite
relations between salmon parr and the freshwater pearl mussel
must be used in studies on glochidial pathogenicity in which
infection of juvenile fish is involved. Our results on the distri-
bution parameters of glochidial abundances in the fish popu-
lations in the surveyed rivers (Table 1) were similar to previ-
ous data (Ieshko et al., 2009). The aggregated distribution of
glochidial numbers (low numbers of parasites in most hosts,
but some hosts with high numbers) likely facilitates the sur-
vival of the mussel larvae by increasing overall metamorphosis
success on the one hand, and dispersal of larvae on the other
hand, which both contribute to the survival of pearl mussel
populations in the long-run. Low values of the NBD parame-
ter k, indicating a high degree of aggregation in the distribu-
tion of glochidia across the host population, indicate that the
young fish were highly resistant to the infection. It has been
demonstrated elsewhere (Crofton, 1971) that fish kill due to
high parasitic infection rates may occur when the distribution
parameter k exceeds a value of 3.

One of the reasons for the stability of host-parasite rela-
tions between the pearl mussel and salmon parr likely is that
the hosts are infected at lower water temperatures. In the north-
ern range of the European pearl mussel distribution range, it
has been found (Ziuganov et al., 1994) that the infestation of
fish begins in autumn, when the water temperature falls be-
low 10 °C. It appears likely that the release of glochidia has
been evolutionarily timed to the autumn temperature decrease.
Experiments have demonstrated that low water temperature
are linked with immune response intensity and that they en-
hance the success of encystment and metamorphosis in mus-
sel larvae on fish hosts (Roberts and Barnhart, 1999; Taeubert
et al., 2014). Our data are in line with findings demonstrating
that low temperature inhibits immune responses in salmonids
(Stewart et al., 2002) and can thus enhance the success of en-
cystmnet and metamorphosis in mussel larvae on fish hosts
(Roberts and Barnhart, 1999; Taeubert et al., 2014).
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Due to their remote location, the pearl mussel rivers drain-
ing into the White and Barents Sea are probably still among the
most pristine pearl mussel rivers in the world, suggesting that
they should have a high conservation priority. As evident from
the Keret’ River, the strong dependence on Atlantic salmon as
a host fish and the complex density-dependent infestation pat-
terns both suggest that maintaining population sizes of Atlantic
salmon is the most crucial factor that needs to be considered
in the conservation of those populations. In contrast to pearl
mussel populations that exclusively depend on the less mobile
brown trout, pearl mussel populations that depend on salmon
are differentially affected because their host salmon popula-
tions are much more prone than brown trout to declines, which
may be caused by overharvesting as well as by migration bar-
riers in the rivers. Commercial as well as recreational fishing
pressures on salmon populations in the area have already be-
gun, and therefore the implementation of strict fisheries rules,
as well as the enforcement of these rules is considered essen-
tial for the conservation of salmon and pearl mussel in this
area. The inclusion of those rivers in a network of protected
areas, the “Green belt Fennoscandia”, is also likely to promote
the conservation of those unique river systems.

5 Conclusions

Pearl mussel colonies in the studied rivers of Karelia
(Northwest Russia) depend on Atlantic salmon parr as a host in
their life cycle. We have demonstrated that where parr densi-
ties remained optimal, the rate of glochidial infection was rela-
tively high. Encystment on the host in these areas lasts around
eight months, with host infestation in October, and a com-
pletion of metamorphosis in the following May. As evident
from our data, the stability of the host-parasite relationship
with pearl mussel and Atlantic salmon is fragile and strongly
temperature dependent. The timing of glochidial encystment,
metamorphosis and release of juvenile mussels may be nega-
tively affected by climate change, and a decrease of Atlantic
salmon populations, particularly in the Keret’ River.

Consequently, the conservation management of both fresh-
water pearl mussel and salmon needs to ensure high rates of
recruitment on YOY fish, which can be achieved by sustain-
able fisheries management and the avoidance of parasite and
disease introductions, as well as by ensuring high structural
richness and quality of spawning and rearing habitats. In con-
trast to the situation of the endangered freshwater pearl mussel
in most of Europe, where habitat degradation and siltation are
the major problems (e.g., Geist, 2010), most of the rivers in
Karelia are still in better condition, which needs to be safe-
guarded for the future.
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