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Abstract

Pink salmon, Oncorhynchus gorbuscha (Walbaum, 1792), a native of the North Pacific Ocean, is an invasive fish species rap-
idly expanding in the North Atlantic, the adjacent waters of the Arctic Ocean, and rivers in their watersheds. We investigated
the species composition of parasites and the structure of parasite communities of the introduced pink salmon in Kandalaksha
Bay of the White Sea in 2021. The parasites were identified using morphological and genetic methods. A total of 14 parasite
species were recorded. The core species of the parasitic fauna of the introduced pink salmon in the Kandalaksha Bay were
Clistobothrium sp., ‘Diphyllobothrium’ spp., Scolex polymorphus Rudolphi, 1819 (plerocercoids), Brachyphallus crena-
tus (Rudolphi, 1802), Derogenes varicus (Miiller, 1784), Lecithaster salmonis Yamaguti, 1934 (adults), Anisakis simplex
(Rudolphi, 1809) sensu stricto (juvenile III), and Hysterothylacium aduncum (Rudolphi, 1802) (juveniles III and IV). We
provided the first evidence that the Pacific genetic lineage of A. simplex sensu stricto occurs in European marine waters. In
2021, there was a noticeable increase in the mean abundance of the third-stage juveniles of Anisakis in the White Sea pink
salmon compared to the period of 1990s-early 2000s. We conclude that the pink salmon occupies the same trophic niche in
the new region of its introduction as in the native range.
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Introduction

The pink salmon, Oncorhynchus gorbuscha (Walbaum,
1792), is a monocyclic species with the shortest freshwater
stage of the life cycle among all members of the Salmonidae
(Zueva 1963; Heard 1991). Due to a rigid 2-year life cycle,
generations of this fish species spawning in odd and in even
years represent two reproductively isolated lineages. The
native range of the pink salmon encompasses most of the
North Pacific with the adjacent Arctic Ocean waters and
rivers in their watersheds (Heard 1991; Babaluk et al. 2000;
Chereshnev et al. 2002).
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In the second half of the twentieth century, several
attempts have been made to introduce the pink salmon into
the watersheds of the White and the Barents Seas (Azbelev
and Yakovenko 1963; Karpevich et al. 1991; Alekseev and
Kulachkova 2000; Kudersky 2005). For this purpose, ferti-
lized eggs were repeatedly imported and incubated in fish
hatcheries in the Murmansk and the Arkhangelsk Regions
of Russia (Karpevich et al. 1991; Kudersky 2005). However,
steady populations spawning naturally in the newly acquired
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range did not form until the late 1980s. At present, only
odd-year generations of the introduced pink salmon reach
commercial abundance (Kudersky 2005).

The non-native range of the pink salmon is currently in
the North Atlantic, western areas of the Arctic Ocean, and
rivers in their watersheds (Bogdanov and Kizhevatov 2015;
Armstrong et al. 2018; Alekseev et al. 2019; Sandlund et al.
2019; Nielsen et al. 2020; Paulsen et al. 2022). Pink salmon
has reportedly increased in abundance and expanded its
range lately, due to the warming of the North Atlantic and
the Arctic (Armstrong et al. 2018). This process has stimu-
lated the research of the ecological implications of the pink
salmon introductions (International seminar... 2021).

Parasitological studies are an important area of invasion
ecology (Dunn 2009). The introduction of a new animal or
plant in an area may enhance (spillback effect and spillover
effect) or weaken (dilution effect) the parasite load on the
native hosts (Tompkins and Poulin 2006; Kelly et al. 2009;
Lymbery et al. 2014). The pink salmon in Northern Europe
provides a vivid example that the colonization of new habi-
tats by an introduced species can be accompanied by the for-
mation of the parasitic community consisting only of native
parasites. The first data on the parasite fauna of the pink
salmon introduced into Northern Europe were published by
Ninburg (1963), who found 14 parasite species in the fish
ascending the Kola River (Barents Sea watersheds). Later
on, repeated surveys of the pink salmon in the Barents Sea

Russia

basin were performed (Mitenev and Karasev 1995; Mite-
nev and Shulman 1999). Data on pink salmon parasites are
also available for the watersheds of the White Sea (Mitenev
and Karasev 1995; Mitenev and Shulman 1999; Malakhova
1972; Grozdilova 1974; Kulachkova 2001; Barskaya et al.
2005; Ieshko et al. 2016; Krupenko et al. 2022), the Nor-
wegian Sea (Fjer 2019; Rullestad 2021), and the Kara Sea
(Gavrilov 2016).

How does the increase in abundance of introduced pink
salmon observed in recent years affect the diversity of the
parasites colonizing them? The data obtained during the
long-term parasitological monitoring of the White Sea pink
salmon provide valuable information for assessing the trends
in the dynamics of parasite diversity of this introduced spe-
cies. In this study, we examined the composition of meta-
zoan parasites of the pink salmon from the Kandalaksha Bay
(White Sea) with the aim of assessing the current parasitic
load on this species.

Materials and methods
Samples
Twenty-five specimens of the pink salmon were caught in

the Kandalaksha Bay (Fig. 1) of the White Sea (66° 55’
N; 32° 45" E), July 2021. They were frozen and dissected

Kandalaksha Bay,
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Fig. 1 Map of the Kandalaksha Bay, where pink salmon was collected for parasitological studies
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some time later. The presence of ecto- and endoparasites
was ascertained using a standard method of parasitological
examination (Klimpel et al. 2019).

All parasites were fixed in 70% ethanol and 3 days later
were transferred to 96% ethanol for long-term storage. For
morphological study, digeneans were stained with acetic car-
mine, dehydrated, contrasted (cleared) with dimethyl phtha-
late, and finally mounted in the Canada balsam; nematode
specimens were mounted in glycerol.

Molecular data

Molecular data were obtained for anisakid juveniles III, as
well as diphyllobothriid, bothriocephalidean, and phyllo-
bothriidean plerocercoids, whose species identification by
morphological characters is unreliable or impossible. Whole
DNA was extracted from single ethanol-fixed specimen of
the nematodes and the cestodes using DNeasy Blood & Tis-
sue kits (Qiagen, Hilden, Germany) following the manufac-
turer’s protocol with overnight lysis and double elution for
increased DNA yield. A total of 12 anisakid juveniles IIT
and 10 metacestode specimens were studied molecularly.
For anisakid juveniles III, the mitochondrial cytochrome
¢ oxidase subunit II (cox2) gene was amplified using the
primers 211F (5'-TTTTCTAGTTATATAGA TTGRTT
TYAT-3") and 210R (5'-CACCAACTCTTAAAATT ATC-
3") (Mattiucci et al. 2014). Polymerase chain reaction (PCR)
was carried out according to Mattiucci et al. (2014). For
diphyllobothriid, bothriocephalidean and phyllobothriid-
ean plerocercoids, two molecular markers were used: the
large subunit nuclear ribosomal RNA gene (28S rRNA)
and the cytochrome oxidase subunit I (cox1) mitochondrial
gene. Partial 28S rRNA gene sequences (ca. 1000 bp) were
amplified using the primer set: ZX-1 (5'-ACCCGCTGA
ATTTAAGCATAT-3"), 1500R (5'-GCTATCCTGAGG
GAAACTTCG-3'), LSU_300F (5'-CAAGTACCGTGAGGG
AAAGTTG3'), 1090F (5" TGAAACACGGACCAAGG-3"),
LSU_1200F (5'-CCCGAAAGATGGTGAACTATGC-3"),
and ECD2 (5'-CTTGGTCCGTGTTTCAAGACGGG3')
(Waeschenbach and Littlewood 2017). Partial cox1 (ca.
550 bp) was amplified using the primers PBIcox1F_PCR
(5'-CATTTTGCTGCCGGTCARCAYATGTTYTGRTTT
TTTGG-3'), PBIcox1R_PCR (5'-CCTTTGTCGATACTG
CCAAARTAATGCATDGGRAA-3") (Waeschenbach and
Littlewood 2017). PCR were performed as described by
Waeschenbach and Littlewood (2017). Sequences of the
cox2 and cox1 genes have a high resolving power to identify
species in anisakids and metacestodes, respectively, while
the 28S rRNA gene sequences can be used as a marker for
analysis of evolutionary events at the genus level and above
(e.g., Mattiucci and Nascetti 2008; Hernandez-Orts et al.
2021).

PCR products were purified and sequenced bidirectionally
using an Applied Biosystems BigDye Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific Inc., Waltham,
MA) with the PCR primers for cox2 and 28S rRNA, and
with sequencing primers PBI-cox1F_seq (5'-CATTTTGCT
GCCGGTCA-3"), PBI-cox1R_seq (5'-TAATGCATDGGR
AAAAAAC-3") for cox1.

The sequences were edited and aligned using Geneious,
vers. 9.1.8 (Kearse et al. 2012) to obtain consensus
sequences and to check for deletions, insertions, and stop
codons. All the obtained sequences were deposited in
GenBank (OP946146-0P946157, OP933782-0P933788,
0OP935162-0P935169). Haplotypes of cox2 were defined
by using FaBox (Villesen 2007).

To identify the place of our specimens of Clistobothrium
Dailey & Vogelbein, 1990 and Diphyllobothrium Cobbold,
1858 among other phyllobothriid and diphyllobothriid taxa
available in GenBank (Bouzid et al. 2008; Arizono et al.
2009; Waeschenbach et al. 2012, 2017; Yamasaki et al.
2012a, b; Kuchta et al. 2013; Ebmer et al. 2020; Fraija-
Fernandez et al. 2021; Hernandez-Orts et al. 2021; Lozano-
Cobo et al. 2021), Bayesian inference (BI) analysis was
performed for the cox]1 mtDNA dataset. The TIM2+1+G
(Phyllobothriidae) and TIM1 + 1+ G (Diphyllobothriidae)
models were chosen as the best nucleotide substitution
model under the Akaike information criterion using jMod-
elTest 2.1.10 software (Darriba et al. 2012).

Bayesian inference analyses were performed in BEAST
3.2.6 (Drummond and Rambaut 2007) with standard settings
for 10,000,000 generations with a sampling frequency of
1000 generations. Burn-in periods were set to 10% of gen-
erations. The resulting tree was visualized in FigTree 1.4.4
(Rambaut 2018). Nomenclature of diphyllobothriid taxa fol-
lowed the latest study by Hernandez-Orts et al. (2021).

Terminology and statistical analyses

In accordance with the established approaches to the
description of parasite communities, we used the terms
infracommunity (all parasites of a particular host specimen)
and component community (all parasites in the host popu-
lation) (Bush and Holmes 1986; Holmes and Price 1986).
We also used basic parameters describing the parasitic load
on the host: the prevalence of parasites (P), the intensity of
infection and the mean abundance (M) (Bush et al. 1997).
The parasites species were classified as the core species and
the satellite species in accordance with Hanski (1982). Prev-
alence was used as a key parameter for this classification.
For a better understanding of the structuring of the para-
sitic communities, we assessed variation in fish specimens’
infection depending on the size of pink salmons. The fre-
quencies of size—weight indicators of the captured pink
salmon individuals were checked for compliance with the
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normal distribution according to the Kolmogorov—Smirnov
test with Lilliefors modification (KSL).

Species richness was described by cumulative curves
s=an”, where a predicts the number of species in the para-
site infracommunity of the first fish under study, b character-
izes the growth rate of the number of parasite species s with
the increase in the number of the studied fish n. A change in
the order in which fish were included in the initial sample
results in a different series of accumulation of species rich-
ness of the parasites. We calculated 100 variants of shuffled
rows taking the mean values of a and b for the final equa-
tions (Ieshko et al. 2019). The frequency distributions of the
parameters were compared using the Kolmogorov—Smirnov
test (KS). Variables of variability ranges were measured by
the simple non-parametric bootstrap with the number of
tests B=1000. Confidence ranges were set using the per-
centile method. Indicators were compared with the use of
the randomization test (Monte Carlo Randomization, MCR)
with the same number of iterations B. The significance of
differences p in this approach is an adjusted share of null
model combinations (empirical difference no greater than
randomized, Id /| <Id,, ) of the total number of tests B. The
standard value a=0.05 was taken as the critical value for p
(Shitikov and Rosenberg 2013). The use of iterative proce-
dures (randomization, bootstrap), free from the requirement

Table 1 Parasites of pink salmon in Kandalaksha Bay, July 2021

of distribution normality, allowed us to analyze samples of
different size, including small samples. The data were pro-
cessed in MS Excel and R 4.0.1 (R Core Team 2022) with
the use of basic functions.

Results

A total of 14 parasites species were identified in the pink
salmon spawning in the rivers flowing into Kandalaksha
Bay (Table 1). Eight of them were identified based on the
morphological data only, while six parasites species were
identified based on a combination of morphological and
molecular data.

The sequence of cox2 in the third-stage juvenile mor-
phologically assigned to Phocanema Myers, 1959 (575 bp,
GenBank accession no. OP946157) matched the sequence of
Phocanema bulbosum (Cobb, 1888) (GenBank accession no.
KU558720) from Newfoundland, the similarity being 99.6%.
All 11 cox2 sequences obtained from the third-stage juve-
niles morphologically assigned to Anisakis Dujardin, 1845
(574 bp, GenBank accession nos. OP946146-0P946156)
matched the sequences of Anisakis simplex (Rudolphi, 1809)
sensu stricto. Ten of them matched the sequences from the
Norwegian Sea, the Baltic Sea, and the Cantabrian Sea, the

Species Prevalence, % Intensity of infection, Mean
ind abun-
dance, ind
Cestoda
Tetrabothrius sp., plerocercoid 8 1 0.1
Eubothrium crassum, plerocercoid 24 1 0.2
‘Diphyllobothrium’ spp. (‘D.’ schistochilus and ‘Diphyllobothrium’ sp.), 100 b -b
plerocercoid®
Clistobothrium sp. of Guardone et al. (2020), plerocercoid® 92 1-172 32.7
Scolex polymorphus 111 group of Ninburg (1963), plerocercoid? 100 b b
Trematoda
Hemiurus levinseni, adult 16 1-2 0.2
Brachyphallus crenatus, adult* 92 1-128 36.9
Lecithaster salmonis, adult® 92 1-338 41.3
Derogenes varicus, adult® 88 1-743 119.6
Chromadorea
Anisakis simplex sensu stricto, juvenile IIT* 64 1-12 2.4
Phocanema bulbosum, juvenile 111 4 1 <0.1
Hysterothylacium aduncum, juveniles III and TV* 100 5-115 31.1
Copepoda
Lepeophtheirus salmonis salmonis, adult 8 1-3 0.2

ind. Individuals

4Core species parasites

®Abundance of ‘Diphyllobothrium’ spp. and Scolex polymorphus was not counted because the species of each individual of these parasites could

not be clearly identified by morphological features
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similarity being 99.5-100%. However, one sequence (Gen-
Bank accession no. OP946147) matched (similarity 99.6%)
two sequences obtained from specimens from the North
Pacific (GenBank accession no. KC633441, LC543811).

Sequences of the 28S rRNA (GenBank accession nos.
OP935162, OP935167, OP935168) gene obtained from
three phyllobothriidean plerocercoids genotyped in our
study, which had an apical sucker and four long foliose both-
ridia with an anterior round muscular accessory sucker and
posterior folding loculus, were very similar to those of Clis-
tobothrium sp. of Guardone et al. (2020) (= Clistoboth-
rium sp. 1 of Caira et al. (2020)) (BLAST identity indices
were 100%). One of these three phyllobothriidean plero-
cercoids was genotyped on the cox1 gene. In the phyloge-
netic tree based on this marker, the mentioned plerocercoid
is in the same clade as Clistobothrium sp. of Guardone
et al. (2020) (Fig. 2). Thus, the plerocercoid specimens
found in the current study with the morphological features
having been described above were identified as Clistobo-
thrium sp. of Guardone et al. (2020). BLAST analysis of
28S rRNA (GenBank accession nos. OP935165, OP935169)
and cox1 (GenBank accession nos. OP933786, OP933788)
gene sequences of two Eubothrium plerocercoids genotyped
showed a match with Eubothrium crassum (Bloch, 1779)
(100% and 99.3-99.4%, respectively).

Fig.2 Phylogenetic relation-
ships of phyllobothriid plero-
cercoids from the pink salmon
caught in the Kandalaksha Bay
based on Bayesian analysis

of cox1 gene sequences data.
Newly obtained sequences are

One specimen of the five diphyllobothriid plerocercoids
genotyped in our study was identified as ‘Diphyllobothrium’
schistochilus (Germanos, 1895) based on both 28S rDNA
(GenBank accession no. OP935166) and cox1 (GenBank
accession no. OP933787) sequences, with the matching
of 100% and 99.6%, respectively. Four diphyllobothriid
specimens were classified as ‘Diphyllobothrium’ sp. (Gen-
Bank accession nos. for 28S rDNA sequences: OP935163,
OP935164, for cox 1 sequences: OP933783-0OP933785).
Their taxonomic status needs to be clarified in future phy-
logenetic studies. On the phylogenetic tree based on BI
analyses of cox1 sequences, ‘Diphyllobothrium’ sp. formed
a well-supported sister taxon to ‘Diphyllobothrium’ sprakeri
Hernandez-Orts, Kuzmina, Gomez-Puerta & Kuchta, 2021
(Fig. 3).

Based on the prevalence values, the parasites found in
our study could be divided into two groups: the core species
of the component community and the satellite species. The
actual values of prevalence were higher than the mean value
(60.6) in the core species and lower than that in the satellite
species (Table 1).

The distribution of the fish by length and body weight did
not correspond to the normal law (KSL=0.248, p <0.001;
KSL=0.187, p=0.042), demonstrating a possible hetero-
geneity of the sample. After decomposition, the optimal

in bold. Numbers represent
posterior probabilities from
Bayesian inference analysis
(>0.95 shown only)

JQ268541
MT772382
0.96
MT772383
LC195143 | cjistobothrium
LC195139 | montaukense

LC195140
LC195141
LC195142
MT583829 ;
MT583830

MT583831

T

Clistobothrium sp.

s PO

OP933782 | of Guardone etal.,
0.93|r MT583827 2020
MT583828 |
LC195135
E LC198136 | pejichnibothrium
"l— Lc195137 | speciosum
[— LC195138 |
EU912551 Scyphophyllidium sp.
OUTGROUP
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AB605763 Dibothriocephalus ursi
KC812049 Dibothriocephalus dendriticus

L KY552871 Dibothriocephalus latus
_:FM209182 Dibothriocephalus ditremus

KY552888 Diphyllobothriidae gen. sp.
KY552885 Diphyllobothrium stemmacephalum
NC 017613 Diphyllobothrium balaenopterae
OP933787
1 |KY552877
MW602528
KY552880 “Diphyllobothrium® tetrapterum
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Fig.3 Phylogenetic relationships of diphyllobothriid plerocer-
coids from the pink salmon caught in the Kandalaksha Bay based
on Bayesian analysis of coxl gene sequences data. Newly obtained

result was the division of the initial frequencies of the
two characters into two empirical distributions that did
not differ significantly from the normal one (KSL=0.217,
p=0.130; KSL=0.194, p=0.075 for body total length
and KSL =0.139, p=0.977; KSL=0.154, p=0.269 for
body weight). The first empirical distribution included
relatively small fish individuals (n=7) with a length of
up to 45 cm (39-45, mean 42.7) and a body weight of up
to 1000 g (755-1000, mean 875.7), while the second one
included larger individuals (n=18) with body total length
47-53 cm, mean 49.5 cm, and body weight 1100-1750 g,
mean 1337.4 g. The small fishes differed from the large ones
in the length and the body weight (MCR test: p <0.001),
while the differences in the sex were insignificant (MCR
test: p>0.150).

The samples of the small and the large individuals of the
pink salmon had an identical composition of the core group

@ Springer

KY552889 “Diphyllobothrium” cf. hians

KY552883 “Diphyllobothrium® scoticum
MNS67011 Adenocephalus pacificus

KY552886 Spirometra erinaceieuropaei OUTGROUP

sequences are in bold. Numbers represent posterior probabilities from
Bayesian inference analysis (> 0.95 shown only)

of the parasites. The abundance of parasite individuals in
each studied host fish was counted only for the six core spe-
cies (Table 2).

The prevalence of these six core species in the small and
the large fish groups did not differ significantly (MCR test:
p>0.071) (Table 2). The abundance distribution of these
six species across the host individuals was very uneven: the
value of aggregation index (ratio of variance to arithmetic
mean, DM_I) varied in the range of 10.1-188.2 in the small
fish group and in the range of 24.0-374.6 in the large fish
group. The mean abundance of most of the core species of
parasites in large pink salmon individuals was 2—5 times
higher than in small ones, but due to the strong variability
in the abundance values the statistical differences were also
not significant (MCR test: p > 0.081).

Differences between abundance distributions in small
and large individuals of the host were significant only for
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Table 2 Parameters of infection of the two size groups of pink salmon from Kandalaksha Bay with parasites of the core group

Species Host size group <45 cm; n=7

Host size group>45 cm; n=18

Prevalence, % Intensity of

infection, ind

Mean abundance, ind  Prevalence, %

Intensity of ~ Mean abundance, ind

infection, ind

Clistobothrium sp. of Guar- 71(29-100)*  1-33 11.6 (3.9-20.3)* 100 1-172 40.9 (23.7-63.1)
done et al. (2020)

Brachyphallus crenatus 71 (43-100) 1-57 19.0 (5.6-36.3) 100 2-128 43.9 (30.6-58.5)

Derogenes varicus 71 (43-100) 1-202 30.4 (0.9-88.0) 94 (83-100) 2-743 154.2 (55.1-267.1)

Lecithaster salmonis 100 1-85 27.3 (7.0-50.9) 89 (72-100) 2-338 46.7 (8.3-26.4)

Anisakis simplex sensu stricto 57 14-86 2-7 2.4 (0.6-4.6) 67 (44-89) 1-12 2.3 (1.1-3.8)

Hysterothylacium aduncum 100 5-40 16.7 (8.3-26.5) 100 5-115 36.7 (23.4-53.0)

ind. individuals

#Confidence intervals calculated by bootstrapping are given in parentheses

Table 3 Parameters of regression model s=an” for accumulation of
parasite species in two size groups of pink salmon from Kandalaksha
Bay

Parameters Values ¢t )4 R?
Host size group <45 cm; n="7
a 7.15 148.19 <0.001 0.501
b 0.12 25.54 <0.001
Host size group>45 cm; n=18
a 8.16 158.32 <0.001 0.741
b 0.18 66.52 <0.001

t Student’s test value, p significance level of ¢ value, R? coefficient of
determination

Derogenes varicus (Miiller, 1784) (Kolmogorov—Smirnov
test: KS=0.635, p=0.021).

The species richness accumulation models plotted for the
two size groups of the pink salmon differed from each other.
The most likely number of the parasite species forming the
infracommunity in the first captured individual (coefficient
a of the regression model s =an®) in the large fish group

Fig.4 Smoothed distributions 50 -
of the regression model coef-
ficients s=an’ calculated for
100 variants for accumulation
of parasites in two size groups
of pink salmon from the Kan-
dalaksha Bay: a distribution of
coefficient a; b distribution of
coefficient b. Differences of dis-
tributions are significant (Kol-
mogorov—Smirnov MCR test:
KS>0.43; p<0.001). 1 =host
size group >45 cm; 2 =host size
group <45 cm; KS =Kolmogo-

40 A

30 -

20 ~

Frequencies

10 ~

was significantly greater than in the small fish group (MCR
test: p<0.001) (Table 3, Fig. 4A). Mean rates of species
accumulation associated with the increasing number of
examined host individuals (coefficient b of the regression
model s=an®) were also higher in the large fish group (MCR
test: p<0.001). At the same time, the results of studying
the series of model parameters obtained in the process of
resampling indicate the differentiation of the values of coef-
ficient b in the small fish group: while the prevailing values
of this parameter were low, in quite a few sample combi-
nations the growth rates of the number of parasite species
with the increasing number of the examined host individuals
predicted by the model were similar to those in the large fish
group (Fig. 4B).

Discussion
The parasite fauna of the pink salmon in our survey was

represented only by species belonging to the marine eco-
logical group. This is unusual because both marine and

Frequencies

= = N N

[6,] o (0] o (9]
1 1 1 1 1

rov—Smirnov; MCR =Monte 0

Carlo Randomization ' ' '

5 6 7 8 9 10 11 12 13
Values of coefficient a

T

o

0 0.1 0.2 0.3
B Values of coefficient b

T T T 1
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freshwater species are mentioned in most of the previous
parasitic studies of the introduced pink salmon (Ninburg
1963; Malakhova 1972; Grozdilova 1974; Mitenev and
Karasev 1995; Mitenev and Shulman 1999; Barskaya
et al. 2005; Gavrilov 2016; Ieshko et al. 2016; Fjer 2019).
These results can be explained by the features of the pink
salmon life cycle, namely, the downstream migration of
the early larval stages, which prevents the fish from getting
infected by freshwater species (except for parasitic pro-
tists, which are not retained during the marine period), and
the anadromous migration of mature fish. So, the fresh-
water parasites recorded in the mature pink salmon in the
literature mostly infect it during the spawning run into riv-
ers. However, it cannot be ruled out that the pink salmon is
re-infected with some endohelminths of freshwater group
such as Dibothriocephalus ditremus (Creplin, 1825) and
Dibothriocephalus dendriticus (Nitzsch, 1824) in the sea,
when feeding on the young of other fish that has run there
(Ninburg 1963; Mitenev and Karasev 1995; Mitenev and
Shulman 1999). We believe that the difference between
our results and data from the literature regarding the
freshwater component of the pink salmon parasite fauna
arises from nuances of the sampling. All researchers who
reported freshwater parasites in mature pink salmon took
samples in the lower course of the spawning rivers (Nin-
burg 1963; Malakhova 1972; Grozdilova 1974; Mitenev
and Karasev 1995; Mitenev and Shulman 1999; Barskaya
et al. 2005; Gavrilov 2016; Ieshko et al. 2016; Fjer 2019),
while we sampled the fish in the Kandalaksha Bay, before
it entered the rivers.

Three parasite species, Clistobothrium sp. of Guardone
et al. (2020), “Diphyllobothrium’ sp., and P. bulbosum, were
found in the introduced pink salmon for the first time. Their
detection became possible owing to the use of advanced
identification techniques. Juveniles of P. bulbosum have pre-
viously been reported from non-salmonid fishes of the North
Atlantic and adjacent areas of the Arctic Ocean (Paggi et al.
1991; Najda et al. 2018). Plerocercoids of Clistobothrium sp.
of Guardone et al. (2020) have previously been detected
in cephalopods, sharks and marine actinopterygians from
various areas of the Atlantic and waters of Santa Catalina
Island (Pacific Ocean) and South Africa (probably Indian
Ocean) (Brickle et al. 2001; Kuris et al. 2015; Caira et al.
2020; Guardone et al. 2020) and adults in sharks Lamna
nasus (Bonnaterre, 1788) and Isurus oxyrinchus (Rafin-
esque, 1810) from the Atlantic (Olson et al. 2001; Rand-
hawa and Brickle 2011; Caira et al. 2020). We obtained the
first evidence of the presence of the Pacific genetic lineage
of A. simplex sensu stricto in European marine waters (one
“Pacific-like” haplotype out of the 11 haplotypes obtained).
This finding contradicts the conclusions about a clear genetic
segregation between the Pacific and the Atlantic isolates of
this species (Kijewska et al. 2009).

@ Springer

Overall, the parasitic fauna of the pink salmon in non-
native range had a poorer species composition than that of
the pink salmon in its native range in the North Pacific: 50
vs. 83 (Mamaev et al. 1959; Strelkov 1960; Ninburg 1963;
Malakhova 1972; Grozdilova 1974; Love and Moser 1983;
Nagasawa et al. 1987; Mitenev and Karasev 1995; Mite-
nev and Shulman 1999; Ermolenko et al. 1998; Kulachkova
2001; Barskaya et al. 2005; Ieshko et al. 2016; Gavrilov
2016; Fjeer 2019; Rullestad 2021; Krupenko et al. 2022).
This observation agrees with the literature data that parasite
species richness or prevalence is lower in host populations
in invasive ranges as compared to those in the native range
(Torchin and Lafferty 2009; Sarabeev et al. 2017).

Analysis of the initial pink salmon sample collected by
us revealed eight core parasite species. Three of these spe-
cies, taking into account the taxonomic re-evaluation of
specimens of Lecithaster Liihe, 1901 (see below), are the
core species (actual p value > mean p value) in the para-
site communities of the White Sea pink salmon recorded
in all the previous study periods of this introduced species:
Brachyphallus crenatus (Rudolphi, 1802), Lecithaster sal-
monis Yamaguti, 1934, and plerocercoids of the collective
name of Scolex spp. (Malakhova 1972; Grozdilova 1974;
Barskaya et al. 2005; Ieshko et al. 2016). Molecular phyloge-
netic data of Krupenko et al. (2022) on the species affiliation
of Lecithaster Liihe, 1901 from the White Sea suggest that
specimens of this genus previously recorded in introduced
pink salmon (Malakhova 1972; Grozdilova 1974; Barskaya
et al. 2005; Ieshko et al. 2016) are probably conspecific with
L. salmonis. It is also likely that at least some of the S. pleu-
ronectis specimens detected in the White Sea pink salmon
prior to the “molecular taxonomy” era (Malakhova 1972;
Grozdilova 1974; Barskaya et al. 2005; Ieshko et al. 2016)
are conspecific with Clistobothrium sp. of Guardone et al.
(2020) plerocercoids in our study. Diphyllobothriid plerocer-
coids and D. varicus have been mentioned as the core para-
sites of the White Sea pink salmon by Grozdilova (1974),
Barskaya et al. (2005), and Ieshko et al. (2016); Hysterothy-
lacium aduncum (Rudolphi, 1802), by Malakhova (1972),
Barskaya et al. (2005), and Ieshko et al. (2016); juveniles
of Anisakis, by Grozdilova (1974). Thus, during the time
that has elapsed since the first study of the White Sea pink
salmon (1961), that is, slightly more than 60 years, the com-
position of its core parasite species has included both stable
and fluctuating components.

Among the eight core parasite species of the White Sea
pink salmon revealed in our study, a consistent analysis of
the long-term dynamics of the mean abundance is possible
only for third-stage juveniles of Anisakis. The abundance
of other histozoic parasites from the cores species group
(diphyllobothriid plerocercoids) was not estimated in our
study. The abundance of intestinal endohelminths depends
on the duration spent by anadromous pink salmon in fresh
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water. Therefore, the previous data collected during the
study of fish in fresh water do not reflect the actual abun-
dance of these parasites before the hosts enter the river.
Given certain requirements for fish samples (n> 10 speci-
mens, odd years), the dynamics of anisakid abundance in
the White Sea pink salmon can be traced using only data
from 1965, 1991, 1993, 1995, 1997, 1999, 2003, 2021
(Grozdilova 1974; Kulachkova 2001; Barskaya et al. 2005;
Ieshko et al. 2016; present data). Previously, Kulachkova
(2001) revealed a downward trend in the mean abundance
of Anisakis spp. in these fish in the period from the 1960s
to the 1990s (from 6 to 0.3—1.2 ind). The reasons for the
decline of the White Sea pink salmon infection with Anisakis
spp. have not been elucidated. Kulachkova (2001) attributed
the trend she revealed to the decline in the numbers of the
harp seal, Pagophilus groenlandicus (Erxleben, 1777), in
the White Sea in the last quarter of the twentieth century.
This explanation, however, is incorrect, since the obligate
definitive hosts for Anisakis spp. are cetaceans (Mattiucci
et al. 2017). Expansion of the dataset (Barskaya et al. 2005;
Ieshko et al. 2016; present data) showed that the mean abun-
dance of third-stage juveniles of Anisakis in the White Sea
pink salmon was relatively low during the 1990s and in the
early 2000s (0.3-1.4 ind.). In 2021, however, this infection
parameter increased notably (2.4 ind.).

During the marine life stage, the pink salmon individu-
als are notably segregated by body size both within one
generation and between adjacent (even—odd) generations
(Azbelev and Yakovenko 1963; Utne 2021). As stated
above, we examined two size groups of the pink salmon,
differing significantly in length and weight (Table 2). The
core of the component parasite community in both size
groups of the pink salmon was made up of species whose
life cycles involve pelagic animals such as planktonic crus-
taceans and young marine fish as intermediate or paratenic
hosts (Kgie 1979; Delyamure et al. 1985; Klimpel et al.
2004; Klimpel and Riickert 2005; Sokolov et al. 2016;
Klotz et al. 2018; Krupenko et al. 2022). Based on the
data on the core parasite species obtained in our study and
the information on the diet of pink salmon in the Norwe-
gian Sea (Utne 2021), we can describe the introduced pink
salmon as a pelagic euryphagous fish showing a tendency
to consume zooplankton and micronekton. This means
that, when introduced to a new region, pink salmon occu-
pies the same trophic niche as its marine life cycle stage
in the native range (compare with Karpenko et al. 2007;
Graham et al. 2021). According to Barskaya et al. (2005),
the species composition of marine parasites of introduced
pink salmon has a high degree of similarity with that of
anadromous Atlantic salmon, Salmo salar Linnaeus, 1758,
which indicates the similarity of the food base of these
fish during the marine feeding period. Recently, there has
been a sharp decrease in the abundance of anadromous S.

salar throughout the range (ICES 2018). One of the key
hypotheses explaining the decline of this fish species is an
increased interspecific competition with marine pelagic
fish (Potter and Crozier 2000). Utne et al. (2021) studied
interactions between salmon postsmolts and some other
pelagic fish (Scomber scombrus Linnaeus, 1758 and Clu-
pea harengus Linnaeus, 1758) in the Northeast Atlantic
and found no evidence to support the hypothesis. The
feeding interactions between the pink salmon and Atlan-
tic salmon require a close examination in the light of the
hypothesis under consideration.

The parameters a and b of an exponential equation
describing the parasite species accumulation, s =an”, are
generalized metrics of the species richness and p-diversity
of infracommunities (Dove and Cribb 2006; Ieshko et al.
2019). We have identified a trend towards an increase in
species richness and f-diversity of parasite infracom-
munities in the pink salmons with a body length >45 cm
as compared to specimens with a body length <45 cm
(Table 3). In addition, we detected a lower level of infec-
tion in the host specimens with a body length <45 cm by
D. varicus compared to the larger pink salmons. These
differences are probably associated with the difference in
feeding intensity and species composition of food objects.
The heterogeneity of the resampled values of the average
rate of parasite species accumulation, the model parameter
b, for small fish group noted in our study (Fig. 4B) may be
either an effect of randomness or that of an actual differ-
entiation of parasite species richness. This issue requires
verification in future studies based on a larger sample.
Reports of a dependence of the infection rate of fish indi-
viduals on their size are frequent in the literature (e.g.,
Zdzitowiecki 1988; Oliva et al. 1990; Muzzall and Bowen
2002; Brickle et al. 2006). Our data demonstrate that the
size structure of host samples should be given closer atten-
tion in further parasitological studies of this fish species.

Some authors have pointed out potential parasitological
risks associated with increasing numbers of pink salmon
in recipient freshwater and marine environments (Sand-
lund et al. 2019; Hindar et al. 2020). These concerns were
probably evoked by cases of parasite spillback and spillo-
ver upon animal introductions (Kelly et al. 2009; Paterson
et al. 2013; Lymbery et al. 2014). The data on parasites of
introduced pink salmon available so far are insufficient for
discussing these risks.
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