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Abstract

Phoxinus minnows are small freshwater fish found throughout Eurasia. The taxonomy

of this genus is still under investigation, and new species are regularly described.

They are frequently introduced outside their native range due to their use as live bait

for angling, and such fish introductions can have diverse impacts on the recipient

areas. Before the rise in interest regarding the diversity of this genus in the past

15 years, studies carried out on their biology and ecology reported their findings for

the Eurasian minnow Phoxinus phoxinus Linnaeus, 1758, which was then considered

ubiquitous. A parasites checklist for Phoxinus minnows has yet to be published, and

the recent progress on the taxonomy of this genus has enabled us to propose a reas-

signment of parasite records to their proper host. The most thoroughly studied

potential species were the North European species Phoxinus sp. 7 sensu Palandači�c

et al. 2017, Phoxinus isetensis, and P. phoxinus. We were able to highlight a gap in

knowledge for numerous species that have received little-to-no attention in terms of

parasitology. Systematic molecular identification of Phoxinus minnows should be con-

ducted when studying their parasites, as a reliable identification of the host is vital in

parasitology research. Future research will certainly reveal a species-specific compo-

sition of the parasitofauna occurring in Phoxinus, especially among widespread para-

sites such as Gyrodactylus and Diplostomum. Such specificities could even become

tools for assessing the introduction routes of Phoxinus species.

K E YWORD S

knowledge gap, parasites, Phoxinus complex, species introduction, species reassignment

1 | INTRODUCTION

Small freshwater minnows of the genus Phoxinus Rafinesque, 1820

(Teleostei: Leuciscidae) are cryophilic and rheophilic species spanning

a wide range of habitats throughout Eurasia (Freyhof &

Kottelat, 2007; Keith et al., 2020). The total number of Phoxinus

species is yet to be determined, as this genus' taxonomy is still being

explored following advances in molecular tools (e.g., Bogutskaya

et al., 2020, 2023; Denys et al., 2020; Palandači�c et al., 2015, 2017;

Turan et al., 2023). Several difficulties are encountered in the species

delineation in this genus: (1) This genus is an example of cryptic diver-

sity highlighted by molecular data (Bayçelebi et al., 2024; Bogutskaya
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et al., 2023; Corral-Lou et al., 2019; Denys et al., 2020;

Kottelat, 2007; Palandači�c et al., 2017; Vuci�c et al., 2018; Turan

et al., 2023); (2) there is phenotypic diversity within the genetic line-

ages (Bianco & De Bonis, 2015; Bogutskaya et al., 2020; Collin &

Fumagalli, 2015; Ramler et al., 2017); (3) in Europe, the distribution of

lineages and species tends not to follow zoogeographical patterns and

to cross drainage basin boundaries (Corral-Lou et al., 2019; Denys

et al., 2020; De Santis et al., 2021; Garcia-Raventós et al., 2020;

Palandači�c et al., 2015, 2017, 2020, 2022), (4) different genetic line-

ages were shown to produce hybrids under natural conditions (Corral-

Lou et al., 2019; Palandači�c et al., 2015, 2017); and (5) the resulting

management of minnows—if there is any—was further blurred by

numerous anthropogenic introduction events. Introductions have

been documented for several species and are reported to result from

the use of Phoxinus minnows as live bait for trout angling (Corral-Lou

et al., 2019; De Santis et al., 2021; Miró & Ventura, 2015; Palandači�c

et al., 2020, 2022), even if the study of the mosaic-like distribution

created through translocations is still at its very beginning.

As interest in Phoxinus taxonomy has only arisen in the past

15 years (Bayçelebi et al., 2024; Bogutskaya et al., 2020, 2023;

Corral-Lou et al., 2019; Denys et al., 2020; De Santis et al., 2021;

Garcia-Raventós et al., 2020; Kottelat, 2007; Kusznierz et al., 2023;

Palandači�c et al., 2017, 2020, 2022; Turan et al., 2023), studies focus-

ing on the biology and ecology of these fish mostly mention Phoxinus

phoxinus Linnaeus, 1758. This species was thought to be ubiquitous,

but it is known today to be native only to the Seine, Meuse, Thames,

and Rhine drainage basins. As an example, parasite records were

attributed to P. phoxinus from as far as Russia and Mongolia

(Boutorina & Reznik, 2015; Dorovskikh & Stepanov, 2008; Ergens &

Dulmaa, 1967; Lumme et al., 2017). As a result of these confusions,

numerous parasite–host records for this genus outside of the four

previously mentioned drainages basins, or in Ireland where it has been

introduced, are most likely incorrectly attributed to a different species

than the one actually studied.

The introduction of non-native fish species, such as those docu-

mented for Phoxinus minnows, impacts both native species and eco-

systems, with effects ranging from interaction alterations (increased

predation pressure, increased prey availability, competition for trophic

resource) and habitat modifications to genetic impacts (via hybridiza-

tion and introgression) (Cucherousset & Olden, 2011; Ellender &

Weyl, 2014; Ribeiro & Leunda, 2012; Tadese & Wubie, 2021;

Witkowski & Grabowska, 2012). An additional consequence is the

possibility of co-introducing associated parasites and pathogens along

with the introduced host species (Ellender & Weyl, 2014; Goedknegt

et al., 2016; Ribeiro & Leunda, 2012; Tadese & Wubie, 2021;

Taraschewski, 2006). Such co-introduction phenomena arise fre-

quently and may have a severe impact on native host species, as a lack

of co-evolution between non-native parasites and native hosts may

lead to a lack of efficient immune response to the non-native patho-

gen (Gozlan, 2008; Lambert, 1997; Peeler et al., 2011; Prenter

et al., 2004; Taraschewski, 2006). Such impacts can be difficult to

assess when host species introductions go unnoticed, as can be the

case with cryptic species such as Phoxinus minnows.

Another limitation is the lack of a baseline with which to compare

recent findings. To date, a comprehensive checklist of the protozoan

and metazoan parasites occurring in the genus Phoxinus has yet to be

published. The most comprehensive lists are confined to specific

countries (UK, Ireland, and Poland) or parasite taxa, and an up-to-date

checklist of Phoxinus parasite fauna is lacking (Holland &

Kennedy, 1997; Kennedy, 1974; Prost, 1974). The most complete and

accessible list recorded a total of 32 parasite species in P. phoxinus in

Great Britain and Ireland (Kennedy, 1974).

The aim of the present literature survey was to summarize the

available data on the parasite fauna of minnows in an updated and

comprehensive checklist that can serve as a baseline for future com-

parisons and analyses, to reassign parasite records incorrectly attrib-

uted to P. phoxinus, and to suggest research perspectives for the near

future and how to approach them, taking into account the origin and

genetic identity of Phoxinus hosts.

2 | MATERIALS AND METHODS

2.1 | Phoxinus species reassignment

To address the issue of Phoxinus taxonomy, host species were reas-

signed following the distribution range presented in Table 1 based on

the most recent studies.

2.2 | Compilation of parasitological bibliographical
records

The checklist was compiled from existing reports retrieved from the

available literature. Considered articles were published in international

journals indexed by Web of Science and Scopus. Only articles pub-

lished in English were included. The search date range was not limited

by a starting date and ran to March 13, 2022, the date on which the

search was carried out. The keywords used were “Phoxinus phoxinus”
AND Parasit*, with the “*” in search terms representing the wildcard

symbol used to broaden the search for words starting with the same

letters. The same search terms were used to retrieve any article that

would have been focusing on other Phoxinus species (Table 1). Dupli-

cates and inaccessible articles were excluded. Titles and abstracts of

121 articles were reviewed, and only articles and previous checklists

focusing on parasites reported from Phoxinus were compiled. This

selection resulted in the inclusion of 62 publications. The bibliography

of selected articles was then carefully checked and relevant, and

accessible references were added (25 additional documents out of

143 inspected publications) for a total of 87 retrieved publications

(Figure 1). Additionally, five supplementary publications were analysed

following the advice of two anonymous reviewers (Almeida

et al., 2024; Esposito et al., 2024; Dorovskikh & Stepanov, 2013;

Vainutis, 2020; Vainutis et al., 2021). Data were compiled to allow the

checklist to provide a detailed overview of parasites reported to date,

their localities, as well as, when available, the number of analysed
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TABLE 1 List of Phoxinus species and lineages according to Palandači�c et al. (2017) and their distribution areas summarized in Catalog of
Fishes by Fricke et al. (2024).

Phoxinus species Distribution area Source

Phoxinus abanticus Turan,

Bayçelebi, Özulu�g, Gaygusuz &

Aksu, 2023

Asia Minor: Lake Abant basin, Filyos River drainage basin

(Turkey)

(Çiçek et al., 2023; Turan et al., 2023)

Phoxinus bigerri Kottelat, 2007 Southwestern Europe: Adour, Leyre, and Ebro basins (France

and Spain); introduced in the Aude and Garonne river

drainages basins (France), as well as in Galicia and Duero river

basins (Spain)

(Corral-Lou et al., 2019; Denys et al., 2020;

Kottelat, 2007)

Phoxinus brachyurus Berg, 1912 North Asia: Ili basin (Kazakhstan) (Mitrofanov et al., 1987; Zhang & Zhao, 2016)

Phoxinus chrysoprasius (Pallas,

1814)

Southeast Europe: Salhir River drainage (Crimea) (Bogutskaya et al., 2023; Dyldin et al., 2023)

Phoxinus colchicus Berg, 1910 Caucasian Black Sea basin (Georgia, Russia, and Turkey) (Çiçek et al., 2023; Dyldin et al., 2023; Turan

et al., 2023)

Phoxinus csikii Hankó, 1922 Europe: Danube River system: from the Balkans to Germany

and the upper Rhine basin west to Swiss lakes; introduced in

the lower and middle Rhine (Germany, Netherlands, France,

and northern Italy)

(Alexander & Seehausen, 2021; Denys et al., 2020;

De Santis et al., 2021; Palandači�c et al., 2017,

2020, 2022)

Phoxinus dragarum Denys,

Dettaï, Persat, Daszkiewicz,

Hautecoeur & Keith, 2020

Western Europe: Garonne River basin, France; introduced in

Corsica (France), the Ebro and Guadalquivir drainage basin

(Spain)

(Denys et al., 2020)

Phoxinus fayollarum Denys,

Dettaï, Persat, Daszkiewicz,

Hautecoeur & Keith, 2020

Western Europe: Loire River basin and Sèvre Niortaise

catchment (France); introduced in Garonne and Rhône river

basins (France)

(Denys et al., 2020)

Phoxinus grumi Berg, 1907 East Asia: Turfan Lake, Xinjiang Province (China) (Zhang & Zhao, 2016)

Phoxinus isetensis Georgi, 1775 North Asia: Arctic Ocean basin, from Murman coast to East

Siberian Sea basin (Kolyma drainage); rivers of northern and

western Sea of Okhotsk drainage (Ola and Uda rivers), rivers

of Peter the Great Bay drainage, probably Amur River basin

and northwestern Sakhalin Island (Russia)

(Dyldin et al., 2023)

Phoxinus issykkulensis Berg,

1912

Central Asia: Lake Issyk-Kul (Kyrgyzstan) (Berg, 1949)

Phoxinus karsticus Bianco & De

Bonis, 2015

Southeastern Europe: Skadar Lake drainage

(Bosnia-Herzegovina)

(Bianco & De Bonis, 2015; Palandači�c et al., 2017)

Phoxinus krkae Bogutskaya,

Jeli�c, Vuci�c, Jeli�c, Diripasko,

Stefanov & Klobučar, 2019

Southeastern Europe: upper Krka River drainage, Knin Valley

(Croatia)

(Bogutskaya et al., 2020)

Phoxinus lumaireul (Schinz,

1840)

Southeastern Europe: North Adriatic Sea basin and middle

Danube drainage (Italy, Slovenia, Croatia and Bosnia, and

Herzegovina)

(�Caleta et al., 2019; Kottelat, 2007; Lorenzoni

et al., 2019; Palandači�c et al., 2017)

Phoxinus marsilii Heckel, 1836 Europe: middle and lower Danube drainage (Austria,

Hungary, and Croatia)

(�Caleta et al., 2019; Palandači�c et al., 2017)

Phoxinus phoxinus Linnaeus,

1758

Western Europe: Rhine, Meuse, and Seine river drainages,

coastal catchments of Normandy and English Channel and

Thames River drainage (France, Germany, and England).

Introduced in Italy, Corsica, and Ireland.

(Denys et al., 2020; Palandači�c et al., 2017, 2020,

2022)

Phoxinus poljakowii Kessler,

1879

Central Asia: Lake Balkhash (Kazakhstan) (Mitrofanov et al., 1987)

Phoxinus radeki Bayçelebi, Aksu

& Turan 2024

Asia Minor: Ergene River, Aegean Sea Basin (Turkey) (Bayçelebi et al., 2024)

Phoxinus septimaniae Kottelat,

2007

Western Europe: Rhône River basin and the French coastal

Mediterranean catchments (France); introduced in the Roya

and Rhine river drainages (France, Germany, and Catalonia,

Spain) and alpine lakes (Italy, Switzerland)

(Alexander & Seehausen, 2021; Corral-Lou

et al., 2019; Denys et al., 2020; De Santis

et al., 2021; Palandači�c et al., 2017, 2022)

Phoxinus strandjae Drensky,

1926

Southeastern Europe: Black Sea watersheds, Bulgaria and

Istanbul and Kirklareli Provinces (Turkey)

(Çiçek et al., 2023; Palandači�c et al., 2017)

(Continues)
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TABLE 1 (Continued)

Phoxinus species Distribution area Source

Phoxinus strymonicus Kottelat,

2007

Southeastern Europe: Struma River basin (Macedonia,

Greece, and probably Bulgaria)

(Barbieri et al., 2015; Freyhof & Kottelat, 2007;

Palandači�c et al., 2017)

Phoxinus tchangi Chen, 1988 East Asia: Weifen River (northern China) (Chen, 1988)

Phoxinus tumensis Luo, 1996 East Asia: northern China (Dyldin & Orlov, 2016; Zhang & Zhao, 2016)

Phoxinus ujmonensis Kaschenko,

1899

Central and east Asia: Mongolia, China, Kazakhstan and

Russia

(Dyldin et al., 2023; Kottet al., 2006; Romanov

et al., 2017)

Phoxinus cf. morella (Leske,

1774)

Central Europe: Elbe River drainage (Czech Republic and

Germany)

(Palandači�c et al., 2017, 2020, 2022)

Phoxinus sp. 1 South Europe: Neretva and middle Danube drainage (Bosnia

Herzegovina)

(Palandači�c et al., 2017)

Phoxinus sp. 2 South Europe: Plavsko Lake (Montenegro) (Palandači�c et al., 2017)

Phoxinus sp. 3 South Europe: Drina River, middle Danube drainage (Bosnia

Herzegovina)

(Palandači�c et al., 2017)

Phoxinus sp. 5 South Europe: Ohrid Lake basin (Macedonia) (Palandači�c et al., 2017)

Phoxinus sp. 7 North Europe: North England, Baltic Sea basin, Caspian Sea

basin

(Palandači�c et al., 2017; Freyhof, personal

communication)

F IGURE 1 Workflow
diagram used for the
bibliographical search as defined
in the PRISMA methodology,
according to Moher et al. (2015).
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individual hosts and the prevalence, abundance, and intensity of infec-

tion. The recorded parasites are arranged by phylum and, when appro-

priate, by class, family, and genus. Species within a genus are ordered

alphabetically. Each species record is accompanied, when available in

the source document, by the corresponding developmental stage,

infected organs, habitat type, locality, and country. The recorded

countries are listed alphabetically.

3 | RESULTS

The results of the present checklist should be interpreted in the light

of the following limitation: the host species indicated in the checklist

is the one reported in the source publication (Table 2). However, the

taxonomy of the genus Phoxinus is still not thoroughly understood,

and authors have reported parasites from minnows identified as

P. phoxinus that are most likely other Phoxinus species. Among all

Phoxinus species used to search bibliographical databases, only

P. phoxinus allowed retrieval of a substantial number of publications,

and only one publication dealing with the parasite fauna of Phoxinus

septimaniae was retrieved, which had already been obtained with the

previous search. Considering all records from Phoxinus spp., a total of

117 parasite species/taxa encompassing 8 phyla, 14 classes, and

39 families were recorded from 17 countries in Eurasia. The Protozoa

parasites consist of the Ciliophora classes Oligohymenophorea

(14 species) and Phyllopharyngea (1 species), and the Euglenozoa

Kinetoplasta (2 species). The Metazoa parasites encompass the

Acanthocephala Eoacanthocephala (1 species) and Palaeacanthoce-

phala (2 species), the Arthropoda Copepoda (2 species) and Ichthyos-

traca (1 species), the Cnidaria Myxozoa (18 species), the Mollusca

Bivalvia (3 species), the Nematoda Chromadorea (12 species) and Eno-

plea (3 species), and the Platyhelminthes Cestoda (7 species), Mono-

genea (34 species), and Trematoda (17 species) (Figure 2). Among

macroparasites, Monogenea, Trematoda, and Nematoda are the most

species-rich taxa. Philometra ovata (Zeder, 1803) and Raphidascaris

acus (Bloch, 1779) are the most widely distributed Nematoda, with

their presence being reported in five countries each. The Monogenea

Gyrodactylus is the most diversified genus to be reported from Phoxi-

nus minnows in Eurasia, with 25 species. Several Gyrodactylus are

reported from a relatively wide geographical range: Gyrodactylus

macronychus Malmberg, 1957 (seven countries), Gyrodactylus aphyae

Malmberg, 1957 (six countries), Gyrodactylus laevis Malmberg, 1957,

Gyrodactylus pannonicus Molnár, 1968 and Gyrodactylus phoxini Malm-

berg, 1957 (five countries each), and Gyrodactylus limneus Malmberg,

1957 and Gyrodactylus magnificus Malmberg, 1957 (four countries

each). The most abundant parasite compiled in the checklist are the

metacercariae of Diplostomum phoxini, with the highest reported

intensity of infection being 2265 individuals in the brain of a Phoxinus

minnow from Lake Obersee in Switzerland (Müller, 1995). This species

is also among the most prevalent, with the percentage of infected

individuals often reaching 100%, and among the most widely distrib-

uted, with its presence reported from seven countries from northern,

western, and southern Europe.

To resolve the issue of host taxonomy, Phoxinus species were

reassigned based on their distribution areas. This allowed the assign-

ment of parasite records to Phoxinus sp. 7 sensu Palandači�c

et al., 2017 in the Baltic and North Sea basins (excluding the North

Sea southern coast), Phoxinus isetensis Georgi, 1775 in the Arctic

Ocean basin, Phoxinus marsilii Heckel, 1836 in the middle Danube

drainage basin, P. phoxinus in the Rhine and North Sea basins,

P. septimaniae in Mediterranean coastal streams, Phoxinus csikii in the

Rhine drainage, Phoxinus cf. morella in the Elbe and Danube drainages,

Phoxinus lumaireul in the North Adriatic Sea basin, Phoxinus tumensis

Luo, 1996 in eastern Asia, and Phoxinus ujmonensis in Mongolia

(Figure 3a,b). The results of this reassignment should, however, be

analysed taking into account the presence of hybridization zones in,

for example, Spain, Italy, France, Germany, and Austria as a limitation

(Corral-Lou et al., 2019; Denys et al., 2020; De Santis et al., 2021;

Knebelsberger et al., 2015; Palandači�c et al., 2020). Based on the reas-

signment, the highest parasite diversity would be recorded for Phoxi-

nus sp. 7 (36 parasite species), for P. isetensis (30 parasite species), and

for P. phoxinus (31 parasite species) (Supplementary Data S1). North-

ern Europe shows the highest concentration (almost half) of parasite

records for Phoxinus minnows, with numerous host–parasite associa-

tions reported from the UK, Finland, and Norway (Figure 4a). With

approximately a third of total records, eastern Europe was also well

studied. Southern and western Europe were comparatively understu-

died, as was Eastern Asia. Concerning Phoxinus hosts species, Phoxinus

sp. 7 sensu Palandači�c et al. (2017) would have attracted the most

attention from parasitological research and had the highest number of

records (Figure 4b), followed by P. isetensis, P. phoxinus, and

P. septimaniae. P. cf. morella, P. lumaireul, and P. marsilii would have

attracted less attention among studied species. Numerous species

(e.g., Phoxinus fayollarum Denys, Dettaï, Persat, Daszkiewicz, Haute-

coeur & Keith, 2020, Phoxinus grumi Berg, 1907, and Phoxinus poljako-

wii Kessler, 1879) appeared to have never been the subject of

parasitological studies and thus do not appear in Figure 4b.

4 | DISCUSSION

At the Eurasian scale, 82 species of Metazoan macroparasites

(i.e., excluding Myxosporea), including 76 helminths, were reported

from Phoxinus minnows, most of which were attributed originally to

P. phoxinus. Considering studies focusing on wild parasite communi-

ties in restricted areas, which are more likely to have examined a sin-

gle host species, species richness ranges from 45 helminths reported

from Frongoch Lake in the UK and a mountain water system in south-

ern Norway (Ashworth & Bannerman, 1927; Bibby, 1972;

Kristoffersen & Teigland, 1997) to 14 helminth species in the River

Pechora, Russia (Dorovskikh & Stepanov, 2008, 2009), and 14 parasite

species, including helminths and Copepoda in the rivers Chulman and

Ungra, Russia (Boutorina & Reznik, 2015). The low parasite diversity

in the UK could be a result of its insular situation, whereas in the Nor-

wegian water system, Phoxinus minnows were described as recently

introduced.
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ěj
u
so
vá

et
al
.,
2
0
0
0
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
F
in
s

N
at
ur
al

K
ö
yh

än
o
ja
St
re
am

F
in
la
nd

3
5

1
0

9
0

-
1
2
.5

±
1
4
.9

(?
-5
0
)

(B
la
ze
k

et
al
.,
2
0
0
8
)

P.
ph

ox
in
us

P.
is
et
en
si
s

A
du

lt
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.1
3
–

1
.4
0

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
8
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.1
3
–

1
.7
3

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
9
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.

o
r
R
.

pe
rc
nu

ru
s

-
-

N
at
ur
al

R
iv
er

C
hu

lm
an

,R
iv
er

U
ng

ra

R
us
si
a

1
1
1
7

-
-

-
(B
o
u
to
ri
n
a
&

R
ez
n
ik
,2

0
1
5
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
Ll
yn

P
ad

ar
n

U
K

9
-

-
-

-
(P
o
w
el
l,
1
9
6
6
)i
n

(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

N
at
ur
al

R
iv
er

R
o
th
er

U
K

5
2

-
-

-
-

(H
ar
ri
s,
1
9
8
5
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

R
iv
er

E
nd

ri
ck

U
K

4
9

-
-

-
(G
ra
n
o
-M

al
d
o
n
ad

o

et
al
.,
2
0
1
1
)

G
yr
od

ac
ty
lu
s
lle
w
el
ly
ni

E
rg
en

s
&
D
ul
m
aa
,1

9
6
7

P.
ph

ox
in
us

P.
uj
m
on

en
si
s

-
N
as
al
ca
vi
ti
es
,

fi
ns

N
at
ur
al

R
iv
er

T
ul
,L
ak
e
D
o
d

ts
ag
an

M
o
ng

o
lia

3
6
,3

7
-

-
-

-
(E
rg
en

s
&

D
u
lm

aa
, 1

9
6
7
)

G
yr
od

ac
ty
lu
s
m
ac
ro
ny
ch
us

M
al
m
be

rg
,1

9
5
7

P.
ph

ox
in
us

P.
cf
.m

or
el
la

-
-

N
at
ur
al

P
ra
gu

e
R
eg

io
n

C
ze
ch

R
ep

ub
lic

2
9

-
-

-
-

(E
rg
en

s,
1
9
7
6
)

P.
ph

ox
in
us

P.
cf
.m

or
el
la

-
F
in
s

N
at
ur
al

R
iv
er

R
o
ky

tk
a

C
ze
ch

R
ep

ub
lic

2
9

1
0
0

6
8
.2
–

9
6

5
.0
7
–

1
2
.1
1

(1
–8

3
)

-
(M

at
ěj
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ěj
u
so
vá

et
al
.,
2
0
0
0
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

B
o
th
ni
an

B
ay
,R

iv
er

K
iim

in
ki
jo
ki

F
in
la
nd

4
7

-
-

-
-

(Z
iȩ
ta
ra

&

Lu
m
m
e,
2
0
0
2
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
F
in
s

N
at
ur
al

K
ö
yh

än
o
ja
St
re
am

F
in
la
nd

3
5

1
0

6
0

-
4
.5

±
6
.4

(?
-1
7
)

(B
la
ze
k

et
al
.,
2
0
0
8
)

P.
ph

ox
in
us

P.
is
et
en
si
s

A
du

lt
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.1
3

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
8
)

22 ESPOSITO ET AL.FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.1
3
–

0
.2
7

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
9
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

H
al
m
er

R
us
si
a

6
2

6
3

-
-

0
.1

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
1
3
)

P.
ph

ox
in
us

P.
m
ar
si
lii

A
du

lt
Sk

in
o
r
fi
ns

N
at
ur
al

R
iv
er

T
o
pl
'a
,R

iv
er

O
nd

av
a

Sl
o
va
ki
a

5
4

-
-

-
-

(L
u
m
m
e

et
al
.,
2
0
1
7
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

R
iv
er

E
nd

ri
ck

U
K

4
9

-
-

-
(G
ra
n
o
-M

al
d
o
n
ad

o

et
al
.,
2
0
1
1
)

G
yr
od

ac
ty
lu
s
ph

ox
in
i

M
al
m
be

rg
,1

9
5
7

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
F
in
s

N
at
ur
al

G
ul
f
o
f
B
o
th
ni
a

F
in
la
nd

4
7

-
-

-
-

(Z
iȩ
ta
ra

&

Lu
m
m
e,
2
0
0
4
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
F
in
s

N
at
ur
al

R
iv
er

M
er
en

o
ja
,R

iv
er

O
ul
an

ka
jo
ki

F
in
la
nd

4
3

-
-

-
-

(Z
iȩ
ta
ra

&

Lu
m
m
e,
2
0
0
4
)

P.
ph

ox
in
us

P.
uj
m
on

en
si
s

-
G
ill
s

N
at
ur
al

R
iv
er

T
ul
,L
ak
e
D
o
d

ts
ag
an

M
o
ng

o
lia

3
6
,3

7
-

-
-

-
(E
rg
en

s
&

D
u
lm

aa
, 1

9
6
7
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

A
du

lt
C
au

da
lf
in

N
at
ur
al

R
iv
er

A
lt
a,
R
iv
er

H
al
lin

gd
al

N
o
rw

ay
2
,4

8
,5

0
1
2
7
8

3
.3
–

3
8
.1

-
-

(P
et
te
rs
en

et
al
.,
2
0
1
6
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
F
in
s

N
at
ur
al

R
iv
er

P
is
ie
m
,R

iv
er

T
it
o
vk

a

R
us
si
a

5
5

-
-

-
-

(Z
iȩ
ta
ra

&

Lu
m
m
e,
2
0
0
4
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

A
du

lt
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

2
.8
–3

.3
(C
ru
z
et

al
.,
2
0
2
2
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

A
du

lt
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.1
–4

.0
(A
lm

ei
d
a

et
al
.,
2
0
2
4
)

G
yr
od

ac
ty
lu
s
pr
os
ta
e

E
rg
en

s,
1
9
6
3

P.
ph

ox
in
us

P.
uj
m
on

en
si
s

-
G
ill
s

N
at
ur
al

R
iv
er

T
ul

M
o
ng

o
lia

3
6

-
-

-
-

(E
rg
en

s
&

D
u
lm

aa
,1

9
6
7
)

G
yr
od

ac
ty
lu
s
sa
la
ri
s

M
al
m
be

rg
,1

9
5
7

P.
ph

ox
in
us

-
-

-
-

-
-

-
-

-
-

-
(H

ar
ri
s
et

al
.,
2
0
0
4
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

E
xp

er
im

en
ta
l

-
N
o
rw

ay
N
o
t

ap
p
lic
ab

le

-
-

-
-

(B
ak
ke

et
al
.,
2
0
0
6
)

G
yr
od

ac
ty
lu
s
so
m
na

en
si
s

E
rg
en

s
&
Y
uk

hi
m
en

ko
,

1
9
9
0

P.
ph

ox
in
us

-
-

-
-

-
-

-
-

-
-

-
(H

ar
ri
s
et

al
.,
2
0
0
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
R
iv
er

M
ai
n

Ir
el
an

d
1
6

-
-

-
-

(K
an

e,
1
9
6
6
)i
n

(H
o
lla
n
d
&

K
en

n
ed

y,
1
9
9
7
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

-
N
o
rw

ay
2

-
-

-
-

(K
ri
st
o
ff
er
se
n
&

T
ei
gl
an

d
,1

9
9
7
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

Lo
ch

Le
ve

n
U
K

2
3

-
-

-
-

(C
am

p
b
el
l,
1
9
7
4
)

G
yr
od

ac
ty
lu
s
tu
rn
bu

lli

H
ar
ri
s,
1
9
8
6

P.
ph

ox
in
us

-
-

F
in
s

E
xp

er
im

en
ta
l

-
-

N
o
t

ap
p
lic
ab

le

-
-

-
-

(K
in
g
&

C
ab

le
, 2

0
0
7
)

(C
o
nt
in
u
es
)

ESPOSITO ET AL. 23FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

G
yr
od

ac
ty
lu
s
vi
m
bi

Sh
ul
m
an

,

1
9
5
4

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
F
in
s

N
at
ur
al

K
ö
yh

än
o
ja
St
re
am

F
in
la
nd

3
5

1
0

6
0

-
2
.4

±
2
.9

(?
-9
)

(B
la
ze
k

et
al
.,
2
0
0
8
)

G
yr
od

ac
ty
lu
s
sp
p.

vo
n

N
o
rd
m
an

n,
1
8
3
2

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
Lo

ug
h
N
ea

gh
Ir
el
an

d
5
6

-
-

-
-

(V
ic
ke

rs
,1

9
5
1
)i
n

(H
o
lla
n
d
&

K
en

n
ed

y,
1
9
9
7
)

P.
ph

ox
in
us

P.
ph

ox
in
us

A
du

lt
Sk

in
,f
in
s

N
at
ur
al

R
iv
er

A
sc
o
,R

iv
er

C
as
al
un

a,
R
iv
er

F
iu
m
'A
lt
o
,R

iv
er

G
o
lo
,

R
iv
er

T
ar
ta
gi
ne

,R
iv
er

T
av
ig
na

no

F
ra
nc

e
6
4

8
4

5
3
.6

2
9
.9

±
6
8
.0

1
6
.0

±
5
1
.7

(E
sp
o
si
to

et
al
.,
2
0
2
4
)

P.
cs
ik
ii

P.
cs
ik
ii

A
du

lt
Sk

in
,f
in
s

N
at
ur
al

R
iv
er

C
as
al
un

a
F
ra
nc

e
6
4

7
5
7
.1

2
.3

±
1
.9

1
.3

±
1
.8

(E
sp
o
si
to

et
al
.,
2
0
2
4
)

P.
dr
ag
ar
um

P.
dr
ag
ar
um

A
du

lt
Sk

in
,f
in
s

N
at
ur
al

R
iv
er

A
ba

te
sc
o
,R

iv
er

C
o
rs
ig
lie
se
,R

iv
er

F
iu
m
'O
rb
o
,R

iv
er

T
av
ig
na

no
,R

iv
er

V
ec
ch

io

F
ra
nc

e
6
4

1
2
0

5
4
.2

8
.1

±
1
7
.2

4
.4

±
1
3
.3

(E
sp
o
si
to

et
al
.,
2
0
2
4
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

A
du

lt
Sk

in
,f
in
s

N
at
ur
al

R
iv
er

C
o
rs
ig
lie
se
,R

iv
er

T
av
ig
na

no

F
ra
nc

e
6
4

1
2

3
3
.3

3
.5

±
2
.6

1
.2

±
2
.2

(E
sp
o
si
to

et
al
.,
2
0
2
4
)

C
la
ss

T
re
m
at
o
da

(S
ub

cl
as
s

D
ig
en

ea
)

Fa
m
ily

A
llo

cr
ea

di
id
ae

A
llo
cr
ea
di
um

ca
rp
ar
um

(M
ac
ro
le
ci
th
us

pa
pi
lli
ge
r)

O
de

ni
ng

,1
9
5
9

P.
ph

ox
in
us

P.
cs
ik
ii

A
du

lt
G
ut

N
at
ur
al

O
be

rs
ee

Sw
it
ze
rl
an

d
5
7

8
0

4
4

-
1
.4
0

±
0
.2
5

(0
–1

1
)

(M
ü
lle
r
&

W
ar
d
,1

9
9
5
)

P.
ph

ox
in
us

P.
cs
ik
ii

-
G
ut

N
at
ur
al

O
be

rs
ee

Sw
it
ze
rl
an

d
5
7

3
2
7

3
7
.5
–

5
9
.5

-
1
.0
4
–

2
.6
8

(M
ü
lle
r,
1
9
9
5
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

-
Lo

ch
A
ch

ra
y,
La
ke

W
in
de

rm
er
e

U
K

4
,1

2
-

-
-

-
P
er
so
n
al

co
m
m
u
n
ic
at
io
n
in

(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
St
o
m
ac
h,

in
te
st
in
e

N
at
ur
al

F
ro
n
G
o
ch

La
ke

U
K

1
4

-
0
.9
–

1
0
0

-
-

(R
ee

s,
1
9
6
8
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
St
o
m
ac
h,

in
te
st
in
e

N
at
ur
al

F
ro
ng

o
ch

La
ke

U
K

1
4

6
5
0

3
2

-
-

(B
ib
b
y,
1
9
7
2
)

A
llo
cr
ea
di
um

is
op

or
um

(L
o
o
ss
,1

8
9
4
)L

o
o
ss
,1

9
0
2

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
In
te
st
in
e

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

-
N
o
rw

ay
2

-
-

-
-

(K
ri
st
o
ff
er
se
n
&

T
ei
gl
an

d
, 1

9
9
7
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.2

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
8
)

24 ESPOSITO ET AL.FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

6
.7

-
0
.0
7

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
9
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

Se
a-
U
,R

iv
er

H
al
m
er

R
us
si
a

6
2
,6

3
6
3

6
.7
–

1
1
.1

-
0
.1
–0

.2
(D

o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
1
3
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
Ll
yn

P
ad

ar
n

U
K

9
-

-
-

-
(C
h
u
b
b
,1

9
6
4
)i
n

(K
en

n
ed

y,
1
9
7
4
)

A
llo
cr
ea
di
um

tr
an

sv
er
sa
le

(R
ud

o
lp
hi
,1

8
0
2
)O

dh
ne

r,

1
9
0
1

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

La
ke

K
ri
vo

e
R
us
si
a

6
1

6
3

5
-

0
.1

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
1
3
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.3
–0

.4
(C
ru
z
et

al
.,
2
0
2
2
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.3
–0

.8
(A
lm

ei
d
a

et
al
.,
2
0
2
4
)

A
llo
cr
ea
di
um

sp
.

P.
ph

ox
in
us

Ph
ox
in
us

to
m
en
tu
m

A
du

lt
In
te
st
in
e

N
at
ur
al

R
iv
er

N
ez
hi
nk

a
R
us
si
a

6
5

2
-

-
-

(V
ai
n
u
ti
s
2
0
2
0
)

P.
ph

ox
in
us

P.
to
m
en
tu
m

-
-

N
at
ur
al

R
iv
er

N
ez
hi
nk

a
R
us
si
a

6
5

-
-

-
-

(V
ai
n
u
ti
s

et
al
.,
2
0
2
1
)

B
un

od
er
a
lu
ci
op

er
ca
e

(M
ül
le
r,
1
7
7
6
)L

üh
e,

1
9
0
9

P.
ph

ox
in
us

Ph
ox
in
us

sp
.

o
r
R
.

pe
rc
nu

ru
s

-
-

N
at
ur
al

R
iv
er

C
hu

lm
an

,R
iv
er

U
ng

ra

R
us
si
a

1
1
1
7

-
-

-
(B
o
u
to
ri
n
a
&

R
ez
n
ik
, 2

0
1
5
)

Fa
m
ily

B
uc

ep
ha

lid
ae

R
hi
pi
do

co
ty
le
ca
m
pa

nu
la

(R
hi
pi
do

co
ty
le
ill
en
se
)

(D
uj
ar
di
n,

1
8
4
5
)D

o
llf
us
,

1
9
6
8

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
R
iv
er

R
o
di
ng

U
K

1
1

-
-

-
-

(S
h
ill
co

ck
, 1

9
7
2
)i
n

(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

H
al
m
er

R
us
si
a

6
2

6
3

2
2
.2

-
0
.9

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
1
3
)

Fa
m
ily

D
ip
lo
st
o
m
id
ae

D
ip
lo
st
om

um
co
m
m
ut
at
um

(D
ie
si
ng

,1
8
5
0
)D

ub
o
is
,

1
9
3
7

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.7

(C
ru
z
et

al
.,
2
0
2
2
)

D
is
to
m
um

ph
ox
in
ip

o
ss
ib
le

m
is
pe

lli
ng

o
f
D
ip
lo
st
om

um

ph
ox
in
i

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
C
ys
ts

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

D
.p

ho
xi
ni

(D
ip
lo
st
om

ul
um

pe
lm
at
oi
de
s,
Te

tr
ac
ot
yl
e

ph
ox
in
i)
(F
au

st
,1

9
1
9
)A

rv
y

&
B
ut
tn
er
,1

9
5
4

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
B
ra
in

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

(C
o
nt
in
u
es
)

ESPOSITO ET AL. 25FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
R
iv
er

M
ai
n

Ir
el
an

d
1
6

-
-

-
-

(V
ic
ke

rs
,1

9
5
1
)i
n

(H
o
lla
n
d
&

K
en

n
ed

y,
1
9
9
7
)

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
B
ra
in

E
xp

er
im

en
ta
l

-
U
K

N
o
t

ap
p
lic
ab

le

-
-

-
-

(R
ee

s,
1
9
6
8
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
R
o
ya
lC

an
al

Ir
el
an

d
1
5

-
-

-
-

(K
an

e,
1
9
6
6
)i
n

(H
o
lla
n
d
&

K
en

n
ed

y,
1
9
9
7
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

E
xp

er
im

en
ta
l

-
F
in
la
nd

N
o
t

ap
p
lic
ab

le

-
-

-
-

(K
ek

äl
äi
n
en

,L
ai
,

et
al
.,
2
0
1
4
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

K
uu

so
ja

F
in
la
nd

1
3

-
1
0
0

1
7
1
.2

±
1
8
2
.7

(2
4
–

9
2
2
)

1
7
1
.2

±
1
8
2
.7

(2
4
–

9
2
2
)

(K
o
rt
et

et
al
.,
2
0
1
5
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

U
ts
jo
ki

F
in
la
nd

5
8

6
0

1
0
0

4
.1

(3
–

1
7
)

-
(L
eb

ed
ev

a

et
al
.,
2
0
2
1
)

P.
ph

ox
in
us

P.
cs
ik
ii
o
r
P.

ph
ox
in
us

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

R
uh

r
G
er
m
an

y
5
9

1
5

-
-

-
(S
ch

w
el
m

et
al
.,
2
0
2
1
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

-
N
o
rw

ay
2

-
-

-
-

(K
ri
st
o
ff
er
se
n
&

T
ei
gl
an

d
, 1

9
9
7
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

1
4
.2
7
–

9
3
.4

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
8
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

1
0
0

-
7
4
.7
6
–

3
9
9
.9
3

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
9
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

La
ke

K
ri
vo

e,
R
iv
er

Se
a-
U
,R

iv
er

H
al
m
er
,

R
iv
er

K
ar
a

R
us
si
a

6
1
,6

2
,

6
3

6
3

1
0
0

-
1
1
.3
–

7
4
.7

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
1
3
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.

o
r
R
.

pe
rc
nu

ru
s

-
-

N
at
ur
al

R
iv
er

C
hu

lm
an

,R
iv
er

U
ng

ra

R
us
si
a

1
1
1
7

1
0
0

2
.0
–

6
8
.0

2
.0
–

6
8
.0

(B
o
u
to
ri
n
a
&

R
ez
n
ik
, 2

0
1
5
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

U
ks
a

R
us
si
a

4
1

6
0

9
3

8
.3

(1
–

3
6
)

-
(L
eb

ed
ev

a

et
al
.,
2
0
2
1
)

P.
ph

ox
in
us

P.
is
et
en
si
s

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

V
ar
zu
ga

R
us
si
a

3
1

6
0

1
0
0

5
1
(8
–

9
7
)

-
(L
eb

ed
ev

a

et
al
.,
2
0
2
1
)

P.
ph

ox
in
us

P.
cs
ik
ii
o
r
P.

se
pt
im

an
ia
e
o
r

P.
lu
m
ai
re
ul

-
-

E
xp

er
im

en
ta
l

-
Sw

it
ze
rl
an

d
N
o
t

ap
p
lic
ab

le

-
-

-
-

(B
al
la
b
en

i&

W
ar
d
,1

9
9
3
)

P.
ph

ox
in
us

P.
cs
ik
ii

-
-

N
at
ur
al

Se
ea

lp
se
e,
O
be

rs
ee

Sw
it
ze
rl
an

d
5
7

-
1
0
0

-
-

(B
al
la
b
en

i,
1
9
9
4
)

P.
ph

ox
in
us

-
-

E
xp

er
im

en
ta
l

-
Sw

it
ze
rl
an

d
N
o
t

ap
p
lic
ab

le

-
-

-
-

(B
al
la
b
en

i,
1
9
9
4
)

26 ESPOSITO ET AL.FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

P.
cs
ik
ii
o
r
P.

se
pt
im

an
ia
e
o
r

P.
lu
m
ai
re
ul

P.
ph

ox
in
us

P.
cs
ik
ii

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

O
be

rs
ee

Sw
it
ze
rl
an

d
5
7

8
0

1
0
0

4
3
1
.7
2

±
3
5
.3
6

(1
0
2
–

2
0
0
0
)

4
3
1
.7
2

±
3
5
.3
6

(1
0
2
–

2
0
0
0
)

(M
ü
lle
r
&

W
ar
d
, 1

9
9
5
)

P.
ph

ox
in
us

P.
cs
ik
ii

-
B
ra
in

N
at
ur
al

O
be

rs
ee

Sw
it
ze
rl
an

d
5
7

3
2
7

1
0
0

2
3
1
–

4
4
8
(5
–

2
2
6
5
)

2
3
1
–

4
4
8
(5
–

2
2
6
5
)

(M
ü
lle
r,
1
9
9
5
)

P.
ph

ox
in
us

P.
cs
ik
ii

-
-

N
at
ur
al

G
ie
ss
e
St
re
am

Sw
it
ze
rl
an

d
6
0

-
-

-
-

(H
o
b
y
et

al
.,
2
0
2
2
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

-
E
di
nb

ur
gh

,L
o
ch

Lu
bn

ai
g,
P
er
th
,

F
ro
ng

o
ch

La
ke

,L
o
ch

Le
ve

n,
Lo

ch
Lo

m
o
nd

,

R
o
ya
lC

an
al
,R

iv
er

M
ai
n,

R
iv
er

R
o
di
ng

U
K

1
1
,1

5
,

1
6
,2

3
,

3
2
,3

3

-
-

-
-

(B
ay
lis
, 1

9
2
8
;

V
ic
ke

rs
,1

9
5
1
;B

el
l

&
H
o
p
ki
n
s,
1
9
5
6
;

C
o
p
la
n
d
,1

9
5
7
;

K
an

e,
1
9
6
6
;

Sh
ill
co

ck
, 1

9
7
2
)i
n

(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
B
ra
in

N
at
ur
al

E
di
nb

ur
gh

R
eg

io
n,

Lo
ch

Lu
bn

ai
g
St
re
am

U
K

3
2
,3

3
-

-
-

-
(A
sh
w
o
rt
h
&

B
an

n
er
m
an

,1
9
2
7
)

P.
ph

ox
in
us

P.
ph

ox
in
us

M
et
ac
er
ca
ri
ae

B
ra
in
,s
pi
na

l

co
rd
,e
ye

s

N
at
ur
al

F
ro
n
G
o
ch

P
o
o
l

U
K

1
4

-
-

-
-

(R
ee

s,
1
9
5
5
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

E
nd

ri
ck
,R

iv
er

C
ly
de

,L
o
ch

E
ck

U
K

4
-

-
-

-
(B
er
ri
e,

1
9
6
0
)

P.
ph

ox
in
us

P.
ph

ox
in
us

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

W
in
de

rm
er
e
La
ke

,

G
ra
sm

er
e
La
ke

U
K

1
2

-
-

-
-

(E
ra
sm

u
s,
1
9
6
2
)

P.
ph

ox
in
us

P.
ph

ox
in
us

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

F
ro
n
G
o
ch

La
ke

U
K

1
4

-
-

-
-

(B
ib
b
y
&

R
ee

s,
1
9
7
1
)

P.
ph

ox
in
us

P.
ph

ox
in
us

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

F
ro
ng

o
ch

La
ke

U
K

1
4

6
5
0

1
0
0

8
1
(6
2
–

1
0
6
)

8
1
(6
2
–

1
0
6
)

(B
ib
b
y,
1
9
7
2
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
-

N
at
ur
al

Lo
ch

Le
ve

n
U
K

2
3

-
-

-
-

(C
am

p
b
el
l,
1
9
7
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

F
ro
ng

o
ch

P
o
o
l

U
K

1
4

1
7

-
-

-
(A
li,
1
9
8
2
)

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
-

E
xp

er
im

en
ta
l

-
U
K

N
o
t

ap
p
lic
ab

le

-
-

-
-

(A
li,
1
9
8
4
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

E
nd

ri
ck
,L
o
ch

M
ar
ag
an

U
K

4
7

-
2
1
–2

2
0

-
(B
ar
b
er

&

C
ro
m
p
to
n
, 1

9
9
7
b
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

E
nd

ri
ck
,L
o
ch

M
ar
ag
an

U
K

4
1
9
5

9
6
.2
–

1
0
0

6
.0
–

2
4
5
.0

(1
–4

7
7
)

-
(B
ar
b
er

&

C
ro
m
p
to
n
, 1

9
9
7
a)

(C
o
nt
in
u
es
)

ESPOSITO ET AL. 27FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

E
nd

ri
ck

U
K

4
3
4

5
0

-
1
3
.7

±
2
.6

(D
ez
fu
li,
C
ap

u
an

o
,

et
al
.,
2
0
0
7
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

E
nd

ri
ck

U
K

4
3
4

5
0

1
3
.7

±
2
.6

(1
–3

8
)

-
(D

ez
fu
li,
G
ia
ri
,&

Sh
in
n
,2

0
0
7
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.4

(C
ru
z
et

al
.,
2
0
2
2
)

D
ip
lo
st
om

um
sp
.v
o
n

N
o
rd
m
an

n,
1
8
3
2

P.
ph

ox
in
us

P.
uj
m
on

en
si
s

M
et
ac
er
ca
ri
ae

B
ra
in

N
at
ur
al

R
iv
er

T
uu

l
M
o
ng

o
lia

3
6

6
0

9
3

1
2
.7

(1
–

5
8
)

-
(L
eb

ed
ev

a

et
al
.,
2
0
2
1
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.

o
r
R
.

pe
rc
nu

ru
s

-
-

N
at
ur
al

R
iv
er

C
hu

lm
an

,R
iv
er

U
ng

ra

R
us
si
a

1
1
1
7

-
-

-
(B
o
u
to
ri
n
a
&

R
ez
n
ik
,2

0
1
5
)

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
B
ra
in

N
at
ur
al

E
di
nb

ur
gh

R
eg

io
n,

Lo
ch

Lu
bn

ai
g
St
re
am

U
K

3
2
,3

3
-

-
-

-
(A
sh
w
o
rt
h
&

B
an

n
er
m
an

, 1
9
2
7
)

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
-

-
-

U
K

-
-

-
-

-
Se

ve
ra
lr
ef
er
en

ce
s

in
(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
-

-
-

U
K

-
-

-
-

-
Se

ve
ra
lr
ef
er
en

ce
s

in
(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
E
ye

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

1
.0
–4

.9
(A
lm

ei
d
a

et
al
.,
2
0
2
4
)

H
ys
te
ro
m
or
ph

a
tr
ilo
ba

(R
ud

o
lp
hi
,1

8
1
9
)L

ut
z,
1
9
3
1

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.4
–1

.2
(C
ru
z
et

al
.,
2
0
2
2
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.7
–0

.8
(A
lm

ei
d
a

et
al
.,
2
0
2
4

Po
st
ho

di
pl
os
to
m
um

cu
ti
co
la

(D
ip
lo
st
om

um
cu
ti
co
la
)(
vo

n

N
o
rd
m
an

n,
1
8
3
2
)D

ub
o
is
,

1
9
3
6

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
Su

bc
ut
an

eo
us

cy
st
s

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
R
iv
er

A
vo

n
U
K

1
4

-
-

-
-

(H
o
ck
le
y,
1
9
3
5
)i
n

(K
en

n
ed

y,
1
9
7
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

M
et
ac
er
ca
ri
ae

Sk
in
,f
in
s

N
at
ur
al

R
iv
er

A
sc
o
,R

iv
er

C
as
al
un

a,
R
iv
er

T
ar
ta
gi
ne

F
ra
nc

e
6
4

8
4

1
9

2
1
.3

±
6
0
.3

4
.0

±
2
7
.0

(E
sp
o
si
to

et
al
.,
2
0
2
4
)

P.
cs
ik
ii

P.
cs
ik
ii

M
et
ac
er
ca
ri
ae

Sk
in
,f
in
s

N
at
ur
al

R
iv
er

C
as
al
un

a
F
ra
nc

e
6
4

7
1
4
.3

0
.1

±
0
.4

1
(E
sp
o
si
to

et
al
.,
2
0
2
4
)

28 ESPOSITO ET AL.FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E
2

(C
o
nt
in
ue

d)

P
ar
as
it
e
sp
ec

ie
s

H
o
st

ac
co

rd
in
g

to
o
ri
gi
na

l

re
co

rd

R
ea

ss
ig
ne

d

ho
st

St
ag

e
In
fe
ct
io
n
si
te

N
at
ur
al
/

ex
pe

ri
m
en

ta
l

in
fe
ct
io
n

Lo
ca
lit
y

C
o
un

tr
y

N
b
m
ap

n
P
(%

)
M
I

M
A

R
ef
er
en

ce

P.
dr
ag
ar
um

P.
dr
ag
ar
um

M
et
ac
er
ca
ri
ae

Sk
in
,f
in
s

N
at
ur
al

R
iv
er

A
ba

te
sc
o
,R

iv
er

F
iu
m
'O
rb
o
,R

iv
er

T
av
ig
na

no
,R

iv
er

V
ec
ch

io

F
ra
nc

e
6
4

1
2
0

9
.2

4
.3

±
4
.9

0
.4

±
1
.9

(E
sp
o
si
to

et
al
.,
2
0
2
4
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

2
.8
–3

.9
(C
ru
z
et

al
.,
2
0
2
2
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

1
.0
–7

.3
(A
lm

ei
d
a

et
al
.,
2
0
2
4
)

Ty
lo
de
lp
hy
s
cl
av
at
a
(v
o
n

N
o
rd
m
an

n,
1
8
3
2
)D

ie
si
ng

,

1
8
5
0

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
E
ye

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.6

(C
ru
z
et

al
.,
2
0
2
2
)

P. se
pt
im

an
ia
e

P.
se
pt
im

an
ia
e

-
-

N
at
ur
al

T
o
rd
er
a
St
re
am

Sp
ai
n

1
0

2
0
4

-
-

0
.4
–1

.4
(A
lm

ei
d
a

et
al
.,
2
0
2
4
)

Fa
m
ily

G
o
rg
o
de

ri
da

e

Ph
yl
lo
di
st
om

um
fo
liu
m

(O
lf
er
s,
1
8
1
6
)B

ra
un

,1
8
9
9

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.1
3

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
8
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

6
.7
–

2
6
.7

-
0
.1
3
–

0
.4

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
9
)

P.
ph

ox
in
us

P.
is
et
en
si
s

-
-

N
at
ur
al

La
ke

K
ri
vo

e
R
us
si
a

6
1

6
3

5
-

0
.1

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
1
3
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
Ll
yn

P
ad

ar
n

U
K

9
-

-
-

-
(C
h
u
b
b
, 1

9
6
4
,

1
9
7
0
)i
n

(K
en

n
ed

y,
1
9
7
4
)

Fa
m
ily

O
pe

co
el
id
ae

Pl
ag
io
po

ru
s
an

gu
st
ic
ol
le

(A
llo
cr
ea
di
um

an
gu
st
ic
ol
le
)

(H
au

sm
an

n,
1
8
9
6
)

D
o
br
o
vo

ln
y,
1
9
3
9

P.
ph

ox
in
us

Ph
ox
in
us

sp
.7

-
Li
ve

r,
st
o
m
ac
h

N
at
ur
al

E
di
nb

ur
gh

R
eg

io
n,

Lo
ch

Lu
bn

ai
g
St
re
am

U
K

3
2
,3

3
-

-
-

-
(A
sh
w
o
rt
h
&

B
an

n
er
m
an

,1
9
2
7
)

Sp
ha

er
os
to
m
a
br
am

ae

(M
ül
le
r,
1
7
7
6
)L

üh
e,

1
9
0
9

P.
ph

ox
in
us

P.
ph

ox
in
us

o
r

Ph
ox
in
us

sp
.7

-
In
te
st
in
e

N
at
ur
al

-
U
K

-
-

-
-

-
(N

ic
o
ll,
1
9
2
4
)

P.
ph

ox
in
us

P.
ph

ox
in
us

-
-

-
R
iv
er

R
o
di
ng

U
K

1
1

-
-

-
-

(S
h
ill
co

ck
,1

9
7
2
)i
n

(K
en

n
ed

y,
1
9
7
4
)

Fa
m
ily

St
ri
ge

id
ae

A
pa

te
m
on

sp
.S

zi
da

t,
1
9
2
8

P.
ph

ox
in
us

P.
is
et
en
si
s

La
rv
ae

-
N
at
ur
al

R
iv
er

P
ec
ho

ra
R
us
si
a

8
1
0
5

-
-

0
.1
3
–

1
.1

(D
o
ro
vs
ki
kh

&

St
ep

an
o
v,
2
0
0
8
)

(C
o
nt
in
u
es
)

ESPOSITO ET AL. 29FISH
 10958649, 0, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1111/jfb.15894 by C
ochrane France, W

iley O
nline L

ibrary on [08/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



The high apparent diversity of P. phoxinus parasites is the

result of the simultaneous consideration of several host species.

The host species reassignment allowed discrepancies to be

highlighted in the parasitological research effort toward the various

Phoxinus species. The most thoroughly studied species were Phoxi-

nus sp. 7 sensu Palandači�c et al., 2017, P. isetensis, and P. phoxinus

(Supplementary Data S1) (e.g. Blazek et al., 2008; Holland &

Kennedy, 1997; Kekäläinen et al., 2011; Kennedy, 1974; Lai

et al., 2012, 2015, 2016a). For P. septimaniae and P. ujmonensis, a

noteworthy part of parasite diversity is known despite the few

studies focused on these hosts: 24 parasites recorded with only

4 studies for P. septimaniae and 12 parasites with 3 studies for

P. ujmonensis (Cruz et al., 2022; Ergens & Dulmaa, 1967; Le Brun

et al., 1988; Lebedeva et al., 2021; Lumme et al., 2017). For sev-

eral species, for example, P. marsilii, P. csikii, P. cf. morella, and

P. lumaireul, only a few parasites were recorded, and for other

recently confirmed species, for example, Phoxinus bigerri (Bay of

Biscay, Ugarna drainage), Phoxinus colchicus (Black Sea basin, Nata-

nebi drainage), and Phoxinus karsticus (Adriatic Sea basin, Skadar

Lake drainage), no parasitological records could be found in the

present survey. The host species reassignment thus enabled us to

evidence gaps in the current knowledge of parasite diversity of

Phoxinus minnows throughout their distribution range: most parasi-

tological studies were conducted in northern Europe where

P. phoxinus, P. isetensis, and Phoxinus sp. 7 occur, whereas southern

Europe is comparatively understudied. This gap in the knowledge

of Phoxinus minnow parasites in southern Europe is all the more

regrettable, as this is where the specific diversity of this genus is

the highest and thus a high parasite diversity might be expected.

Further parasitological survey effort should be directed at poorly

known species, alongside the work of taxonomists currently reas-

sessing Phoxinus host taxonomy. In addition, fish parasites are also

undergoing molecular revisions, allowing improved understanding ofT
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F IGURE 2 Taxonomic composition of Metazoa macroparasites
reported from Phoxinus minnow.
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cryptic diversity, parasite evolutionary history, life cycles, and bio-

geographical distribution (Scholz & Kuchta, 2022). Because of the

presence of cryptic species in both Phoxinus minnows and their

parasites, the approach for studying these organisms should include

molecular determination of species for both the hosts and

parasites.

F IGURE 3 Geographical distribution of parasitological records for Phoxinus minnows in (a) Europe and (b) Asia, integrating host species
reassignment. Numbers correspond to the numbers reported in the parasite checklist table (Table 2, column Nb Map).
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4.1 | Gyrodactylus in Phoxinus minnows:
Overestimated or underestimated diversity?

Members of the genus Gyrodactylus (Platyhelminthes: Monogenea)

are extremely diverse, viviparous ectoparasites recovered from the

fins, gills, and skin of a wide range of fish (Bakke et al., 2007).

P. phoxinus was reported to host the greatest diversity of Gyrodactylus

described in any fish species in the Palearctic (Bakke et al., 2007;

Harris et al., 2004; Lumme et al., 2017). In the present bibliographical

study, reports concerning 25 Gyrodactylus species were compiled.

However, the reassignment of host species showed that this tremen-

dous diversity is the result of taking into account several species of

Phoxinus at once.

Some species of Gyrodactylus were only reported from few sam-

pling sites and a few reassigned Phoxinus species, for example, Gyro-

dactylus albolacustris Lumme et al., 2017 from Russia (reassigned to

Phoxinus sp. 7 and P. isetensis) and Mongolia (P. ujmonensis), Gyrodac-

tylus botnicus Lumme et al., 2017 from Finland (Phoxinus sp. 7 and

P. isetensis), Gyrodactylus danastriae Lumme et al., 2017 from Poland

(P. marsilii) (Lumme et al., 2017), Gyrodactylus konovalovi Ergens, 1976

from Russia (either Phoxinus sp. or Rhynchocypris percnurus)

(Boutorina & Reznik, 2015) or Gyrodactylus llewellyni Ergens &

Dulmaa, 1967 from Mongolia (P. ujmonensis) (Ergens & Dulmaa, 1967).

Molecular delineation for both Gyrodactylus and their Phoxinus host

would help to determine these parasites' host ranges.

Several species have been reported to be more widely distributed,

such as G. macronychus on P. phoxinus in the UK, P. cf. morella in

Czech Republic, Phoxinus sp. 7 in Finland, Norway, and the UK,

P. ujmonensis in Mongolia, P. isetensis in Russia, and P. septimaniae in

Spain (Cruz et al., 2022; Ergens, 1976; Ergens & Dulmaa, 1967;

Dorovskikh & Stepanov, 2008; Grano-Maldonado et al., 2011;

Matějusová et al., 2000; Pettersen et al., 2016; Ziętara &

Lumme, 2003). Such wide ranges of distribution may be the result of

(1) cross-countries transfer of hosts and parasite species, (2) a wide

host spectrum of these parasites, or (3) undetected cryptic diversity of

these parasites on Phoxinus minnows arising from the exclusive use

of morphological criteria before the advent of molecular methods.

The highest diversity of Gyrodactylus has so far been recorded from

Phoxinus sp. 7, with 13 known species from P. isetensis (10 species),

P. ujmonensis (9 species), and P. phoxinus (7 species). No Gyrodactylus

were reported from P. csikii and P. lumaireul, which more likely results

from Gyrodactylus not being the focus of studies concerning these

Phoxinus species than from an absence of Gyrodactylus. Compiled

studies regarding P. lumaireul addressed the immunological and cellu-

lar response to the infection by the Nematoda Raphidascaris acus

(Bloch, 1779) and studies conducted on P. csikii focused on several

Platyhelminthes species, mostly D. phoxini. The diversity of Gyrodacty-

lus was thus likely overestimated in P. phoxinus but is most probably

underestimated in the genus Phoxinus at the Eurasian scale.

Co-speciation studies would be of interest to explore the com-

mon evolutionary history of Gyrodactylus and their Phoxinus hosts and

may allow the detection of host-switching or hybridization events.

The identification of Gyrodactylus species and haplotypes combined

with host-specific determination could furthermore be a useful tool in

retracing their hosts' dispersion routes, whether natural or anthropo-

genic. Parasites, and especially Monogenea, have already been used

successfully to gain insights on the historical distribution and routes

and vectors of introduction of their host: the origin of Limnothrissa

miodon (Boulenger, 1906) (Clupeidae) in Lake Kariba, Zimbabwe, was

clarified by examining its Kapentagyrus (Dactylogyridae) (Kmentová

et al., 2019); contemporary contacts among North American Leucisci-

dae and historical contact with their European counterparts were

revealed through the use of their host-specific Dactylogyridae

(Šimková et al., 2022); and the lack of Gyrodactylus on the round goby

F IGURE 4 Distribution of parasitological records based on the (a) geographical range and (b) Phoxinus host identity.
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Neogobius melanostomus (Pallas, 1814) allowed Huyse et al. (2015) to

suggest an introduction via ballast water for this fish in Belgium.

4.2 | Diplostomum spp.: Implications for animal
health

Several Diplostomidae are recorded on Phoxinus minnows: Diplosto-

mum commutatum (Diesing, 1850) and Hysteromorpha triloba

(Rudolphi, 1819) were found on P. septimaniae in Spain, and Posthodi-

plostomum cuticola and Tylodelphys clavata (von Nordmann, 1832)

were found on P. phoxinus in the UK and P. septimaniae in Spain (Cruz

et al., 2022; Hockley, 1935; Kennedy, 1974; Nicoll, 1924). One of the

most widespread parasites of Phoxinus minnows, D. phoxini (reported

under this name and synonyms in the literature, Table 1), a Diplosto-

midae (Platyhelminthes: Digenea), whose metacercariae parasitize the

brain of Phoxinus minnows, is reported from P. phoxinus in Ireland and

the UK, Phoxinus sp. 7 in Finland, Norway, the UK, and Russia, P. csikii

in Switzerland, and P. septimaniae in Spain (Ballabeni, 1994; Cruz

et al., 2022; Kekäläinen, Lai, et al., 2014; Kortet et al., 2015;

Kristoffersen & Teigland, 1997; Lebedeva et al., 2021; Rees, 1955;

Schwelm et al., 2021). However, Lebedeva et al. (2021) showed that

Fennoscandian and Mongolian Phoxinus minnows were hosts to dif-

ferent Diplostomum species, with a correlation of each line of brain

Diplostomidae with a specific Phoxinus lineage, thus supporting the

conclusion of a high specificity of brain Diplostomum toward their

host. This conclusion is in agreement with the cross-infection experi-

ment conducted by Ballabeni and Ward (1993), which showed that

D. phoxini originating from two close Swiss lakes were more infective

to their sympatric hosts than to allopatric hosts. Moreover, analysis

conducted in North America revealed a wide and previously unde-

tected diversity of Diplostomoidea using barcoding and showed that

parasites of this group occurring outside of the eyes are highly host

specific (Locke et al., 2010). These elements suggest cryptic diversity

among the brain flukes reported as D. phoxini with potentially several

host-specific species parasitizing the numerous Phoxinus species.

Gathering data about this parasite may be of veterinary importance as

it caused fatal enteritis in chicks of the vulnerable Fratercula arctica

(Linnaeus, 1758) kept in captivity (Hoby et al., 2022). Moreover, mem-

bers of the genus Diplostomum are pathogenic to their intermediate

fish host. D. phoxini disrupts brain tissue integrity and necrosis of the

layer surrounding the larvae (Dezfuli, Capuano, et al., 2007).

4.3 | Phoxinus as valuable hosts for conservation
biology of the endangered freshwater mussel Unio
crassus

A systematic molecular identification of Phoxinus minnows in parasito-

logical studies may also be of interest from a conservation biology

perspective. Unio crassus is an endangered freshwater mussel

(Gastropoda: Bivalvia), with conservation status assessments ranging

from “extinct in the wild” (Lithuania and the Netherlands) to “least

concern” (Kazakhstan and Russia) (Bolotov et al., 2020; Lopes-Lima

et al., 2017; Soroka et al., 2021). Unionidae mussels have the particu-

larity of having an obligatory parasitic glochidium stage living attached

to gills of freshwater fish. Glochidia larvae of freshwater mussel were

recovered in the wild only from France (P. phoxinus and P. csikii) and

Sweden (Phoxinus sp. 7) for U. crassus Philipsson, 1788 and from Spain

(P. septimaniae) for an unidentified Unionidae (Cruz et al., 2022;

Lamand et al., 2016; Schneider et al., 2019), and experimental infec-

tions were successful also for Anodonta anatina (Linnaeus, 1758)

(Beggel & Geist, 2015; Kekäläinen, Pirhonen, & Taskinen, 2014).

According to the literature, P. phoxinus has been found to be a primary

host for U. crassus. However, except in France, where this parasite

was found in the wild on this host in the Seine and Rhine river basins,

the experimental infestations were conducted in Czech Republic and

Germany, where the host species’ reassignment is uncertain

(P. phoxinus, P. csikii, P. cf. morella, P. cf. morella, or P. marsilii depend-

ing on the origin) (Douda et al., 2012; Douda, 2015; Lamand

et al., 2016; Schneider et al., 2017; Taeubert, Gum et al., 2012; Taeu-

bert, Martinez et al., 2012). Molecular identification of the Phoxinus

hosts would be of interest to gain a better understanding of these

organisms' host range and specificity. It is known that compatibility

between mussel strains and fish hosts is essential in the parasite–host

interaction, and thus for the conservation and management of

U. crassus (Schneider et al., 2017). U. crassus has a wide distribution

range in Eurasia, but records of its glochidia on Phoxinus minnows are

comparatively relatively few. There could thus be preferences of the

glochidia toward one or several Phoxinus species, which would be dif-

ficult to assess without molecular identification of the host. For this

reason, a reliable identification of Phoxinus hosts could provide valu-

able information for the conservation and management of endangered

freshwater mussels.

5 | CONCLUSION

Phoxinus minnows are hosts to a wide variety of Protozoa and Meta-

zoa parasites, which, until recently, was attributed to P. phoxinus as a

result of this genus' unresolved taxonomy and cryptic diversity. Phoxi-

nus taxonomy is undergoing an urgently needed clarification, with

great progress made, especially in western Europe (Corral-Lou

et al., 2019; Denys et al., 2020; De Santis et al., 2021; Kottelat, 2007;

Palandači�c et al., 2015, 2020, 2022), and also in southern and eastern

Europe (Bogutskaya et al., 2020, 2023) and Asia (Cheng et al., 2022).

This progress has allowed the reassignment of parasite records gath-

ered in the present survey to their Phoxinus host species. Barcoding of

Phoxinus minnows should be conducted when studying their parasites,

as a reliable identification of the host is vital in parasitology research.

Increasing the parasitological research effort toward the so-far

neglected Phoxinus species, such as, P. lumaireul, P. colchicus, P. bigerri,

P. karsticus, or Phoxinus krkae, will most likely increase the parasite

diversity known for the genus Phoxinus. There is little doubt that in

the upcoming years, molecular methods should help unravel previ-

ously unknown host specificities for parasites of Phoxinus
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minnows. Studying these parasites could be important regarding the

elucidation of introduced Phoxinus' origin, the health of fish popula-

tions, and the conservation of endangered species such as U. crassus.
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