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Abstract

The genus Salmincola is an ectoparasitic copepod group commonly infesting the
branchial and buccal cavities of salmonids. While negative impacts on hatchery fishes
have been reported, their impacts on wild fish populations and distribution patterns are
critically understudied. In the Shiretoko Peninsula, Hokkaido, Japan, we found parasites
belonging to this genus on the branchial cavity of a stream salmonid, Southern Asian
Dolly Varden Salvelinus curilus. All parasites recovered were identified as Salmincola
edwardsii based on morphological characteristics and partial 28S rDNA sequences.
Prevalence was highly heterogeneous even among neighboring streams (0-54.8%, < 10
km) with the mean intensity among streams being generally low (2.19 parasites/infeted
fish). Despite the low intensity, quantile regression analysis showed negative trends
between parasite intensity and host condition, suggesting that the infestation of S.
edwardsii has a potential negative impact on the host salmonid. In addition, a single
copepod was found from an anadromous fish, which could indicate some salinity
tolerance of the copepods. It is important to evaluate the effects of Salmincola spp. on
host species and determine the limiting factors on the parasite's distribution for proper

management.

Keywords: Salvelinus malma krascheninnikova, Parasitic copepod, Ectoparasite,

Host-parasite relationship, Condition factor, Salmincola
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1. Introduction

The genus Salmincola (Family Lernaeopodidae), an ectoparasitic copepod group,
mainly parasitizes freshwater salmonids [1]. Most species in this genus have a
circumpolar distribution like their salmonid hosts [1]. They generally attach to the
branchial cavity, buccal cavity, and fins [1, 2], with each species possessing preferred
attachment sites and demonstrating strong host specificity, especially at the host genus
level [1]. For instance, adult female S. californiensis generally attach to the branchial
cavity of Oncorhynchus spp. [3], while S. carpionis commonly attach to the buccal
cavity of Salvelinus spp. [4]. Salmincola spp. have been regarded as serious pests in
hatcheries [5—7]. Heavy infestations can cause mechanical damage to gill tissue, which
may affect the host's oxygen uptake, swimming performance, and resistance to
environmental stressors [3, 8—11]. Some studies suggested that their infestations can
also cause a decrease in fecundity [5] and is lethal for fries, or even adult fishes [3, 11].

While some negative impacts have been reported on hatchery or experimental fishes
[5-7], their impacts on wild fish populations have been less understood. Only a few
studies have suggested negative impacts on wild host salmonids, such as reduced
recruitment [12] or condition [13], whereas many others found no apparent effects
[14—-19]. Some authors have concluded that the impacts of Salmincola spp. on host
fishes are negligible in the wild because the prevalence and intensity are generally low
compared to hatchery fishes [2, 16, 19]. However, there are some cases where
Salmincola spp. might have significantly affected or even eliminated local populations
of stream salmonids [12, 20].

Detailed distributional records of Salmincola spp. have also been limited, even
though such basic information is important for pest management. The duration of their
life cycle and attachment to the host is affected by numerous environmental factors,
such as host behavior [21], host density [22], water temperature [23-25], and water flow
[22, 26]. Thus, the local environment should affect the parasites' infestation parameters
(i.e. prevalence and intensity). However, there are only a few studies that examined
their distribution at the regional scale [20, 22, 27]. Such distribution studies are needed,
especially in East Asia, the southernmost edge of the distribution for both these

copepods and their salmonid hosts [28].
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During a survey of Southern Asian Dolly Varden Salvelinus curilus (previous studies
refered to the same species as Salvelinus malma [29], Salvelinus malma
krascheninnikovi [30] or Salvelinus malma krascheninnikova [28], but we used this
name following Sahashi & Morita [31]) in the Shiretoko Peninsula in eastern Hokkaido,
Japan [29], we found ectoparasites identical to Salmincola edwardsii on the branchial
cavities of Southern Asian Dolly Varden. We recovered these parasite specimens from
the hosts and examined their morphology and partial sequences of the 28S ribosomal
RNA gene. In this study, we focused particularly on the host use and the regional
distribution pattern of this parasite. We also examined if S. edwardsii was found from
anadromous (i.e. sea-run) host fish, which could be a possible indication of salinity

tolerance in this parasite species.

2. Material and methods

2.1. Host collection and inspection

Fish samples used in this study were originally aimed for investigating the anadromy
of Southern Asian Dolly Varden in the Shiretoko Peninsula using otolith Sr:Ca ratio
[29]. Most Southern Asian Dolly Varden are fluvial (stream resident) in Hokkaido
Island, but anadromous (sea-run) fish have been found in some streams in the Shiretoko
Peninsula [29, 32, 33]. Southern Asian Dolly Varden were collected by
backpack-electrofisher (Smith-Root, Inc., Vancouver, Washington) and cast-net at 14
streams in the Shiretoko Peninsula, eastern Hokkaido, Japan (Table 1, Fig. 1). For the
purpose of the original study [29], Southern Asian Dolly Varden larger than 17 cm were
mainly collected. Sampling reaches were around 100200 m from the mouth of the
streams. Field surveys were conducted from October 2006 to November 2006. A total
of 218 fish were brought to the laboratory for analyzing otolith Sr:Ca ratios to examine
the anadromy of Southern Asian Dolly Varden [29]. We had frozen 215 Southern Asian
Dolly Varden samples after the initial study [29], and kept them in storage until the
examination of the genus Salmincola in 2017.

In 2017, fish body length (fork length: FL) and weight (somatic weight: SW) were
measured to the nearest 1 mm and 0.1 g, respectively in the laboratory. We used somatic
weight (excluding internal organs) instead of total body weight because some Southern
Asian Dolly Varden might have released eggs or sperm (samples were collected during

breeding season), which could cause potential bias when assessing body condition.
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Although some fish exhibited fork length shrinkages due to the long term freezing, fork
lengths taken at collection (in 2006) were highly correlated with those measured in 2017
(Pearson’s » = 0.986). In addition, since all sampled fish had been frozen in the same
way, the potential biases due to freezing should be mimimal.

The branchial cavity, buccal cavity, body surface, fins and fin bases were examined
for the presence of the parasites. Since it was difficult to confirm the presence of
copepods on the branchial and buccal cavity, we dissected the head area of all fish for a
more comprehensive examination. When we found parasitic copepods, we recorded
their attachment sites following two categories: gills (gill filaments and gill arches) and
inner opercula. All copepods found were removed and preserved in 90 % ethanol. As
one individual had no tail fin, we excluded this-individual from the statistical analysis

(though retained it for the calculation of prevalence and mean intensity, see below).

2.2. Morphological identification of the copepod specimens

Since the parasite specimens recovered in 2017 were relatively low quality due to
being frozen for a long time (i.e. about 11 years), we could not confidently identify
them. Thus, we conducted additional sampling at the Pereke Stream, Shiretoko
Peninsula on 26 July 2020. Cast net fishing was performed in four pools of the stream
and a total of 30 Southern Asian Dolly Varden were captured. We visually checked the
branchial cavity of each collected fish in the field. When infestation of the copepods
was confirmed, the infested fish was immediately frozen (i.e. about a week) and sent to
the laboratory of Azabu University, Kanagawa prefecture. In the laboratory, we
carefully removed the copepods by forceps and preserved them in 70% ethanol for
morphological and molecular identification.

Morphological examination was carried out using a light microscope (BX53,
Olympus Inc., Japan) and a stereo microscope (SZX16, Olympus Inc., Japan). Five
copepods were soaked in lactophenol, then dissected under the stereo microscope using
the wooden slide method described by Humes & Gooding [34]. Morphological
descriptions were made with the aid of a drawing scope equipped to the light
microscope. The morphological terminology followed Kabata [1]. As males of the
genus Salmincola are a dwarf form [35], only females were subject to the morphological
examinations. The specimens examined were deposited in the Invertebrates collection
of the Hokkaido University Museum (ICHUM 6259, 6260, 6261, 6262, 6263), Sapporo,

Japan.
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2.3. Molecular analysis

Twenty-three specimens, i.e. five from Horobetsu Stream (No. 1 in Fig. 1), seven
from Funbe Stream (No. 2), one from Oshobaomabu (No. 6), two from Kamoiunbe
Stream (No. 7), three from Chienbetsu (No. 11), two from Okkabake (No. 13) and one
from Mosekarubetsu Stream (No. 12) in 2017, and two specimens from Pereke Stream
in 2020 were used in the following molecular analysis for species identification. Total
genomic DNA was extracted from whole parasites using a PureGene DNA isolation kit
(Applied Biosystems) for the former twenty-one samples. For the latter two specimens,
a part of the egg sac was used for DNA extraction, lysed in 20 uL of 0.02 N NaOH at
98 °C for 30 min [36]. We amplified a partial sequence of 28S rDNA region, which is
known to be useful for identifying Salmincola spp. [37]. The region was amplified with
PCR using primers D1a (5'-CCC(C/G)CGTAA(T/C)TTAAGCATAT-3") and D3b
(5'-TCCGGAAGGAACCAGCTACTA-3") [38]. The PCR reactions were performed in
10 uL and 25 pL volumes for the former and latter specimens, respectively, with
thermocycling protocol for gene amplification as follows: initial denaturation at 95 °C
for 2 min, 35 cycles of 95 °C for 30 s, annealing at 55 °C for 40 s and extension at 72 °C
for 90 s, followed by a further extension at 72 °C for 8§ min. Purified products were
cycle sequenced with both the forward and reverse primers (i.e. D1a and D3b). The
obtained sequences were analyzed with the software MEGA ver. 10.0.4 [39], and
compared with known sequences of S. edwardsii from Norway (DQ180346) and North
America (KY113080, KY113081) and S. californiensis from North America
(KY113082, KY113083) [37] from the GenBank database.

2.4. Statistical analysis

We used the infestation parameters described in Bush et al. [40]; those were
prevalence (percentage of individuals infested), intensity (the number of individual
parasites in a single infested fish), and mean intensity (the average intensity among the
infested fish).

To assess the effect of the parasite on Southern Asian Dolly Varden, we evaluated if

the condition factor (CF) of the fish negatively correlated with the parasite number. CF

was calculated as CF = 105 X SW/FL3, where SW is somatic weight (g) and FL is fork

length (mm). CF was highly heterogenous among individuals specially within
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uninfested fish, and the variance decreased with increasing the parasite number (see
Results). Therefore, we used quantile regression analysis instead of normal regression
analysis (e.g. least squares regression analysis). Quantile regression analysis estimates
any conditional quantiles of a response variable independently (instead of conditional
mean) and is robust for the data with unequal variance [41, 42]. We calculated focal
quantiles in steps of 0.1 from tau = 0.1 to tau = 0.9. The response variable was the CF
and explanatory variables were the number of parasites. We first analyzed all host
individuals except for one fish with 13 parasites, which was considered to be an outlier
(total n =211). We then performed the same analysis focused only on infested fish (n =
52) because the CF of uninfested fish had large variance and skewed the distribution of
the data points (with an excess of zero). We used the package quantreg [43] for quantile
regression analysis. All the statistical analyses were conducted using R.3.5.2 [44].

Differences were considered significant at p < 0.05.

3. Results
3.1. Morphological details of the parasite

Each individual body consisted of three major components: cephalothorax, second
maxilla, and trunk (Fig. 2A). From the dorsal view, the cephalothorax was tapered from
posterior to anterior, and had weak constriction around the middle (Fig. 2B). It was
slightly shorter than its trunk (2.19-2.58 mm, mean = 2.40 mm, n = 5) and was
separated by slight constriction from the trunk. Second maxilla was extended from each
side of the cephalothorax (Fig. 2A), and the distal end was fused forming the base of the
bulla. The distal surface of the bulla was convex. Trunk was almost ovoid (2.15-2.98
mm, mean = 2.50 mm, n = 5). Two egg sacs were attached at its posterior end (Fig. 2A),
though one specimen had only one egg sac. Total body length (excluding egg sacs) was
3.54-4.70 mm (mean = 4.15 mm, n = 5).

First antenna, devoid of segmentation, with generally three short setae at its apex
(Fig. 2M, N). Some were well developed and slender (Fig. 2M), but others were short
and thick (Fig. 2N). Second antenna was located at anterior part of the cephalothorax.
The tips of the biramous sympod had a large spiny pad on the basal surface and were
composed of an endopod with two segments and an unsegmented exopod (Fig. 2C).
Large, protruding spiny pads were also present on the lateral side of the basal segment

of the endopod. The distal segment of the endopod was usually covered by five apical
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armatures; those were 1) dorsal hook, 2) spine, 3) tubercle, 4) and 5) processes, with
fourth armature, i.e. 4) process, being much bigger than the others (Fig. 2D); tubercle
was not observed in some specimens. The exopod was highly inflated, and their distal
surface was covered by many large spines (Fig. 2E). Two palps were projected laterally,
with one-two small spines around each (Fig. 2E).

The mandible usually had six teeth, but some specimens had seven. The distal four
teeth were noticeably larger than the proximal two (Fig. 2F). One pair of maxillipeds
was located on the anterior part of the cephalothorax (Fig. 2A). A short and curved claw
was present on the distal end of the subchela with a small protrusion near its base (Fig.
2@G). One auxiliary papilla (shown as “auxiliary palp” in Ruiz et al. [37]) projected from
near the posterior part of the claw (Fig. 2H, I). There were some variations in the
number of small spines distributed around the auxiliary papilla (Fig. 2H, I). Some
specimens had only 3—4 spines (Fig. 2H), whereas others had many (generally more
than 15) (Fig. 21). Prominent palp, also with some variations, positioned at the medial
margin of the corpus (Fig. 2G). Some were biramous (Fig. 2J), while others had
three-branched outgrowths, but the middle one was moderate (Fig. 2K). The first
maxilla with three subequal papillae at the distal end, had a small exopod near its base

(Fig. 2L). Each papilla had short seta at its tip.

3.2. Molecular analysis

The 708 bp partial 28S rDNA region sequences including gaps were obtained from
all twenty-three specimens from fish caught in the Shiretoko Peninsula. Only a single
haplotype was detected (under the process for the deposition of GenBank), which
showed a 99.72% identity with S. edwardsii collected in Norway (2 bp difference with
no gap; GenBank accession numbers is DQ180346) and 99.57 and 99.43% identity with
the same species caught in North America (3 bp difference with 0-1 gap; GenBank
accession numbers are KY 113080 and KY 113081 [37]). On the other hand, identities
with S. californiensis from North America were 98.72 and 98.58% (8 bp difference with
1-3 gap; GenBank accession numbers are KY 113082 and K'Y 113083 [37]).

3.3. Distribution and effects on the host
A total of 215 Southern Asian Dolly Varden (112 males, 100 females, and 3
undetermined) were examined from the 14 streams (Table 1). The fish ranged from 114

mm to 275 mm (mean 189 mm) in fork length and 10 g to 199 g (mean 67 g) in somatic
8
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weight. Condition factor ranged from 0.44 to 1.38 (mean 0.97). Among the 98 Southern
Asian Dolly Varden examined for otolith Sr:Ca ratios, 83 were stream resident and 15
were anadromous. Only a single copepod had infested an anadromous fish (sampled at
Funbe), whereas all of the other copepods were found from resident fish. All S.
edwardsii were found in the branchial cavity. Of the total 116 copepods detected, 104
(89.7%) were found from the gills (gill filaments and gill arches), whereas 12 (10.3%)
were found from the inner opercula. Some of the attachment sites of the gill filaments
turned white (Fig. 3) as reported in previous studies [9, 37].

S. edwardsii was present in 10 streams and absent in 4 streams (Table 1). Of the 215
Southern Asian Dolly Varden, 53 individuals were infested. The mean prevalence
among the streams with the parasites presence was 52.4%, whereas the prevalence
among the streams was markedly different (Table 1, Fig. 1). The highest value was
54.8% (Funbe, No. 2 in Fig. 1 and Table 1) and the lowest value was 0% (No. 3,
Opekepu and No. 10, Kennebetsu) among the streams where enough samples were
collected (> 30 individuals) (Table 1, Fig. 1): these streams are separated by <30 km.
The mean intensity of S. edwardsii on Southern Asian Dolly Varden among streams
was 2.19 with the maximum intensity was 13 (No. 1 Horobetsu, fish with FL 210 mm,
SW 97 g).

Condition factor showed negative trends with the number of S. edwardsii, although
the correlation was statistically significant or marginally significant only for the 0.2th,
0.3th, and 0.9th quantiles (Table 2a; Fig. 4a). After excluding the uninfested fish from
the analysis, however, a significant negative effect was detected for most of the focal
quantiles (Table 2b; Fig. 4b). In both analysis, the variance of CF became smaller with
increasing the parasite number and the upper bound decreased with increasing the

parasites (e.g., tau = 0.9, Table 2; Fig. 4).

Discussion

4.1 The parasite identification and attachment sites

So far, five species of the genus Sa/mincola have been recorded from Japan; S.
californiensis (reported as S. yamame in [45], [18, 46)), S. carpionis (reported as S.
falculata in [47], [4, 18]), S. stellata [11, 48, 49], S. edwardsii [28, 50, 51] and S.
markewitschi [52—54]. Of these five species, S. edwardsii is distinguished from the

other species according to the following characteristics; process 4 was the most
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prominent component of all five armatures at the distal segment of the second antenna
endopod; huge and inflated spiny pads on basal segment of the second antenna endopod
and sympod; bulla was not stellate, but round in shape [1]. Almost all morphology of
the copepod specimens in the present study were consistent with S. edwardsii specimens
in other studies [1, 28, 37, 52]. Thus, we morphologically identified these specimens as
S. edwardsii. Additionally, S. edwardsii was also recently found from rivers in eastern
Hokkaido [28, 50, 51] and the Kuril Islands [52].

It is well noted that the members of the genus Salmincola showed morphological
variations in some body parts among regions, particularly between the Palearctic and
the Nearctic regions [1]. In the present study, some specimens had numerous spines on
the ventral side of the maxilliped tip (Fig. 2I), whereas others had few (Fig. 2H) even in
the same population. Kabata [1] reported that numerous spines on these parts were one
of the characteristics of specimens from Eurasia, and spines were few or absent in those
of North America [1]. However, Ruiz et al. [37] also found similar spines from North
American specimens. Russian and Japanese specimens also had greater or fewer
numbers of spines [28, 52]. Trunk length in the present study was 2.15-2.98 mm (mean
= 2.50 mm), which was consistent with the previous reports that specimens from the
Palearctic region had a longer trunk length (2.96-3.00 mm) than those from the Nearctic
(1.60-2.00 mm) [1]. Although it was not simply concluded that there are differences in
trunk length between the two regions (Palearctic vs. Nearctic), because other reports
showed shorter trunk length even though such specimens were recovered from the same
or an adjecent area to the present study [28, 52].

Overall, considering the high morphological variations despite the small geographic
scales, these differences were possibly derived from phenotypic plasticity. Parasitic
copepods often change their morphology depending on the ambient environment, such
as attachment sites [55, 56]. However, in many cases, the sample size in each population
or area was so small that the authors could not refer to the mechanisms producing the
variation. Future studies with larger geographic scales and sample sizes will reveal these
mechanisms. Another cause of morphological variation was artifacts, as some previous
reports-have shown that the method of storage or handling of specimens may cause
shrinking or loss of specimen body parts [1, 28].

While we detected all the copepods from the branchial cavities of host fish, some
previous studies found that infestation of S. edwardsii occured on body surfaces such as

the fins and fin bases [2, 27]. Their attachment sites are also affected by host body size
10
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and environmental factors like flow velocity [26, 57]. Although copepods were likely to
infest the fins and fin bases on small hosts [3, 57], we could not confirm if the smaller
fish could be infested on other body parts, because of the lack of small fish samples [29].
However, the main attachment site for S. edwardsii seemed to be branchial cavities in

our study area, as previous studies reported [28, 52].

4.2. Effects of S. edwardsii on host fish

To date, while several studies have examined the effects of Salmincola spp. on host
body condition in the wild, many of them did not find any effects of the copepod
infestation [15—19] or found significant negative effects only in the cases where the
infestation intensity was very high (>100 copepods per host, [13]). Some researchers,
therefore, concluded that Sa/mincola spp. have negligible effects on host fishes in the
wild because their infestation level was generally low in natural conditions [2, 16].
However, the present study detected negative trends between host fish condition and the
infestation of copepods even at low-intensities (max intensity = 7 for statistical analysis).
In addition, because the upper bound of condition factor decreased with increasing the
numbers of the copepods, the parasite might be a limiting factor for the host condition.
These results suggest that a low-intensity of copepods can also reduce the host's body
condition in the wild. Previous studies showed that the infestation of copepods can have
serious histopathological effects on host tissues such as gills [3, 10, 50] and body
surfaces, even at a low-infestation level [27]. We also observed whitened attachment
sites, suggesting that the copepods' attachment caused gill lesions. Such damage can
severely drain host energy [27], and negatively affect host condition as a consequence.
This histopathological effect of infestation might be the reason for the negative
relationship between host fish condition and intensity in the present study. Further
pathological studies are required to understand the histopathological effects of copepods
on host fish condition in this region.

Our results, however, should be viewed with some cautions. First, the negative
relationship between host fish condition and the parasite number became obscure when
including uninfested fish. This is because the condition factor of uninfested fish is
highly variable. Uninfested fish with low body condition might have experienced
copepod infestations in the past, which may have led to the high variability of condition
among hosts. Such a large variance of uninfested host was also observed in other

host-parasite system [e.g. 58, 59]. One of the reasons why past studies have not detected
11
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the effects of Salmincola spp. may be the inclusion of uninfested host fishes that have
high variations in body condition. Thus, it is worth analyzing the data both including
and exclusing uninfested individuals when assessing parasite effects accurately.

Second, the sample size was skewed to low intensity individuals: about 70% of
infested fish had only 1 or 2 parasites. Although our sample size was not small (> 200
host individudals) and this system naturally had relatively low prelevance and intensity,
data on heavily infested fishes are crucial to further understanding the effects of
Salmincola spp. on host fish condition in wild populations. Nevertheless, the quantile
regression analysis clearly showed overall trends for the negative relationship and
decrease the variability in host condition. Because the quantile regression analysis can
handle the data with unequal variance [41, 42], this will be effective to analyze the
complex effects of parasites.

Finally, the negative correlation between parasite number and host condition does
not necessarily mean a causal link. An alternative mechanism is that the hosts with
lower body conditions are more susceptible to parasites [60, 61]. To reveal the causal
relationship of our results, a mark-recapture study and/or lab experiments are required

in a future study [19].

4.3. Regional distribution pattern and infestation of anadromous fish

Our results showed that the distribution of S. edwardsii was highly heterogeneous
even within a relatively small geographic scale. Previous studies also reported similar
results on Salmincola spp. and discussed the heterogeneous distribution in terms of
habitat connectivity, host extinction and reintroduction [20, 22]. In particular, since the
genus Salmincola is host-specific [1], once their host populations go locally extinct,
they will also go extinct with their hosts. Thus, local population dynamics and
extinction of hosts could be a major factor determining the local abundance of parasites.
However, in our system, Southern Asian Dolly Varden populations in the Shiretoko
Peninsula are generally healthy, with no recent record of population extirpation or
artificial reintroduction (except for a very small population that was significantly
influenced by non-native rainbow trout Oncorhynchus mykiss [62]. Therefore, local
population dynamics of the host may not be the primary cause for the high variation in
parasite abundance.

Local environmental differences may explain the heterogeneous distribution. In

particular, different levels of artificial modification occurred in the studied streams,
12
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such as construction of dams and logging, which increases water temperature [63].
Because the development and life-history of Salmincola spp. are strongly affected by
water temperature [23-25], such habitat modifications mediate parasite life cycles and,
hence, affect parasite load. In addition, construction of dams can change the water
current pattern. In general, large pools or glides were often created below or above the
dams, which would reduce water current velocity. It is suggested that the copepodids of
the genus Salmincola can attach to hosts more easily under lower current conditions [22,
26]. Furthermore, not only physical but also biological characteristics could affect the
distribution and abundance of S. edwardsii. For example, the density of hosts generally
plays an important role in the sustainability of parasite populations [64, 65], including
Salmincola [22]. In the future, we should consider multiple variables in identifying the
limiting factors of distribution.

Since we recovered a copepod from an anadromous individual, it is possible for
dispersal of the copepod between streams via anadromous host fish. Indeed, though S.
edwardsii are a freshwater species, living individuals were recovered from hosts
captured in the sea or brackish water, suggesting that this species has salinity tolerance
[2, 52]. Nagasawa [28] investigated the distribution of S. edwardsii from 9 rivers on
Hokkaido Island, and found them only from the eastern side of the island, where some
fish show anadromy [29, 32, 33, 66]. The author concluded that the anadromy of the
hosts may play an important role in its distribution expansion [28]. However, this
possibility is limited to the regional scale because the degree of anadromy was low in
the Shiretoko Peninsula [32]. If the introduction of this parasite by migrants frequently
occurs, the infestation level should be similar among neighboring streams because
dispersal of migrants would occur in neighboring streams. However, in the present
study, no such pattern was observed. Therefore, dispersal should be insufficient to
homogenize the abundance or distribution of S. edwardsii. In fact, the probability of
dispersal on anadromous fish is possibly very low, because we could find only one
copepod from an anadromous form. However, the sample size was very small
(anadromous host, n = 15), and we cannot rule out the possibility that the infestion of
the copepod on the migrant occurred after returning to the stream from the sea. It is

necessary to confirm if this population of copepods can survive in saline conditions.

4.4. Conclusion
13
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Infestation of S. edwardsii may affect host health and they have a heterogeneous
distribution pattern, even on very small geographic scales like that of the Shiretoko
Peninsula in Hokkaido, Japan. However, we know very little about the limiting factors
affecting the distribution, prevalence, and intensity of Sa/mincola spp., which could be
critical to proper population management. In particular, Hokkaido Island is the
southernmost margin of the Southern Asian Dolly Varden's native range, and
populations in the area are thought to be the most vulnerable to climate change [67].
Some southern populations of S. edwardsii, in Wisconsin, North America for example,
have undergone outbreaks and significantly affected brook trout S. fontinalis, which
may be exacerbated by global warming [12]. Additional studies and monitoring are
needed to evaluate the effects of S. edwardsii to better understand the epizootics of

these ectoparasites.
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Table

Table 1. Prevalence and mean intensity of Salmincola edwardsii and characteristics of Southern Asian Dolly Varden Salvelinus curilus in each stream in the

Shiretoko Peninsula, Hokkaido, Japan.

Fork length range
No. in Fig. 1 ~ Stream Number of the fish inspected =~ Number of the fish infected Prevalence (%) Mean intensity (range)
(mean + SD)

1 Horobetsu 12 3 164-214 (188 £ 16) 25.0 5.33(1-13)
2 Funbe 31 17 173-235 (196 £ 19) 54.8 2.71 (1-7)
3 Opekepu 30 0 158-238 (193 £21) 0 -

4 Shariki 1 1 234 100 4

5 Kanayama 1 0 209 0 -

6 Oshobaomabu 1 1 228 100 1

7 Kamoiunbe 30 9 143-204 (176 £ 16) 30.0 1.56 (1-3)
8 Aidomari 1 0 198 0 -

9 Kikiribetsu 2 2 194-197 (196 £ 2) 100 1.5 (1-2)
10 Kennebetsu 31 0 114-243 (191 £ 28) 0 -

11 Chienbetsu 31 5 153-219 (192 + 15) 16.1 1.2 (1-2)
12 Mosekarubetsu 30 10 147243 (177 £ 17) 333 1.8 (1-5)
13 Okkabake 9 4 161-205 (184 + 15) 44.4 1.75 (1-3)
14 Ponhoromoi 5 1 173-275 (213 £39) 20.0 1

Total 215 53 114-275 (189 +22) 24.7 2.19
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Table 2. Results of the quantile regression analysis of host condition factor and the

number of S. edwardsii. (a) including uninfested fish and (b) excluding uninfested fish.

(a)
tau=0.1

Estimate SE t-value p-value
Intercept 0.826 0.017 48.042 <0.01
Parasite number —0.005 0.008 —0.604 0.546
tau =0.2

Estimate SE t-value p-value
Intercept 0.884 0.014 65.397 <0.01
Parasite number —0.013 0.007 —2.042 0.042
tau=0.3

Estimate SE t-value p-value
Intercept 0.915 0.011 81.051 <0.01
Parasite number —0.018 0.008 —2.121 0.035
tau=0.4

Estimate SE t-value p-value
Intercept 0.945 0.011 85.874 <0.01
Parasite number —0.012 0.011 —1.112 0.267
tau = 0.5

Estimate SE t-value p-value
Intercept 0.974 0.012 80.680 <0.01
Parasite number —0.010 0.014 —0.710 0.478
tau= 0.6
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Estimate SE t-value p-value
Intercept 1.009 0.012 84.095 <0.01
Parasite number —-0.014 0.012 -1.167 0.245
tau = 0.7

Estimate SE t-value p-value
Intercept 1.040 0.013 83.090 <0.01
Parasite number —0.005 0.008 —0.581 0.562
tau = 0.8

Estimate SE t-value p-value
Intercept 1.072 0.014 78.269 <0.01
Parasite number —0.012 0.008 —1.408 0.161
tau = 0.9

Estimate SE t-value p-value
Intercept 1.127 0.015 73.245 <0.01
Parasite number —0.030 0.017 —1.744 0.083

(b)
tau = 0.1
Estimate SE t-value  p-value
Intercept 0.874 0.0542  16.132 <0.01
Parasite number —0.015 0.014 —1.092 0.280
tau = 0.2
Estimate SE t-value  p-value

Intercept 0918 0.045 20.218 <0.01
Parasite number —-0.020 0.014 -1.367 0.178
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tau=10.3

Estimate SE t-value  p-value
Intercept 0.98 0.034 29.228 <0.01
Parasite number —0.027 0.007 —3.634 <0.01
tau=0.4

Estimate SE t-value  p-value
Intercept 1.014 0.034 30.160 <0.01
Parasite number —0.032 0.010 —3.106 <0.01
tau=0.5

Estimate SE t-value  p-value
Intercept 1.057 0.038 27.812 <0.01
Parasite number —0.038 0.014 —2.653 0.011
tau= 0.6

Estimate SE t-value  p-value
Intercept 1.091 0.030 35.924 <0.01
Parasite number —0.041 0.012 -3.317 <0.01
tau = 0.7

Estimate SE t-value  p-value
Intercept 1.091 0.030 35.924 <0.01
Parasite number —0.041 0.012 —3.317 <0.01
tau=0.8

Estimate SE t-value  p-value
Intercept 1.115 0.056 20.015 <0.01
Parasite number —0.030 0.018 —1.665 0.102
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tau=10.9

Estimate SE t-value  p-value
Intercept 1.19 0.090 13.279 <0.01
Parasite number —0.046 0.018 -2.516 0.020
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Fig. 1. Sampled streams and prevalence of Salmincola edwardsii on Southern Asian

Dolly Varden Salvelinus curilus in the Shiretoko Peninsula, Hokkaido, Japan. Refer to

Table 1 for detail information on the streams. Size of each pie-chart represents sample

size of Southern Asian Dolly Varden: Small: 1-2, Medium: 5-12, Large: > 12. The

numbers in each pie-chart represents prevalence (%) calculated by all the fish inspected

in each stream.
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Fig. 2. Adult female Salmincola edwardsii (Copepoda: Lernacopodidae) from Southern
Asian Dolly varden Salvelinus curilus, from the Shiretoko Peninsula, Hokkaido, Japan.
ID indicates the specimen’s ID. A. Entire (lateral view, ID4); B. cephalothorax (dorsal
view, ID5); C. second antenna, entire (lateral view, ID2); D. same, tip of endopod
(lateral view, ID2); E. same, tip of exopod (lateral view, ID2); F. mandible (lateral view,
ID5); G. maxilliped, entire (ventral view, ID3); H. same, maxilliped tip (ventral view,
ID3); 1. maxilliped tip (ventral view, ID1); J. same, maxilliped palp (ventral view, ID3);
K. maxilliped palp (ventral view, ID1); L. first maxilla (lateral view, ID1); M. first
antenna (lateral view, ID5); N. first antenna (lateral view, ID2).

Scale bars: A-B, 1 mm; C, 150 pum; D-F, H-N, 30 um; G, 40 pum.

™, maxilliped C
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Fig. 3. Infestations of Sa/mincola edwardsii (Copepoda: Lernacopodidae) on the gill

filaments of Southern Asian Dolly Varden Salvelinus curilus and gill lesions at their

attachment sites.
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Fig. 4. The relationship between the condition factor of Southern Asian Dolly Varden
Salvelinus curilus and the number of Salmincola edwardsii, analyzed by a quantile
regression. (a) the results analyzed with all fish (except for the individual with 13
parasites) and (b) the results analyzed with only infested fish. Dashed, solid and dotted

line indicate 0.1, 0.5 and 0.9 quantile, respectively.
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