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Abstract 

Parasites are ubiquitous in natural ecosystems and play pivotal roles in many 

biological interactions. Since parasites are defined as organisms causing negative impacts 

on host health, many studies evaluated such negative impacts using host body condition 

calculated from host body length-weight relationships. However, these studies mostly 

examined mere correlations within specific time periods, and lacked explanations for the 

specific mechanisms of how these negative correlations were produced. In this 

dissertation, I examined mechanisms underlying negative correlations between body 

condition and parasite infections using ectoparasitic copepods Salmincola spp. and their 

host freshwater salmonids. Since the copepods infect the mouth cavity or gill rakers of 

host fish, I expected strong negative effects by impeding foraging activities. In addition, 

they are easy to detect in the wild without sacrificing the host, allowing us to monitor 

their impacts longitudinally. 

Firstly, I systematically reviewed previous studies investigating host body 

condition and parasite infection relationships in fish host and parasite systems. Based on 

215 publications with 966 data points, I found (1) many studies examined correlations 

between body condition and parasite infections only within limited time frames, (2) as 

much as 70% of the studies reported no significant relationships, (3) nearly 90% of the 

studies concluded that parasites are causes of host body condition reduction. 

Then, I examined if negative correlations between host body condition and copepod 

infections were found in two Salmincola-salmonid systems in Hokkaido, Japan (chapters 

2 and 3). I found clear negative correlations between copepod infections and host 

conditions in both systems, and such correlations were consistently found in all four 

examined seasons in mouth-dwelling copepod S. markewitschi and white-spotted charr 

system (chapter 3). 
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In chapter 5 and 6, I further examined ecological mechanisms causing condition 

reduction by parasites in the S. markewitschi and white-spotted charr system, paying 

special attention to host foraging changes. I found infected fish were less vulnerable to 

angling when they had poor body condition. Stomach contents analysis revealed that 

infected fish frequently foraged aquatic invertebrates, but again only when they had 

smaller body size. These results suggest that infected hosts changed foraging tactics 

dependent on body condition and body size. 

While I found consistent negative correlations between parasite infections and host 

body condition in my replicated systems, such mere correlations do not necessarily mean 

causality given alternative possibilities: (1) parasites reduce host condition; and (2) 

parasites are likely to infect individuals with poor body condition. Additionally, positive 

feedback is also expected: infected hosts with reduced body condition can be vulnerable 

to further infections. This positive feedback may create heavily-infected hosts that could 

show low survival rate, resulting in driving population dynamics. Therefore, I tested these 

hypotheses using mark-recapture survey in the S. markewitschi and white-spotted charr 

system (chapter 6). I found that copepods reduced host conditions, and hosts with poor 

conditions were likely to be infected. These results indicate that positive feedback can 

occur in the wild. Most importantly, fish with smaller body size, poorer body condition 

and higher parasite loads showed lower apparent survival rate, suggesting that positive 

feedback could significantly affect host population dynamics via reduction of host 

survival. 

Together, this dissertation revealed complex ecological mechanisms hidden under 

correlations between host body condition and parasite infections. Previous studies that 

simply analyzed and discussed these correlative relationships should have overlooked the 

real host-parasite relationships. I also discussed physiological and genetic mechanisms 
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inducing these correlations in wild populations, and why consistent negative correlations 

were maintained in my systems but not others in general discussion (chapter 7). 
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1. General Introduction 

1.1. Ecological significance of parasites and its effects on host health 

Host-parasite relationships are one of the most ubiquitous biological associations 

in natural systems (Begon et al. 1986; Combes 2001; Kuris et al. 2008). Parasites are 

defined as organisms living in or on another organism, and causing negative impacts on 

host health (Begon et al. 1986; Combes 2001). Such negative impacts by parasites could 

significantly affect host evolutionary changes (Combes 2001; Decaestecker et al. 2007; 

Paterson et al. 2010), host population dynamics (Hudson et al. 1998; Finley & Forrester 

2003), community compositional changes (Friesen et al. 2020) and energy flow within 

and among ecosystems (Lafferty et al. 2008; Sato et al. 2012; Wood & Johnson 2015). 

Thus, assessing negative impacts by parasites is fundamental steps for understanding 

many ecological and evolutionary phenomena (Wood & Johnson 2015; Johnson et al. 

2019). 

Although parasites have been defined as organisms causing harmful effects on 

host health, the outcome of previous studies highly varied; while some studies found 

strong negative impacts of parasites (e.g. Rohr et al. 2008; Ferguson et al. 2011), others 

concluded that the effects of parasite are negligible (e.g. Carrassón & Cribb 2014; 

Shanebeck et al. 2022). Surprisingly, certain studies have even reported positive 

relationships between parasite infections and host health (Budischak et al. 2018; 

Paterson & Blouin-Demers 2020). These varying degrees of negative impacts could 

result in different ecological and evolutionary consequences. These inconsistent results 

can occur because some theory predicts that negative impacts are dependent on host and 

parasite traits, evolving toward maximum fitness of parasites (Anderson & May 1978), 

but it is also likely that many studies have failed to accurately evaluate negative 

impacts. 
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I suggested that three important aspects have been overlooked in previous studies. 

Firstly, the parasite negative impacts could vary among study timing and periods. This 

is because such impacts could be dependent on host-related (e.g. host health status, 

resource availability, host density) and parasite-related factors (e.g. infection levels, 

per-parasite negative impacts), all of which fluctuate among seasons, years, and 

host-parasite-developmental stages (Klemme et al. 2021; McNew et al. 2019; Ramsay 

& Rohr 2023b). Negative impacts by parasites, in some cases, become apparent after 

long periods (Treasurer et al. 2006; Ooue et al. 2017), even after parasite’s detachments 

(Ooue et al. 2017). Despite the importance of these temporal aspects, many previous 

studies have been cross-sectional and conducted within short periods. 

Secondly, there are many mechanisms underlying the reduction of host condition 

by parasites. In fact, negative impacts of parasites arise from various non-independent 

and non-mutually exclusive mechanisms, broadly categorized into two types; 

parasite-derived and host-derived mechanisms (Poulin 2011). Parasites, especially 

intestinal parasites, exploit host energy directly as resources to maximize their fitness, 

often depleting essential nutrition and resources from the hosts (Iaria et al. 2021). Many 

parasites also cause physical damages to host tissues to firmly attach to host individuals 

and/or exploit host tissues as resources (Shariff et al. 2008; Cardon et al. 2011; Fast 

2014; Katahira et al. 2021). Parasites, especially ectoparasites those attaching to the host 

body surfaces, induce additional moving costs due to increased friction drag along the 

fish’s body, leading to increased energy expenditure (Binning et al. 2013). In response 

to these parasite infections, host changes some physiological and behavioral functions 

that could subsequently reduce host health. Parasite infections also trigger host 

biological defenses including immunity, incurring significant costs for the maintenance 

and developments (Sheldon & Verhulst 1996). Immunity often causes 
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autoimmune-pathology that also cause host health reduction (Sheldon & Verhulst 1996; 

Weber et al. 2022). All processes induced by parasites ultimately lead to changes in host 

behavior (Barber et al. 2010; Chrétien et al. 2023). For instance, parasite infections alter 

host foraging, dispersal, competitive abilities, and social behaviors (Barber et al. 2010; 

Ezenwa et al. 2016). All these changes strongly affect host health status (Barber et al. 

2010). Given that these different mechanisms result in different consequences for host 

health, it is crucial to identify the specific mechanisms responsible for the reduction in 

host health. Nevertheless, many previous parasitological studies mostly limited in 

pathological observations, and studies examining behavioral mechanisms on host 

performance are relatively scarce despite its importance (Chrétien et al. 2022). 

Thirdly, most studies have overlooked hidden causalities underlying host health 

and parasite infection relationships. Although I so far treated parasites as negative 

components reducing host health, parasite infections also occur as consequences of 

reduced host health (Beldomenico et al. 2008; Blanchet et al. 2009a, b; Beldomenico & 

Begon 2010). Compromised host health generally leads to lower resource allocations 

into immunity (Becker et al. 2020), resulting in higher susceptibility to subsequent 

infections (Beldomenico & Begon 2010). This phenomenon is instinctively pervasive 

among medical areas as “opportunistic infection”, but surprisingly, only a few studies 

addressed this topic in wild populations (Beldomenico et al. 2008; Beldomenico & 

Begon 2010). These limited studies suggested that bidirectional causalities are also 

possible, which results in positive feedback. Thus, considering both aspects are highly 

necessary to predict host-parasite dynamics in the wild. 

While exploring above three aspects is necessary to evaluate and interpret the 

results of body condition and parasite infections, there are several difficulties, and hence 

studies comprehensively examined all these aspects are critically lacking. One of the 
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challenging points is assessing host health status in the field because it requires 

longitudinal monitoring for each host individual, even though parasitological studies 

need host dissections in most cases (Poulin 2019). Many host species such as birds and 

mammals have high dispersal abilities, and only appear within short period (i.e. specific 

seasons; e.g. Liedvogel et al. 2011; Abrahms et al. 2019) that could also impede the 

individual tracking. Another obstacle derives from parasite’s typical biology; many 

parasites are small, cryptic and easily drop off from the hosts. Additionally, many 

parasites show low infection levels in the wild (prevalence is under 10 %; e.g., 

Nagasawa 1984; Katahira et al. 2017) and only appear restricted areas during the 

specific seasons (Katahira et al. 2017; Ostfeld et al. 2005). These typical characteristics 

of parasites make it difficult to collect reliable data. Appropriate model systems that 

could overcome these difficulties are required to understand host-parasite associations 

in the wild. 

Here, I examined above aspects in host-parasite associations using the Salmincola 

spp. and their host salmonids systems. The genus Salmincola is an ectoparasitic 

copepod groups that generally infect to branchial and buccal cavities of freshwater 

salmonids (Kabata 1969). While males are dwarf forms, attaching to female bodies 

(Kabata & Cousens 1973), females have large bodies (2mm <; Kabata 1969), firmly 

holds host tissues using their organs called “bulla” (Kabata 1969). These characteristics 

enables us to track both hosts and parasites without sacrificing them (see chapter 1.3 for 

detailed life-cycle of the genus Salmincola) and quantify the parasite impacts 

longitudinally (i.e. not cross-sectionally), and among different time periods. Their hosts, 

freshwater salmonids, generally show high residency (e.g. Nakamura et al. 2002), and 

the infection levels of Salmincola spp. are relatively high (prevalence is generally 

10-30 %; Amundsen et al. 1997; Monzyk et al. 2015). Thus, we could monitor both host 
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and parasite dynamics in the field. Finally, 24 copepod species have been recorded from 

the genus Salmincola (Walter & Boxshall 2020) and many of which have circumpolar 

distribution, associating with host salmonid species in each region (Kabata 1969). This 

globally spreading host-parasite associations could be an ideal model system that might 

provide the opportunity to test general insights of host health and parasite infections. 

To assess host health in wild populations, I focused host body condition index. 

Evaluating body condition index as host health or fitness components are general and 

pervasive approach to assess parasite negative impacts in the wild due to the simpleness 

and robustness (Lemly & Esch 1984; Lagrue & Poulin 2015; Sanchez et al. 2018; 

Comas 2020). So far, numerous body condition indices have been developed (Sanchez 

et al. 2018; Peig & Green 2009), and several body condition indices are known to 

correlate with some major host fitness components such as growth, survival and 

reproduction (Reimers et al. 1993; Neff & Cargnelli 2004; Burton et al. 2013). Since 

most indices are calculated from host body weight-length relationships (Bolger & 

Connolly 1989; Sanchez et al. 2018), they are easily calculated without sacrificing host 

individuals. Consequently, this method is useful to assess host health status in wild 

populations (Lagrue & Poulin 2015). 

In this dissertation, I firstly conducted a systematically review on previous studies 

examining fish host body condition and parasite infections to identify the overall 

patterns and knowledge gaps in this research field (chapter 1.2). While many studies 

used host body condition index to quantify the negative impacts of parasites, no 

consensus of the associations between host condition and parasite infection have been 

available. Only recently, Sanchez et al. (2018) and Shanebeck et al. (2022) 

systematically reviewed these relationships, but the datasets in these studies were 

mostly focused on birds and mammals, and largely lacked many case studies of 
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fish-parasite systems, even though body condition indices have been widely used in fish 

ecology and fisheries (Lemly & Esch 1984; Bolger & Connolly 1989; Cone 1989). 

Secondly, I examined if negative correlations between host body condition and 

infections can be observed in two Salmincola – salmonid systems (chapters 2 and 3). In 

particular, I investigated if such negative correlations are consistent and/or variable 

among four different seasons in chapter 3. In chapter 4 and 5, I explored several 

behavioral mechanisms of host condition reduction by parasites. Here, I focused host 

foraging behavior because this behavior could strongly correlate with host health status 

(Godwin et al. 2018; Mrugała et al. 2023). Our main target species, S. markewitschi, 

attach to mouth cavities of host fish, and I could easily predict that their infections 

impede host foraging. In chapter 4, I evaluated host foraging motivation using angling 

vulnerability, a potential indicator for host foraging. For detailed examinations, I further 

investigated stomach contents of fish to see if host change prey items and amounts in 

chapter 5. In chapter 6, I examined causes and consequences of parasite infections and 

host condition, taking advantage of our mouth infecting large copepod systems that 

allowed me to track both hosts and parasites. Here, I particularly focused a positive 

feedback and resultant reduction of host survival. In chapter 7, I discussed further points 

of view and future research perspectives based on my findings. Consequently, this 

dissertation became one of a few studies that extensively examined the mechanisms 

underlying the negative correlations between fish host body condition and parasite 

infections in the wild host populations. 
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1.2. Systematic review on the correlation of parasite infection and fish host body 
condition 

Introduction 

Evaluating parasite’s negative impacts using body condition has been one of the 

main topics in fisheries and fish biology (Lemly & Esch 1984; Cone 1989; Neff & 

Cargnelli 2004), and the number of such studies are still growing (Sanchez et al. 2018). 

However, no quantitative assessments have been conducted. Thus, I quantitatively 

evaluated the studies examining the relationships between host body condition and 

infections to identify the knowledge gaps in this fields. 

Materials and methods 

I extracted literatures examining fish body condition and parasite infections 

through Web search using ISI Web of Science. I used following key words; “fish*” 

AND (“parasit*” OR “infect*” OR “helminth*” OR “trematod*” OR “digenea*” OR 

“nematod*” OR “cestod*” OR “tapeworm*” OR “acanthocephala*” OR “monogenea*” 

OR “copepod*” OR “isopod*” OR “hirudin*” OR “branchiura*” OR “glochid*”) AND 

(”condition ind*” OR “body condition*” OR “host condition*” OR “physiological 

condition*” OR “fish condition*” OR “condition factor*”) on October 26, 2022. 

A total of 809 studies were hit through web search above, of which 243 

publications were retained after the title, abstract and key words screening (Figure 1). In 

this process, I only extracted publications apparently examined the relationships 

between infections of parasites and host body condition. Since I focused macroparasites 

throughout my dissertation, I removed publications examined the relationships between 

microparasites such as protozoa and virus. After the full text screening, I retained 215 
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publications for quantitative analysis. These 215 publications include 966 data points 

(Figure 1). 

I recorded study types as (1) field study: studies conducted under natural 

environments, (2) aquaculture study: studies conducted under aquaculture facility such 

as fish farms and (3) experimental study: studies conducted under laboratory rearing 

conditions including experimental infections. 

I categorized each data point into “correlative data point” and “comparative data 

point” to understand overall patterns of condition-infection studies. Correlational data 

points were studies that used correlative analysis such as Pearson’s correlational test and 

simple regression (e.g. correlation between host body condition and infections). 

Comparative data points were studies that used comparative methods such as Student’s 

t-test and Wilcox rank sum test (e.g. comparison of host body condition among 

infection status or infection categories). 

I recorded reported statistical results for each data point. The correlative data 

points were categorized into “significant negative correlation”, “significant positive 

correlation”, and “no significant correlation”. For comparative data point, I similarly 

categorized into “significant negative differences”, “significant positive differences”, 

and “no significant differences”. The significant negative differences mean that one 

group that was infected (or heavily infected) by parasites showed poorer (lower) body 

condition compared to those of non-infected (or lightly infected) group. A statistical 

significance was considered based on reported p-value; the results were considered as 

significant if p-value was ≤ 0.05. 

I also recorded “parasite taxonomic group” for each data points as following: 

Trematodes, Cestodes, Monogeneans, Copepods, Acanthocephalans, Isopods, mixed 

parasite groups (data points mixed with several species of parasites) and others (I 

combined several parasite groups such as Branchiura and Hirudinea due to the small 
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sample size). Further, these parasite groups were specifically summarized as “parasite 

types” as following; ectoparasites (parasites attaching on host surface), endoparasites 

(parasites infecting to host internal organs), and mixed parasite groups. 

Additionally, I recorded “parasite transmission modes” for each data point. The 

category was divided into three following groups: trophically transmitted parasites (e.g. 

some cestodes and nematodes), directly attaching parasites (e.g. some copepods and 

trematodes), and others. 

To understand the general patterns in field studies, I compared frequency of each 

type of results (no significant, significantly positive, and significantly negative) among 

parasite taxonomic groups (e.g. Trematodes, Nematodes, Copepods), parasite type (i.e. 

ectoparasite, endoparasite, others) and parasite transmission modes (i.e. trophically 

transmitted, directly attached, and others) using Fisher’s multiple comparisons. I 

conducted the statistical test with datasets combined with both correlative and 

comparative datasets to increase sample size. 

Finally, I recorded how author(s) expected and interpreted the results of body 

condition and infection relationships based on full text reviewing; that is, I categorized 

each study into (1) authors treated parasites as causes of poor host body condition, (2) 

authors treated parasites as consequences of poor host body condition, (3) authors 

treated parasites as both causes and consequences of poor host body condition. 

Although several publications reported both negative and positive relationships between 

host body condition and infections, and some of them found no significant relationship 

between them, I estimated author’s intention for treating parasites from the whole texts, 

especially from introductions and discussions. Since authors in several publications did 

not mention or discuss the results of body condition and infection relationships, these 

publications are treated as (4) no discussion. 
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Results & Discussions 

Publications I collected were mostly carried out in wild populations (N = 189, 

88%). Other studies were carried out under aquaculture environments (N = 13, 6%) and 

experimental setups (N = 13, 6%). The total obtained data points were 966 (Field N = 

848, 87.8%; Aquaculture N = 58, 6.0%; Experiment N = 60, 6.2%). 

Other than experimental studies, correlative data points were more common 

compared to comparative data points (Figure 2). Strikingly, the category “no significant 

results” occupied the largest proportion (55-78%) of all datapoints in both correlative 

and comparable datapoints of all study types (Figure 2). Other trend was also similar 

among study and data point types; the category “significantly negative results” occupied 

the secondly largest proportion (14-39%) of all categories, then “significantly positive 

results” followed (0-11%) (Figure 2). 

Of all data points in field study (N = 848), Trematodes represents the largest 

proportion (N = 209, 24.7%), followed by Cestodes (N=209, 24.7%), mixed parasite 

groups (data points combined with numerous parasites, N=129, 15.2%), Nematodes (N 

= 126, 14.9%), Copepods (N = 75, 8.9%), Acanthocephalans (N = 57, 6.7%), 

Monogeneans (N = 52, 6.1%), Isopods (N = 38, 4.5%) and Others (such as hirudinea, 

mussel’s glochidium and branchiura N = 32, 3.8%). 

Significant differences of frequencies of the results were found among 

Trematodes and other parasites. While the frequency of no significant result of 

Trematodes was significantly higher compared to those of Nematodes, Cestodes and 

Copepods, significantly negative results was tended to be higher in these three types of 

parasites (Fisher’s multiple comparisons; p < 0.05). In the same analysis, there were no 

significant differences of frequency of each result among parasite types (all p > 0.05). 

Parasites directly attaching to hosts showed higher frequency of no significant 

results compared to that of trophically transmitted parasites (p < 0.05). On the contrary, 
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trophically transmitted parasites showed higher frequency of negative results (p < 0.05). 

When comparing trophically transmitted parasites with other types, the frequency of 

both no significant results and significant positive results of trophically transmitted 

parasites were marginally higher than those of other groups (p =0.08). 

I found most authors assumed and/or concluded that parasites are causes of poor 

body condition (N = 187, 87 %), and surprisingly only 4 studies (2 %) concluded that 

parasite infections occur as consequences of poor host body condition. Most of the 

authors lacked the bidirectional relationships between host body condition and 

infections; only 7 publications (4 %) expected that parasites as both causes and 

consequences of poor host condition. 15 publications (7%) did not mention and discuss 

the relationships. 

Surprisingly, majority of the studies (55-78%) I systematically reviewed did not 

detect significant negative relationships, despite that majority of definitions in these 

studies treating parasites as “negative components” that reduce host health (Combes 

2001; Poulin 2011). However, this is rather consistent with a previous systematic 

review in mammals’ and birds’ literature, reporting that only about 30% of datasets 

found significant negative relationships (Sanchez et al. 2018). Therefore, this may be a 

general pattern across vertebrate hosts and parasite systems. 

Why were many studies unable to detect negative correlations between host body 

condition and infection? One possible reason is the limited time frame in previous 

studies. Many parasites are not expected to cause a rapid decline in host health but 

rather gradually reduce host health for a long span (Dobson & May 1987; Shanebeck et 

al. 2022). Additionally, some parasites may negatively affect host health within a 

specific period or under particular situation, such as during host breeding timing and in 

the environments with resource shortages (McNew et al. 2019). Therefore, studies that 

evaluated host health within a short period using cross-sectional assessments might have 
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missed the negative impacts of parasites. Another reason that may have contributed to 

these results is the failures to accurately evaluate host body condition. Although body 

condition indices serve as good surrogates for assessing host health status (Sanchez et al. 

2012), some indices may not be sufficiently sensitive to detect negative impacts of 

parasites in certain host-parasite systems (Parker & Booth 2013). In particular, many 

studies still tend to use the famous indices such as Fulton’s body condition index, 

although that index is known to correlate with host body size (Cone 1989). Therefore, 

there are possible methodological failures, and researchers should carefully consider 

which indices are appropriate in focused host-parasite relationships. 

Several studies have identified the positive relationships between host body 

condition and infection. These patterns were detected not only with trophically 

transmitted parasites but also with parasites directly attaching to the host body. 

Although most studies in my datasets concluded these relationships as “no negative 

impacts by parasites” without deep discussions, there are plausible and logical reasons 

why several studies detected this pattern. For instance, fish with better body condition 

could tolerate negative impacts by parasites (Råberg et al. 2007, 2009; Boots 2008). 

When hosts are in a better body condition, they could cure the damages caused by 

parasites themselves, and consequently, they could harbor many parasite individuals 

(Råberg et al. 2007, 2009; Paterson & Blouin-Demers 2020). Similar relationships have 

been documented in other vertebrate host and parasite systems (Råberg et al. 2007, 

2009; Kutzer & Armitage 2016; Paterson & Blouin-Demers 2020). Furthermore, hosts 

with better condition tend to occupy better positions for foraging (Carrascal et al. 1998; 

Sanchez et al. 2018), frequently disperse among habitats (Terui et al. 2017) and socially 

interact with many individuals (Sauter & Morris 1995). These interactions increase the 

likelihood of acquiring infections, contributing to positive correlations between 
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condition and infections (Folstad & Karter 1992; Sauter & Morris 1995; Sanchez et al. 

2018). 

Most importantly, many studies treated negative correlations between body 

condition and infections as “results of parasite infections”, and overlooked the opposite 

causal links, “parasite infections occur as consequences of poor host body condition”, 

and “bidirectional relationships between such relationships”. Consequently, many 

studies concluded that focal parasite species does not cause harmful impacts on host 

health when they detected no significant relationships. This may have led researchers 

not to additionally examine mechanisms of condition reduction in those systems. 
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Figure 1. PRISMA diagram showing the flow of inclusion and exclusion of 

publications identified during the literature search is shown. The sample size of 

publications (shown as N) were provided. 
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Figure 2. The proportion of reported statistical results for each data point. (a) field 

study, (b) aquaculture study, (c) experimental study. Dark blue, light blue and pale light 

blue indicates the proportion of “no significant results”, “significantly negative results” 

and “significantly positive results”, respectively. Left and right pie chart indicates the 

results of correlative and comparative data points, respectively. 
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Chapter 2 

 

Negative correlation of parasite infection and host body condition: A 

case of Salmincola edwardsii parasitic on Southern Asian Dolly Varden 

Salvelinus curilus 

 

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, I 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. 
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1. Introduction 

The genus Salmincola (Family Lernaeopodidae), an ectoparasitic copepod group, 

mainly parasitizes freshwater salmonids (Kabata 1969). Most species in this genus have 

a circumpolar distribution like their salmonid hosts (Kabata 1969). They generally 

attach to the branchial cavity, buccal cavity, and fins (Kabata 1969; Black et al. 1982), 

with each species possessing preferred attachment sites and demonstrating strong host 

specificity, especially at the host genus level (Kabata 1969). For instance, adult female S. 

californiensis generally attach to the branchial cavity of Oncorhynchus spp. (Kabata & 

Cousens 1973), while S. carpionis commonly attach to the buccal cavity of Salvelinus 

spp. (Nagasawa et al. 1995). Salmincola spp. have been regarded as serious pests in 

hatcheries (Gall et al. 1972; Piasecki et al. 2004; Roberts et al. 2004). Heavy 

infestations can cause mechanical damage to gill tissue, which may affect the host's 

oxygen uptake, swimming performance, and resistance to environmental stressors 

(Kabata & Cousens 1973; Pawaputanon 1980; Sutherland & Wittrock 1985; Herron et 

al. 2018). Some studies suggested that their infestations can also cause a decrease in 

fecundity (Gall et al. 1972) and is lethal for fries, or even adult fishes (Kabata & 

Cousens 1977; Hiramatsu et al. 2001). 

While some negative impacts have been reported on hatchery or experimental 

fishes (Gall et al. 1972; Piasecki et al. 2004; Roberts et al. 2004), 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 (Mitro 2016) or condition 

(Kusterle et al. 2012), whereas many others found no apparent effects (Chigbu, 2001; 

Nagasawa & Urawa, 2002; Kusterle et al., 2012; Boone & Quinlan, 2019; Ayer et al., 

2022). 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 
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compared to hatchery fishes (Chigbu, 2001; Amundsen et al. 1997; Kusterle et al., 

2012; Ayer et al., 2022). However, there are some cases where Salmincola spp. might 

have significantly affected or even eliminated local populations of stream salmonids 

(Mitro 2016; Mitro & Griffin 2018). 

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 (Poulin et al. 1991), host density (Hasegawa & Koizumi 2021), 

water temperature (McGladdery et al. 1988; Conley & Cutis 1993; Vigil et al. 2016), 

and water flow (Hasegawa & Koizumi 2021; Monzyk et al. 2015). 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 (Mitro & Griffin 2018, Hasegawa & Koizumi 2021; White et al. 2020). 

Such distribution studies are needed, especially in East Asia, the southernmost edge of 

the distribution for both these copepods and their salmonid hosts (Nagasawa 2020a). 

During a survey of Southern Asian Dolly Varden Salvelinus curilus (previous 

studies refered to the same species as Salvelinus malma (Umatani et al. 2018), 

Salvelinus malma krascheninnikovi (Katahira 2017) or Salvelinus malma 

krascheninnikova (Nagasawa 2020a), but I used this name following Sahashi & Morita 

(2021) in the Shiretoko Peninsula in eastern Hokkaido, Japan (Umatani et al. 2018), I 

found ectoparasites identical to Salmincola edwardsii on the branchial cavities of 

Southern Asian Dolly Varden. I recovered these parasite specimens from the hosts and 

examined their morphology and partial sequences of the 28S ribosomal RNA gene. In 

this study, I focused particularly on the host use and the regional distribution pattern of 

this parasite. I also examined if S. edwardsii was found from anadromous (i.e. sea-run) 
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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 (Umatani et al. 2018). 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 (Morita et al. 2005; Umatani et al. 2008; 

Umatani et al. 2018). 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, Figure 1). For the 

purpose of the original study (Umatani et al. 2018), Southern Asian Dolly Varden larger 

than 17 cm were mainly collected. Sampling reaches were around 100–200 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 (Umatani et al. 2018). 

I had frozen 215 Southern Asian Dolly Varden samples after the initial study (Umatani 

et al. 2018), 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. I 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 
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breeding season), which could cause potential bias when assessing body condition. 

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 r = 0.986). In addition, since all sampled fish had been frozen in the same 

way, the potential biases due to freezing should be minimal. 

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, I dissected the head area of all fish for a 

more comprehensive examination. When I found parasitic copepods, I 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, I 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), I could not confidently identify them. 

Thus, I 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. I 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, I carefully removed the 

copepods by forceps and preserved them in 70% ethanol for morphological and 

molecular identification. 
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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 (1976). Morphological 

descriptions were made with the aid of a drawing scope equipped to the light 

microscope. The morphological terminology followed Kabata (1969). As males of the 

genus Salmincola are a dwarf form (Kabata & Cousens 1973), 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. 

 

2.3. Molecular analysis 

Twenty-three specimens, i.e. five from Horobetsu Stream (No. 1 in Figure 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 µL of 0.02 N NaOH at 98 ℃ for 30 min (Nakao et al. 2018). I amplified a partial 

sequence of 28S rDNA region, which is known to be useful for identifying Salmincola 

spp. (Ruiz et al. 2017). The region was amplified with PCR using primers D1a 

(5'-CCC(C/G)CGTAA(T/C)TTAAGCATAT-3') and D3b 

(5'-TCCGGAAGGAACCAGCTACTA-3') (von Reumont et al. 2009). The PCR 
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reactions were performed in 10 µL and 25 µL volumes for the former and latter 

specimens, respectively, with thermocycling protocol for gene amplification as follows: 

initial denaturation at 95 ºC for 2 min, 35 cycles of 95 ºC for 30 s, annealing at 55 ºC for 

40 s and extension at 72 ºC 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 (Kumar et al. 2018), and compared with known sequences of S. edwardsii from 

Norway (DQ180346) and North America (KY113080, KY113081) and S. californiensis 

from North America (KY113082, KY113083; Ruiz et al. 2017) from the GenBank 

database. 

 

2.4. Statistical analysis 

I used the infestation parameters described in Bush et al. (1997); 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, I evaluated if 

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

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

length (mm). CF was highly heterogenous among individuals specially within 

uninfested fish, and the variance decreased with increasing the parasite number (see 

Results). Therefore, I 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 (Cade & Noon 2003; Das et al. 
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2019). I 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. I 

first analyzed all host individuals except for one fish with 13 parasites, which was 

considered to be an outlier (total n = 211). I 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). I used the package 

quantreg (Koenker et al. 2018) for quantile regression analysis. All the statistical 

analyses were conducted using R.3.5.2 (R Core team 2017). 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 (Figure 2A). From the dorsal view, the cephalothorax was tapered 

from posterior to anterior, and had weak constriction around the middle (Figure 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 (Figure 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 (Figure 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 

(Figure 2M, N). Some were well developed and slender (Figure 2M), but others were 

short and thick (Figure 2N). Second antenna was located at anterior part of the 
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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 (Figure 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 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 

(Figure 2D); tubercle was not observed in some specimens. The exopod was highly 

inflated, and their distal surface was covered by many large spines (Figure 2E). Two 

palps were projected laterally, with one-two small spines around each (Figure 2E). 

The mandible usually had six teeth, but some specimens had seven. The distal 

four teeth were noticeably larger than the proximal two (Figure 2F). One pair of 

maxillipeds was located on the anterior part of the cephalothorax (Figure 2A). A short 

and curved claw was present on the distal end of the subchela with a small protrusion 

near its base (Figure 2G). One auxiliary papilla (shown as “auxiliary palp” in Ruiz et al. 

2017) projected from near the posterior part of the claw (Figure 2H, I). There were 

some variations in the number of small spines distributed around the auxiliary papilla 

(Figure 2H, I). Some specimens had only 3–4 spines (Figure 2H), whereas others had 

many (generally more than 15) (Figure 2I). Prominent palp, also with some variations, 

positioned at the medial margin of the corpus (Figure 2G). Some were biramous (Figure 

2J), while others had three-branched outgrowths, but the middle one was moderate 

(Figure 2K). The first maxilla with three subequal papillae at the distal end, had a small 

exopod near its base (Figure 2L). Each papilla had short seta at its tip. 

 

3.2. Molecular analysis 
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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 KY113080 and KY113081; Ruiz et al. 2017). 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 KY113082 and KY113083; 

Ruiz et al. 2017). 

 

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 

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 (Figure 3) as reported in previous studies (Sutherland & Wittrock 1985; 

Ruiz et al. 2017). 
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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, Figure 1). The highest value was 

54.8% (Funbe, No. 2 in Figure 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, Figure 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; Figure 4a). After excluding the 

uninfested fish from the analysis, however, a significant negative effect was detected for 

most of the focal quantiles (Table 2b; Figure 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; Figure 4). 

 

4. Discussion 

4.1 The parasite identification and attachment sites 

So far, five species of the genus Salmincola have been recorded from Japan; S. 

californiensis (reported as S. yamame in Hoshina & Suenaga 1954, Nagasawa & Urawa 

2002; Hoshina & Nishimura 1976), S. carpionis (reported as S. falculata in Yamaguti 

1939, Nagasawa et al. 1995; Nagasawa & Urawa 2002), S. stellata (Nagasawa & Urawa 

1991, Nagasawa et al. 1994; Hiramatsu et al. 2001), S. edwardsii (Nagasawa 2020a,b; 
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Nagasawa & Kawai 2020) and S. markewitschi (Shedko & Shedko 2002; Nagasawa 

2021; Nagasawa 2020c). Of these five species, S. edwardsii is distinguished from the 

other species according to the following characteristics; process 4 was the most 

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 (Kabata 1969). Almost all 

morphology of the copepod specimens in the present study were consistent with S. 

edwardsii specimens in other studies (Kabata 1969; Shedko & Shedko 2002; Ruiz et al. 

2017; Nagasawa 2020a). Thus, I morphologically identified these specimens as S. 

edwardsii. Additionally, S. edwardsii was also recently found from rivers in eastern 

Hokkaido (Nagasawa 2020a, b, Nagasawa & Urawa 2002) and the Kuril Islands 

(Shedko & Shedko 2002). 

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 (Kabata 1969). In the present study, some specimens had numerous 

spines on the ventral side of the maxilliped tip (Figure 2I), whereas others had few 

(Figure 2H) even in the same population. Kabata (1969) 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 (Kabata 1969). However, Ruiz et al. 

(2017) also found similar spines from North American specimens. Russian and Japanese 

specimens also had greater or fewer numbers of spines (Shedko & Shedko 2002; 

Nagasawa 2020a). 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; Kabata 1969). Although it was not simply concluded that there are 
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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 (Shedko & Shedko 2002; 

Nagasawa 2020a). 

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 (Hogans 1987; Abaunza et al. 2001). 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 (Kabata 1969; Nagasawa 2020a). 

While I 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 (Black 1982; White et al. 2020). Their attachment sites are also 

affected by host body size and environmental factors like flow velocity (Black 1982). 

Although copepods were likely to infest the fins and fin bases on small hosts (Kabata & 

Cousens 1977; Black 1982), I could not confirm if the smaller fish could be infested on 

other body parts, because of the lack of small fish samples (Umatani et al. 2018). 

However, the main attachment site for S. edwardsii seemed to be branchial cavities in 

my study area, as previous studies reported (Shedko & Shedko 2002; Nagasawa 2020a). 
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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 (Amundsen et al. 1997; Chigbu 2001; Kusterle et al. 2012; Ayer et al. 2022) 

or found significant negative effects only in the cases where the infestation intensity 

was very high (>100 copepods per host, Kusterle et al. 2012). Some researchers, 

therefore, concluded that Salmincola spp. have negligible effects on host fishes in the 

wild because their infestation level was generally low in natural conditions (Black et al. 

1983; Amundsen et al. 1997). 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 (Kabata & Cousens 1977; Herron et al. 2018; Nagasawa 2020a) and 

body surfaces, even at a low-infestation level (White et al. 2020). I also observed 

whitened attachment sites, suggesting that the copepods' attachment caused gill lesions. 

Such damage can severely drain host energy (White et al. 2020), 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. 

My results, however, should be viewed with some cautions. First, the negative 

relationship between host fish condition and the parasite number became obscure when 
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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. Lemly & Esch 1984; O’Connell-Milne et al. 2016). One of 

the reasons why past studies have not detected 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 excluding 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 my sample size was not small (> 200 

host individuals) and this system naturally had relatively low prevalence 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 (Cade & Noon 2003; Das et al. 2019), 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 (Beldomenico et al. 2008; 

Beldomenico & Begon 2010). To reveal the causal relationship of my results, a 

mark-recapture study and/or lab experiments are required in a future study (Ayer et al. 

2022). 
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4.3. Regional distribution pattern and infestation of anadromous fish  

My 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 (Mitro & Griffin 2018; 

Hasegawa & Koizumi 2021). In particular, since the genus Salmincola is host-specific 

(Kabata 1969), 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 my 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 (Morita et al. 2003). 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, 

such as construction of dams and logging, which increases water temperature (Kishi et 

al. 2009). Because the development and life-history of Salmincola spp. are strongly 

affected by water temperature (McGladdery & Johnston 1988; Conley & Cutis 1993; 

Vigil et al. 2016), 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 



40 

 

(Hasegawa & Koizumi 2021; Monzyk et al. 2015). 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 (e.g. Anderson & May 1978; Arnebert 2002), 

including Salmincola (Hasegawa & Koizumi 2021). In the future, I should consider 

multiple variables in identifying the limiting factors of distribution. 

Since I 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 

(Black et al. 1983; Shedko & Shedko 2002). Nagasawa (2020a) 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 (Umatani et al. 

2018; Morita et al. 2005; Umatani et al. 2008). The author concluded that the anadromy 

of the hosts may play an important role in its distribution expansion (Nagasawa 2020a). 

However, this possibility is limited to the regional scale because the degree of anadromy 

was low in the Shiretoko Peninsula (Morita et al. 2005). 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 I 

could find only one copepod from an anadromous form. However, the sample size was 

very small (anadromous host, n = 15), and I cannot rule out the possibility that the 

infestion of the copepod on the migrant occurred after returning to the stream from the 
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sea. It is necessary to confirm if this population of copepods can survive in saline 

conditions. 

 

4.4. Conclusion 

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, I know very little about the limiting factors 

affecting the distribution, prevalence, and intensity of Salmincola 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 (Nakano 

et al. 1996). 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 (Mitro 2016). 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 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. 

No. in Fig. 1 Stream Number of the fish inspected Number of the fish infected 
Fork length range 

(mean ± SD) 
Prevalence (%) Mean intensity (range) 

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 10 147–243 (177 ± 17) 33.3 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         



45 

 

  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 0.918 0.045 20.218 <0.01 

Parasite number −0.020 0.014 −1.367 0.178 
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tau = 0.3         

  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 

 
 
  

    

tau = 0.9         
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  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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Figure 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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Figure 2. Adult female Salmincola edwardsii (Copepoda: Lernaeopodidae) 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); I. 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 μm; D–F, H–N, 30 μm; G, 40 μm. 
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Figure 3. Infestations of Salmincola edwardsii (Copepoda: Lernaeopodidae) on the gill 
filaments of Southern Asian Dolly Varden Salvelinus curilus and gill lesions at their 
attachment sites. 
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Figure 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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Chapter 3 

 
Negative correlation of parasite infection and host body condition: A 

case of Salmincola markewitschi parasitic on white-spotted charr, 

Salvelinus leucomaenis 

 

 
Abstract 

Assessing the impacts of parasites on wild fish populations is a fundamental and 

challenging aspect of the study of host–parasite relationships. Salmincola, a genus of 

ectoparasitic copepods, mainly infects salmonid species. This genus, which is notorious 

in aquaculture, damages host fishes, but its impacts under natural conditions remain 

largely unknown or are often considered negligible. In this study, I investigated the 

potential impacts of mouth-attaching Salmincola markewitschi on white-spotted charr 

(Salvelinus leucomaenis) through intensive field surveys across four seasons using host 

body condition as an indicator of harmful effects. The prevalence and parasite 

abundance were highest in winter and gradually decreased in summer and autumn, 

which might be due to host breeding and/or wintering aggregations that help parasite 

transmissions. Despite seasonal differences in prevalence and parasite abundance, 

consistent negative correlations between parasite abundance and host body condition 

were observed across all seasons, indicating that the mouth-attaching copepods could 

reduce the body condition of the host fish. This provides field evidence suggesting that 

S. markewitschi has a potential negative impact on wild white-spotted charr. 
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1. Introduction 

Parasites negatively affect host fitness components and can ultimately regulate 

host population dynamics and even cause local extinctions (Hudson et al. 1998; 

Krkošek et al. 2007; Rohr et al. 2008; Costello 2009). In particular, recent climate 

change effects and the expansion of aquaculture industries may facilitate parasite 

epizootics (Krkošek et al. 2007; Rohr et al. 2008; Marcogliese 2008; Costello 2009; 

Altizer et al. 2013; Mitro 2016). Understanding parasite impacts on host species in the 

wild is fundamental and necessary for elucidating host–parasite relationships. 

The assessment of parasite impacts on host individuals is generally challenging in 

field studies. First, detecting parasites is not easy because parasite prevalence is often 

low in the wild, and parasites are usually small and cryptic (Poulin 2011; Kennedy 

2012). Second, sacrificing host individuals is often necessary, especially when 

investigating endoparasites, and it is an undesirable practice for endangered host species 

(Kwak et al. 2020). Third, evaluating the fitness components of host fishes requires 

long-term individual monitoring (Beldomenico et al. 2008; Wilber et al. 2016), which 

may not be feasible for mobile species in open habitats, such as oceans. Fourth, the 

impacts of parasites may be context dependent and may vary across host individuals, 

host developmental stages, seasons, and ambient environments (Cardon et al. 2011; 

Klemme et al. 2021). Overall, detailed case studies or model systems are needed to 

quantify the effects of parasites—that is, when, where, how, and to whom they become 

harmful. 

Ectoparasitic copepods Salmincola spp. commonly infect the branchial and buccal 

cavities of freshwater salmonids (Kabata 1969), which makes quantitative field 

assessment possible (White et al. 2020). Salmincola spp. are known to be harmful 

parasites in aquaculture, causing gill destructions, swellings (Kabata & Cousens 1977; 

Sutherland & Wittrock 1985; Nagasawa et al. 1995; Herron et al. 2018; White et al. 
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2020), and even mortality (Kabata & Cousens 1977; Hiramatsu et al. 2001; Neal et al. 

2021) in fish. On the other hand, many field studies have reported little or no impact on 

salmonid hosts (Chigbu 2001; Nagasawa & Urawa 2002; Kusterle et al. 2012; Boone & 

Quinlan 2019; Ayer et al. 2022; Hasegawa et al. 2022a), which may be due to low 

prevalence and intensity in the wild (Black et al. 1983; Bowen & Stedman 1990; 

Amundsen et al. 1997). Recently, however, growing evidence suggests that outbreaks of 

Salmincola spp., especially S. californiensis and S. edwardsii, have occurred in wild 

salmonid populations and that their infections deleteriously reduce wild salmon stocks 

(Monzyk et al. 2015; Mitro 2016; Mitro & Griffin 2018; Lepak et al. 2022). Therefore, 

evaluating whether these Salmincola species are harmful and should be considered in 

wild salmon management contexts is necessary. 

In this study, I examined the effects of ectoparasitic copepod, Salmincola 

markewitschi, on a stream-dwelling salmonid, white-spotted charr Salvelinus 

leucomaenis, through intensive field surveys across four seasons using host body 

condition as an indicator of host fitness components. As fish body condition is directly 

related to growth, survival, and reproductive success (Bolger & Connolly 1989; 

Gabelhouse 1991; Nicoletto 1995; Schloesser & Fabrizio 2017), it can be a good 

surrogate for host fitness components. In addition, body condition is easy to measure in 

the field without sacrificing the host individuals. Many studies have used body 

condition indices to assess the effects of parasites (Neff & Cargnelli 2004; Morton & 

Routledge 2006; Kusterle et al. 2012; Welicky et al. 2018; Kawanishi et al. 2019). I also 

compared the seasonal patterns of infection levels and potential parasite impacts to 

determine whether the effects of parasite infections on host condition are consistent or 

variable across seasons. This information would be valuable for understanding whether 

and when parasite impacts should be considered for the conservation or resource 

management of salmonid fishes. 
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2. Materials and methods 

2.1. Study species, study area, and field surveys 

A series of field surveys was carried out at the Shiodomari River system, southern 

Hokkaido, Japan (Figure 1). In this river system, white-spotted charr have a wide 

distribution and reproduce naturally in most of their tributaries. Similar to other charr 

populations in Hokkaido (Morita, 2001; Morita & Morita 2002), white-spotted charr 

breed from September to October in the upstream reaches of tributaries (Hasegawa & 

Koizumi 2021). 

In the Shiodomari River, white-spotted charr are frequently infected with parasitic 

copepods in their buccal cavities (Hasegawa & Koizumi 2021; Ayer et al. 2022; 

Hasegawa et al. 2022b; Hasegawa & Koizumi 2023). These copepod species were 

morphologically and genetically identified as Salmincola markewitschi (Hasegawa et al. 

2022b; Shedko et al. 2023). Although no detailed information is available on the life 

history of the target species, the congeneric species, S. californiensis and S. edwardsii, 

have direct life cycles with seven separate stages: nauplius, free-living copepodid, 

chalimus 1–4, and mature individuals (Kabata & Cousens 1973; Stankowska-Radziun & 

Radziun 1993; Conley & Cutis 1994; Murphy et al. 2020). Free-living copepodids can 

generally live for up to a few days, but this depends on the species and the external 

temperature (Kabata & Cousens 1973; McGladdery & Johnston 1988; Conley & Cutis 

1993). After attaching to suitable hosts, females generally take a few months to mature 

and produce egg sacs (Kabata & Cousens 1973). 

In total, fish were captured at 19 sites in the Shiodomari River across four seasons 

(i.e., May 28 to June 1, 2019, hereafter spring; July 24 to July 31, 2019, hereafter 

summer; October 19 to October 23, 2019, hereafter autumn; and February 10 to 

February 13, 2020, hereafter winter) through electrofishing (Table 1, Figure 1). I 

captured fish within 100–300 m of study reach, aiming to capture at least 30 individuals 
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at each site in order to calculate reliable prevalence. In winter, additional fish were 

collected from outside the study reach because some study reaches were covered with 

thick ice, and, thus, capturing enough samples was difficult. In these study reaches, I 

broke the surface ice with hammers and pickaxes before electrofishing. Captured fish 

were anesthetized using the anesthetic agent FA100 (DS Pharma Animal Health Co., 

Ltd., Osaka, Japan), and body length (fork length: FL) and body weight (BW) were 

measured to the nearest 1 mm and 0.1 g, respectively. The body surfaces (including 

buccal cavities) of the fish were visually checked in the field for the presence of 

copepods. When parasitic copepods were found, I counted their numbers and recorded 

the attachment locations on each fish. I only counted female copepods because the 

males of several species of Salmincola are dwarf forms that attach to female bodies 

(Kabata & Cousens 1973; Conley & Cutis 1994). 

The captured fish were categorized into three groups (migrants, residents, and age 

0 fish) based on coloration and body size (Ishigaki 1984; Yamamoto et al. 1999). 

Migrants can easily be distinguished from residents due to their silver body color with 

relatively large white spots on the sides of the body (Ishigaki 1984; Yamamoto et al. 

1999; Morita 2001). I only used residents consisted of age 1 and older fish for 

subsequent analyses because migrants have higher infection levels, which might cause 

bias in the analyses, and age 0 fish are rarely infected by S. markewitschi (Hasegawa & 

Koizumi 2021). During the October 2019 survey, I examined the maturity of each fish 

by gently pressing its ventral area and confirming the presence of sperm or egg, and 

then I categorized the fish into male, female, or an immature individual. 

As mature females in October 2019 might have already released eggs, which skew 

the fish body condition, I removed these fish (N = 20) from the analyses of body 

condition (see Section 2.2., but I retained them in the analyses of seasonal comparison 

of prevalence and parasite abundance). I also removed 12 fish (mostly over 330 mm in 
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FL) from the body condition analyses (see Section 2.2); I could not measure their BWs 

because of a weight scale error, and I could not calculate the residual index described in 

the next section (but I retained them in the other analyses). 

 

2.2. Data analysis 

I followed Bush et al. (1997) for the definition of infection indices (e.g., 

prevalence, abundance, and intensity). For the accurate evaluation of host body 

condition, I used the residual index (Jakob et al. 1996); ln (BW) was regressed on ln 

(FL), and the residual distances of individual points from the regression line served as 

the estimators of host body condition. This index, which is widely used in many 

fish–parasite systems (e.g., Bagamian et al. 2004; Lagrue & Poulin 2015; Perrot-Minnot 

et al. 2020), allowed me to assess the impacts of parasite infection on host condition 

regardless of host body length (Jakob et al. 1996). To examine the differences in body 

conditions across the four seasons, I calculated the residual index using all datasets (i.e., 

including all seasons). 

All statistical analyses were performed using R 4.3.1. (R Core Team 2021). 

Infection levels of Salmincola spp. (i.e., prevalence and parasite abundance) are highly 

heterogeneous within and across watersheds (Mitro & Griffin 2018; Hasegawa et al. 

2022a), and this pattern holds true in this system (Hasegawa & Koizumi 2021). Thus, I 

analyzed the seasonality of prevalence and parasite abundance using only the sites 

where all seasons’ data were available (see Results). To elucidate the seasonality of 

infection prevalence, I constructed a generalized linear mixed model (GLMM) with a 

binomial error distribution and a logit link function using the lme4 package (version 

1.1-33; Bates et al. 2011). The candidate full model was also constructed, in which the 

response variable was a binary variable that indicated infection or non-infection 

(infected = 1, uninfected = 0), and the explanatory variables were FL, season (i.e., 
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winter, spring, summer, and autumn), and their interaction terms. The models were 

selected on the basis of Akaike’s information criterion (AIC; Akaike 1983); I 

considered models with ΔAIC (the difference between a focused model and the best 

model with the lowest AIC) < 2 to be meaningful models (Burnham & Anderson 2002). 

To compare the differences in prevalence across all possible seasonal combinations, I 

conducted Tukey’s honest multiple comparison tests using the multcomp package 

(version 1.4-25; Hothorn et al. 2016). 

I also constructed a GLMM using the glmmADMB package (version 0.8.5; 

Fournier et al. 2012) to compare parasite abundance across seasons. The response 

variable was parasite abundance, and the explanatory variables were FL, season (i.e., 

winter, spring, summer, and autumn), and their interaction terms. The study sites were 

treated as random effects. In the model constructions, I considered two error distribution 

patterns because the variables exhibited overdispersion and zero excess: negative 

binomial (NB) and zero-inflated negative binomial (ZINB). I selected the models 

according to AIC, as described above. The differences across seasons were examined 

with Tukey’s honest multiple comparison tests using the same package described above. 

To elucidate whether infection by S. markewitschi decreased the host residual 

index, I constructed a GLMM. Because the residual index did not meet the normality in 

the preliminary analysis (Kolmogorov–Smirnov test; P < 0.001), I developed the model 

with Gamma distribution and a log link function using the lme4 package (version 

1.1-33; Bates et al. 2011). The response variable was the residual index, and the 

explanatory variables were the abundance of S. markewitschi and the season (i.e., winter, 

spring, summer, and autumn). To meet the assumption of Gamma distribution (i.e., 

numbers should be positive), I added 1.5 to the residual index. Adding constant values 

to data sets to meet the assumption of Gamma distribution is common among ecological 

studies (e.g. Rojas et al. 2019; von Königslöw et al. 2022). Nonetheless, to evaluate the 
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sensitivity of the results caused by this data treatment, I repeated the same analysis 

adding two other small values (1.1 and 2). These results qualitatively the same 

(Supplementary material 1), and thus I only presented the results adding 1.5 in the main 

text. As there were no significant effects of interaction terms on parasite abundance and 

seasons in the preliminary analysis (GLMM, parasite abundance × spring: t = 1.043, P = 

0.297; parasite abundance × summer: t = 0.906, P = 0.365; parasite abundance × 

autumn: t = 0.363, P = 0.717), I did not include the interaction terms. The study sites 

were treated as random effects. 

 

3. Results 

A total of 1,791 age 1 and older resident white-spotted charr were captured across 

the four seasons (Table 1, Supplementary material 2). All seasons’ data were available 

at six sites (N = 825 in total; Figure 1), and these were used for the seasonal comparison 

of parasite abundance and prevalence (see below). All copepods were found in the 

buccal cavities. 

The prevalence of Salmincola markewitschi across seasons was 22.3% (Table 1). 

The best model (Table 2a) showed that the prevalence in winter was significantly higher 

than that in autumn (GLMM, z = −6.038, P < 0.001), but it was not significantly 

different from the prevalence in spring or summer (winter vs. spring, z = −1.268, P = 

0.582; winter vs. summer, z = −1.908, P = 0.223). The prevalence in spring was also 

significantly higher than that in autumn (spring vs. autumn, z = −4.968, P < 0.001), but 

it was not significantly different from the prevalence in summer (spring vs. summer, z = 

−0.692, P = 0.900). Fork length was positively correlated with prevalence (z = 9.509, P 

< 0.001). 

According to the best model with NB error distribution (Table 2b), parasite 

abundance in winter was significantly higher than that in autumn (GLMM, z = −6.184, 
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P < 0.001) and marginally higher than that in summer (z = −2.227, P = 0.096), whereas 

no significant difference was found between winter and spring (z = −1.456, P = 0.412). 

Parasite abundance was lowest in autumn (spring vs. autumn, z = −4.968, P < 0.001; 

summer vs. autumn, z = −4.336, P < 0.001). There were no significant differences 

between spring and summer (z = −0.692, P = 0.900). Fork length was positively 

correlated with parasite abundance (z = 13.54, P < 0.001; Figure 2). 

Despite the seasonal differences in prevalence and parasite abundance, host body 

condition (i.e., residual index) significantly decreased with an increase in the abundance 

of copepods in all four seasons (Table 3, Figure 3). 

 

4. Discussion 

4.1. Consistent negative correlations between parasite number and residual index 

across seasons 

This is the first study to demonstrate the consistent negative correlations between 

Salmincola infections and host body condition across seasons, suggesting the potential 

negative impacts of these infections on the host fish. The use of body condition indices 

is a powerful method for estimating the impacts on host fitness components, and many 

studies have found that body condition can be a good surrogate for host growth, survival, 

and reproduction (Bolger & Connolly 1989; Gabelhouse 1991; Nicoletto 1995; 

Schloesser & Fabrizio 2017). In fact, several studies have examined the relationships 

between host body condition and infections of Salmincola spp. in the wild; these have 

focused on, for example, S. salmoneus infections in Atlantic salmon Salmo salar 

(Kusterle et al. 2012), S. californiensis infections in sockeye salmon Oncorhynchus 

nerka (Chigbu 2001) and masu salmon O. masou masou (Nagasawa & Urawa 2002), S. 

edwardsii infections in southern Asian Dolly Varden S. curilus (Hasegawa et al. 2022a), 

Salmincola sp. infections in brook trout S. fortinalis (Boone & Quinlan 2019), and 
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Salmincola sp. (the authors speculated either S. carpionis or S. markewitschi) infections 

in white-spotted charr (Ayer et al. 2022), although most of these studies have reported 

negligible Salmincola spp. impacts on wild salmonid populations (Black et al. 1983; 

Bowen & Stedman 1990; Amundsen et al. 1997; Chigbu 2001; Nagasawa & Urawa 

2002; Kusterle et al. 2012; Boone & Quinlan 2019; Ayer et al. 2022). Among these 

studies, only Kusterle et al. (2012) and Hasegawa et al. (2022a) found significant 

negative correlations between parasite infection and host body condition, although the 

authors focused on specific periods or a particular analysis. Therefore, it is rather 

surprising that I observed clear negative impacts, although abundance in this system 

was generally much lower (maximum of 5–10 parasites) than that reported in previous 

studies (up to 100 parasites, e.g., Kusterle et al. 2012). 

The differences in the results may depend on the attachment site of the Salmincola 

species. While most previous studies have examined species infecting gill cavities, such 

as S. salmoneus and S. californiensis (Chigbu 2001; Nagasawa & Urawa 2002; Kustele 

et al. 2012), my target species, S. markewitschi, infects buccal cavities. Even with a low 

infection intensity level, mouth-attaching copepods may directly inhibit the host’s 

feeding and thus reduce its condition, growth, and survival. In fact, S. stellata have been 

observed to infect the buccal cavities of Sakhalin taimen (Parahucho perryi), thus 

decreasing feeding appetite and finally killing the host fish in the experimental tanks 

(Hiramatsu et al. 2001). To confirm this hypothesis, further research should focus on 

buccal-cavity-attaching Salmincola spp., such as S. stellata (Nagasawa & Urawa 1991). 

The differences in the study results could also be related to interactions with 

stream environments. Streams in Japan are in the southernmost ranges for salmonids 

and possibly Salmincola spp. as well (Nagasawa 2020a). Because salmonids, especially 

Salvelinus spp., are highly adapted to cold water environments and are stressed at high 

water temperatures, salmonid populations in these relatively warmer areas of Japan may 
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be more vulnerable to climate change (Nakano et al. 1996; Takegawa et al. 2017). 

While host salmonids suffer under warm conditions, parasites generally have wider 

optimal thermal ranges compared with host species (Cohen et al. 2017; Gsell et al. 

2023). In fact, Salmincola spp. grow faster and reproduce more eggs under warm 

conditions (Murphy et al. 2020; Neal et al. 2021), suggesting that their optimal thermal 

ranges are wider than those of salmonids and that this species could have higher 

resistance against warm temperatures. Copepod’s feeding activities, which cause 

physical damage to the hosts, increase under warm temperatures because their activity 

levels are temperature dependent (Conley & Cutis 1993). Salmincola infections also 

decrease the tolerance of hosts to warm water temperatures (Vaughan & Coble 1975). 

Given the differential resistance to warmer temperatures between hosts and copepods 

and the reduction in host resistance as a result of copepod infections, the effects of 

infections on host conditions would be stronger in the southernmost range of 

Salmincola spp.’s distribution. This could also explain the epizootics of S. cf. edwardsii 

and the subsequent decline in host populations of brook trout S. fontinalis in Wisconsin, 

USA, possibly related to global warming (Mitro 2016; Mitro & Griffin 2018). These 

results or predictions do not contradict the fact that the effects of Salmincola infections 

are not observed further north (Chigbu 2001; Kusterle et al. 2012; Boone & Quinlan 

2019). 

My findings, on the other hand, were inconsistent with those of Ayer et al. (2022), 

who suggested the negligible effects of the same parasite, the same host, and the same 

river system. One possible explanation for the inconsistency is the lower infection levels 

in the previous study. Ayer et al. (2022) reported apparently low infection prevalence 

and mean intensity for each study season (June 2016: prevalence 15.5%, mean intensity 

1.24; October 2017: prevalence 13.1%, mean intensity 1.30) compared with the present 

study (prevalence 22.9%, mean intensity 1.88). Furthermore, they found a maximum 
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intensity of 3–4, and only 3% of 119 infected hosts were parasitized by more than three 

copepods. Considering these low infection levels, the authors might have failed to detect 

the actual relationships between parasite infection and host body condition. In fact, I 

reanalyzed the datasets used by Ayer et al. (2022) in a way similar to what I did in the 

present study (i.e., GLM), but I found no significant negative effects of parasite 

numbers (GLM, June 2016: t = 0.709, P = 0.479, October 2017: t = −0.709, P = 0.449), 

suggesting that a small number of infected hosts, especially fish having three or more 

copepods, might not be enough to detect the negative correlation between parasite 

infections and host body condition. Moreover, while my study captured fish from 

various sites in the river system, Ayer et al. (2022) examined only one population in the 

upstream river system, where a constantly low water temperature was observed 

compared with other study sites (R. Hasegawa et al., unpublished data). Under these 

cold environments, white-spotted charr could tolerate the effects of parasites. Boone & 

Quinlan (2019) hypothesized that brook trout could tolerate gill-attaching Salmincola sp. 

under constantly low water temperatures. 

S. markewitschi infections could potentially affect the survival and reproduction 

of white-spotted charr in the Shiodomari River because salmonids’ survival and 

reproduction are explained, at least partially, by body condition (Reimers et al. 1993; 

Robinson et al. 2008; Burton et al. 2013). For instance, winter is a harsh season for 

salmonids, and a lack of energy storage (i.e., poor body condition) may be the major 

cause of high mortality during this period (Huusko et al. 2007). Salmonids also expend 

considerable energy during breeding migrations, gonad maturation, and fighting with 

other fish to find suitable locations for redds (Jonsson et al. 1991; Hinch & Rand 1998; 

Hendry & Beall 2004). In these situations, infected fish with poor body conditions are 

forced to compromise resource allocations. Therefore, as S. markewitschi infections 
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could lead to declines in wild white-spotted charr populations, body condition indices 

are useful for assessing the impacts of the parasite on host fitness in natural conditions. 

 

4.2. Infection patterns of S. markewitschi across seasons 

Infection levels by S. markewitschi fluctuated across seasons, with the prevalence 

and parasite abundance increasing in winter (February) and decreasing in summer (July) 

and autumn (October). These results were largely consistent with those of previous 

studies (Amundsen et al. 1997; Monzyk et al. 2015). As suggested by Amundsen et al. 

(1997), seasonal host aggregation may contribute to the high infection levels in winter. 

Salmonids, including white-spotted charr, often show extreme aggregation in pools or 

small tributaries during winter (Cunjak & Power 1986; Huusko et al. 2007; Koizumi et 

al. 2017). These high aggregations can allow free-swimming copepodids to attach easily 

to the host fish. The breeding aggregation of the hosts (Nakamura 1999) may also create 

conditions for the variable seasonal prevalence pattern of infections. Given the life 

cycles of other Salmincola species (S. californiensis take a few months to produce eggs 

after their attachments; Kabata & Cousens 1973), there should be a time lag during the 

copepodid attachment (breeding season) and the prevalence increments (winter). Future 

studies are necessary to confirm whether copepodid recruitments occur during the 

period when hosts aggregate. 

Host body size (FL) was significantly and positively correlated with both 

prevalence and parasite abundance, a pattern observed in many other 

Salmincola–salmonid systems (Bowen & Stedman 1990; Nagasawa & Urawa 2002; 

Barndt & Stone 2003; Monzyk et al. 2015; Hasegawa & Koizumi 2021). Because small 

infectious copepodids may have poor swimming ability, a larger body size may allow 

copepodids to infect easily (Poulin et al. 1991; Monzyk et al. 2015). Ayer et al. (2022) 

found a similar pattern in the same system, and they discussed that larger hosts are 
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dominant in the current, and thus the chance of copepodid attachments is likely to 

increase in these hosts. Fish age can also be an important predictor; larger fish are 

generally older, so a longer exposure time against parasites can create greater infection 

levels on larger fish (Nagasawa & Urawa 2002; Monzyk et al. 2015; Nagasawa & 

Urawa 2022). 

In conclusion, S. markewitschi infections could potentially reduce host body 

condition, and their impacts can be consistent across seasons, suggesting that S. 

markewitschi should be considered harmful parasites in the conservation or 

management of native white-spotted charr. Outbreaks of Salmincola spp., such as S. 

edwardsii and S. californiensis, have been emerging problems in some areas, possibly 

because of the high water temperature and drought conditions caused by climate change 

(Mitro 2016; Mitro & Griffin 2018). As Japanese populations are in the southernmost 

margin of their host native ranges, these populations are vulnerable to parasite outbreaks. 

Field knowledge of Salmincola spp., including host usage, distribution, and effects on 

the hosts, has recently increased in Japan (Nagasawa 2020a, b; Hasegawa & Koizumi 

2021; Ayer et al. 2022; Hasegawa et al. 2022a, b; Nagasawa & Urawa 2022; Hasegawa 

& Koizumi 2023), but I still do not know the ecology of the parasites in the wild, such 

as their population dynamics. In particular, the infection levels of Salmincola spp. 

possibly fluctuate significantly over the years (Mitro 2016; Ayer et al. 2022; Lepak et al. 

2022), and, thus, their host–parasite relationships could change across years. Future 

long-term monitoring is necessary to establish proper control or management strategies. 
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Table 1. Summary of field surveys for each season. Individual fish over 330 mm were 

not measured in May and February 2019 for logistical reasons; they were excluded from 

the calculation of the mean FL but were retained for the calculation of other metrics. 

Prevalence was shown as %. 

 

 

 

  

Study period Spring Summer Autumn Winter

Date 28 May to 1 June, 2019 24 July to 31 July, 2019 19 Oct. to 23 Oct., 2019 10 Feb. to 13 Feb., 2020

Number of studied sites 17 15 14 7

Number of fish inspected (Number of infected) 567 (143) 606 (119) 439 (66) 179 (71)

Host FL range (mean) 81–322 (154.7) 78–401 (147.4) 89–343 (161.3) 100–323 (183.0)

Prevalence range (mean) 0–53.6 (26.4) 0–38.9 (19.4) 0–46.7 (14.3) 16.7–60.0 (38.8)

Intensity range (mean) 1–9 (1.99) 1–13 (1.57) 1–5 (1.59) 1–17 (2.51)
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Table 2. Results of the top three models selected on the basis of Akaike’s information 

criterion (AIC). (a) Generalized linear mixed models (GLMMs) with a binomial error 

distribution with a logit link function analyzing whether prevalence differs across 

seasons. (b) GLMMs with a negative binomial (NB) and zero-inflated negative binomial 

(ZINB) error distribution with a log link function analyzing whether parasite abundance 

differs across seasons. 

 

The models are arranged according to AIC. Df and ΔAIC indicate the degree of freedom 

and the AIC difference between the best and focal models, respectively. The “+” 

symbol indicates statistically significant parameter effects. The most supported model 

(ΔAIC < 2) is in bold. 
 
 
 
  

(a) Whether prevalence differs among seasons (N  = 825)

Model Intercept FL seasons FL × seasons df AIC ΔAIC

1 −4.040 0.019 + 6 718.4 0.00

2 −3.434 0.016 + + 9 720.7 2.32

3 −4.474 0.018 3 759.3 40.9

(b) Whether parasite abundance differs among seasons (N  = 825)

Model Intercept FL seasons FL × seasons df AIC ΔAIC Error distribution

1 −3.375 0.015 + 7 1154.8 0.00 NB

2 −3.575 0.015 + 8 1156.8 2.00 ZINB

3 −3.319 0.015 + 10 1160.8 5.97 NB
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Table 3. Relationships between the residual index of white-spotted charr Salvelinus 

leucomaenis and abundance of Salmincola markewitschi across seasons, analyzed using 

a generalized linear mixed model (GLMM) with a Gamma error distribution with log 

link function (February = winter, May = spring, July = summer, and October = autumn). 

 

  

Coefficient Standard Error t -value P -value

Intercept 0.016 0.017 0.964 0.335
Parasite number −0.027 0.003 −8.979 <0.001
February vs. May 0.096 0.012 7.739 <0.001
February vs. July 0.074 0.013 5.941 <0.001
February vs. October 0.077 0.013 6.082 <0.001
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Figure 1. Map of the sampled tributaries in the Shiodomari River system, southern 

Hokkaido, Japan. Open and closed circles indicate the sites where I captured fish in all 

seasons (i.e., winter, spring, summer, and autumn) and the sites where I did not capture 

in all seasons, respectively. 
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Figure 2. Relationship between the body size (FL) of white-spotted charr Salvelinus 

leucomaenis and the abundance of the copepods Salmincola markewitschi in each 

season (winter, spring, summer, and autumn) in the Shiodomari River system, southern 

Hokkaido, Japan. The 95% confidence interval is indicated by gray areas. 
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Figure 3. Relationship between the body conditions (residual index) of white-spotted 

charr Salvelinus leucomaenis and the abundance of copepods Salmincola markewitschi 

in each season (winter, spring, summer, and autumn) in the Shiodomari River system, 

southern Hokkaido, Japan. The 95% confidence interval is indicated by gray areas. 
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Supplementary material 1. Results of the additional GLMM analysis to examine the 

relationships between the residual index of white-spotted charr Salvelinus leucomaenis 

and abundance of Salmincola markewitschi across seasons. To ensure the assumption of 

Gamma distribution, I had to add small values to all data before the analysis. These 

results were calculated from the analysis when adding (a) 1.1, (b) 1.5, (c) 2 to all 

residual index. In the main text, I presented the results of the analysis when adding the 

value of 1.5 (see Table 3). 

 
  

(a) 1.1
Coefficient Standard Error t -value P -value

Intercept 0.047 0.015 3.088 <0.002

Parasite number −0.026 0.003 −10.273 <0.001
February vs. May 0.094 0.010 8.954 <0.001

February vs. July 0.072 0.011 6.886 <0.001

February vs. October 0.076 0.011 7.037 <0.001

(b) 1.5
Coefficient Standard Error t -value P -value

Intercept 0.370 0.011 34.224 <0.001
Parasite number −0.019 0.002 −11.183 <0.001
February vs. May 0.069 0.007 10.106 <0.001

February vs. July 0.053 0.007 7.800 <0.001

February vs. October 0.056 0.007 7.985 <0.001

(c) 2
Coefficient Standard Error t -value P -value

Intercept 0.667 0.008 82.616 <0.001
Parasite number −0.014 0.001 −11.264 <0.001
February vs. May 0.052 0.005 10.401 <0.001
February vs. July 0.040 0.005 8.044 <0.001
February vs. October 0.042 0.005 8.247 <0.001
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Supplementary material 2. Prevalence (%) and mean intensity of Salmincola 

markewitschi on white-spotted charr Salvelinus leucomaenis in each study site and 

season in the Shiodomari River system. 

 

Prevalence (%) and mean intensity are given as the proportion of fish infected and the 

average number of parasites among infected fish in each population, respectively. “N” 

indicates the sample size of all inspected fish at each site. “NA” indicates that the 

variable was not applicable. 
  

Site N Prevalence (%) Mean Intensity N Prevalence (%) Mean Intensity N Prevalence (%) Mean Intensity N Prevalence (%) Mean Intensity

1 50 4.0 1.00 33 0.0 NA 31 0 NA 29 17.2 1.20
2 59 22.0 1.46 39 25.6 1.50 33 15.2 1.00 30 30.0 1.44
3 50 24.0 1.17 34 17.6 1.33 33 12.1 1.75 12 16.7 2.00
4 59 0.0 NA 44 0.0 NA 33 0 NA NA NA NA
5 28 53.6 1.93 36 38.9 1.71 40 10 1.00 5 60.0 2.67
6 NA NA NA 11 27.3 1.33 NA NA NA NA NA NA
7 2 0.0 NA NA NA NA NA NA NA NA NA NA
8 4 0.0 NA NA NA NA NA NA NA NA NA NA
9 23 34.8 2.38 25 16.0 1.00 20 5.0 1.00 47 57.4 2.63

10 NA NA NA 8 0.0 NA 16 0 NA NA NA NA
11 4 50.0 1.50 18 27.8 1.00 22 4.5 4.00 31 41.9 4.38
12 4 25.0 1.00 NA NA NA NA NA NA NA NA NA
13 25 28.0 2.29 22 27.3 2.00 26 26.9 1.71 25 48.0 1.58
14 5 40.0 2.00 NA NA NA NA NA NA NA NA NA
15 29 48.3 2.21 30 26.7 2.50 30 46.7 1.50 NA NA NA
16 55 16.4 1.44 89 27.0 1.25 31 16.1 1.20 NA NA NA
17 54 24.1 4.46 51 21.6 1.18 43 25.6 1.64 NA NA NA
18 63 33.3 2.10 120 15.8 1.89 51 11.8 2.17 NA NA NA
19 53 45.3 2.42 46 19.6 1.78 30 26.7 1.75 NA NA NA

Spring Summer Autumn Winter
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Chapter 4 

 

Does parasite infection affect host feeding behavior ? A test with 

angling vulnerability 

 

Abstract 

Parasites generally increase host vulnerability to predators via host manipulation for 

trophic transmission and reduction of host activities. Predators also select prey 

depending on the parasite infection status. Despite such parasites’ roles in prey–predator 

interactions in wild animals, how parasites affect human hunting probability and 

resource consumption remains unknown. I examined the effects of the ectoparasitic 

copepod Salmincola markewitschi on fish vulnerability to angling. I found that infected 

fish were less vulnerable compared with non-infected fish when the fish body condition 

was low, which was probably due to reduced foraging activity. On the contrary, infected 

fish were more vulnerable when the host body condition was high, probably due to the 

compensation of parasites’ negative effects. A twitter analysis also suggested that 

people avoided eating fish with parasites and that anglers’ satisfaction decreased when 

captured fish were parasitised. Thus, I should consider how animal hunting is affected 

by parasites not only for catchability but also for avoiding parasite infection sources in 

many local regions. 
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1. Introduction 

Parasites play critical roles in predator–prey interactions in natural systems 

(Hatcher et al. 2006; Lafferty et al. 2006; Wood & Johnson 2015). Whereas some 

parasites are known to manipulate host behaviour to increase their transmission 

probability (reviewed by Poulin & Maure 2015), other parasites undermine host health 

and activities, resulting in increased vulnerability to prey (Brassard et al. 1982; Temple 

1987; Hudson et al. 1992). Predators also select prey, depending on infection status. 

Predators disproportionally capture parasitised hosts because of their reduced mobility 

(Brassard et al. 1982; Temple 1987; Hudson et al. 1992), whereas some predators avoid 

parasitised prey with intermediate-stage parasites to reduce infection risks, especially 

when they can be the definitive hosts for the parasites (Norris 1999; Bustnes & 

Galaktionov 2004). 

Parasites can either increase or decrease susceptibility to prey in the prey–predator 

context. However, the roles of parasites in human hunting have been critically lacking, 

even though humans have classically hunted wildlife, such as mammals, birds and fish 

(Fujita et al. 2016; Shchelinsky 2020). Fragmented evidence suggests that parasites may 

increase or decrease the catchability of wildlife (Rau & Caron 1979; Wilson et al. 2011). 

Rau & Caron (1979) found that heavily infected mooses are predisposed to human 

hunting, probably due to the disruption of normal breathing by parasites. Wilson et al. 

(2011) found that bluegill sunfish caught by angling have fewer ectoparasites, but 

specific causalities have never been examined or discussed. Humans’ resource 

consumption rates may also be affected by parasites. Some parasites are harmful for 

human health and have been the major natural selection forces on humans since ancient 

times (Prokop & Fedor 2013; Curtis 2014), resulting in the evolution of ‘disgust’ 

towards parasites and somethings associated with parasites (Curtis 2014; Kupfer & Le 
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2018; Buck et al. 2018) and the evolution of avoidance against some organisms or 

places with high infection risks (Curtis 2014; Buck et al. 2018). 

Fishing or angling is one of the most common human hunting activities, dating 

back to at least 40,000 years ago (O’Connor et al. 2011; Fujita et al. 2016). Currently, 

approximately seven million people or one in ten people across the world engage in 

recreational fishing (Cooke & Cowx 2004; Arlinghaus et al. 2019). Although anglers 

often encounter parasites in the fish they catch and parasite outbreaks are emerging 

problems in some fishing areas (Bartholomew et al. 2005; Mitro & Griffin 2018), no 

studies have specifically examined how parasites affect vulnerability to recreational 

fishing. Given that fish parasites generally reduce host feeding activities (Giles 1987; 

Tierney et al. 1994; Barber et al. 2000; Finley & Forrester 2003), I can predict that fish 

parasites may dampen angling susceptibility. Alternatively, angling susceptibility may 

increase in parasitised fish because some infected hosts increase the feeding rate or 

growth rate to regain the resources exploited by parasites (Arnott et al. 2000; Barber et 

al. 2000; Voutilainen et al. 2008). 

Here, I examined the effects of parasitism on host vulnerability to angling using 

the mouth-infecting copepod Salmincola markewitschi on the stream-dwelling salmonid 

white-spotted charr Salvelinus leucomaenis. Copepods of the genus Salmincola are 

common ectoparasites on salmonids, and their main attachment sites are the gill or 

mouth cavity (Kabata 1969). These infections cause damage to host organisms and can 

induce host fitness or body condition loss (Nagasawa et al. 1998; Hasegawa et al. 

2022a). Therefore, I predicted that copepod infection would reduce angling 

vulnerability. In addition, I also predicted that angling vulnerability depends on host 

body condition (i.e. health status), because an infected host with good health may 

compensate for the negative effect by exploiting more resources (Arnott et al. 2000; 

Barber et al. 2000; Voutilainen et al. 2008). I further examined whether parasite 
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infections reduce people’s fish consumption rates by using social media (i.e. Twitter). 

Humans have historically consumed fish as natural resources (O’Connor et al. 2011; 

Fujita et al. 2016), and some fish parasites, such as Anisakis spp. and Kudoa spp., are 

harmful to human health (Arizono et al. 2012; Iwashita et al. 2013; Mattiucci et al. 

2018). Therefore, people should feel disgusted towards fish parasites, leading to the 

reduction of satisfaction and consumption rate when they find parasites (Cooke et al. 

2018). Some reports suggest that people make complaints, return or discard fish when 

they find parasites at markets (Ichihara 1983; Tokyo Metropolitan Market Sanitation 

Inspection Center 1990), and it is anecdotally observed that anglers also tend to release 

parasitised fish (Mitro & Griffin 2018) and also parasites might decrease angler’s 

satisfaction (Cooke et al. 2018). However, quantitative research has never been 

conducted. Twitter is a common and efficient tool for collecting data from citizens (Hart 

et al. 2018). I quantitatively examined people’s reactions against fish parasites using 

three years of Twitter data. 

 

2. Materials and methods 

2.1. Field survey 

I conducted a field survey at a small tributary of Ito River in the Shiodomari River 

system, southern Hokkaido, Japan (41°50′N 140°58′E), where white-spotted charr are 

frequently infected with Salmincola markewitschi on mouth cavities (Hasegawa & 

Koizumi 2021; Ayer et al. 2022; Hasegawa et al. 2022b). The study reach (536 m in 

total) was located between two waterfalls (both are approximately 2 m in high). Given 

that the waterfalls prevent upstream migration of most fishes (Hasegawa & Koizumi 

2021), the charr population was mainly composed of resident form (Morita et al. 2009), 

and no other fish species occurred in the study reach (Hasegawa unpublished data). The 

study reach was divided into 22 sections (i.e. 25 m section × 21 + 11 m section × 1). 
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Block nets were installed at both ends of each section to prevent fish movement 

between sections. The river system has been designated as a protected freshwater area 

year-round (Tsuboi & Morita 2004), so all white-spotted charrs in this system did not 

experience any angling events. 

To evaluate vulnerability to angling, I first captured fish by bait angling and 

subsequently captured the remaining fish by electrofishing. Bait angling was carried out 

by one person (R. Hasegawa) in daytime (5:00–16:00) using the following gears and 

baits: carbon fishing rod (4.5 m), 3 lb nylon line, a 1/64 oz sinker, single barbed hook 

(gape width: 7.7 mm) and live bait waxmoth larva Galleria mellonella, as in Tsuboi & 

Morita (2004). Angling was conducted at all pools and riffles until no fish were caught. 

After the angling, I conducted two-pass electrofishing at each study section and 

captured the remaining fish (see Supplementary material 1). All captured fish were 

anesthetised by FA100 (DS Pharma Animal Health Co., Ltd.) and measured for body 

length (fork length; FL) and body weight (BW) to the nearest 1 mm and 0.1 g, 

respectively. The mouth cavities and body surfaces of the fish were macroscopically 

checked for the presence of copepods, as in previous studies (Hasegawa & Koizumi 

2021; Ayer et al. 2022; Hasegawa et al. 2022b). All parasitic copepods found were 

counted.  

 

2.2. Twitter analysis 

I analysed people’s reactions to fish parasites using Twitter. I first extracted 

tweets using the Japanese tags ‘Sakana’ (meaning fish) and ‘Kisei-tyu’ (meaning 

parasites) and selected specific tweets with images or videos posted from July 2019 to 

July 2022 (i.e. 3 years). Based on the uploader’s description, selected tweets were 

classified into four categories: negative reaction, neutral reaction, positive reaction and 

reaction undetermined. For instance, if uploaders left comments implying ‘fear’, 
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‘disgust’ or equivalent words, I classified them into negative reactions. If uploaders 

released and/or discarded parasitised fish or if they removed parasites before they ate, 

they apparently treated parasites as negative things, and these tweets were therefore 

classified into negative reactions. On the contrary, when uploaders treated parasites as 

‘cute’, ‘happy’ or equivalent words, I classified them into positive reactions. Neutral 

reactions were defined as tweets in which uploaders did not care about parasites. Tweets 

without the above reactions were classified into ‘reaction undetermined’ and removed 

from further analysis. From tweets and posted images, I identified the means of fish 

collection (i.e. angling, buy, other, unidentified), the parasite group (e.g. helminth, 

copepod, isopod, trematode) and host species at least at the order level. Given the 

consistency of the classification of tweets, a single person (R. Hasegawa) classified 

people’s reactions. Consistency was confirmed through blind tests by two volunteers by 

providing 50 random tweets and conducting the same evaluation: few observer biases 

were found (90% and 88% matched the classification categories). 

 

2.3. Data analysis 

All statistical analyses were conducted using R 4.1.2 (R Core Team 2021). To 

predict the factors affecting vulnerability to angling, I constructed a generalised linear 

mixed model using the R package ‘lme4’ version 1.1 (Bates et al. 2015). The response 

variable was vulnerability to angling (captured by angling = 1, captured by 

electrofishing = 0). The explanatory variables were body length (FL), body condition, 

infection status (infected = 1, not infected = 0) and their interactions (i.e. body length × 

infection status, body condition × infection status). The studied sections were included 

as random effects. I used the residual index calculated from ln (BW)−ln (FL) 

relationships as the host body condition (Jakob et al. 1996). Because fish less than 100 

mm were rarely infected and captured by angling, which may have resulted in biased 
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results, I removed these fish from the analysis. I also removed data from one section 

(Section 7) because I did not conduct angling for practical reasons. All explanatory 

variables without infection status were standardised before the analysis. 

 

3. Results 

In total, 124 (prevalence: 37.10%, intensity: 1–6, mean intensity: 1.50) and 188 

fish (prevalence: 34.04%, intensity: 1–7, mean intensity: 1.56) were captured by angling 

and electrofishing, respectively. The prevalence and mean intensity in each section are 

summarised in the Supplementary material 1. The interaction term of body condition 

and infection status was marginally significant, suggesting that vulnerability to angling 

changed depending on body condition and infection status (Table 1, Figure 1). Whereas 

infected fish with high body conditions showed higher vulnerability to angling, 

uninfected fish with lower body conditions were vulnerable to angling (Table 1, Figure 

1). Larger fish were more vulnerable to angling (Table 1). 

In total, 230 tweets were collected from three years of Twitter data, in which 122 

(53%), 6 (3%), 11 (5%) and 91 (40%) tweets were categorised into negative, neutral, 

positive and reaction undetermined, respectively (Table 2). After removing the ‘reaction 

undetermined’ (i.e. 139 tweets), 35 (25%) and 66 (47%) were posted when uploaders 

found parasites at angling and markets (Table 2). Most anglers’ satisfaction apparently 

decreased when the captured fish were infected by parasites (negative reaction, 94%). 

Most people who bought infected fish from markets also negatively treated parasites 

(negative reaction, 86%). 

 

4. Discussion 

Humans have hunted wildlife for resource consumption since ancient times (Fujita 

et al. 2016; Shchelinsky 2020), and parasites may have strong effects on catchability 
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and resource consumption rates by humans. Despite their potentially important roles, 

only two studies have examined the effects of parasites on human hunting (Rau & 

Caron 1979; Wilson et al. 2011). I provided the first evidence showing that parasite 

infections affect the angling vulnerability of host fish. Twitter analysis also showed that 

people’s satisfaction significantly decreased when they found parasites on the fish they 

caught/bought. Therefore, parasite infections not only affect catchability but also affect 

human’s fish consumption rates. 

As I predicted, infected fish were less vulnerable to angling but only when they 

had poor body conditions, suggesting that parasites reduce the feeding rates of host fish. 

Similarly, several studies have found that parasitised hosts show reduced feeding 

activities, mostly due to physiological stress caused by parasites (Tierney 1994; 

Arneberg et al. 1996; Hiramatsu et al. 2001; Crane et al. 2011; Slavík et al. 2017). As in 

other parasites, Salmincola spp. infections can reduce host body conditions via 

physiological stress and physical damage to attachment sites (White et al. 2020; 

Hasegawa et al. 2022a). Reduced feeding would be particularly evident on my target 

parasite because S. markewitschi occupies mouth cavities, which mechanically hampers 

feeding (Nagasawa et al. 1998). Therefore, given the body condition index representing 

energy allocations (Sanchez et al. 2018), host with poor condition may not have enough 

resources to allocate for feeding. 

Another possible explanation for the reduced vulnerability to angling is the loss of 

the competitive abilities of infected hosts with poor conditions. Stream salmonids 

generally form a dominance hierarchy, and individuals at higher hierarchy occupy better 

feeding habitats (Fausch 1984; Hughes 1992), resulting in higher vulnerability to 

angling (Tsuboi & Morita 2004). Given that parasite infections generally reduce the 

competitive ability of hosts (Barber et al. 2000), infected fish, especially those with poor 

conditions, are outcompeted by other fish, resulting in low vulnerability to angling. 
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In contrast, infected fish with higher body conditions are vulnerable to angling. In 

some host–parasite systems, infected hosts show longer foraging times (Giles 1987; 

Voutilainen et al. 2008) and higher growth rates (Arnott et al. 2000), possibly because 

they try to regain the resource shortage when they have enough energy to allocate to 

feeding behaviour. Similarly, fish infected by copepods with higher body conditions 

may have increased foraging behaviours to try to compensate for exploited resources, 

resulting in higher angling rates. This may also explain the higher vulnerability of 

uninfected fish with poor conditions to angling. The fact that salmonids having poorer 

body condition are susceptible to angling is also reported by other studies (Tsuboi et al. 

2021). 

So far, many studies have demonstrated the evolution of fish behaviour by 

angling; since angling generally select bolder, more aggressive and more explorative 

individuals (Biro & Post 2008; Härkönen et al. 2014; Wilson et al. 2015; Koeck et al. 

2019), resulting in higher proportion of more shy or timid individuals in the original 

populations (Arlinghaus et al. 2017). In addition, such behavioural traits are often 

correlated with fish body condition (Kanno et al. 2023). In these contexts, what does my 

study add new perspectives on these timely topics? If parasite infection does not depend 

on host genotypes, parasite inflections and resulting susceptibility to angling will not 

cause evolution of fish behaviour. In addition, body condition is also highly plastic, 

depending on how much foods individuals eat. Thus, the condition-dependent 

vulnerability of infected fish, demonstrated by this study, will not significantly affect 

evolutionary change of fish behavior. In reality, however, host genotype affects the 

susceptibility to parasites, for example individuals showing specific heritable 

behaviours such as boldness tend to have more parasites (Wilson et al. 1993; Boyer et al. 

2010). Fatness or body condition are also genetically determined (Merila 1996). 

Therefore, behavioural evolution induced by human angling activities are rather 
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complex, and parasite infections and body condition should also be considered in the 

context. 

My Twitter analysis clearly revealed that people have negative impressions of fish 

parasites: angler’s satisfaction generally decreased when their captured fish were 

parasitised, and people also felt disgusted when they bought parasitised fish. More 

importantly, some people discarded or released fish when they found parasites, 

suggesting that parasites reduced the fish consumption rate. People in particular feel 

fear when they find parasites that harm human health, such as Anisakis spp. 

(Supplementary material 2). People are also uncomfortable with parasites with no 

effects on human health, such as isopods, copepods and other helminths, which is 

probably due to their appearance, ignorance for their biology and actual effects. These 

results suggest that all types of parasites can potentially reduce human’s fish 

consumption rates. Parasites have been a strong agent for natural selection on humans, 

and the feeling of disgust has evolved (Prokop & Fedor 2013; Curtis 2014). 

Consequently, people might have begun to feel disgusted towards all parasites, even to 

those with no harmful effects on human health. If most parasites decrease angler’s 

satisfaction and increased angler’s release motivation (Mitro & Griffin 2018), parasite 

infection might result in the increase of both host and parasite survival. Further studies 

examining the global patterns of people’s reactions against parasites sheds light on the 

new insight into the roles of parasites in human resource consumption and natural 

selection on hosts and parasites. 

  



85 

 

Table 1. Results of the generalised linear mixed model examining the predictors 

affecting the angling vulnerability of white-spotted charr. 

 

  

Coefficient Standard Error t -value p -value

Intercept −0.503 0.239 −2.106 0.035
Residual −0.236 0.239 −0.985 0.325
Infection status −0.004 0.269 −0.016 0.988
Fork Length 0.441 0.182 2.420 0.016
Residual × infection status 0.571 0.311 1.839 0.066
Fork Length × infection status −0.112 0.267 −0.419 0.675
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Table 2. People’s reactions against fish parasites as analysed using three-year Twitter 

posts. 

 

  

(a) including 'reaction undetermined'

Angling Buy from markets Others Unidentified Total

Negative reaction 33 (42%) 57 (68%) 4 (40%) 28 (48%) 122 (53%)
Neutral reaction 1 (1%) 4 (5%) 0 1 (2%) 6 (3%)
Positive reaction 1 (1%) 5 (6%) 0 5 (9%) 11 (5%)
Reaction undetermined 43 (55%) 18 (21%) 6 (60%) 24 (41%) 91 (40%)

Total 78 84 10 58 230

(b) after removing 'reaction undetermined'

Angling Buy from markets Others Unidentified Total

Negative reaction 33 (94%) 57 (86%) 4 (100%) 28 (82%) 122 (88%)
Neutral reaction 1 (3%) 4 (6%) 0 1 (3%) 6 (4%)
Positive reaction 1 (3%) 5 (8%) 0 5 (15%) 11 (8%)

Total 35 66 4 34 139
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Figure 1. Relationships between the angling probability and body condition (residual 

index) of white-spotted charr. (a) Fish infected by mouth-attaching copepod Salmincola 

markewitschi, (b) Fish uninfected by the copepod. 
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Supplementary material 1. Summary of field surveys in each section. 

 
 
 
  

Day/time of angling Fish caught by angling (infected) Fish caught by shocker (infected) Total

July 5th (11:41-11:53) Sec1 0 3 (0) 3 (0)
July 5th (11:56-12:32) Sec2 3 (1) 9 (2) 12 (3)
July 5th (12:35-12:54) Sec3 3 (2) 4 (2) 7 (4)
July 5th (15:50-16:23) Sec4 3 (1) 6 (0) 9 (1)
July 6th (5:54-6:23) Sec5 3 (0) 6 (2) 9 (2)
July 6th (6:24-7:27) Sec6 14 (5) 22 (5) 36 (10)
NA Sec7 NA NA NA
July 6th (10:20-11:01) Sec8 7 (3) 12 (1) 19 (4)
July 6th (11:01-11:19) Sec9 0 12 (4) 12 (4)
July 6th (15:24-15:53) Sec10 1 11 (3) 12 (3)
July 6th (15:53-16:28) Sec11 2 (1) 17 (8) 19 (9)
July 7th (6:25-7:16) Sec12 9 (4) 6 (2) 15 (6)
July 7th (7:16-7:51) Sec13 7 (5) 7 (3) 14 (8)
July 7th (7:51-8:05) Sec14 1 (0) 15 (4) 16 (4)
July 7th (9:05-9:25) Sec15 5 (1) 7 (3) 12 (4)
July 7th (9:30-10:12) Sec16 7 (2) 3 (1) 10 (3)
July 7th (13:36-14:18) Sec17 8 (1) 6 (3) 14 (4)
July 7th (14:18-14:45-15:04) Sec18 9 (3) 7 (4) 16 (7)
July 8th (7:17-8:02) Sec19 11 (6) 9 (4) 20 (10)
July 8th (8:02-8:40) Sec20 8 (3) 7 (1) 15 (4)
July 8th (8:42-9:13) Sec21 6 (2) 9 (6) 15 (8)
July 8th (9:16-9:22-9:32-10:08) Sec22 17 (6) 10 (6) 27 (12)

Total 124 (46) 188 (64) 312 (110)
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Chapter 5 

 

Does parasite infection affect host feeding behavior ? A test with 

stomach contents analysis 
 

 

Abstract 

Many parasites infect fish host mouth cavities, and these parasites are expected to 

physically impede host foraging. Despite their potential impacts on host foraging 

ecology, only a few studies evaluated host foraging activities and provided unclear 

evidence. Here, I examined the effects of mouth-infecting copepods, Salmincola 

markewitschi, on foraging of wild white-spotted charr Salvelinus leucomaenis, using 

stomach contents analysis. Contrary to my predictions, stomach fullness and total prey 

abundance were not significantly different between infected and uninfected fish. 

However, I found that smaller infected hosts foraged on a lower proportion of terrestrial 

invertebrates compared to uninfected counterparts. These results suggest that small 

infected fish rather increased foraging activities to compensate their energetic loss 

induced by infections, whereas they shifted main diets from large terrestrial to small 

aquatic invertebrates, possibly due to physical inhibitation and reduced competitive 

abilities by copepod infection. 
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1. Introduction 

Parasites substantially induce host behavioral changes and ultimately affect host 

fitness (Barber et al. 2000; Binning et al. 2017; Mrugała et al. 2023). One such behavior 

that is strongly affected by parasite infection is host foraging (Barber et al. 2000; 

Mrugała et al. 2023). Parasites generally decrease host foraging activities by 

exploitation of host’s energy (Crane et al. 2011), reduction of prey searching and 

handling efficiency (Cunningham et al. 1994; Österling et al. 2014; Souza et al. 2019; 

Vivas Muñoz et al. 2019) and host competitive abilities over food resources (Finley & 

Forrester 2003; Filipsson et al. 2018; Godwin et al. 2018). On the other hand, infected 

hosts occasionally increase foraging activities to try to regain resources that are 

exploited by parasites (Arnott et al. 2000; Hasegawa & Koizumi 2023). In addition, 

some parasites, especially trophically transmitted parasites, could increase host foraging 

activities via host manipulation to increase the chance to transmit to definitive hosts 

(Bernot & Lamberti 2008). Since foraging are tightly linked to host fitness (Werner & 

Hall 1974; Waite & Field 2007; Hintz & Lonzarich 2018) and these host behavioral 

changes also spill over into host population dynamics, community changes and 

ecosystem level consequences (Minchella & Scott 1991; Wood et al. 2007; Reisinger & 

Lodge 2016; Morton & Silliman 2020), understanding the parasite’s roles in host 

foraging is fundamental, but central issues in ecology and evolution (Born-Torrijos et al. 

2023; Mrugała et al. 2023). 

Many parasites, particularly parasitic isopods and copepods are known to infect 

on mouth cavity of fish hosts (Kabata 1969; Weinstein & Heck 1977; Smit et al. 2014; 

Vigneshwaran et al. 2019). Since these parasites often occupy large proportion of the 

mouth cavity space, they could physically inhibit host foraging and subsequently reduce 

host body condition and growth rate (Weinstein & Heck 1977; Vigneshwaran et al. 

2019). Researchers have long been curious about if and how such infected fish forage 
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for preys (Lanzing & O'Connor 1975; Weinstein & Heck 1977; Kimmel & Arneson 

1978; Brusca & Gilligan 1983). On the other hand, only a few studies have evaluated 

host foraging ecology, employing specific methods such as stomach contents and stable 

isotope analyses (Parker & Booth 2013; Carrassón & Cribb 2014; but see Vigneshwaran 

et al. 2019). And surprisingly, these studies provided unclear evidence of serious 

impacts of these parasites (Parker & Booth 2013; Carrassón & Cribb 2014; but see 

Vigneshwaran et al. 2019). For instance, Carrassón & Cribb (2014) assessed the impacts 

of mouth-infecting isopods Ceratothoa cf. imbricataon on the banded scat Selenotoca 

multifasciata, but found no evidence of reduced stomach fullness and body condition 

indices. Parker & Booth (2013) more specifically explored negative impacts of similar 

isopods Cymothoa borbonicaon on large spot pompano Trachinotus botla using 

stomach contents and stable isotope analyses. They identified a decline in the growth 

rate of infected fish, but other indices such as stomach fullness, diet compositions and 

stable isotope levels were similar between infection status. Only Vigneshwaran et al. 

(2019) reported significant changes of dietary compositions, stomach fullness and body 

condition of Black Pomfret Parastromateus niger infected by isopod C. eremita. 

Consequently, several studies assumed that the impacts of mouth-infecting parasite on 

host body condition and growth are benign or negligible in the field (refs; Carrassón & 

Cribb 2014). Nonetheless, all these previous studies predominantly focused 

mouth-infecting isopod systems, and further examinations on different types of systems 

with specific evaluations of diet compositions, are still required to draw conclusions. 

In this study, I evaluated the effects of a mouth-infecting copepod Salmincola 

markewitschi on foraging ecology of their hosts white-spotted charr Salvelinus 

leucomaenis in a natural stream of northern Japan (Figure 1). The genus Salmincola is 

an ectoparasitic copepod group that mainly utilize freshwater salmonids as hosts 

(Kabata 1969). Their infections generally occur at mouth and gill cavities, and cause 
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physical damages to attachment sites (Kabata & Cousens 1973; White et al. 2020). 

Fragmented observations suggest that infections of mouth attaching Salmincola spp. 

such as S. carpionis and S. stellata reduce host appetites in the aquarium (Nagasawa et 

al. 1994; Nagasawa et al. 1998; Hiramatsu et al. 2001), which might lead loss of host 

body condition (Nagasawa et al. 1998) and host death (Hiramatsu et al. 2001). In fact, I 

found consistent negative correlations between the numbers of S. markewitschi and their 

host body condition throughout the year, suggesting that this parasite could strongly 

reduce foraging activities and cause subsequent reduction of host body condition 

(Hasegawa & Koizumi 2024). On the contrary, host vulnerability to angling, a potential 

indicator for host foraging activities, was not significantly different among infection 

status, and differences became clearer only when I considered host body condition 

(Hasegawa & Koizumi 2023). Nonetheless, these studies evaluated the impacts of 

mouth-infecting copepods on host foraging using indirect method (i.e. body condition 

and vulnerability to angling), and hence more direct and detailed evaluation is 

necessary. 

For assessing detailed impacts of the parasites on host foraging ecology, I 

quantified host diet compositions using stomach contents analysis, a traditional method 

for evaluating foraging quantity and quality of wild fish populations (Braga et al. 2012; 

Amundsen & Sánchez-Hernández 2019). In this study, I tested two specific predictions. 

Firstly, I predicted that infected hosts would show lower levels of stomach fullness and 

prey abundance because the mouth-infecting copepods could physically and directly 

inhibit host foraging and reduce the host’s prey capturing success. Secondly, I predicted 

that infected hosts would change diet compositions, showing a lower proportion of 

terrestrial invertebrates. Salmonids, especially charrs (i.e. fishes in the genus Salvelinus), 

are generalist feeders and forage aquatic and terrestrial organisms (Yamamoto 1991; 

Morita & Suzuki 1999; Goto et al. 2023). Terrestrial invertebrates are generally larger 
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than aquatic ones, and thus infected hosts should struggle to prey on these larger 

terrestrial invertebrates due to physical impediment caused by mouth-infecting 

copepods. In addition, reduced proportion of terrestrial invertebrates is expected from 

the consequences of intra- and inter-specific competitions. It is well known that 

salmonids generally have strong dominance hierarchy and dominant fish tend to stay in 

the middle of the flow and forage on terrestrial organisms, whereas subordinates tend to 

prey aquatic organisms (Nagoshi & Sakai 1980; Miyasaka et al. 2003; Nakano et al. 

2020; Fausch et al. 2021). Due to reduced health condition and a loss of handling 

efficiency caused by parasites, infected hosts would be easily outcompeted by 

conspecifics (Barber et al. 2000; Filipsson et al. 2016; Hasegawa & Koizumi 2023). 

Consequently, these hosts are forced to prey aquatic invertebrates.  

 

2. Materials and methods 

A field survey was carried out at the two sites of Ito-River, one of the main 

tributaries of Shiodomari River system, southern Hokkaido, Japan (hereafter, site A and 

B, the same sites of ID 19 and 17 in Hasegawa & Koizumi 2021). In this river system 

and tributary, white-spotted charr widely distribute and are frequently infected by 

parasitic copepod Salmincola markewitschi (Hasegawa & Koizumi 2021, 2023, in 

press; Hasegawa et al. 2022b). Other than white-spotted charr, masu salmon 

Oncorhynchus masou masou and fluvial sculpin Cottus nozawae occur in both study 

sites, but stone loach Barbatula oreas only occur in site B. The density of masu salmon 

was high in site B (Supplementary material 1). 

In July 2019, I captured white-spotted charr by electrofishing within 100–300 m 

study reaches at each study site (N = 227). July is the main foraging and growing period 

for white-spotted charr (Ishigaki 1984; Morita & Suzuki 1999). Captured fish were 

anesthetized using the anesthetic agent FA100 (DS Pharma Animal Health Co., Ltd., 



94 

 

Osaka, Japan), and body length (fork length: hereafter FL) and body weight (hereafter 

BW) were measured to the nearest 1 mm and 0.1 g, respectively. The body surfaces 

(including buccal cavities) of fish were macroscopically checked for the presence of 

copepods. When parasitic copepods were found, I counted their numbers and recorded 

the attachment locations on each fish. I only counted female copepods because male 

Salmincola spp. are dwarf forms that attach to female bodies (Kabata & Cousens 1973). 

All captured fish were visually categorized into age 0 and age 1 and older fish. Since 

age 0 fish were rarely infected by S. markewitschi (Hasegawa & Koizumi 2021, 2024), 

age-1 and older fish were subjected to stomach collections as described below. 

The stomach contents of almost all captured age-1 and older fish (N = 223) were 

quickly collected by stomach flushing method with a 500-mL wash bottle (Giles 1980; 

Sato et al. 2012). Collected stomach contents were preserved in 70% ethanol until 

analyzed in the laboratory (see below). All captured fish were released at sites where 

they were collected. 

Preserved stomach contents were analyzed under a stereo microscope (SZ10, 

Olympus Inc., Japan). Stomach contents of most fish individuals were composed by 

terrestrial and aquatic arthropods, mainly Insecta (Table 1). These arthropods were 

identified at least order levels. Other taxon such as snails, earth worm, and 

gammaridean amphipod were identified at least class levels. I measured wet weight for 

each category to the nearest 0.01 mg after blotting for about 10 s (Nakano et al. 1999; 

Miyasaka et al. 2003). I also counted numbers for each prey category from digested 

body parts as total prey abundance (e.g. Goto et al. 2023). 

All statistical analyses were performed using R 4.1.2 (R Core Team 2021). All 

the fish larger than 227mm (N = 10) showed apparent low amounts of stomach contents 

and developed gonad, and some fish may be migrant ascended form that sea to the 

streams for spawning. They possibly ceased foraging due to the preparation for 



95 

 

reproduction after September (Yamamoto 1991). Another fish’s stomach (N = 1) was 

filled with unidentified organisms, possibly small mammals, and it was highly difficult 

to identify other specific prey types in the stomach. Therefore, these fish (N = 11) were 

removed from the subsequent analyses but retained the calculation of infection indices 

such as prevalence (see below). 

Infection indices (i.e. prevalence, intensity, mean intensity) were calculated for 

each study site following the methodology defined by Bush et al. (1997). To evaluate a 

host body condition, I calculated stomach excluded weight (SEW; BW – total amount of 

stomach contents weight) for each fish. 

A body condition (“residual index” defined by Jakob et al. 1996) was calculated 

from the regression of ln (SEW) and ln (FL): residuals from the regression lines were 

served as a relative body condition for each fish (Jakob et al. 1996). This index allows 

to quantify fish body condition or overall health status regardless of host body length 

(Jakob et al. 1996), and thus it has been widely used in parasitology and fish ecology 

(e.g. Bagamian et al. 2004; Lagrue & Poulin 2015; Perrot-Minnot et al. 2020). 

Like other studies of white-spotted charr (e.g. Morita & Suzuki 1999), two-age 

classes, age 1 and age 2 and older, could be visually distinguished from the 

FL-frequency histogram. Using R package“mclust” (Fraley et al. 2012), I statistically 

decided thresholds of upper and lower side of each size-distribution. In this analysis, 

age-1 class and age-2 and older class were successfully distinguished as ≦ 127 mm and 

> 127 mm FL, and therefore I used these categories in the following analysis (see 

below). 

I compared the frequency of each prey category in the stomach contents among 

infection status (i.e. infected and uninfected) and fish age classes (i.e. age-1, age 2 and 

older) using Fisher’s exact test. 
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To test whether stomach fullness differed between infection status, I constructed 

a generalized linear mixed model (GLMM) using a quasibinomial distribution with a 

logit link function to account for the over-dispersion of response variable (e.g. Larios et 

al. 2023). The model was constructed by penalized quasi-likelihood function (i.e. 

glmmPQL) in R package “MASS” (Venables & Ripley 2002). I calculated stomach 

fullness for each fish using following equation: Stomach fullness = 100 × weight of 

stomach content / SEW (e.g. Godwin et al. 2018). The response variable was stomach 

fullness and explanatory variables were infection status (infected = 1, uninfected = 0), 

FL, body condition, study sites (site A and B), and interaction terms (i.e. FL × infection 

status, body condition × infection status). Due to the possible significant effects of these 

two interaction terms as I found in my previous study (Hasegawa & Koizumi 2023), I 

included these in the model. I also included study sites as an explanatory variable to 

account for the heterogeneity of physical and biological characteristics between two 

study sites (Supplemental material 1), I included sample’s ID as random effects to 

ensure the high variance of response variables. Due to the logistical reasons in 

glmmPQL, I removed three fish with empty stomach (total N = 206 fish). 

To test if infections decrease the total prey abundance, I also constructed GLMM 

with negative binomial distribution using R package lme4 (Bates et al. 2015). The 

response variable was total prey abundance and the explanatory variables were infection 

status (infected = 1, uninfected = 0), FL, body condition, study sites (site A and B) and 

interaction terms (i.e. FL × infection status, body condition × infection status). I also 

included sample’s ID as random effects in this analysis. 

Finally, to test if copepod infection decreases the proportion of terrestrial 

invertebrates, I also constructed GLMM using a quasibinomial distribution with logit 

link by glmmPQL function described above. The response variables were proportion of 

terrestrial invertebrates, that was defined as follows: cbind (weight of terrestrial 
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invertebrates, weight of aquatic invertebrates). The explanatory variables were FL, body 

condition, infection status (infected = 1, uninfected = 0), study sites (site A and B) and 

interaction terms (i.e. FL × infection status, body condition × infection status). I 

included sample’s ID as random effects. I used 206 fish data as the same reasons as 

described above. 

 

3. Results 

In total, 227 age 1 and older resident white-spotted charr were captured at two 

sites in Ito River, Shiodomari River system (Site A: N=104, Site B: N=123). FL range 

were 86–294 (mean 153.25 mm) and 89–300 (mean 145.78 mm) for Site A and B, 

respectively. All copepods were found in buccal cavities. The infection prevalence and 

mean intensity were 25.0 % and 2.19 (range: 1–6) at site A and 24.4 % and 1.4 (range 

1–4) at site B, respectively. 

The four phylums and six classes were identified in the stomach contents of 212 

fish (Table 1). Of which, arthropod is the main prey types for most fish and 14 orders 

were recorded. The majorities of stomach contents were composed with Trichoptera’s 

larvae (61.3 %), followed by Ephemeroptera’s larvae (58.0%), Hymenoptera (mainly 

ants, 50.0 %), Coleoptera (49.5 %), Lepidoptera (all larvae, 46.2 %), Diptera (40.6 %) 

and Orthoptera (22.2 %) (Table 1). 

In age 1 class, frequency of Lepidoptera was significantly different among 

infection status (Figure 2). While 9.1 % of infected fish foraged Lepidoptera, 44.0 % of 

uninfected fish foraged the same prey item (Fisher’s exact test; p = 0.04; Figure 2). In 

age 2 and older class, uninfected fish showed significantly higher foraging rate of 

Diptera’s adult (47.8 %, p = 0.04; Figure 2) compared to infected counterparts (27.8 %; 

Figure 2). Infected fish in age 2 and older class foraged marginally higher rate for 
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Ephemeroptera’s adult (5.4 %, p = 0.08; Figure 2), whereas no uninfected fish foraged 

them (0 %; Figure 2). 

No significant differences of stomach fullness were found among infection 

status (Table 2a). Body condition and FL was positively and negatively correlated with 

stomach fullness, respectively (Table 2a). Stomach fullness of fish captured in site A 

was significantly lower than that of site B (Table 2a). 

In the analysis for total prey abundance, the interaction term of FL and infection 

status was marginally significant (Table 2b); while total prey abundance were positively 

correlated with FL in uninfected hosts, these were negatively correlated with FL in 

infected hosts. Body condition had significant positive effects (Table 2b). Total prey 

abundance was significantly higher in site A (Table 2b). 

In GLMM analysis for proportion of terrestrial invertebrates, interaction terms of 

FL and infection status was significant (Table 2c; Figure 3). This means that the 

proportion of terrestrial invertebrates of infected hosts were low when FL was small, 

whereas the proportion was high when their FL was large (Table 2c; Figure 3). Body 

condition did not have significant effects on proportion of terrestrial invertebrates 

(Table 2c). Proportion of terrestrial invertebrates was higher in site B (Table 2c). 

 

4. Discussion 

To date, many researchers have suspected that mouth-attaching parasites could 

strongly hinder and reduce host foraging activities and efficiency (Smit et al. 2014; 

Vigneshwaran et al. 2019). However, only a few studies specifically evaluated the 

dietary compositions of fish infected by these parasites, and most of them reported no or 

minor effects (Parker & Booth 2013; Carrassón & Cribb 2014; Vigneshwaran et al. 

2019). Through intensive evaluations of host stomach contents, I successfully detected 

host foraging shifts from terrestrial to aquatic invertebrates which may be induced by 
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physical inhabitation of feeding by the mouth attaching parasite Salmincola 

markewitschi. Contrary to this feeding shifts, I found no significant differences of 

stomach fullness and total prey abundance, suggesting that fish may have increased 

foraging to compensate their energetic loss by parasites. 

As predicted, I found infected fish showed lower proportion of terrestrial 

invertebrates but only when they had smaller body size. Additional analysis comparing 

the diet category in different size class supported this result; age 1 infected fish 

(younger and smaller size group) showed lower frequency of Lepidoptera (terrestrial 

insects). These results could have been derived from several mechanisms. First, 

copepods physically inhabit host feeding, and subsequently reduce host prey handling 

efficiency. Most teleost fishes employ suction feeding, the ability to utilize a strong 

pressure gradient inside the oral cavity to suck preys with water into the mouth 

(Wainwright et al. 2015; Dearden et al. 2023). When parasitic copepods attach to the 

mouth, copepods block the sucked preys, and hence fish could not effectively swallow 

preys. This is particular the case when the fish have a smaller body size, generally 

characterized by a smaller mouth cavity space, and when such fish capture large prey, 

such as grasshoppers and earthworms. Since these large prey items are commonly 

terrestrial invertebrates, the stomach contents of small infected hosts consequently 

consisted of relatively small-sized benthic invertebrates. Significantly lower frequency 

of Lepidoptera in age-1 infected hosts well supported this explanation because 

Lepidoptera has relatively larger size among stomach contents in the study area 

(Hasegawa personal observation). 

Second, smaller infected hosts shifted their main diets to minimize energy 

expenditure. While terrestrial invertebrates flow around the surface of the river, aquatic 

invertebrates flow around the riverbed (Furukawa-Tanaka 1992). Thus, capturing 

aquatic invertebrates around the riverbed (i.e. bottom) does not require much energy 
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compared to those for terrestrial invertebrates. Given that copepod infections reduce 

host body condition (Hasegawa et al. 2022a; Hasegawa & Koizumi 2023, 2024) and 

such parasite impacts tend to be larger in small hosts (Spitzer et al. 2022), smaller 

infected hosts with low energy reserves shifted their foraging behaviors to selectively 

capture aquatic invertebrates. In other host-parasite systems, fish infected by parasites 

similarly exhibited selective foraging on preys with low mobility and activity because 

capturing these preys does not require a huge amount of energy (Vivas Muñoz et al. 

2019). 

Third, infected fish, especially having smaller body size, shifted foraging 

behavior because of possible reduced competitive abilities by parasites (Barber et al. 

2000; Tompkins et al. 2003). Salmonids have strong dominance hierarchy and small 

fish tend to lose in competitions (Nakano 1995; Fausch et al. 2021). Infected hosts 

particularly could have poor competitive abilities because of their reduced body 

condition and induced stress (Barber et al. 2000; Tompkins et al. 2003). In fact, several 

studies found that parasitized fish tend to be outcompeted by intra-and inter specific 

competitions (Barber & Huntingford 1995; Barber et al. 2000; Filipsson et al. 2018). In 

my study sites, density of white-spotted charr was relatively higher than other sites in 

the river system (Hasegawa & Koizumi 2021), and thus intra-specific competitions 

could have occurred frequently. Further, masu salmon, a strong competitor for 

white-spotted charr (Furukawa-Tanaka 1988; Nakano 1995; Morita & Suzuki 1999; 

Miyasaka et al. 2003) inhabits both study sites as well. Masu salmon is generally 

superior to white-spotted charr in inter-specific competitions and preyed terrestrial 

invertebrates a lot (Morita & Suzuki 1999; Miyasaka et al. 2003). Under these situations, 

it is highly possible that intra- and inter-specific competitions, infected small fish were 

forced to shift their prey to aquatic insects such as Trichoptera. On the contrary, larger 
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fish could be dominant even when they are infected by parasites because of their large 

body size and large amount of holding resources. 

Strikingly, there were no significant differences in stomach fullness and total 

prey abundance among infection statuses. I also found that body condition correlated 

with both stomach fullness and total prey abundance. These findings are consistent with 

previous studies showing no differences of stomach fullness and subsequent body 

condition indices among infection status (Parker & Booth 2013; Carrassón & Cribb 

2014). These results may be explained by increments of feeding to compensate for 

energetic demands in infected hosts. Parasites reduce host energy reserves through 

several pathways such as the direct exploitation of host resources, increments in 

metabolism and the activation of costly immunity (Haye & Ojeda 1998; Arnott et al. 

2000; Östlund-Nilsson et al. 2005). To counter this, hosts often increase foraging 

activities to regain energy to cover their reduced energy reserves (Arnott et al. 2000; 

Östlund-Nilsson et al. 2005). In infected hosts, this trend must be evident in fish with 

high body condition because they can afford to allocate their resources into foraging 

activities (Hasegawa & Koizumi 2023). Thus, compensative food intakes might have 

masked the differences in stomach fullness and total prey abundance among infection 

statuses in the present and previous studies (Parker & Booth 2013; Carrassón & Cribb 

2014). Then, it is also predicted that parasite negative impacts become apparent in 

situations where food resources are limited and/or host’s energetic demands are high 

(Östlund-Nilsson et al. 2005). Several studies supported these predictions; for instance, 

negative impacts by parasites were restricted under high-stress and low-food conditions 

(Östlund-Nilsson et al. 2005; Sala-bozano et al. 2012; Kawanishi et al. 2016). 

There are several limitations in my studies. My results were not only reflected 

by host behavioral differences, but also could be derived from differences of host 

digestive abilities among infection status (Born-Torrijos et al. 2023). Several previous 
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studies pointed out that infected hosts showed different metabolisms and consequent 

digestive abilities due to limited resource allocations (Toscano et al. 2014; 

Born-Torrijos et al. 2023). Furthermore, while stomach contents analysis provides us 

insightful information of host foraging ecology (Giles 1980; Amundsen & 

Sánchez-Hernández 2019), these results represent mere snapshots, and thus generality 

of my findings to different timing of capture is not known. For instance, given the 

seasonal fluctuations in fish foraging activities (Yamamoto 1991; Railsback et al. 2005), 

body condition (Morita et al. 2011; Spangenberg et al. 2023) and resource availability 

(Kawaguchi & Nakano 2001; Armstrong et al. 2016), my results could differ among 

seasons. Future studies such as laboratory experiments and stable isotope analysis which 

enables us to detect long-span patterns of host foraging (Layman et al. 2007), are 

necessary to determine whether mouth-infecting copepods induce host foraging at other 

times. 

In summary, I found that mouth-infecting copepod S. markewitschi induced 

dietary shifts in small host fish, but infection does not alter the overall stomach fullness 

and total prey abundance. Our results indicate that mouth-infecting parasites affect host 

foraging ecology, but that impacts are not stronger than many researchers expected 

despite the obvious occupancy of these parasites in host mouth cavity. Nonetheless, my 

target species is relatively smaller compared to the focal species in previous studies 

(Barkenhaster et al. 2006; Sala-bozano et al. 2012; Carrassón & Cribb 2014), and hence, 

dietary shifts induced by mouth infecting parasites may be prevalent among other 

host-parasite associations, and previous studies that did not specifically examine the 

stomach contents of fish might have overlooked such host behavioral changes. These 

host foraging shifts could partially explain poor body condition of infected hosts 

(Hasegawa & Koizumi 2024), potentially leading to the loss of fitness components such 

as growth and survival (Hasegawa & Koizumi 2024). Furthermore, the foraging shifts 
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induced by parasite infections also trigger trophic cascades (Sato et al. 2012; Mrugała et 

al. 2023). In my study system, since small infected fish selectively foraged upon aquatic 

invertebrates, this behavioral shifts might affect algae production and nutrient uptake 

(Sato et al. 2012; Nakano et al. 1999). To these end, further studies focusing other host 

– mouth-attaching parasite systems are highly necessary.  
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Table 1. Summary of prey taxonomic categories found from stomach contents of 

white-spotted charr in the Shiodomari River system. 

 

 

 

  

age-1 (N  = 11) age-2 and older (N  = 36) age-1(N  = 75) age-2 and older (N  = 90)

Aquatic organisms
Arthropod
–Malacostraca Amphipoda 0 (0 %) 2 (5.6 %) 6 (8.0 %) 4 (4.4 %)
–Insecta Ephemeroptera 9 (81.8 %) 16 (44.4 %) 46 (61.3 %) 52 (57.8 %)

Plecoptera 1 (9.1 %) 2 (5.6 %) 2 (2.7 %) 6 (6.7 %)
Trichoptera 7 (63.6 %) 17 (47.2 %) 54 (72.0 %) 52 (57.8 %)
Diptera 1 (9.1 %) 0 (0 %) 3 (4.0 %) 7 (7.8 %)

Vertebrata
–Osteichthys 0 (0 %) 3 (8.3 %) 0 (0 %) 4 (4.4 %)
Terrestrial organisms
Annelida
–Oligochaeta 0 (0 %) 0 (0 %) 0 (0 %) 1 (1.1 %)
Mollusca
–Gastropoda 0 (0 %) 1 (2.8 %) 1 (1.3 %) 5 (5.6 %)
Arthropod
–Malacostraca Isopoda 0 (0 %) 1 (2.8 %) 2 (2.7 %) 1 (1.1 %)
–Arachnida Araneae 2 (18.2 %) 8 (22.2 %) 17 (22.7 %) 25 (27.8 %)

Opiliones 0 (0 %) 0 (0 %) 1 (1.3 %) 1 (1.1 %)
–Insecta Ephemeroptera 0 (0 %) 2 (5.6 %) 0 (0 %) 0 (0 %)

Plecoptera 0 (0 %) 0 (0 %) 0 (0 %) 1 (1.1 %)
Trichoptera 0 (0 %) 0 (0 %) 2 (2.7 %) 1 (1.1 %)
Dermaptera 0 (0 %) 3 (8.3 %) 3 (4.0 %) 4 (4.4 %)
Orthoptera 0 (0 %) 13 (36.1 %) 8 (10.7 %) 26 (28.9 %)
Hemiptera 1 (9.1 %) 3 (8.3 %) 5 (6.7 %) 8 (8.9 %)
Hymenoptera 5 (45.5 %) 25 (69.4 %) 28 (37.3 %) 48 (53.3 %)
Coleoptera 6 (54.5 %) 20 (55.6 %) 27 (36.0 %) 52 (57.8 %)
Lepidoptera 1 (9.1 %) 20 (55.6 %) 33 (44.0 %) 44 (48.9 %)
Diptera 5 (45.5 %) 10 (27.8 %) 28 (37.3 %) 43 (47.8 %)

Infected UninfectedTaxonomic groups
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Table 2. Results of the generalized linear mixed models (GLMMs) examining the 

predictors affecting the (a) stomach fullness, (b) total prey abundance, (c) proportion of 

terrestrial invertebrates of white-spotted charr in the Shiodomari River system. 

 

 
 
 
  

(a) Stomach fullness

Variables Coefficient Standard Error t -value p -value

Intercept −5.172 0.108 −48.082 <0.001
Fork Length −0.268 0.093 −2.887 0.010
Body condition 0.298 0.088 3.436 0.001
Infection status 0.160 0.208 0.767 0.445
Study sites −0.274 0.127 −2.150 0.035

Fork Length × infection status −0.178 0.178 0.224 0.823
Body condition × infection status 0.040 0.145 −1.232 0.221

(a) Total prey abundance

Variables Coefficient Standard Error z -value p -value

Intercept 2.018 0.068 29.527 <0.001
Fork Length 0.062 0.050 1.233 0.218
Body condition 0.134 0.050 2.688 0.010
Infection status 0.020 0.129 0.158 0.874
Study sites 0.718 0.081 8.852 <0.001
Fork Length × infection status −0.200 0.115 −1.735 0.083
Body condition × infection status −0.063 0.102 −0.617 0.537

(c) Proportion of terrestrial invertebrates

Variables Coefficient Standard Error t -value p -value

Intercept 0.777 0.154 5.056 <0.001
Fork Length 0.400 0.120 3.340 <0.01
Body condition 0.165 0.108 1.530 0.130
Infection status −0.510 0.280 −1.822 0.072
Study sites −1.093 0.162 −6.736 <0.001
Fork Length × infection status 0.641 0.240 2.674 <0.01
Body condition × infection status −1.093 0.203 −0.467 0.641
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Figure 1. Salmincola markewitschi (arrow heads) attaching to mouth cavity of 

white-spotted charr Salvelinus leucomaenis. 
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Figure 2. Proportion of each prey category in the stomach contents of white-spotted 

charr collected in the Shiodomari River. Figures were shown for each FL class (each 30 

mm) and infection status (a. infected; b. uninfected). Only top 8 prey categories were 

shown. 
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Figure 3. The relationships between standardized FL of white-spotted charr and 

proportion of terrestrial invertebrates against all stomach contents. Regression curves 

were estimated by generalized linear mixed models (GLMM). Fitted lines and plots are 

shown for each infection status (i.e. infected and uninfected fish). 
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Chapter 6 
 

Disentangling the causality between parasite infections and poor host 

condition in the wild population 
 

 

Abstract 

Host-parasite relationships are ubiquitous on Earth. Although parasites reduce host 

health, parasite infections also occur as a consequence of compromised host health. 

Both causalities could induce positive feedback, in which infected hosts with poor body 

conditions may suffer further infection. Such positive feedback could increase host 

mortality and may finally affect host population dynamics. However, both causalities 

and how positive feedback affect host population dynamics has rarely been 

demonstrated in the wild, possibly due to methodological difficulties. Here, I used a 

mark-recapture survey combined with structural equation modelling (SEM) to examine 

whether both causalities and positive feedback occurred in stream salmonid and 

parasitic copepod systems. I also examined the factors affecting the apparent survival of 

hosts during the mark-recapture period using Cormack Jolly Seber (CJS) model. I found 

that parasitic copepods reduced host conditions and hosts with poor conditions were 

likely to be infected, suggesting that positive feedback can occur in the wild. 

Importantly, both body condition and parasite abundance significantly affect for host 

survival, suggesting that positive feedback reduce host survival in the wild. My findings 

provide robust evidence showing host condition–parasite infection dynamics, offering 

novel insights into how positive feedback could undermine the wild host population via 

reduction of host survival. 
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1. Introduction 

Parasites account for more than one-third of species on Earth and a great deal of 

biomass in ecosystems (Lafferty et al. 2006; Dobson et al. 2008; Kuris et al. 2008); 

hence, host–parasite relationships are one of the most common biotic associations in 

nature (Hudson et al. 2006; Dobson et al. 2008; Kuris et al. 2008). Parasites damage 

host health via directly exploiting resources from hosts or indirectly causing 

physiological burdens (Poulin 2011; Sheldon & Verhulst 1996) and can be major 

drivers of host evolutionary changes (Paterson et al. 2010) and host population 

dynamics (Hudson et al. 1998; Poulin 2011). Parasite infections also occur as a 

consequence of poor host health (Lochmiller 1996; Pederson & Greives 2008; 

Beldomenico et al. 2008). Given that gaining or maintaining immunity is nutritionally 

costly for hosts (Lochmiller 1996; Sheldon & Verhulst 1996), host individuals without 

enough available food resources can be easily predisposed to higher parasite loads 

(Tadiri et al. 2013; Forbes et al. 2016). These opportunistic infections in epidemiology 

may cause parasite outbreaks and finally crush wild populations (Lochmiller 1996). 

Therefore, parasite infections and host health synergistically affect wild host and 

parasite dynamics. 

Elucidating the synergy of parasite infections and host body conditions in the wild 

can advance our understanding of wild host population dynamics. However, most field 

studies have only examined cross-sectional correlations and have discussed one-sided 

causalities (Beldomenico et al. 2008). Field studies suggest a negative correlation 

between host body condition and infection parameters generally indicate that parasites 

are causes of poor host condition (Harper et al. 1999; Vicente et al. 2004; Sala-Bozano 

et al. 2012; Hasegawa et al. 2022a), although some showed poor condition situations 

such as food limitations may increase parasite prevalence and intensity because hosts 

compromise their immune functions under such situations (Forbes et al. 2016). 
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Most importantly, when parasite infections are both the cause and consequence of 

a poor host condition, I can also expect positive feedback: an infected host with a poor 

body condition due to the parasite infection will be more susceptible to further infection 

(Beldomenico et al. 2008; Beldomenico et al. 2009 a, b; Beldomenico & Begon 2010). 

This positive feedback is particularly important for understanding wild host population 

dynamics because this may create heavily infected hosts, which have low survival rate 

and eventually undermine the host population (Beldomenico & Begon 2010). Heavily 

infected hosts could be “super spreaders” among the populations (Beldomenico & 

Begon 2010), and thus this concept can also be important for parasites including disease 

dynamics (Beldomenico & Begon 2010). 

Both causalities and positive feedback are likely to occur but have rarely been 

demonstrated in natural populations. This is probably because tracking small and cryptic 

parasite infections is usually difficult without sacrificing host individuals, although 

longitudinal studies are one of the best ways to estimate the causalities in natural 

systems (Beldomenico et al. 2008; Telfer et al. 2010). Only a few studies have 

overcome these problems and specifically tested their causalities in wild conditions. A 

series of studies by Beldomenico et al. (2008, 2009a, 2009b) successfully detected 

parasite infections on field voles Microtus agrestis in the field using a haematological 

method, and they monitored the infection status and host body condition combined with 

mark-recapture analysis of the host, clearly demonstrating positive feedback. A 

haemogram can be a useful indicator of infection; however, the authors did not observe 

parasites directly in the blood, and specific changes in infection intensity were not 

clarified. Blanchet et al. (2009a) also demonstrated the causal relationships between 

parasite infections and host growth rates by estimating the growth of two host fishes 

from scales and otoliths, although these methods have potential estimation errors (e.g. 

Neilson 1992), and the duration, frequency, and intensity of parasites before sampling 
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were unknown. Thus, previous findings have not sufficiently demonstrated the existence 

of condition–infection causality and positive feedback, necessitating more rigorous 

empirical evidence. Moreover, these previous studies failed to evaluate host survival 

rate, even though positive feedback could likely cause host death in natural populations 

and, hence, affect wild host population dynamics (Beldomenico & Begon 2010). 

Consequently, evidence for how positive feedback drive host population dynamics in 

the wild have never been available. 

Here, I provide the first rigorous evidence of both causalities and positive 

feedback in wild populations by using a mark-recapture survey combined with 

structural equation modelling (SEM) in a wild stream fish–parasitic copepod system. 

SEM analysis is a powerful method for estimating the causalities in longitudinal 

datasets because of its simplicity and robustness (Fan et al. 2016). In fact, several 

studies have applied this approach to longitudinal studies and have revealed complex 

natural interactions (Almaraz 2005; Byrnes et al. 2011). My focused ectoparasitic 

copepod, Salmincola markewitschi, is ideal for examining the causality between host 

body condition and parasite abundance because of their relatively large body size (2–5 

mm; Kabata 1969) and characteristic of attaching to the mouth cavities of host salmonid, 

white-spotted charr (Kabata 1969), enabling me to track the change in infection 

intensity and host body condition longitudinally without sacrificing host fish. Further, 

previous studies have suggested that Salmincola spp. have negative impacts on host 

fitness components under rearing conditions, such as decline of fecundity (Gall et al. 

1972), appetite (Nagasawa et al. 1994; Hiramatsu et al. 2001), and body condition 

(Nagasawa et al. 1998). My previous studies also showed clear negative correlations 

between S. markewitschi loads and fish conditions in natural streams (Figure 1; 

Hasegawa & Koizumi 2024), but I still do not know the causalities hidden under these 

correlations. I conducted a mark-recapture survey of white-spotted charr Salvelinus 
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leucomaenis and S. markewitschi infecting the host mouth cavity in the Shiodomari 

River in southern Hokkaido. I also evaluated the apparent survival rate of host fish 

during the mark-recapture period to assess whether positive feedback reduces host 

survival in the wild. 

 

2. Materials and Methods 

2.1. Study species 

White-spotted charr (Figure 1) is a common salmonid fish inhabiting mountain 

streams in the Japanese archipelago (Hosoya 2013). Like many other salmonids, they 

have two types of life history in Hokkaido Island: some individuals remain and 

reproduce in their natal river throughout their lives (i.e. stream residents), whereas 

others migrate to the sea or lakes and later come back to the natal rivers for reproduction 

(i.e. migrants) (Morita 2001; Morita et al. 2009). Above natural waterfalls or man-made 

dams, most individuals mature as residents (Morita et al. 2009). White-spotted charr are 

assumed to live up to 10 years in the wild condition (Morita & Morita 2007). 

In my study systems, white-spotted charr have frequent infections by parasitic 

copepods in their mouth cavities (Hasegawa & Koizumi 2021). These copepods were 

identified as Salmincola markewitschi based on morphological observations and 

molecular analysis (Figure 1; Hasegawa et al. 2022b; Shedko et al. 2023). Although no 

detailed information about the life-history of the target species is available, their relative 

species such as S. californiensis and S. edwardsii have direct life cycles with seven 

separate stages; nauplius, free-living copepodid (less than 1mm; Kabata 1969), chalimus 

1–4 and mature adults (Kabata & Cousens 1973; Stankowska-Radziun & Radziun 1993; 

Conley & Cutis 1994; Murphy et al. 2020). Infectious free-living copepodids live up to 

a few weeks (Kabata & Cousens 1973; Conley & Cutis 1994). During this short period, 

they find and attach to suitable hosts using shock waves and shadows produced by hosts 
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as cues (Poulin et al. 1991). After the attachments, adult females infect to hosts at least a 

few months, and longevity of adult females were estimated longer than a few months 

(Kabata & Cousens 1973; Murphy et al. 2020). Because all male copepods are dwarf 

form attaching to female’s body (Kabata & Cousens 1973), I only counted females. 

 

2.2. Study area 

Mark-recapture surveys were conducted at the headwater tributary of the Ito River, 

Shiodomari River system, southern Hokkaido, Japan. The study reach was located 

between two waterfalls (both are about 2 m high). Since the waterfall prevents the 

upstream migration of most, but not all, sea-run migrants (Hasegawa unpublished data), 

the population was mainly composed of residents. Nonetheless, migrants can be easily 

distinguished from stream residents in the field due to is silvery colour, large body size 

and large white spots on the body surface (Ishigaki 1984). Since migrants only appeared 

after October in this tributary (Hasegawa unpublished data) and they have extremely 

high infection levels compared to residents (Hasegawa & Koizumi 2021), I only 

captured and marked residents. 

The study reach was 536 m, and it was divided into 22 sections (i.e. 25 m section 

× 21 + 11 m section × 1). The water temperature was measured hourly with a HOBO 

data logger (Onset Computer Corporation, Bourne, MA) from 2 June 2020 to 7 July 

2021, and the average water temperature in the study reach was 8.4 °C (min 0.0 °C–max 

18.9 °C). No other fish species were observed in the study reach, apart from 

white-spotted charr (Hasegawa unpublished data). 
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2.3. Mark-recapture survey 

During the study period of 2 and 6 June 2020 (hereafter the period called “June 

2020”), I captured white-spotted charr by two-pass electrofishing using a backpack 

Electrofisher unit (300 V DC, Model 12-B, Smith-Root Inc., Vancouver, WA, USA) 

and a dip net (2-mm mesh) at each section to estimate the charr abundance by the 

removal method (e.g. Riley & Fausch 1992). Block nets were set at the start and end 

points of each section to prevent fish from entering or leaving during electrofishing. 

Captured fish were anesthetised using FA100 (DS Pharma Animal Health Co., Ltd.), 

and body length (fork length; FL) and body weight (BW) were measured to the nearest 

1 mm and 0.1 g, respectively. I checked the presence and number of copepods by 

observing the fins, body surface, and mouth cavity of each fish. Fluorescent elastomer 

tags (North-west Marine Technology Inc., Shaw Island, WA, U.S.A.) were injected with 

a unique combination of six colours at four landmarks in each fish (four landmarks at 

the head and posterior points to each eye). Photographs of all individuals were taken on 

the left side with a digital camera (TG4, Olympus, Tokyo, Japan) to double-check the 

individual identification based on the variation of the white-spot pattern (Watz et al. 

2019). After fish recovery, I gently released the fish into the middle of each section 

from which they were captured. As age-0 fish were rarely infected by the copepod in 

previous studies (Hasegawa & Koizumi 2021), I only captured and marked age-1 and 

older fish individuals. 

Recapture sessions were conducted three times, given the parasite’s life history 

described above (see 2.1) and due to some logistical seasons: July 2020 (4–9 July 2020), 

October 2020 (31 September–3 October 2020), and July 2021 (5–9 July). Fish were 

recaptured and treated in the same manner as the marking session (i.e. June 2020), 

except for the July 2021 survey, in which I captured marked fish by angling and 
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two-pass electrofishing (Hasegawa & Koizumi 2023). For individuals with partly fading 

elastomer colours or exhibiting body length shrinkage, I confirmed and identified them 

by checking the photographs. Given the relatively long interval between October 2020 

and July 2021 (i.e. 9 months), I did not use the data of July 2021 in the estimation of 

causality by SEM; however, they were used for the survival rate estimation (see Section 

2.4.3). All capture histories are represented in Figure 2. 

 

2.4. Statistical analyses 

2.4.1. Calculating variables 

The infection level (prevalence, intensity, and mean intensity) was calculated 

following Bush et al.’s (1997) method. The estimated charr abundance in each section 

was calculated using the removal method implemented in the program CAPTURE 

(White et al. 1978; available at http://www.mbr-pwrc.usgs.gov/software/index.html). 

The host density in each section was calculated from estimated charr abundance, and 

each section area (m2) calculated from mean stream width and section length (i.e. 25 m 

or 11 m). For the accurate evaluation of the host body condition, I used the residual 

index (Jakob et al. 1996): I calculated residual distances of individual points from the 

regression of ln (BW) with ln (FL). This body condition index is widely used in 

fish-parasite system (Bagamian et al. 2004; Lagrue & Poulin 2015; Perrot-Minnot et al. 

2020). As fish body condition is assumed to be different among seasons in salmonids 

(e.g. Morita et al. 2011), I calculated residuals in each capture session (i.e. June 2020, 

July 2020, October 2020, and July 2021). I also calculated the growth rate (mm / day) 

for each host individual for each capture-recapture interval. 
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2.4.2. Structural Equation Modelling 

All statistical analyses were performed using R 4.1.2 (R Core Team 2021). To 

estimate the causalities among host body conditions, parasite infections, and other 

possible factors, I used piecewise structural equation modelling using package 

“piecewise SEM” version 2.1.2 (Lefcheck 2016) based on the hypothetical scheme 

shown in Figure 3. Piecewise SEM allowed me to test the effects of parasite abundance 

and host body conditions on several parameters in subsequent months simultaneously 

and to use mixed effects. The whole model is composed of several generalised linear 

(mixed) models (Shipley 2009; Lefcheck 2016). The goodness of fit of the whole model 

was evaluated by Shipley’s test of direct separation using Fisher’s C value (Shipley 

2009; Lefcheck 2016). If that value did not fall below a significant level (p < 0.05), the 

model was fitted and explained my datasets well. Since unexpected correlations, such as 

temporal correlations between parasite abundance and body conditions among months 

(Figure 3), severely reduced the model fitting due to collinearity, I treated these 

correlations as correlated errors (Shipley 2009). All linear mixed models in piecewise 

SEM were constructed using the R package “lme4” version 1.1 (Bates et al. 2015), and 

all responses and explanatory variables were standardised before the analysis to ensure 

the normality. I analysed my datasets for each of two separate seasons (i.e. from June 

2020 to July 2020 and from July 2020 to Oct. 2020). 

Based on the hypothetical schema (Figure 3), I constructed three linear mixed 

models. I expected that parasite abundance in the pre month decrease host body 

condition in the post month (i.e. parasite are a cause of poor condition; Figure 3). Fish 

with higher growth rates may show higher body conditions in the post month, and high 

host density also decrease host body condition in the post month (Figure 3). Therefore, 

in the first model, the response variable is host body condition in the post month, and 
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explanatory variables are parasite abundance, host density and host growth rate in the 

pre month. Parasite infections are likely to occur due to poor body condition (i.e. 

parasites are a consequence of poor condition Figure 3). Parasite abundance could also 

be affected by fish body size (FL) and host density in the pre month; larger fish may be 

susceptible to infections due to their large body surface areas (e.g. Poulin et al. 1991) 

and higher host density can contribute to parasite transmissions (Anderson & May 

1982). Thus, in the second model, the response variable is parasite abundance in the 

post month, and the explanatory variables are body condition, host body size and host 

density in the pre month (Figure 3). Host body size (FL) and body condition in the pre 

month can affect host growth rate (Gabelhouse 1991; Morita 2001; Figure 3). Therefore, 

I constructed another model that included growth rate as the response variable, with its 

explanatory variables being body condition and body size in the pre month. The study 

sections and fish individual ID were included as random effects in all constructed 

models. 

 

2.4.3. Cormack–Jolly–Seber model 

Survival probability of white-spotted charr between sampling occasions was 

estimated by Cormack-Jolly-Seber (CJS) models (Lebreton et al. 1992) using the 

Bayesian hierarchical approach (Kéry & Schaub 2012). I assumed that individual i 

survived from occasion t to occasion t+1 with a survival probability that differed by 

occasion and individual: 

𝑧!,#$%|	𝑧!,#		~	𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖	(𝑧!,#	𝜙!,#)  

𝑙𝑜𝑔𝑖𝑡2𝜙!,#3 = 𝛼0# + 𝛼1# ∗ 𝐹𝑜𝑟𝑘𝐿𝑒𝑛𝑔𝑡ℎ!,# + 𝛼2 ∗ 𝐵𝑜𝑑𝑦𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛!,# + 𝛼3 ∗	𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑒	𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒!,# ,  



119 

 

The latent state variable was binary, where z i,t = 1 if individual i was alive on 

occasion t, and 0 if dead. I modeled individual- and interval-specific survival probability, 

ϕi,t, as a function of fork length, body condition, and parasite abundance of individual i 

on occasion t. The covariates were standardized by mean divided by standard deviation 

on each occasion, so that the intercept, α0t, was the predicted survival probability of an 

individual with average values of these covariates on occasion t on the logit scale. 

Missing values of the covariates were not allowed in this model, although data could not 

be collected on sampling occasions when individuals could not be collected. Missing 

fork length values were imputed by developing a simple linear regression model using 

fork length values of the individuals captured between two consecutive sampling 

occasions. Missing values of body condition and parasite abundance were imputed with 

their mean values on each occasion (i.e., 0) because strong predictive relationships 

between the two consecutive occasions did not exist for the two covariates. I let the fork 

length effect on survival to vary by occasion (α1t) but the effects of body condition and 

parasite abundance to be time constant (α2 and α3) because their posterior distributions 

overlapped greatly among sampling occasions (Appendix 1). Three individuals suffered 

handling mortality on the second occasion (July 2020) and two additional individuals on 

the third occasion (October 2020), and these individuals were excluded from survival 

estimation after their known mortality events. 

Because electrofishing and angling cannot capture all individuals present in the 

study area, I modeled capture probability (pi,t) of individual i on occasion t using fork 

length as a covariate: 

 

𝑦!,#|	𝑧!,#		~	𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖	(𝑧!,#	𝑝!,#) 

𝑙𝑜𝑔𝑖𝑡	2𝑝!,#3 = 	𝛽0# + 	𝛽1 ∗ 𝐹𝑜𝑟𝑘𝐿𝑒𝑛𝑔𝑡ℎ!,# 
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where yi,t is the capture-history data (1 if captured, 0 if not) of individual i on occasion t, 

β0t is an occasion-specific intercept, and β1 is a time-constant effect of fork length on 

capture probability because their posterior distributions overlapped greatly among 

sampling occasions in a different model with time-varying effects of fork length 

(Appendix 1). Fork length was standardized by mean, so that β0t is the capture 

probability of average-sized individuals on occasion t on the logit scale. 

Parameters of survival and recapture probabilities were modeled as fixed effects, and 

survival and capture probabilities cannot be independently estimated in the last 

sampling interval in the CJS model (Kéry & Schaub 2012). Because additional 

information on capture probabilities was available from two-pass removal electrofishing 

on each sampling occasion, I used it to constrain the capture probability of 

white-spotted charr on the last sampling occasion (July 2021). Specifically, I assumed 

that the capture probability was similar between the two preceding occasions (July and 

October 2020; β01=β02), when only electrofishing was conducted. I further assumed that 

capture probability was higher in July 2021, when angling occurred prior to 

electrofishing (β03> β01 = β02). I estimated capture probabilities of white-spotted charr 

using a removal method (Zippin 1958) and found that the capture probability was 

approximately 7% higher in July 2021 relative to July and October 2020 (β03 = β01× 

1.07). I incorporated this information in the CJS model to estimate the survival and 

capture probabilities individually in the last sampling interval. 

I fit CJS models using a Markov chain Monte Carlo (MCMC) method in 

Program JAGS (Plummer 2017) called from R Program (R Core Team 2023) with the 

jagsUI package. Diffuse priors were used throughout in the Bayesian approach. 

Posterior distributions of model parameters were characterized by taking every 10th 

sample from 20,000 iterations of four chains after a burn-in period of 10,000 iterations. 

Model convergence was assumed to have converged when the R-hat statistic was < 1.1 
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for all model parameters (Gelman & Hill 2007). I report 95% credible intervals (CRI) 

and the proportion of posterior samples with the same sign as the posterior mean (i.e., f 

value in JAGS output) and use both metrics to evaluate covariate effects on survival and 

capture probabilities. 

 

3. Results 

The total marked and recaptured fish, infection parameters, and infection 

patterns of Salmincola markewitschi during the mark-recapture session are summarised 

in Figure 2 and Table 1. 

From June 2020 to July 2020, the hypothesised model constructed by piecewise 

SEM fitted my datasets well (Fisher’s C = 4.80, p = 0.09; Figure 4a). Both body 

condition and parasite abundance in the previous month negatively correlated with 

parasite abundance and body condition in the next month, respectively (Figure 4a). Host 

body size also had significant positive effects on parasite abundance (Figure 4a). There 

were no significant effects of host density on both body condition and parasite 

abundance (Figure 4a). Fish with higher body conditions exhibited higher growth rates, 

and there was significant negative correlation between growth rates and body size 

(Figure 4a).  

From July 2020 to October 2020, the model marginally fitted my datasets 

(Fisher’s C = 6.11, p = 0.05; Figure 4b). Individual fish that exhibited poor conditions 

were likely to gain further parasite infections in the post month, but opposite causality 

was not detected (Figure 4b). As the previous period, host body size had significant 

positive effects on parasite abundance (Figure 4b). There was negative correlation 

between the growth rate and body size in the previous month, and positive correlation 

between host body condition (Figure 4b). Fish that showed higher growth rates had 
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higher body conditions in the next month (Figure 4b). Host density did not have 

significant effects on other variables (Figure 4b). 

Survival probability of white-spotted charr changed over time to align with 

sampling interval lengths. Posterior mean probability of survival was 0.91 (95% CRI: 

0.85, 0.97) from June to July 2020, 0.81 (0.74, 0.88) from July to October 2020, and 

0.46 (0.39, 0.53) from October 2020 to July 2021. Mean capture probability was 

estimated to be 0.73 (0.69, 0.78) in July and October 2020 when only electrofishing was 

conducted, and 0.79 (0.74, 0.83) when both angling and electrofishing were used. 

Survival differed among individuals based on their covariates (Figure 5). Larger 

charr were more likely to survive than smaller charr from June to July 2020 (Figure 5; 

α11 = 1.55 [95% CRI: 0.75, 2.63, and f = 100%]), but body size effect was much weaker 

from July to October 2020 (Figure 5; α12 = -0.27 [95% CRI: -0.68, 0.11, and f = 91%]) 

and from October 2020 to July 2021 (Figure 5; α13= 0.13 [95% CRI: -0.15, 0.42, and f = 

83%]). Individuals with better body condition were more likely to survive (Figure 5; α2 

= 0.21; f = 97%), although their 95% CRI just overlapped with 0 (0, 0.44). Survival 

decreased with higher parasite abundance (Figure 5; α3 = -0.24 [95% CRI: -0.46, -0.02, 

and f = 98%]). Larger charr were more catchable than smaller charr (Figure 5; β1 = 0.28 

[95% CRI: 0.05, 0.51, and f = 99%]). 

 

4. Discussion 

Although many studies have pointed out the negative impacts of parasites on wild 

host populations, most reported simple correlations and hence overlooked causal 

relationships (Harper et al. 1999; Vicente et al. 2004; Sala-Bozano et al. 2012; 

Hasegawa et al. 2022a). This is probably due to methodological difficulties in the 

long-term tracking of host individual and parasite infections. Only two studies have 

explicitly tested the causality using unique methods, such as haematological inspection 
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and otolith/scale back-calculation (Beldomenico et al. 2008, 2009 a, b; Blanchet et al. 

2009a). My study, by contrast, directly monitored the changes in infection intensity, 

host body condition, growth rate, and survival by the mark-recapture method, and 

therefore, serves more rigorous evidence of more probable causal relationships and 

positive feedback in wild populations. 

Strikingly, my study showed that both causalities (i.e. parasite reduced host 

condition and poor host condition increased parasite infections) were possible in wild 

populations, suggesting that positive feedback could occur in wild conditions; parasite 

infections reduced host conditions, and reduced conditions caused further parasite 

infections, and so on. The body condition index, including the index I used calculated 

from body weight-length relationships, generally represents the host’s overall health 

status, energy budget, and immune functions (Wilder et al. 2016; Sánchez et al. 2018). 

Although hosts commonly cope with parasite infections using innate and adaptive 

immune systems (Graham et al. 2010, 2011; Fast 2014), developing and maintaining 

these systems are very costly (Lochmiller 1996; Sheldon & Verhulst 1996), and 

therefore hosts with poor conditions, mainly due to parasite infections, cannot allocate 

their resources to immunity, resulting in higher parasite intensity. My study suggests 

this trend. 

Behavioural differences dependent on host body condition also explain positive 

feedback. Animals often show anti-parasite tactics such as dispersal from infection 

sources (Brown et al. 2016; Terui et al. 2017) and “parasite-removing behaviours” such 

as substrate rubbing (Kabata & Cousens 1977; Atkinson et al. 2018). However, these 

behaviours are commonly considered energy dependent (Krohn & Boisclair 1994; 

Bonte et al. 2012; Terui et al. 2017); thus, hosts with poor conditions cannot employ 

these tactics. 
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How did the copepods in my study cause positive feedback? Salmincola spp. 

cause tissue damage, such as gill destructions and mouth cavity swellings (Kabata & 

Cousens 1977; Nagasawa et al. 1998; Hasegawa et al. 2022a). These infections also 

induce the immune response of hosts (Hiramatsu et al. 2001). Beyond developing 

immune systems, repairing damaged tissues also requires much energy (White et al. 

2020), eventually leading to loss of host body condition (Hasegawa et al. 2022a). 

Physical attachment itself could induce body condition loss. In particular, since my 

focused copepods mainly attach to the mouth cavity, their infections reduce host 

foraging activity and strongly reduce host body conditions (Nagasawa et al. 1994). 

Further, intraspecific competition may play an important role in susceptibility to 

infections. Poor condition fish are commonly outcompeted by other conspecifics in 

intra-specific competitions, especially among salmonids with a strong dominance 

hierarchy (Nakano 1995). Whereas fish with a high hierarchy dominate at the centre of 

the flow (Nakano 1995), outcompeted fish may be forced to move outside of the flow, 

where free-swimming copepodids may easily attach to the hosts under such low-flow 

environments (Monzyk et al. 2015). Under these mechanisms, positive feedback can 

easily occur, as demonstrated in my system. 

Most importantly, I found that both body condition and parasite abundance 

significantly predicted host apparent survival rates, suggesting that positive feedback 

could ultimately undermine the host population through the reduction of host survival 

(Beldomenico & Begon 2010). Therefore, to the best of my knowledge, my results first 

supported the Beldomenico & Begon (2010)’s hypothesis that positive feedback drive 

wild host populations. Given that body condition is continuously reduced as positive 

feedback occurs, host body condition eventually fails to meet the threshold for 

maintaining critical physiological and physical functions such as metabolism. Further, 

heavily infected hosts, generally in poor condition, are likely to be preyed by predators 
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(Temple 1987) and outcompeted by conspecifics (Barber et al. 2000; Filipsson et al. 

2018). These biological interactions indirectly reduce the host survival rate. 

Finally, positive feedback should be carefully taken into account when 

considering host–parasite dynamics because this concept may also work at the 

population level (Beldomenico & Begon 2010). Beldomenico & Begon (2010) 

predicted that populations with a large proportion of individuals in poor conditions are 

likely to have a higher prevalence and infection intensity, and this also increases the risk 

of further infections. Since average body condition and immune ability vary among 

populations (Cornet et al. 2009; Becker et al. 2020), such predictions are likely to occur 

in natural systems. Further, positive feedback may eventually cause host death, as 

discussed above, so this may affect host population dynamics. In this context, the 

southern salmonid populations, as in the present case, will be threatened by positive 

feedback. Such populations will especially be vulnerable to increasing water 

temperature induced by climate change (Nakano et al. 1996) because temperature 

increment would be stressful for cold water-adopted salmonids and would ultimately 

decrease their body condition (Peterson et al. 1979; Larsson 2005). Under such a 

scenario, the proportion of fish individuals with poor conditions will increase, and 

parasites will expand more rapidly there. More case studies and monitoring are needed 

to verify this prediction. 
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Figure 1. (A) Salmincola markewitschi (arrowhead) infecting the mouth cavity of 

white-spotted charr Salvelinus leucomaenis. (B) White-spotted charr not infected by 

copepods. (C) White-spotted charr infected by several copepods. 
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Figure 2. Summary of mark-recapture survey conducted from June 2020 until July 

2021. 
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Figure 3. Hypothetical causal relationships among host body condition, parasite 

infections, and other potentially related factors of both host and parasite. 
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Figure 4. Causal relationships among factors of hosts and parasites inferred by 

piecewise SEM analysis. (a) Results from June 2020 to July 2020. (b) Results from July 

2020 to October 2020. Bold arrows indicate statistical significant effects (***p < 0.001; 

** p < 0.01; * p < 0.05). 

(a) 
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(b) 
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Figure 5. Covariate effects on survival and capture probability of white-spotted charr in 

the Cormack-Jolly-Seber model. Posterior mean values are shown by dots with 50% 

(thick lines) and 95% (thin lines) credible intervals. A vertical dotted line is drawn at 0 

(i.e., no effect). 
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Table 1. Summary of host abundance, infection parameters, and infection history at 

each capture-recapture event. Note that prevalence and mean intensity were calculated 

from marked fish. 

 

 

June 2020 (Mark) July 2020 (Recapture 1) Oct. 2020  (Recapture 2) July 2021 (Recapture 3)

Total host numbers (recapture rate) 531 322 (60.6 %) 183 (34.5 %) 120 (22.6 %)
Prevalence (%) 35.8% 38.2% 31.1% 35.8%
Intensity (mean) 1-9 (1.59) 1-11 (1.67) 1-6 (1.47) 1-6 (1.49)
Fish gained new parasite infections (%) NA 41 (12.7 %) 31 (16.9 %) 22 (18.3 %)
Fish experience parasite detachments (%) NA 59 (18.3 %) 45 (24.6 %) 15 (12.5 %)
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Supplementary file 1. An additional Cormack-Jolly-Seber model.  

 

In addition to the Cormack-Jolly-Seber model presented in the main text, I fit a model in 

which all individual covariates on survival and capture probabilities were time-varying. 

Following the notation in the main text, this additional model can be shown below, and 

it differs because all covariates (α1t, α2t, α3t, and β1t) were assumed to have 

time-varying effects: 
 
・Survival 
𝑧!,#$%|	𝑧!,#		~	𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖	(𝑧!,#	𝜙!,#) 
𝑙𝑜𝑔𝑖𝑡2𝜙!,#3 = 𝛼0# + 𝛼1# ∗ 𝐹𝑜𝑟𝑘𝐿𝑒𝑛𝑔𝑡ℎ!,# + 𝛼2# ∗ 𝐵𝑜𝑑𝑦𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛!,# +	𝛼3#

∗ 	𝑃𝑎𝑟𝑎𝑠𝑖𝑡𝑒𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒!,# 
 
・Capture 

𝑦!,#|	𝑧!,#		~	𝐵𝑒𝑟𝑛𝑜𝑢𝑙𝑙𝑖	(𝑧!,#	𝑝!,#) 

𝑙𝑜𝑔𝑖𝑡	2𝑝!,#3 = 	𝛽0# +	𝛽1# ∗ 𝐹𝑜𝑟𝑘𝐿𝑒𝑛𝑔𝑡ℎ!,# 

 

Covariate effects of this model are shown below. Posterior mean values are shown by 

dots with 50% (thick lines) and 95% (thin lines) credible intervals. A vertical dotted line 

is drawn at 0 (i.e., no effect). For each covariate, shown by different color, posterior 

distributions overlapped greatly among sampling intervals, except fork length effects on 

survival probability. Thus, I report in the main text the model where only this parameter 

was time-varying (α1t) and the effects of other covariates did not vary by time (α2, α3, 

and β1). 
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Chapter 7. General discussion 

To date, many studies have examined parasite’s negative impacts on host health 

status using host body condition (reviewed by Sanchez et al. 2012). However, most of 

these only examined correlations between host body condition and infection parameters 

during the specific periods and did not examine possible specific causalities and 

mechanisms of body condition reduction by parasites (chapter 1.2). Here, I intensively 

examined host body condition and infection relationships using Salmincola spp. and 

their salmonid systems. I found clear negative correlations between body condition and 

infections in two different study systems (chapters 2 and 3). Additionally in chapter 3, I 

found such negative correlations were consistent among all four examined seasons. In 

chapter 4 and 5, I examined how copepod infections reduce host condition, with a focus 

on changes in foraging behaviors of hosts induced by mouth-infecting copepods S. 

markewitschi. I found copepods reduce host vulnerability to angling, but only when host 

had poor body condition. Further, I found parasites affect host dietary compositions; 

infected fish with smaller body size showed low proportion of terrestrial invertebrates 

compared to uninfected counterparts. These results suggest that infected hosts changed 

foraging tactics dependent on body condition and body size. Finally in chapter 6, I 

examined two causalities underlying these negative correlations; parasites reduce host 

condition and poor body condition increase new infections. My mark-recapture study 

successfully detected both causalities, as well as decreased survival due to the positive 

feedback of reduced condition and further infection. Overall, my dissertation 

contributed to the understanding of complex causalities hidden under simple 

correlations and several mechanisms of body condition loss, which has been lacked in 

previous studies. I summarized all my findings as a schematic diagram in Figure 1. In 
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this section, I discuss these results in more detail and provide future perspectives that 

should be considered in this study area. 

 

How parasites reduce host condition? other potential mechanisms 

Although I predicted that parasites reduce host body condition via reduction of 

host foraging activities because these parasites apparently cover mouth cavities, I found 

similar levels of stomach fullness and total prey abundance among infection status 

(chapters 4 and 5). On the contrary, I found infected individuals changed dietary 

compositions but these foraging shifts were restricted within fish with poor body 

condition or small body size (chapters 4 and 5). Therefore, foraging behaviors alone do 

not fully account for the loss of host body condition, and it is essential to consider other 

potential mechanisms. 

Increased foraging activities tying to compensate for their energy intake (chapters 

4 and 5) might actually have reduced host body condition in infected hosts. While 

stomach fullness and total prey abundance did not significantly differ among infection 

status, small infected individuals shifted their main diets from terrestrial to aquatic 

invertebrates (chapters 4 and 5). I also found that stomach fullness positively correlated 

with body condition in both infection status (chapter 4). These results suggest that 

infected hosts may have increased foraging activities to compensate their energic loss 

(chapters 4 and 5). Such foraging compensation is generally known as “making the best 

of a bad job (Dawkins 2019)” for subordinate individuals and may be the benefits in the 

long run (Nakano 1995). However, under the parasitism, increased foraging activities 

comes with energetic costs, and it could potentially reduce host body condition, 

especially when the costs of increased feeding activities outweigh the benefits gained 

from resources through behavioral shifts. This can explain body condition decline in my 
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study systems. Increased foraging activity might be large costs because hosts may be 

required to move frequently within- and among habitats to gain resources. Despite such 

high energic costs, they could not gain sufficient energy to maintain body condition 

through foraging because these fish are forced to shift from large- high nutrient 

terrestrial invertebrates to small-low nutrient aquatic invertebrates. Therefore, the costs 

of increased activities outweigh the energetic benefits through obtaining by foraging, 

resulting in a further decline in their body condition. 

This increased foraging activities may also contribute to the high mortality in 

infected hosts observed in chapter 6. Several studies have shown that increased 

activities could increase the risk of predation (Östlund-Nilsson et al. 2014). In my study 

case, there are several bird species and foxes that potentially prey on white-spotted charr. 

Additionally, I found that small white-spotted charr were preyed upon by larger 

white-spotted charr in this river system (i.e. cannibalism, Hasegawa unpublished data), 

suggesting that such predations could often occur in our system. Individuals with high 

activity may be also vulnerable to flooding events (Yamada & Wada 2021, 2023), 

which often result in fish mortality (Seegrist & Gard 1972; Weese et al. 2011). A 

specific behavioral observation including feeding activity is required to understand if 

and how these copepods induce host activity level and subsequent high mortality. 

Another behavior that could contribute to the loss of body condition may be 

parasite removing behaviors (Atkinson et al. 2018; Thompson & Meeuwig 2022). Many 

animals including fish exhibit specific behaviors such as grooming, rubbing, and 

leaping, as potential mechanisms to remove parasites from their bodies (Villa et al. 

2016; Kabata & Cousens 1977; Atkinson et al. 2018; Thompson & Meeuwig 2022). 

Such behaviors come with energetic costs (Krohn & Boisclair 1994, Costello 2006), and 

in the worst case, may cause additional physical damages to hosts (Kabata & Cousens 

1977; Costello 2006). For instance, Kabata & Couses (1977) found that damages to the 
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fins of fish infected by copepods might be induced by rubbing behavior against solid 

objects, triggered by irritation from parasite infections. Such damages can also lead to 

secondary infections, resulting in additional costs for tissue repair and immune 

responses, ultimately leading to the loss of body condition (see discussion below). 

Further, these behaviors might often attract predators, potentially resulting in high 

mortality as well (Costello 2006). 

Not only behavioral shifts but also physiological costs should be taken into 

accounts in this context. Host immune systems could be the major physiological aspects 

and may explain poor body condition of infected hosts. All vertebrates have both innate 

and adaptive (or acquired) immunity, and both requires a lot of energy in developments 

and maintenance (Sheldon & Verhulst 1996; Lochmiller 1996; Lochmiller & 

Deerenberg 2000). The endo-and ectoparasites are known to induce both types of 

immunity (Wikel et al. 1996; Yang & Foster 2005), and the latter adaptive immunity 

particularly incurs high cost for hosts because it is maintained at least a few months to 

few years after the developments (Treasurer et al. 2006; Fast 2014). In fact, many 

studies have shown that immunized hosts reduced body condition, growth, and 

reproduction due to the trade-off between immunity and other life-history traits 

(Knowles et al. 2009; Vijendravarma et al. 2009; Graham et al. 2010, 2011; van der 

Most et al. 2011). Moreover, adaptive immunity does not always provide benefits to 

hosts, but rather cause damages, known as autoimmune pathology (Sheldon & Verhulst 

1996; Weber et al. 2022), which might lead loss of body condition. In my study case, 

adaptive immunity could explain poor body condition of infected hosts. Although only 

one study investigated the immunological aspects of Salmincola-salmonid systems 

(Hiramatsu et al. 2001), this clearly showed that fish infected by mouth-attaching 

Salmincola produced Immunoglobulin M, suggesting that infected hosts developed 

acquired immune system after experiencing parasite infections (Hiramatsu et al. 2001). I 
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also found that some individuals did not get any copepod infections during field surveys 

and many fish experienced detachment of copepods. This suggests that they might have 

gained adaptive immunity before and during the field survey period. As discussed in 

chapter 6, fish with poor body condition might not get adaptive immunity because they 

could not allocate enough resources into developing adaptive immunity. 

Damaged tissue repairments, which are characterized as innate immunity, could 

also explain poor body condition of infected hosts because it needs much costs for hosts 

(Allen & Sutherland 2014; White et al. 2016; Binning et al. 2017). Many parasites are 

known to cause physical tissue damages through attaching, feeding, and host attacking 

processes (Rajput et al. 2006; Johnson & Hoverman 2012; Neal et al. 2021). Hosts try 

to cope with these damages using several costly tactics such as inflammation and 

creating fibrosis (Fuess et al. 2021). Further, these damages often lead secondary 

infections by bacteria and viruses (Kotob et al. 2017) that trigger different types of 

immunity working for parasites (Yazdanbakhsh et al. 2002; Ramsey & Rohr 2021), 

resulting in rendering additional physiological costs on hosts. In my study system, I 

frequently found that sites of attachments were heavily wounded and/or whitened, 

suggesting that Salmincola infections severely damaged host tissues, and potentially 

cause secondary bacterial infections as is suggested in other Salmincola spp. (Nagasawa 

et al. 1995; White et al. 2020). 

Future infection experiments under laboratory condition are necessary to 

understand the specific mechanisms of reduced host condition. Such experiments allow 

me to monitor foraging behaviors directly and take blood samples for immunological 

and physiological surveys. As I described above, all vertebrates have immune and tissue 

repairing systems, and partly shares the same mechanisms such as cell types and genetic 

basis (Riera Romo et al. 2016). Therefore, I could identify the commonality and 

generality in my findings of immunological/physiological mechanisms through 
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laboratory experiments. Eco-immunology, a study field examining the costs and 

benefits of immunity in organisms, has recently gathered attentions in ecology and 

evolution (Sasser & Weber 2023), and developed techniques in these areas can be 

applicable to my systems. 

 

How poor host body condition induce parasite infections? 

Although I focused the behavioral mechanisms of how parasites reduce host body 

condition in my dissertation, I also found parasite infections occurred as a consequences 

of poor host condition (see chapter 6). In this section, I discussed other possible 

mechanisms that induce additional parasite infections (see chapter 6). 

As discussed in chapter 6, the most plausible mechanism is lower resource 

allocation into immune systems; hosts with poor body condition could not allocate 

enough resources into host immunity (Sanchez et al. 2018). Among animal kingdom, 

body condition index well represents host overall health status and the amount of 

holding resources (Peig & Green 2009; Sanchez et al. 2018). In fact, many studies 

suggest that body condition index correlated with lipid contents (Sutton et al. 2000; 

Wilder et al. 2016; Warner et al. 2016) and several immune functions (Gleeson et al. 

2005; Gilot-Fromont et al. 2012). Given these facts, immune systems of hosts with poor 

body condition do not work effectively, leading to higher susceptibility to parasites. 

Specifically, in my cases, hosts with poor body condition could not secrete mucus and 

produce antibodies such as immunoglobulin M, which plays pivotal roles in first and 

adaptive defense lines, respectively (Fast 2014). 

Several behavioral traits could also explain high host susceptibility since animal’s 

behavioral traits are well correlated with body condition (Sih et al. 2015; Kanno et al. 
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2023). One such behavior is escaping dispersion from infection sources; some host 

species try to escape from infected individuals that could be sources of parasite 

infections (Terui et al. 2017; Weinstein et al. 2018; Buck et al. 2019; Baines et al. 2020) 

as defined as “ecological and evolutionary disgusting” (Weinstein et al. 2018; Buck et al. 

2019). This theory can be applicable to ectoparasite – host systems because surrounding 

host individuals could notice visible ectoparasites (Baines et al. 2020). When infected 

hosts have higher body condition, they could allocate their resources into dispersal 

(Terui et al. 2017). However, even if hosts with poor body condition identify which 

individuals are infected, they could not escape from that hosts because of the reduced 

energy by parasites, resulting in high susceptibility to further parasite infections. 

Another host behavior that could affect susceptibility is overall host activity. Hosts with 

poor body condition generally show low activity and mobility (Sih et al. 2015; Kanno et 

al. 2023). Because infectious stages of parasite, which are small, commonly have low 

moving ability (Pietrock & Marcogliese 2003), poor conditioned immobile hosts can be 

main targets for infections in the wild. 

Finally, since host susceptibility is partly determined by genetic basis (Lysne & 

Skorping 2002; Lazzaro & Little 2009; Bolnick et al. 2014), introducing genetic 

perspectives and analysis in my systems should advance our understanding for 

host-parasite associations. Several empirical evidence has been accumulated that host 

susceptibility against ectoparasites like copepods are genetically determined (Lysne & 

Skorping 2002; Fast 2014; Sallinen et al. 2020). In fact, I found that many fish never got 

infections and experienced parasite detachments during the field survey (chapter 6). I 

also found that parasite numbers increased in some individuals due to positive feedback, 

whereas other escaped from the positive feedback loop (chapter 6). This could be 

explained by acquired immunity (see above), but probably there must be genetic basis 
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partly controlling immunity. For instance, genes in the major histocompatibility 

complex (MHC) play important roles in biological defenses (Piertney & Oliver 2006; 

Kamiya et al. 2014), and these genes are a priority for investigation. MHC II class gene 

family is particularly important because this region contains many genes working 

toward extracellular antigens (Inaba et al. 1998; Hepworth et al. 2013). Moreover, as 

body condition itself is also partially determined by genetics (Merila 1996), genes 

controlling body condition can also be a key for understanding host-parasite 

associations. 

 

Why consistent negative correlations found between Salmincola 

infections and host body condition, but not others? 

While many studies did not find any negative correlations between host body 

condition and infections, others found consistent negative correlations (see chapter 1.2 

and Sanchez et al. 2018). In particular, my study system S. markewitschi infecting to 

mouth cavity of hosts showed highly consistent negative correlations between host body 

condition and infections. I additionally analyzed my datasets collected in 2019-2022 and 

found that these trends were still clear at any spatial and temporal scales 

(Supplementary file 1). Since these correlations were created by both directional 

causalities (chapter 6), we could interpret this strong-consistent negative correlations as 

(1) parasites strongly and consistently reduce host body condition and (2) susceptibility 

to parasites strongly increases in hosts when they have poor body condition. From both 

aspects, I discussed why negative and consistent correlations are maintained in some but 

not other host-parasite systems. 
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These differences may be explained from two different host strategies, that is 

resistance and tolerance (Råberg et al. 2007, 2009; Boots 2008; Figure 2). Resistance is 

defined as the ability to reduce the parasite infections (Råberg et al. 2007, 2009) through 

behavioral avoidance and immune systems as examples (Råberg 2014; Kutzer & 

Armitage 2016). On the other hand, tolerance is defined as the ability to limit the 

damages caused by per-parasite individual (Råberg et al. 2007, 2009) through 

increasing wounds repairments and decreasing immune-pathology (Blanchet et al. 2010; 

Råberg 2014; Jackson et al. 2014). In general, hosts adopt either one of the strategies to 

counter parasite infections, and several studies showed trade-offs between resistance 

and tolerance (Råberg et al. 2007, 2009; Arriero et al. 2018; Klemme et al. 2020). That 

trade-off may be governed by either genetic trade off (tolerance and resistance are 

genetically fixed, respectively) or by resource-based trade-offs (resistance and tolerance 

strategy is generally costly). Since tolerance is defined as slopes of regression between 

host health status (e.g., body condition and fitness components; y-axis) and parasite 

burdens (e.g., intensity and abundance, x-axis), and a lower slope indicates that hosts is 

more tolerant to parasite negative impacts (Figure 2b; Råberg et al. 2007), my result in 

the systematic review indicates that most host species employ tolerance as strategy to 

minimize parasite impacts. In other words, most hosts allow parasite infection without 

actively removing them (i.e. without resisting against parasites). This is likely because 

most parasites do not strongly and rapidly reduce host fitness, and resistance strategy 

such as acquiring immunity rather incur higher costs for the hosts. Tolerance strategy, 

such as repairing damages caused by parasites (see discussion above) is also costly, but 

the costs of resistance may outweigh the costs of tolerance. Consequently, tolerance 

might have become common strategy in most host-parasite systems. 
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On the contrary, my results consistently revealed negative slopes between body 

condition and infections in Salmincola systems. This suggests that salmonids have 

adopted resistance strategy to the parasites. On the other hand, once they get infected, 

they could not tolerate the negative impacts. As demonstrated in my study, copepods 

can directly affect host fitness by impeding feeding (see chapters 4 and 5) and causing 

physical damages that incur substantial costs for repairing (see discussion above). Thus, 

once hosts allow copepod infection, they may experience deleterious fitness reduction, 

and these impacts are too strong to tolerate. Therefore, resistance appear to be more 

adaptive than tolerance in our study case and hosts actively attempt to remove and kill 

the parasite infections using resistance strategies such as immunity and behavioral 

parasite removals (Råberg et al. 2007, 2009; Boots 2008). Relatively low prevalence in 

our study systems (generally < 30 %; Hasegawa & Koizumi 2021, 2024) compared to 

many helminth systems (e.g. 70-100 %; Ogura & Hasegawa 2023) is one of the possible 

supporting evidence for the high resistance of salmonids hosts to the copepods (Figure 

2). 

These discussions on resistance and tolerance also contribute to explaining 

opposite causal links underlying the negative correlations (i.e. poor body condition 

increase parasite infections). When interpreting the negative correlations from an 

opposite causality, skewed slope in my study system may suggest that host with high 

body condition could limit parasite infections (i.e. low parasite loads) but not when they 

have poor body condition (i.e. high parasite loads). This indicates the existence of 

resistance such as immunity. 

My results may provide important insights into the (co) evolution of host-parasite 

interactions. Although I found consistent negative correlations between host body 

condition and infections in my study system (i.e. resistance: Hasegawa & Koizumi 
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2024), other studies focusing on Salmincola spp. did not find significant relationships 

(i.e. indication of tolerance; Råberg et al. 2007, 2009; Boots 2008). This pattern persists 

even when I focus on a single parasite species. For instance, while I found significant 

correlations in Japanese populations of S. edwardsii (Hasegawa et al. 2022a), 

researchers did not find such correlations in other regions and concluded that this 

copepod does not cause harmful effects on host health (Amundsen et al. 1997; Boone & 

Quinlan 2018). Additionally, I found substantial differences in infection levels of 

Salmincola spp. within and among river systems (Hasegawa & Koizumi 2021; 

Hasegawa et al. 2022a), potentially indicating different levels of resistance among 

populations (Råberg et al. 2007, 2009; Boots 2008). Because variations in negative 

correlations and parasite infection levels could be driven by ecological mechanisms 

such as environmental factors (Hasegawa & Koizumi 2021), I could not conclude that 

these are caused by evolutionary processes. Nevertheless, these results suggest that 

tolerance and resistance have evolved in each host salmonid and Salmincola copepod 

systems, repeatedly. Evolutionary theory predicts that the benefits of evolving resistance 

must be balanced against the costs of resistance (i.e. immunity & behavior) (Graham et 

al. 2022). Therefore, it would not be surprising if one species and populations gained 

resistance, while others evolved tolerance. However, studies found such resistance / 

tolerance evolution for each population or closely related species are still limited 

(Blanchet et al. 2010; Weber et al. 2017, 2022). Salmincola -salmonids systems can be a 

good model system for understanding evolution of tolerance and resistance. 

Different levels of resistance among populations may lead to create different types 

of parasite communities. I still do not know the specific mechanisms of resistance in my 

study systems, but it is likely to occur cross-resistance against other parasites and 

pathogens. In terms of immunity, macro parasites like Salmincola spp. inhibit other 
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macro parasite infections, such as nematodes and trematodes because these macro 

parasites activate the same T-helper 2 (Th2) types of immunity (Ezenwa et al. 2010; 

Ramsay & Rohr 2021). Conversely, since micro parasites like viruses and bacteria 

activate Th1 types of immunity and there are trade-offs between the two types, macro 

parasites may facilitate micro parasites infections (Ezenwa et al. 2010; Ramsay & Rohr 

2021). Thus, populations showing higher levels of resistance may show lower infection 

levels of other macro parasites but higher infection levels of micro parasites. Unraveling 

these infection dynamics are important to predict outbreaks of harmful parasites and 

diseases (Ramsay & Rohr 2023a). 

Which populations or species are likely to evolve resistance and tolerance? A 

theoretical study predicts that resistance is likely to evolve when hosts frequently 

encounter with parasites, these with high virulence, significantly reducing host fitness 

(Boots & Haraguchi 1999). Because encounter rates and virulence often correlate with 

other ecological traits such as transmission modes, attachment sites, and infection 

periods (Poulin 2011), we could estimate which species and populations show either 

resistance or tolerance. For instance, hosts may be likely to evolve tolerance against 

intestinal helminth, as these parasites typically do not strongly reduce host fitness and 

they infect to hosts for a long period (Shanebeck et al. 2022). Many of these parasites 

transmit through trophic transmission, with the success rate of such transmission 

commonly being low. In other words, the frequency of infection may be comparatively 

low compared to other types of parasites (Pietrock & Marcogliese 2003). In such 

situations, maintaining costly resistance may rather reduce host fitness, making the 

evolving of tolerance more adaptive. On the other hand, many ectoparasites have shorter 

infection periods than those of intestinal helminth and directly consume host resources, 

leading to fitness reduction. In particular in aquatic ecosystems, where many of these 
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parasites release eggs or infectious larvae to external environments (e.g. Neal et al. 

2021) and hosts often experience high frequency of infections. Given these 

circumstances, hosts should evolve resistance when confront with ectoparasites. 

Although there are many exceptions in these examples, and several other factors should 

be considered such as host and parasite phylogenetic relationships and parasite’s 

co-evolving periods with their hosts, there are likely general rules in the evolution of 

resistance and tolerance. Further empirical evidence examining correlations between 

host fitness and infections should be required to understand the general pattern of 

resistance and tolerance evolution. 

Although the simple correlation between host body condition and infections, as 

observed in my study, provides valuable clues for identifying host strategies, several 

cautions should be necessary to interpret this analysis. For instance, it is possible that 

some studies in my systematic review could not detect dead individuals with poor body 

condition. In fact, I found poor body condition could lead low survival rate (chapter 6), 

and these individuals dropped off from the figure. Such missing datapoints apparently 

create moderate slopes, optimistically leading researchers to conclude high tolerance of 

hosts. Additionally, although body condition indices are good surrogates for assessing 

host health (Sanchez et al. 2012), some parasites reduce host life-time fitness without 

reducing body condition. For instance, some castrator parasites reduce host reproduction 

by destroying reproductive organs (Webb & Hurd 1999; Miura et al. 2006). Others 

manipulate host behaviors to increase their host susceptibility to predators, facilitating 

successful transmission (Lafferty & Morris 1996; Poulin & Latham 2002). Therefore, 

researchers could not detect negative correlations between body condition and 

infections in these cases, and other alternative indicators of host health must be required. 

Finally, as I insisted throughout my dissertation, uncovering mechanisms of body 
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condition (health) reduction by parasites and causalities hidden under negative 

correlations is necessary for assessing host resistance and tolerance strategies.  
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Figure 1. Schematic overview of my dissertation. Red and blue parts indicate what I 

found in a series of my chapters and what I did not examine, respectively. 
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Figure 2. Schematic plots for identifying resistance and tolerance strategies. Each point 

indicates each infected individual. Different colors mean different genotypes or 

populations showing different strategies. 

(a) The blue group shows lower parasite burdens due to a higher resistance compared to 

the red group. 

(b) The slope of blue group is larger than that of red group, suggesting that individuals 

in the blue group are less tolerant to the negative impacts of parasite, while individuals 

in the red group successfully tolerate to these effects. 
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Supplementary file 1. Consistent negative correlations between body condition of 

white-spotted charr and Salmincola markewitschi infections in any spatial and 

temporal scales 

We found highly consistent negative correlations between body condition of 

white-spotted charr and Salmincola markewitschi infections across four seasons 

(chapter 3). To confirm if these consistent patterns hold true in any spatial and temporal 

scales, I preliminary re-analyzed my datasets collected during 2019-2021 in the 

Shiodomari River system, southern Hokkaido, Japan (see Hasegawa & Koizumi 2021, 

2024). In most of the tributaries in this river system, white-spotted charr are frequently 

infected with S. markewitschi on mouth cavities, though the infection levels such as 

prevalence are highly heterogeneous among study sites (Hasegawa and Koizumi 2021, 

2024). In total, I collected fish from 19 study sites during the study period. 

To test if negative correlations found in any study sites, I separately tested 

correlations for each study site where enough samples size were captured for the 

analysis (i.e. N > 30). I used datasets collected in spring (Number of study sites = 6) and 

winter (Number of study sites = 3) field surveys because of the high infection during the 

periods and low infection intensity might not allow us to detect negative impacts of 

parasites (see Hasegawa & Koizumi 2024). I constructed simple generalized linear 

models (GLMs) with gaussian error distribution for each study site. The response 

variable was body condition (i.e. residual index) and explanatory variable was parasite 

abundance. Study site number follows chapters 3 and appendix paper 2. 

Additionally, to confirm if these negative correlations found in other areas within 

Hokkaido, I similarly analyzed other datasets collected at several river systems in 

eastern Hokkaido in June to July 2022 (Hasegawa unpublished data). This dataset 

consisted with 1,681 individuals of white-spotted charr collected at 55 sites in 12 river 
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systems. In these river systems, S. markewitschi were abundant and occured in the host 

mouth cavity. To consider the variations among study sites, I constructed a similar 

generalized linear mixed model (i.e. GLMM) with including study sites as random 

effects. 

At site 18 in the Shiodomari River system (see chapter 3), I collected and 

measured fish for three consecutive years (i.e. 2019-2021; see Hasegawa & Koizumi 

2023, chapter 6). Using this dataset, I examined if these negative correlations 

consistently found among years. I calculated residual index for each year, then ran the 

similar GLMs for each year as I described above. 

In spring, I found significant negative effects of parasite abundance on body 

condition in three upstream sites of Itokawa, Shiodomari River system (GLM; Site 17, t 

= −3.63, p < 0.01; Site 18, t = −3.35, p < 0.01; Site 19, t = −3.37, p < 0.01). I also found 

marginally significant effects in upstream of mainstem (Site 3, t = −1.98, p = 0.05). No 

significant effects were found in any other study sites (Site 2, t = −0.63, p = 0.53; Site 

16, t = −0.97, p = 0.34). 

In winter, significant negative effects of parasite abundance were found in 

Nobirosawa stream (Site 9, t = −7.71, p < 0.01; Figure 1b), and marginal negative 

effects was found in Gabinosawa stream (Site 11, t = −1.94, p = 0.06; Figure 1b). No 

significant effect was detected in Sasagoya stream (Site 2, t = −0.22, p = 0.83 Figure 

1d). 

In eastern Hokkaido, I also found that significant negative correlations (GLMM; t 

= −2.94, p < 0.01; Figure 1d). 

For the temporal patterns in site 18, I also found significant negative correlations 

in June 2020 (t = −3.39, p < 0.01; Figure 1c) and July 2021 (t = −6.61, p < 0.01; Figure 

1c), as well as spring 2019 (see above). 
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Figure 1. Correlations between parasitic copepods S. markewitschi and body condition 

of their host white-spotted charr Salvelinus leucomaenis. (a) six sites in Spring, (b) three 

sites in Winter, (c) three consecutive sampling occasions at Site 18. 
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(c) Three consecutive samplings at Site 18 

 

 

(d) eastern Hokkaido 
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Appendix paper 1 

 

 

Morphological variation of Salmincola markewitschi  

 

Abstract 

Salmincola markewitschi Shedko & Shedko, 2002 (Copepoda: Lernaeopodidae) is an 

ectoparasitic copepod mainly infecting the buccal cavities of white-spotted charr 

Salvelinus leucomaenis (Pallas, 1814) (Salmonidae). This species has only been 

recorded from Northeast Asia, where a morphologically similar congener Salmincola 

carpionis (Krøyer, 1837) is also distributed using the same host species. These 

copepods are hard to distinguish from each other because of their similarities. We thus 

examined the newly collected specimens morphologically and genetically from five 

populations of white-spotted charr in Japan. Most of the specimens were 

morphologically consistent with S. markewitschi but showed great variations in the 

numbers of spines on the exopods of the antennae, shape of the maxilliped myxal palps, 

and the bulla diameter. Consequently, some specimens shared characteristics with S. 

carpionis. In addition to the mophological continuities, genetic analyses of 28S rDNA 

and COI mitochondrial DNA confirmed that all specimens belong to a single species. 

Further taxonomic revisions are required to draw conclusions of whether S. 

markewitschi is a valid species different from S. carpionis, by collecting samples from 

across their wide distributional ranges, such as Europe, North America, and Northeast 

Asia. 
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1. Introduction 

The genus Salmincola C. B. Wilson, 1915 is a group of ectoparasitic copepods 

commonly infecting salmonid fishes (Kabata 1969). Some of the species cause 

histopathological impact on their hosts and have been regarded as harmful parasites in 

hatcheries and fish farms (Gall et al. 1972; Sutherland & Wittrock 1985; Roberts et al. 

2004; Ruiz et al. 2017; Neal et al. 2021). To date, 22 valid species have been recorded 

from the genus (Walter & Boxshall 2018) and the most members of the genus have 

circumpolar distribution (Kabata 1969). In Japan, the following five species have been 

recorded: Salmincola californiensis (Dana, 1852) (reported as S. yamame in Hoshina & 

Suenaga 1954; Hoshina & Nishimura 1976; Nagasawa & Urawa 2002), S. carpionis 

(Krøyer, 1837) (Nagasawa et al. 1995, 1998; Nagasawa & Sakaki 2019), S. stellata 

Markevich, 1936 (Nagasawa & Urawa 1991; Nagasawa et al. 1994; Hiramatsu et al. 

2001; Nagasawa et al. 2021), S. edwardsii (Olsson, 1869) (Nagasawa 2020a, b; 

Nagasawa & Kawai 2020; Nagasawa 2021; Hasegawa et al. 2022a) and S. markewitschi 

Shedko & Shedko, 2002 (Shedko & Shedko 2002, Nagasawa 2020c, Nagasawa & 

Ishiyama 2021; Nagasawa 2021) (see key to the species of the genus Salmincola in 

Japan, provided in this study). 

S. markewitschi was described as a new species in 2002 using the specimens 

recovered from the buccal cavities of white-spotted charr Salvelinus leucomaenis (Pallas, 

1814) in the Kuril Islands, Northeast Asia (Shedko & Shedko 2002). This copepod has 

recently been found from the same host species in Japan (Nagasawa 2020b; Nagasawa 

2021; Nagasawa & Ishiyama 2021), but the morphologically similar congener S. 

carpionis, which has a circumpolar distribution (Kabata 1969) attaching to the same 

infection site of the same host species, is also known to occur in this region (Nagasawa 

et al. 1995; Nagasawa 2020c). Due to their morphological and ecological similarities, 

these two species might have been mixed in past literature, as indicated by Nagasawa 
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(2020c). According to Shedko & Shedko (2002), S. markewitschi can be distinguished 

from S. carpionis and other congeners by three main characters; 1) the distal end of the 

exopod of the antenna (as second antenna in Kabata 1969) has numerous small spines in 

addition to the two large papillae, whereas S. carpionis has no spines, 2) maxilliped palp 

has two overhanging outgrowths, whereas S. carpionis has only a single outgrowth on 

the maxilliped palp, 3) bulla diameter is larger than those of other Salmincola spp. 

(Shedko & Shedko 2002). However, considering the high morphological variations in 

this genus (Kabata 1969; Fryer 1981), careful identification using a comprehensive 

approach with combining morphological and genetic analyses is required. 

Here, we evaluated S. markewitschi and S. carpionis by examining morphological 

variations of newly collected specimens from various localities around Japan, together 

with a comparison of the nuclear 28S ribosomal DNA and mitochondrial cytochrome 

oxidase gene subunit I (COI) sequences. We also discuss the need for taxonomic 

reassessment of the genus using samples collected from all over the world to solve this 

taxonomic complexity, especially in the Northeast Asia. 

 

2. Materials and methods 

2.1. Fish and copepods collection 

Host fish were caught from five sites (four rivers and one aquarium) from three 

prefectures (Hokkaido, Fukushima and Toyama) in Japan (Table 1, Figure 1). At the 

four rivers, wild fish were caught by angling and electrofishing. Found copepods were 

carefully removed by forceps and preserved in vials filled with 70% ethanol. The 

aquarium samples were collected from the Sapporo Salmon Museum (hereafter, SSM 

following Nagasawa 2021), Makomanai, Sapporo. In this aquarium, infections of 

Salmincola markewitschi in the buccal cavity of white-spotted charr have been reported 
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since 1985 (reported as S. californiensis in Anonymous 1989; Takayama et al. 1999; 

Nagasawa 2021). White-spotted charr originated from Toyohira River, Hokkaido and 

Miya River, Gifu (Anonymous 2006), and has been reared at SSM. The source 

populations of S. markewitschi have been unknown, but they were supposedly from 

some rivers in Hokkaido (Takayama et al. 1999; Nagasawa 2021). The buccal cavities 

of white-spotted charr were checked, and collected copepods were preserved in the 

same manner as at other sites. 

 

2.2. Morphological description 

Morphological examination of the parasite specimens was conducted using light 

microscopes (BX53 and BH2, Olympus Inc., Japan) and stereo microscopes (SZX16 

and SZX10, Olympus Inc., Japan). The number of specimens examined from each site 

is as follows; Bekanbe-ushi (two), SSM (two), Shiodomari (four), Fukushima (two), 

Toyama (two). Before the morphological examination, specimens were soaked in 

lactophenol. Dissection and morphological examination was conducted using the 

wooden slide method following Humes & Gooding (1964). Drawings of each copepod 

specimen were made with the aid of drawing tubes attached to the light microscopes. 

All specimens we examined were deposited in the Invertebrates collection of the 

Hokkaido University Museum (ICHUM 8333–8337), Sapporo, Japan. The 

morphological terminologies were used following Huys & Boxshall (1991); antennule 

(as first antenna in Kabata 1969), antenna (as second antenna in Kabata 1969), 

maxillule (as first maxilla in Kabata 1969), maxilla (as second maxilla in Kabata 1969), 

maxilliped and mandible. For the armatures on the endopod of antenna (i.e., hook 1, 

spine 2, tubercle 3, process 4 and 5), we followed the terminologies used in Kabata 
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(1969). The morphological identifications were made by using Kabata (1969), Shedko 

& Shedko (2002) and Nagasawa (2020c). 

2.3. Genetic analysis 

A total of 13 and 12 specimens (Table 2) were used for the 28S rDNA and COI 

analyses, respectively. Total genomic DNA was extracted from whole parasites using a 

PureGene DNA isolation kit (Applied Biosystems). A part of the egg sac was used for 

DNA extraction, lysed in 20µL of 0.02 N NaOH at 98℃ for 30 min (Nakao et al. 2018). 

The PCR was performed using primers D1a 

(5’-CCC(C/G)CGTAA(T/C)TTAAGCATAT-3’) and D3b 

(5’-TCCGGAAGGAACCAGCTACTA-3’) for 28S rDNA (von Reumont et al. 2009) 

and the primers LCO1490 (5′-GGTCAACAAATCATAAAGATATTGG-3′) and 

HCO2198 (5′-TAAACTTCAGGGTGACCAAAAAATCA-3′) for COI (Folmer et al. 

1994). The PCR reactions for 28S rDNA were performed in 25µL volumes with 

thermocycling protocol for gene amplification as follows: initial denaturation at 95ºC 

for 2 min, 35 cycles of 95ºC for 30 sec, annealing at 55ºC for 40 sec and extension at 

72ºC for 90 sec, followed by a further extension at 72°C for 8 min. For COI, the PCR 

reactions were carried out in 10µL volumes following protocol; 94°C for 5 min, 35 

cycles of 94°C for 60 sec, 50°C for 60 sec and 72°C for 60 sec, and 5 min of final hold 

at 72°C. Purified products were cycle sequenced with the forward and reverse primer 

(i.e. D1a and D3b for 28S rDNA and LCO1490 and HCO2198 for COI). Sequence 

alignment and calculation of genetic distance were performed with the software MEGA 

ver. 10.0.4 (Kumar et al. 2018). The sequences of 28S rDNA were compared with 

known sequences of S. edwardsii from Norway and North America (DQ180346.2, 

KY113080.1, KY113081.1) and S. californiensis (KY113082.1, KY113083.1) (Ruiz et 
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al. 2017) from GenBank database. No inter-specific comparison was made for COI 

because of the lack of reference for genus Salmincola. 

 

3. Results 

The number of the copepod specimens and inspected fish are summarized in 

Table 1 and 2. All copepods were found from buccal cavities of fish examined. 

3.1. Morphological description 

The adult female, composed of three major body parts; cephalothorax, maxilla and 

trunk with egg sacs (Figure 2A). Oval-shaped cephalothorax, distinguished from the 

trunk by a deep constriction (Figure 2A). Cylindrical maxilla extending towards the 

ventral side distally with bulla (Figure 2A). Brownish bulla, mushroom shaped with 

short manubrium (Figure 2A). Ratio of bulla diameter / cephalothorax length 0.40–1.02 

(mean 0.74, n = 12; Table 2), almost consistent with the original description of S. 

markewitschi (Shedko & Shedko 2002, Table 2). Trunk, almost ovoid, 2.46–4.82 long 

(mean 3.84 mm, n = 13). Two egg sacs, generally in equal size, attaching on posterior 

trunk (Figure 2A). 

Antennule, no segmented, three to five short setae at their tips (Figures. 6F–J). 

Antenna, composed of biramous sympod; spiny pad generally with more than three 

spines on the lateral side of the sympod (Figure 2C). Biramous sympod, composed of 

two-segmented endopods with spiny pad on the basal segment and unsegmented 

exopods (Figure 2C). Five apical armatures on the distal end of the endopod: dorsal 

hook 1, spine 2, tubercle 3, process 4 and 5 (Figures 2D–I). The exopod, with large 

variations, generally having two papillae and numerous small spines (Figures. 3A–J); 

specimens from the Shiodomari River in Hokkaido (ID7, Figure 3B) and Fukushima 
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Prefecture (ID14, Figure 3H) possessing no spines, corresponding to the character of S. 

carpionis; specimens from SSM possessing more than 10 spines (ID8, Figure 3C), 

corresponding to the characteristics of S. markewitschi. Mandible in the buccal 

apparatus with seven teeth; the distal five teeth noticeably larger than the proximal two 

(Figures 4I–M). 

Maxillule with three papillae extending ventrally from its tips and a small exopod 

near its basal area (Figures 6A–E). Maxilliped, two segmented, comprised with 

subchela with short curved claw and corpus (Figure 5A); claw positioned at the distal 

end of the subchela; subchela elongating from the distal end of the corpus; one short 

ventral seta and one auxiliary palp extending from basal and distal area of subchela; 

palp with two outgrowths (Figures 5G–K) positioned at the medial area of the corpus 

with variations in its shapes; most having two prominent outgrowths as reported from S. 

markewitschi (e.g. ID1, Figure 5G); others not prominent (e.g. ID13, Figure 5J) and 

some having humps or protrusions (e.g. ID8, Figure 5H). 

 

3.2. Genetic analysis 

A total of 884 bp of the partial 28S rDNA region showed a 100 % match amongst 

all specimens in the present study (n = 13). These sequences had a 99.55 % match with 

S. edwardsii from Norway (GenBank accession numbers is DQ180346.2) and a 99.43 

and 99.32 match with S. edwardsii caught in North America (GenBank accession 

numbers are KY113080.1 and KY113081.1; Ruiz et al. 2017). All specimens also 

showed a 98.76 and 98.65 match with S. californiensis from North America (GenBank 

accession numbers are KY113082.1 and KY113083.1; Ruiz et al. 2017). For COI, a 

total of 601 bp was obtained. Four haplotypes were detected from different regions in 

Japan with only 0–4 base pair differences (mean genetic differences: 0.28%, range: 
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0–0.67 %, n = 12). GenBank accession numbers are LC713076–LC713088 for 28S 

rDNA and LC713314–LC713325 for COI. 

 

4. Discussion 

Our genetic analysis of both nuclear and mitochondrial DNA confirmed that the 

examined specimens from five sites in Japan contained only a single species of the 

genus Salmincola: 28S rDNA was monomorphic and genetic distance of COI fell within 

the range of intraspecific variation, as shown in other parasitic copepods (Montes et al. 

2017). In addition, based on the morphological observations, most of the specimens 

were consistent with Salmincola markewitschi described by Shedko & Shedko (2002); 

1) the distal end of the exopod had some small spines (mainly three to five) in addition 

to two papillae, 2) two outgrowths were present on the palp extending from the base of 

maxilliped, and 3) the ratio of the bulla diameter / cephalothorax length in the present 

study (range 0.40–1.02, mean 0.74) was similar to the original description (range 

0.74–1.17, mean 0.91, Shedko & Shedko 2002). 

However, morphological variations of our specimens were high, and some 

specimens partly had characteristics consistent with S. carpionis. While all 12 

specimens had two outgrowths at the maxilliped palp, four (ID 1, 7, 9, 12, 14) had no 

spines at the distal end of the exopod of the antenna (Table 2). In addition, nine 

specimens (ID 4, 6, 7, 10, 12, 13, 14, 15, 16) had a small bulla diameter, which fits the 

range of S. carpionis (range 0.34–0.80, mean 0.56, Shedko & Shedko 2002). This 

makes a firm morphological species identification difficult. 

To discriminate between the two species, we have to examine the validity of each 

morphological trait (i.e. spines at the distal end of the exopod of antenna, shapes of 
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maxilliped palp, bulla diameter). The number or shape of spines on the antenna's 

exopod has been widely used as a key character to discriminate Salmincola spp. (Kabata 

1969). For instance, S. californiensis is distinguished by its cluster of very strong and 

large spines and this characteristic was consistently observed in all populations 

examined so far (Kabata 1969; Hoshina & Nishimura 1976; Ruiz et al. 2017). However, 

caution is still needed in using this feature, because of some variations. In Salmincola 

thymalli (Kessler, 1868), the specimens from Nearctic had long prominent spines, but 

those from the Palearctic had very small and scattered spines (Kabata 1969). As is this 

unreliable case, the present individuals represented both patterns with and without 

spines on the antenna’s exopod even in the same site with identical 28S rDNA and COI 

sequences. 

The shape of maxilliped palps is less reliable for discriminating S. markewitschi 

from S. carpionis. While some species such as S. thymalli are characterized by their 

long and slender palps, considerable variability was recognized in some species (Kabata 

1969). For instance, Salmincola salmoneus (L.) and S. californiensis showed large 

intraspecific variations for the number and shape of the outgrowths on their palps. In 

our case, whereas most of the specimens had two outgrowths on the maxilliped palps, 

their length and shape showed high variation within and among populations as well. 

The remaining key trait, the bulla diameter, is also a presumably unreliable 

character in our case. Although bulla shape is widely used for species identifications of 

the genus Salmincola, its diameter can be easily changed by its attachment sites and 

host characteristics (Kabata 1969). In other siphonostomatoid copepods, it is also 

reported that the attachment organs are affected by host body parts, as well as ambient 

environmental factors like temperature (Fryer 1961; Hogans 1987; Abaunza et al. 2001; 

Hua et al. 2019; Suyama et al. 2019; González et al. 2021). The ratio of the bulla 
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diameter / cephalothorax length of S. markewitschi was highly variable even within a 

small geographic range (Shedko & Shedko 2002; Nagasawa 2020c; Nagasawa & 

Ishiyama 2021) and the high variation may be due to host characteristics and/or physical 

environmental factors, which affect the parasite's development. 

Taken together, while we can tentatively conclude our specimens as S. cf. 

markewitschi because of the overall morphological consistency, we should be careful of 

the possibility that S. markewitschi is a regional type of S. carpionis and the former is a 

synonym of the latter or a subspecies. Because Salmincola spp. often have large 

morphological variations (Kabata 1969), even the same species can show distinct 

morphological traits among local populations, especially considering the wide 

circumpolar distribution (Figure 1). Genetic analysis is particularly useful to delineate 

species with high morphological variations (Nadler & Pérez-Ponce de León 2011), but 

surprisingly very few studies have conducted genetic analysis for Salmincola spp. (Ruiz 

et al. 2017; Hasegawa et al. 2022a). It is necessary to compare specimens collected from 

throughout their distributional range, including the Northeast Asia, North America and 

Europe, using both genetic and morphological traits. In particular, Shedko & Shedko 

(2002) reported the morphological distinction between sympatric S. markewitschi and S. 

carpionis in Kuril Islands where the type collection of the former was determined. 

Genetic analysis in this population will be the priority. 
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Key to the species of the genus Salmincola in Japan based on the 

current publications 

 

1. Ventral side of the basal segment of endopod of antenna with large smooth tapering 

outgrowth; bulla stellate; commonly parasitic on Sakhalin Taimen Parahucho perryi  

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・Salmincola stellata Markevich, 1936 

 

  Ventral side of the basal segment of endopod of antenna with spiny pad; bulla is not 

stellate (commonly round or mushroom shape); not commonly parasitic on Sakhalin 

Taimen Parahucho perryi  

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・2 

 

2. One process as large as, or larger than dorsal hook and other much smaller processes 

are present at ventral side of the terminal segment of endopod of antenna; the exopod 

and sympod of antenna are highly inflated 

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・Salmincola edwardsii (Olsson, 1869) 

 

Two processes generally smaller than dorsal hook and other much smaller process are 

present at ventral side of the terminal segment of endopod of antenna; the exopod and 

sympod of antenna are not inflated 

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・3 

 

3. Maxilliped palp is large; the distal end of the exopod of antenna had more than five 

huge spines; commonly parasitic on the genus Oncorhynchus 

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・Salmincola californiensis (Dana, 1852) 
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Maxilliped palp is small; the distal end of the exopod of antenna had no or several small 

spines; commonly parasitic on the genus Salvelinus 

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・4 

 

4. Maxilliped palp have two outgrowths with no hump (protrusion) near its base; the 

distal end of the exopod of antenna have numerous small spines in addition to the two 

papillae; bulla diameter is large (the ratio of bulla diameter / cephalothorax length range 

0.74–1.17, mean = 0.91 reported in original description by Shedko & Shedko 2002) 

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・Salmincola cf. markewitschi Shedko & Shedko, 

2002 

 

Maxilliped palp have a single outgrowth with one hump (protrusion) near its base; the 

distal end of the exopod of antenna have only two papillae, no spines; bulla diameter is 

small (the ratio of bulla diameter / cephalothorax length range 0.34–0.80, mean = 0.56 

reported in original description by Shedko & Shedko 2002) 

・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・Salmincola carpionis (Krøyer, 1837) 

(suspected as Salmincola cf. markewitschi Shedko & Shedko 2002) 

  



167 

 

Table 1. Sampling sites and date of the copepods parasitic on Salvelinus leucomaenis in Japan. 

 
       

Sampling date Prefecture Sites No. of fish 
inspected 

Fork length range 
(mm) 

Prevalence 
(%) 

Intensity 
(mean) 

September, 2020 Hokkaido 
Island 

Toraibetsu brook, Bekanbe-ushi River, 
Akkeshi 

13 141–347 30.8 1–2 (1.25) 

July, 2020  Sapporo Salmon Museum, Sapppro, 
Makomanai, Sapporo 

53 310–414 92.5 1–11 (4.71) 

June, July and October 
2020 

 Shiodomari River, Hakodate 754 69–528 33.6 1–11 (1.60) 

       

May, 2020 Fukushima 
Pref. 

Tagokura-high dam, Tadami River,  
Minamiaizu 

1 501 100 4 

       
       
June, 2020 Toyama Pref. Jo-gan-zi River, Toyama 1 458 100 13 
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Table 2. Summary of previous identifications of Salmincola markewitschi and Salmincola carpionis and morphological variation of parasitic copepods 

recovered from Salvelinus leucomaenis in the present study. ID indicates the specimen’s ID. (also shown in Figure 2–6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Species & Sites Specimen's ID  The ration of cephalothorax long / bulla diameter The number of spines of exopod The maxilliped palp 28S r analysis COI analysis Reference

Salmincola markewitschi

Russian Far East - 0.74–1.17 (n = 16, mean = 0.91) 4–5 (at least 3, n = 45) two outgrowths, but some had three  (n = 45) - - Shedko and Shedko 2002
Magadan Region, Russia - 0.58–1.32 (n = 86, mean = 0.84) 3–4 (n = 491) two outgrowths, but some humps  (n = 491) - - Shedko et al. 2005a

Sakhalin Island 0.67–1.13 (n=22, mean = 0.84) No description No description - - Shedko et al. 2005b
Nagano Prefecture, Japan - 0.72–1.13 (n = 6, mean = 0.90) 3–4 (n = 1) two outgrowths (n = 1) - - Nagasawa 2020b

Ishikawa Prefecture, Japan - 0.56–0.80 (n= 9, mean = 0.66) several number  (n = 1) two outgrowths (n = 1) - - Nagasawa and Ishiyama 2021
SSM, Hokkaido, Japan - No description several number  (n = 1) two outgrowths (n = 1) - - Nagasawa 2021

Salmincola carpionis

Some countries in circumpolar region - No description 0  (n > 78) quite irregular shape - - Kabata 1969
Aquarium in Aomori Prefecture, Japan - No description 0 (n = 10) quite irregular shape - - Nagasawa et al. 1995

Russian Far East - 0.34–0.80 (n = 31, mean = 0.56) 0  (n = 102) one outgrowth (n = 102) - - Shedko and Shedko 2002
Magadan Region, Russian - 0.27–0.68 (n = 47, mean = 0.48) 0  (n = 110) one outgrowth (n = 110) - - Shedko et al. 2005a

Salmincola markewitschi

Toraibetsu (Bekanbe-ushi) ID11 Lost bulla 3 two outgrowths - - -
ID12 0.738 0 two outgrowths ○ ○ -

-
Sapporo Salmon museum (SSM) ID8 0.747 14 two outgrowths ○ ○ -

ID15 0.670 7 two outgrowths and one hump near its base ○ ○ -
-

Shiodomari River ID1 1.020 0 two outgrowths ○ ○ -
ID3 - - - ○ ○ -
ID4 0.722 3 two outgrowths ○ ○ -
ID5 - - - ○ ○ -
ID6 0.741 1 two outgrowths ○ - -
ID7 0.730 0 two outgrowths ○ ○ -

ID16 0.402 - - - - -
ID17 - - - - - -

-
Fukushima Prefecture ID13 0.707 4 two outgrowths ○ ○ -

ID14 0.786 0 two outgrowths ○ ○ -
-

Toyama Prefecture ID9 0.924 0 two outgrowths ○ ○ -
ID10 0.683 2 two outgrowths ○ ○ -
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Figure 1. Map of the known localities of Salmincola carpionis and Salmincola 

markewitschi. 1–25; S. carpionis (References; Yamaguti 1939 (reported as Salmincola 

faculata), Kabata 1969, Kumagai 1985 (reported as Salmincola sp.), Nagasawa et al. 

1995, 1997, 1998, Wakabayashi 1997, Yamamoto and Nagasawa 1999, 2001, Watanabe 

and Ishii 2000, Nagasawa and Urawa 2002, Shedko and Shedko 2002, Shedko et al. 

2005a, b, Sokolov et al. 2012, Nagasawa and Ishikawa 2017, Nagasawa and Sakaki 

2019, Kawanobe 2018, 2020). 26–42; S. markewitschi (References; Nishimura and 

Hoshina 1977 (reported as Salmincola californiensis), Shedko and Shedko 2002, 

Shedko et al. 2005a, b, Denda and Ogawa 2011 (reported as Salmincola californiensis), 

Sokolov et al. 2012, Nagasawa 2020c, Nagasawa and Ishiyama 2021, Nagasawa 2021, 

This study. See specific information in other studies (e.g., Kabata 1969, Shedko and 

Shedko 2002, Nagasawa 2020c). 

 

Salmincola carpionis: 1. Greenland (type locality); 2. Hrúta Fjord (described as 

Hrutafjordara in Kabata 1969), Iceland; 3. Etah, Greenland; 4. Alitak Bay, Alaska; 5. 

Attu, Alaska; 6. Bering Island; 7. Lake Taymyr (described as Lake Taimyr in Kabata 

1969); 8. Baffin Island; 9. Quebec; 10. Sakhalin; 11. Kamchatka Peninsula; 12. 

Shumushu Island; 13. Onekotan Island; 14. Shantar Islands; 15. Primorye; 16. Magadan 

region; 17. Toraibetsu brook, Bekanbe-ushi River, Hokkaido; 18. Lake Panke, 

Hokkaido; 19. Aomori Prefecture; 20. Iwate Prefecture; 21. Fukushima Prefecture; 22. 

Tochigi Prefecture; 23. Toyama Prefecture; 24. Yamanashi Prefecture; 25. Nagano 

Prefecture. 

Salmincola markewitschi: 26. Shumshu Island (type locality); 27. Kamchatka Peninsula; 

28. Sakhalin Island; 29. Primorye; 30. Shantar Islands; 31. Magadan region; 32. Iturup 

Island; 33. Kunashir Island; 34. Shikotan Island; 35. Toraibetsu brook, Bekanbe-ushi 

River, Hokkaido; 36 & 37. Sapporo Salmon Museum (SSM), Hokkaido; 38. Shiodomari 

River, Hokkaido; 39. Fukushima Prefecture; 40. Toyama Prefecture; 41. Ishikawa 

Prefecture; 42. Nagano Prefecture. 



170 

 

 

  

1 
2 

4

56

8 
9 

3 

7

Salm
incola carpionis

Type locality of Salm
incola carpionis

Salm
incola m

arkew
itschi

Type locality of Salm
incola m

arkew
itschi

Salm
incola cf.m

arkew
itschiin the present study

Longitude

Latitude

10 
11 

12 
13 

14 

15 

16 26
27 

28 
29 

30

31

18 17 

19 20

21 
22 

23 

24 

32 

35 33
34

37 38 39 

40

41

42 25 

36 



171 

 

Figures 2–6. Female Salmincola cf. markewitschi from white-spotted charr Salvelinus 

leucomaenis at five sites in Japan. Abbreviations in parentheses represent places where 

specimens were collected as follows; Shiodomari River, southern Hokkaido 

(Shiodomari), Sapporo Salmon Museum, central Hokkaido (SSM), Bekanbe-ushi River, 

eastern Hokkaido (Bekanbe-ushi), Tadami River, Fukushima Prefecture (Fukushima), 

Jo-gan-zi River, Toyama Prefecture (Toyama). 

 

Figure 2. A. Entire, lateral (Shiodomari, ID17); B. Cephalothorax, dorsal (Shiodomari, 

ID16); C. Antenna, entire, lateral (Shiodomari, ID7); D. Antenna, tip of endopod, lateral 

(Shiodomari, ID7); E. Same, lateral (Shiodomari, ID1); F. Same, lateral (SSM, ID15); G. 

Same, lateral (Bekanbe-ushi, ID12); H. Same, ventral (Fukushima, ID13); I. Same, 

lateral (Toyama, ID10). Scale bars: A. 1mm; B–C. 4μm; D–I. 3μm. 
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Figure 3. A. Antenna, tip of exopod, lateral (Shiodomari, ID4); B. Same, lateral 

(Shiodomari, ID7); C. Same, lateral (SSM, ID8); D. Same, lateral (SSM, ID15); E. 

Same, ventral (Bekanbe-ushi, ID12); F. Same, lateral (Bekanbe-ushi, ID11); G. Same, 

ventral (Fukushima, ID13); H. Same, lateral (Fukushima, ID14); I. Same, ventral 

(Toyama, ID9); J. Same, dorsal (Toyama, ID10); K. Spiny pad of endopod, lateral 

(Shiodomari, ID4); L. Same, lateral (SSM, ID15). Scale bars: A–J. 3μm; K–L. 1μm. 
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Figure 4. A. Same, lateral (Bekanbe-ushi, ID11); B. Same, lateral (Fukushima, ID13); 

C. Same, lateral (Toyama, ID10); D. Spiny pad of sympod, lateral (Shiodomari, ID4); E. 

Same, lateral (SSM, ID15); F. Same, lateral (Bekanbe-ushi, ID11); G. Same, lateral 

(Fukushima, ID13); H. Same, lateral (Toyama, ID10); I. Mandible, lateral (Shiodomari, 

ID1); J. Same, lateral (SSM, ID8); K. Same, lateral (Bekanbe-ushi, ID11); L. Same, 

lateral (Fukushima, ID14); M. Same, lateral (Toyama, ID9). Scale bars: A–H. 1μm; I–M. 

3μm. 
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Figure 5. A. Maxilliped, entire, ventral (Shiodomari, ID1); B. Tip of maxilliped, ventral 

(Shiodomari, ID1); C. Same, ventral (SSM, ID8), D. Same, ventral (Bekanbe-ushi, 

ID11); E. Same, ventral (Fukushima, ID13); F. Same, ventral (Toyama, ID9); G. 

Maxilliped palp, ventral (Shiodomari, ID1); H. Same, ventral (SSM, ID8); I. Same, 

ventral (Bekanbe-ushi, ID11); J. Same, ventral (Fukushima, ID13); K. Same, ventral 

(Toyama, ID9). Scale bars: A. 4μm; B–K. 3μm. 
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Figure 6. A. Maxillule, lateral (Shiodomari, ID1); B. Same, lateral (SSM, ID15); C. 

Same, lateral (Bekanbe-ushi, ID11); D. Same, lateral (Fukushima, ID14); E. Same, 

lateral (Toyama, ID9); F. Antennule, ventral (Shiodomari, ID6); G. Same, lateral (SSM, 

ID15); H. Same, ventral (Bekanbe-ushi, ID11); I. Same, ventral (Fukushima, ID14); J. 

Same, ventral (Toyama, ID10). Scale bars: A–J. 3μm. 
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Appendix paper 2 
 

Basin-wide distribution of Salmincola sp. infecting to the mouth cavity 

of white-spotted charr 
 

Abstract 

Understanding parasite distributional patterns is fundamental for elucidating 

host-parasite relationships. The genus Salmincola is an ectoparasitic copepod group 

specifically infecting freshwater salmonids. Considering their strong association with 

their hosts, we can predict that the distribution and prevalence (analogues to abundance) 

of Salmincola reflect host salmonids. An alternative hypothesis is that their distribution 

will be strongly affected by environmental factors like stream drift because they have a 

free-living stage with low swimming ability. If this is the case, we predict a longitudinal 

gradient with higher occurrence or infection levels in downstream areas. To estimate the 

relative strength among factors affecting infection levels, we investigated the 

distribution pattern of Salmincola sp. on wild white-spotted charr Salvelinus 

leucomaenis in a southern Hokkaido river system. Based on data from 19 sites across 

three seasons, we found that host density and flow velocity affected the prevalence of 

Salmincola. On the other hand, no longitudinal gradient was observed and the 

prevalence was extremely low in some fragmented habitats (i.e., above dams and 

waterfalls). This indicates some compensation mechanisms against unidirectional 

downstream dispersal. We found that parasite prevalence and intensity were much 

higher in large migratory (anadromous) fish and, therefore, hypothesize that 

long-distance upstream migration helps the redistribution and population persistence of 

parasites in upstream areas.  
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1. Introduction 

Parasites account for a large proportion of biomass of living organisms (Dobson et 

al. 2008; Kuris et al. 2008) and play many important roles in natural systems, such as 

ecosystem functioning and host population dynamics (Anaya‐Rojas et al. 2019; Hudson 

et al.; 1998; Lafferty et al. 2006; Lafferty et al. 2008; Morton & Silliman 2020; Sato et 

al. 2012). Despite their potential impacts, however, most parasites have been neglected 

in ecological studies (Gordy et al. 2020; Poulin 2011), which is partly due to difficulty 

in finding and identifying them. Accordingly, we have lacked even general patterns for 

the distribution and abundance of parasites until recently (e.g. Berkhout et al. 2020; 

Blasco-Costa et al. 2013). 

Compared to free-living organisms, parasite distribution can be either simple or 

complex. For example, some parasites merely follow their host distribution (Arneberg 

2002; Hansen & Poulin 2006), resulting in simple distribution patterns. In addition, 

since parasites per se have low mobilities (Poulin 2011), their dispersal and genetic 

structure mirrors their hosts (Blasco-Costa & Poulin 2013; Criscione & Blouin 2004). 

However, complex distribution patterns are also expected, because many parasites are 

affected not only by their hosts but also the external physical environment, that also 

mediates host abundance and distribution (Berkhout et al. 2020; Grunberg 2021). 

Physical factors such as temperature, flow velocity and pH level generally affect 

life-history and transmission of parasites, especially during infectious stages (Baker & 

Cone 2000; Johnston & Dykeman 1987; Mouritsen 2002; Pietrock & Marcogolies 2003; 

Thieltges et al. 2008). Although disentangling the factors affecting their distribution is a 

critical issue in ecology, only a few studies have evaluated the relative importance of 

ecological factors including host characteristics and external environments affecting 

parasites (Berkhout et al. 2020; Poulin 1995). 
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Lotic ecosystems provide a good opportunity to elucidate the relative importance 

of host characteristics and other external environmental factors on parasite distribution 

and abundance. This is because unidirectional water flow should be the major physical 

determinant, especially for parasites that have free-swimming infectious stages 

(Blasco-Costa et al. 2012, 2013). Passive dispersal by constant stream drift (Müller 

1982) generates an infection gradient from upstream to downstream along the river, 

which may be a common pattern in aquatic parasites (Blasco-Costa et al. 2013). 

Alternatively, when the influence of host dependency is stronger than stream drift, we 

will not detect a distributional gradient. This could occur either when host transmission 

occurs via direct host physical contact, when the transmission window is short, or when 

host upstream movement compensates for stream drift (e.g. Blasco-Costa et al. 2012). 

The genus Salmincola (Family Lernaeopodidae), ectoparasitic copepods, and their 

host salmonids are ideal to evaluate the relative importance of factors affecting parasite 

distributions in lotic systems. Salmincola spp. complete a direct life cycle without 

intermediate hosts (Kabata & Cousens 1973) and have a short lived (only a few days) 

free-living stage. Because the infectious copepodids are tiny (i.e. 0.6-0.7 mm; Kabata & 

Cousens 1973) and seem to have a low swimming ability (Friend 1941; McGladdery & 

Johnston 1988), they should be strongly affected by stream drift. On the other hand, 

considering their strong association with their hosts (Kabata 1969), we can also predict 

that their distribution should be strongly affected by host distribution and dispersal. 

Salmonids often prefer upstream areas, resulting in high densities (Imanishi 1996; 

Morita et al. 2016) and they also exhibit long-distanced upstream migration for 

spawning (Solomon & Templeton 1976). Therefore, we can evaluate the relative 

strength of host characteristics and the physical environment. That is, if stream drift 

dominates the parasite distribution, an increase of abundance or occurrence is expected 

in lower altitude (Blasco-Costa et al. 2012, 2013). Alternatively, if host characteristics 
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mainly govern parasites distribution, we will observe the opposite pattern because of 

high host density at higher altitude, as well as upstream host migration. 

We tested these predictions by examining the basin-wide distribution pattern of 

Salmincola sp. on wild white-spotted charr (Salvelinus leucomaenis) in the Shiodomari 

River system, southern Hokkaido, Japan. We particularly focused on how host 

characteristics (density and dispersal) and stream drift (water velocity and altitudinal 

distribution) affect the infection level of these parasite (i.e. prevalence and intensity). 

The role of host dispersal can be inferred from the infection level of the migratory 

(anadromous) form because such individuals are known to undertake long-distance 

upstream migration before spawning (Quinn 2018). Because Salmincola spp. tend to 

infect larger host individuals (Kabata & Cousens 1977; Bowen & Stedman 1990; 

Nagasawa et al. 1995), large anadromous fish can carry the parasites in upstream areas 

effectively. We also evaluated the effects of stream drift and host migration 

compensation by examining the populations above physical barriers, such as dams and 

waterfalls. If stream drift and host upstream migration are crucial for the parasite’s 

distribution, we can expect low infection levels in such isolated populations. This is 

plausible given that even host white-spotted charr often go extinct after dam 

constructions or show reduced density above dams (Morita & Yamamoto 2002; Morita 

et al. 2019). Finally, we also examined the effects of other environmental factors, such 

as water temperature and stream size, which might have affected parasite distributions. 

 
2. Materials and methods 

2.1. Study area and species 

We conducted our field survey in the Shiodomari River in 2019 (Figure 1). The 

Shiodomari River system has been designated as a protected freshwater area and is 
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closed to recreational fishing year-round for all species (Tsuboi & Morita 2004). The 

upstream areas of this river system are dominated by white-spotted charr, whereas 

downstream and mainstem are dominated by masu salmon (Oncorhynchus masou), 

freshwater sculpin (Cottus nozawae), Siberian stone loach (Noemacheilus barbatulus), 

Japanese dace (Pseudaspius hakonensis) and a small number of invasive rainbow trout 

(Oncorhynchus mykiss). 

In the Shiodomari River system, white-spotted charr are frequently infected with 

Salmincola sp. (but not other salmonids) and their infections commonly occur in the 

mouth cavity but not in the gill tissue or on the body surface. To date, five species of the 

genus Salmincola have been recorded from Japan; S. californiensis (reported as S. 

yamame in Hoshina & Suenaga 1954; Hoshina & Nishimura 1976; Nagasawa & Urawa 

2002), S. carpionis (reported as S. falculata in Yamaguti 1939; Nagasawa et al. 1995; 

Nagasawa & Urawa 2002; Nagasawa & Sakaki 2020), S. stellata (Nagasawa & Urawa 

1991; Nagasawa et al. 1994; Hiramatsu et al. 2001), S. edwardsii (Nagasawa 2020a, b; 

Nagasawa & Kawai 2020) and S. markewitschi (Nagasawa 2020c; Nagasawa & 

Ishiyama, 2021). S. carpionis and S. markewitschi mainly infect the mouth cavity of the 

genus Salvelinus (Kabata 1969; Nagasawa et al. 1995; Shedko & Shedko 2002). Based 

on the taxonomic studies proceeded by the first author (R. Hasegawa), we confirmed by 

genetic analysis that only a single species was present in the river system. However, 

since morphological variation was quite large, possessing the characteristics of both S. 

carpionis and S. markewitschi (Hasegawa unpublished data), we could not conclude 

which scientific names should be applied without analyzing additional specimens from 

other areas. Thus, we treated the tentative species as Salmincola sp. Heavy infections of 

Salmincola spp. can cause various impacts on host fish in hatchery environments 

(Herron et al. 2018; Kabata & Cousens 1977; Nagasawa et al. 1998; Sutherland & 
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Wittrock 1985), whereas the impacts on wild fishes have rarely been reported or may be 

negligible, possibly due to the low prevalence and intensity in natural conditions (e.g. 

Amundsen et al. 1997; Ayer et al. 2022; but see Mitro 2016). 

White-spotted charr in the Shiodomari River have two types of life-history: some 

individuals remain in rivers and reproduce as residents, whereas other individuals 

migrate to the sea or lakes and return to their natal rivers to spawn as migrants 

(Yamamoto et al. 1992; Morita 2001; Morita et al. 2019). Sea-run or anadromous forms 

can be infected by Salmincola sp. because salinity tolerance is often reported in other 

members of the genus (Black et al. 1983; Friend 1941; Nagasawa 1998). Above natural 

waterfalls and man-made dams (i.e., closed-populations), white-spotted charr have a 

non-anadromous life history (residents; Morita et al. 2000). 

 

2.2. Fish collection and measurement 

Sampling was carried out at 17, 15 and 14 sites during three separated seasons 

(May, July, October), respectively (i.e., 19 sites in total) (Figure 1, Table 1, Supporting 

Information). Two sampling tributaries have natural waterfalls (head water area of Ito 

River; Figure 1) and three tributaries have impassable dams installed to control erosion 

(Sasagoya Stream, Nishimata Stream, Sentarosawa Stream; Figure 1). A high-dam 

(Yabetsu reservoir) was constructed in the upper area of the main stem (Figure 1). 

While no fish can access upstream areas above impassable dams from downstream areas, 

a few fish, including anadromous forms (migrants), can pass some small waterfalls (i.e. 

Site 16, 18, R. Hasegawa, unpublished data). 
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In May and October, fish were collected within 100-300 m reaches using a 

backpack electro-fisher (model 12B; Smith-Root, Inc.) in each site. At each site, we 

tried to collect at least 30 host individuals to estimate reliable parasite abundance data. 

In addition, at the sites where dams or waterfalls were present, we started sampling 

within 150 m from above or below the barrier to compare the infection levels between 

them, although we could not catch fish in these areas at two sites (Site 17, 19) due to the 

difficulty of the approach. During July sampling, we estimated host density (see 2.4 

Host density estimation) and measured physical environmental variables at 11 sites 

within a 100 m area as described in the next section. If we could not collect more than 

10 fish in a reach, we sampled for additional fish outside of the sampling area (but 

within the same reach as May and October). 

In May, we captured age-1 and older individuals, whereas we did not capture 

newly emerged fries (age-0) because the average fork length of fries was less than 50 

mm in May (Yamamoto & Kato 1984) and a previous study showed that fish less than 

50 mm were rarely infected with Salmincola sp. (Barndt & Stone 2003). In July, to 

check the infection pattern, captured fish were categorized into two age classes; age-0 

(ca., less than 78 mm) and age-1 and older, based on visual observation and bimodal 

frequency in a histogram. During the breeding season (October), in addition to the 

classification of age-0 (ca., less than 89 mm), the age-1 and older individuals were 

categorized into two life history types: resident and migrant, determined according to 

their body size and coloration as follows (Ishigaki 1984; Yamamoto et al. 1999). (i) 

Residents were usually brownish and had many small white spots on the sides of the 

body. The abdomen had a characteristic yellow tinge. (ii) Migrants showed silver body 

color with relatively large white spots on the sides of the body. Some migrants were 

captured from additional reaches because it was difficult to collect enough samples at 
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each site. In addition, we also captured masu salmon (in July and October) and rainbow 

trout (in May and October) to confirm whether infection had occurred or not. Captured 

fish were anesthetized with FA100 (DS Pharma Animal Health Co., Ltd.) and measured 

for fork length (FL) to the nearest 1 mm. Since the main attachment sites of Salmincola 

sp. parasitic on white-spotted charr are the body surfaces and buccal cavities (Nagasawa 

et al. 1995; Nagasawa 2020c), we examined fish body surfaces and buccal cavities for 

the presence of copepods. When found, we counted the number of individuals and 

recorded their attachment sites. All the copepods detected were considered as females, 

because the males are dwarf, attaching to females, and difficult to observe by the naked 

eye (Kabata & Cousens 1973). As no copepods were found on newly emerged 

white-spotted charr fries (age-0), we excluded these hosts from all calculations and 

analyses. In addition, migrants were also excluded from calculations and analyses 

because of their high infection levels and significant body size differences as discussed 

below. 

2.3. Measurements of the physical environment 

Physical environmental factors such as water temperature and flow velocity can 

influence the development, infection and abundance of Salmincola spp. (Conley & 

Cutis 1993; Mitro & Griffin 2018; Monzyk et al. 2015; Vigil et al. 2016). Therefore, we 

measured multiple physical environmental factors (water temperature, stream width, 

stream depth, substrate score, flow velocity) at 11 sites in July (Figure 1; Supporting 

Information). We established seven measurement points on 11 transects per 100 m 

reach (i.e., 77 measurement points in total), which were equally spaced longitudinally 

along each of the sites. Only the flow velocity was measured in the middle of each 

measurement point (6 points per 1 transect), resulting in a total of 66 measurement 

points. Water temperatures were recorded with HOBO data loggers (Onset Computer 
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Corporation, Bourne, MA) from July to October. We set each logger near the riverbed 

(about 0.3-1.0 m depth) and measured temperature at 1h intervals beginning on the 24th 

to 31st of July and until the 19th to 24th of October. Stream widths were measured on 

each transect (i.e., 11 measurement transects). Stream depths were measured on each 

measurement point. The dominant substrate was visually classified into seven categories 

and scored as follows: 1, silt and sand (< 2 mm); 2, gravel (2-16 mm); 3, pebble (16-64 

mm); 4, cobble (64-256 mm); 5, boulder (> 256 mm); 6, bedrock, a system modified 

from Bain et al. (1985). Flow velocity was measured with a propeller-type meter 

(CR-11; Cosmo-Riken, Osaka, Japan) at about 60 % of the depth from the surface to the 

bed. All variables were calculated in averages for each site and used for the principal 

components analysis (PCA) and a generalized linear mixed models (GLMMs) as 

described below. Elevation (m) for each site was determined using 1:25000 scale 

topographic maps (http://maps.gsi.go.jp) and also included PCA analysis. 

 

2.4 Host density estimation 

In general, host density can be a strong predictor of parasite abundance (Anderson 

& May 1978; Hansen & Poulin 2006). Thus, we estimated charr density in the same 

reaches as used for environmental factor measurements in July as described above. 

Charr abundance was estimated by a two-pass removal method (e.g., Riley & Fausch 

1992). We set block nets at both ends of the reach to prevent fish from entering or 

leaving during the sampling. White-spotted charr abundance was calculated by using the 

model M (bh) in program CAPTURE (White et al. 1978). Reach wide density of charr 

(number / m2) was calculated by dividing the estimated number of charr by the reach 

area (m2) (Supplementary material 1). 

http://maps.gsi.go.jp/
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2.5. Statistical analysis 

We calculated prevalence (percentage of individuals infected), intensity (the 

number of individual parasites in a single infected fish) and mean intensity (the average 

number of parasites among the infected fish) following Bush et al. (1997). 

To summarize physical environmental factors (elevation, water temperature, 

stream width, stream depth, substrate score, flow velocity), we used a principal 

component analysis (PCA). Only principal components (PC) showing eigenvalue 

greater than one (Kaiser–Guttman criterion) were selected for further analysis. This 

resulted in two principal components describing all factors (Table 2). 

During the population level analysis, we examined if the prevalence was affected 

by each principal component, host density (calculated from age-1 and older individuals) 

and habitat types (i.e., closed or open) by using GLMM with a binomial error 

distribution and logit link function. The response variable, prevalence, was the binary 

variable defined as (n, N-n), where n and N indicate number of infected individuals and 

number of all individuals at each population (i.e., N-n indicates numbers of uninfected 

individuals), respectively. Explanatory variables were PC1 (continuous variable), PC2 

(continuous variable), host density (continuous variable) and habitat type (categorical 

variable; closed, open). Sampling sites and season (May, July, October) were treated as 

random effects. Statistical significance (p < 0.05) was evaluated by likelihood ratio test 

between the full model and reduced model. We did not include the interaction terms 

between habitat type and other variables, because preliminary analysis showed any 

significant effects. Thus, the full model as follows: 
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(n, N-n) ~ PC1 + PC2 + host density + habitat type (closed, open) + (1 | sites) + (1 | 

seasons). 

Of the 19 sites we captured fish from, for only 11 sites physical environment 

measurements and charr abundance estimations were conducted. In addition, because 

we lost water temperature loggers at 3 sites, we conducted PCA analysis using the data 

of 8 sites. To minimize the effect of this smaller sample size, we firstly conducted 

GLMM only with elevation and habitat type (closed, open), but without PCs and host 

density (i.e., 19 sites) and subsequently included all the variables into the analysis (i.e., 

8 sites). 

To consider the effects of host body size on infection, we also performed an 

individual level analysis. In this analysis, we constructed GLMM with a binomial error 

distribution to examine if the probability of infection was affected by fish size and 

population type (closed or open). The response variable was the binary variable that 

defined infected or uninfected (infected = 1, uninfected = 0) and explanatory variables 

were FL and habitat type (closed, open). Sampling sites and season were treated as 

random effects. Statistical significance (p < 0.05) was evaluated by likelihood ratio test 

between the full model and reduced model. Finally, we compared the infection 

prevalence and mean intensity between residents and migrants in October by Fisher’s 

exact test and Wilcoxon rank-sum test, respectively. We used the package lme4 (Bates 

et al. 2011) for the mixed model procedures. All the statistical analyses were conducted 

using R version 3.5.2 (R Core Team 2018). 

 

 

 

 



188 

 

3. Results 

3.1. Basin-wide distribution of Salmincola sp. 

Salmincola sp. infections on white-spotted charr were present in 15 sites and 

absent in 4 sites (Table 1). Average prevalence was 26.4 % (0.00–53.6 %) in May, 

19.4 % (0.00–38.9 %) in July and 14.3 % (0.00–46.7 %) in October. Average mean 

intensity was 1.95 (1.00–4.46) in May, 1.54 (1.00–2.50) in July and 1.70 (1.00–2.17) in 

October. All individual copepods were found from the buccal cavities of age-1 and 

older white-spotted charr, whereas no copepods were found from newly emerged fries 

(mean FL: 63.3 mm [39–89 mm]; n = 384), nor other salmonid fishes such as rainbow 

trout (mean FL: 152.2 mm [90–327 mm]; n = 40) and masu salmon (mean FL: 98.0 mm 

[49–223 mm]; n = 353). 

Contrary to the initial prediction, elevation positively affected the prevalence in 

the population level analysis (i.e. 19 sites; Table 3a), whereas the significant effect 

disappeared in the additional analysis (i.e. 8 sites, Table 3b). Differences of prevalence 

between above and below dam sites were evident even in the same stream (Figure 2, 

Table 1): GLMM showed that prevalence in closed populations were significantly lower 

than those of open populations (Table 3a, b), consistent with the second prediction. In 

two out of three above dam areas (Site 4, 10), no copepods were found across all 

seasons (Table 1). Although we found two individual copepods at the other closed 

population above a dam in May (Site 1; Table 1a), the prevalence was evidently low and 

no copepods were found in July and October (Table 1b, c). The individual level analysis 

also showed that hosts caught in closed populations showed significantly lower 

probability of infection (Likelihood-ratio test; G2 = 5.20, p = 0.02; Figure 3), as well as 
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a positive effect of fork length on the probability of infection (G2 = 186.44, p < 0.01; 

Figure 3). 

 

3.2. Environmental factors affecting the abundance of Salmincola sp. 

PCA compressed the environmental data into two principal components (PCs) 

(Table 2). PC1 and PC2 covered 84 % of the total variance (Table 2). Water 

temperature, stream depth and stream width loaded positively on PC1, whereas 

elevation and substrate score loaded negatively (Table 2). Flow velocity loaded 

negatively on PC2 (Table 2). 

While PC1 had no significant effect on prevalence, PC2 had a significant negative 

effect on prevalence, meaning that higher prevalence was detected at sites with higher 

flow velocity (Table 3b). Also, host density had a significant positive effect on 

prevalence (Table 3b). 

 

3.3 Comparison of infection level between resident and migratory host fish 

Migrant white-spotted charr (n = 21; mean ± SD FL: 358.33 ± 93.07 mm) showed 

higher prevalence and mean intensity compared to residents (n = 439; mean ± SD FL: 

161.34 ± 43.87 mm) (Figure 4). While 15.0 % of residents (n = 66) were infected with 

Salmincola sp., 76.2 % of migrants (n = 16) were infected (Fisher’s exact test; p < 0.01). 

Mean intensity of migrants (3.56 parasites per infected fish) were more than two times 

higher than that of residents (1.59 parasites per infected fish, Wilcoxon rank-sum test; 

W = 3232.5, p < 0.01; Figure 4). 
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4. Discussion 

This is one of few studies demonstrating the relative importance of host 

characteristics and other external factors affecting parasite distribution and/or 

abundance. We found that host density positively affects parasite prevalence and large 

migratory fish had much higher prevalence and intensity. No altitudinal distribution was 

detected, but the prevalence was extremely low in stream reaches above physical 

barriers. Together, our results suggest that while stream drift is acting in the study 

system as inferred from low prevalence above barriers, that effect is compensated by 

high host density in upstream areas and also by upstream migration of large anadromous 

individuals. This contradicts the presumed “general" pattern of stream parasites 

(Blasco-Costa et al. 2013) and the ecological mechanisms against the pattern are 

proposed as below. 

 

4.1. Basin-wide distribution pattern of Salmincola sp. 

According to previous studies on other aquatic parasites, an infection gradient 

from upstream to downstream along a river might be a common distribution pattern 

(Blasco-Costa et al. 2013). Unexpectedly, prevalence for Salmincola sp. exhibited 

positive or no trend with elevation in the present study, suggesting that populations of 

Salmincola sp. can persist in upstream areas even though the swimming ability of the 

free-living infective stage is low (Friend 1941; Monzyk et al. 2015). A similar 

phenomenon is known as the “stream drift paradox” where populations of drift-affected 

aquatic species remain in upstream areas despite the tendency for larvae to drift 

downstream (e.g., Müller 1982). Some studies have reported that upstream movements 

by adult aquatic insects may compensate downstream drift of the larvae (see Brittain & 

Eikeland 1988). The fact that no negative trend was observed in the present study, 
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implies that other factors compensating for their downstream dispersal may exist in this 

system. 

One of the possible explanations is the spawning migration of host fish. 

Salmonids, including white-spotted charr, generally move upstream to spawn 

(Nakamura 1999; Solomon & Templeton 1976). Through this process, Salmincola sp. 

can be transferred by host fishes to upstream areas and among open populations, 

resulting in population persistence in upstream reaches. Similarly, other studies have 

already shown that some parasites had no gradient in their abundance along rivers, 

suggesting that the dispersal abilities of their definitive hosts altered the gradient 

(Blasco-Costa et al. 2013; Paterson et al. 2019). In particular, migrants may play an 

important role in the recruitment of copepods during spawning. We found that migrants 

showed a much higher infection level than residents, which was probably due to their 

larger body size (Kabata & Cousen 1977; Bowen & Stedman 1990). Migrants return to 

rivers from the sea during the summer and move upstream to spawn during the autumn 

(Morita 2001). This long-distance movement from downstream to upstream by highly 

infected migrants may markedly compensate the copepod’s drift from upstream to 

downstream. However, although some species of the genus Salmincola have salinity 

tolerance (Black et al. 1983; Nagasawa 1998), it remains unclear if this species can 

survive in saltwater while migrant charrs live in the ocean. It is also unclear during what 

period migrants are most likely to be infected. More studies are needed to prove this 

hypothesis. 

Skewed distribution and abundance of host fish may also contribute to the 

population persistence of the copepods in upstream areas, because host density may be 

the strongest predictor for parasite abundance (Anderson & May 1978; Hansen & 

Poulin 2006). The density of white-spotted charr is generally higher in upstream reaches 

because they prefer cold water (Imanishi 1996) and shelter such as rock interstices are 
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abundant in upstream reaches (Morita et al. 2016). In addition, white-spotted charr tend 

to prefer upstream habitats when masu salmon co-occur because of interspecific 

competition (Miyasaka et al. 2003; Nakano 1995), which may be the case in the present 

study. In fact, host density had a significant positive effect on prevalence and there was 

a significant positive relationship between host density and elevation in the present 

study (Pearson’s correlation: r = 0.84, p < 0.01, n = 11). Therefore, unidirectional drift 

may be compensated by high host density in upstream reaches. 

Strikingly, we detected a significantly lower infection level in closed populations, 

especially above dams, suggesting that some populations of Salmincola sp. (site 4, 10) 

had already gone extinct as we predicted. While host fish and their parasites can access 

open populations freely, they cannot access closed populations from downstream 

(Morita et al. 2000; Yamamoto et al. 2004). In addition, the copepods would be washed 

away from the above dam areas by stream drift. This process may cause the extinction 

of the copepods in some closed populations. This prediction does not contradict with the 

fact that extremely low prevalence was observed above dams, where migrant forms 

cannot access. 

Extinction of closed populations of copepods could also be accompanied by 

extinction of the host. Since dams or waterfalls prevent fish from reaching upstream 

habitats, once they emigrate to areas downstream from these barriers, they are unable to 

return for reproduction, leading to gradual isolation or extirpation of the upstream 

population (Morita et al. 2000; Morita & Morita 2007; Yamamoto et al. 2004). 

Therefore, habitat fragmentation by damming decreases the population size and genetic 

diversity, and hence increases the extinction rate of freshwater fish (Morita & 

Yamamoto 2002; Yamamoto et al. 2004). In fact, Morita & Yamamoto (2002) predicted 

that habitat fragmentation by damming decreases the population size of white-spotted 

charr, and therefore cause local extinctions. Moreover, Morita et al. (2019) 
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re-investigated the same populations as the previous study and confirmed that extinction 

had already occurred in some of these populations. By these mechanisms, Salmincola sp. 

can easily go extinct when white-spotted charr populations are fragmented by dams, 

because local extinction of host-specific parasites is likely to occur faster than its hosts 

(Rózsa 1992). 

 

4.2 Environmental factors affecting the infection level 

Although there were no significant effects with PC1 (loaded with elevation, 

temperature, stream depth and width, substrate score), we found significant effects of 

PC2 (negatively correlated with flow velocity) on prevalence. This result is not 

consistent with previous studies that found fishes in streams having lower infection 

levels than lakes, where lower flow may contribute to their infection (Monzyk et al. 

2015). As we discussed above, distribution and density of white-spotted charr were 

highly skewed toward upstream areas, where high water flow and low water 

temperature is generally observed. This skewed distribution of host fish may interact 

with other variables, and hence cause these unexpected results. Another possibility is 

the matter of scale. We measured the average water velocity at the reach level, but the 

velocity strongly varied at smaller scales, such as pools and riffles. For example, Morita 

et al. (2016) showed that the average water velocity was lower in upstream reaches 

compared to lower reaches in a high-gradient river and this was because there were 

more turbulent and slow flowing microhabitats in the upper reaches created by step-pool 

geomorphological structures. Therefore, to determine the limiting factors of their 

distribution, we need to investigate the factors affecting their distribution across a 

variety of scales (e.g., Fausch et al. 1994). 
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Figure 1. Map of the sampling tributaries in the Shiodomari River system, southern 

Hokkaido, Japan. Detailed information on each tributary is shown in Supplementary 

material 1. Underlined site represents the sites where measurements of environmental 

factors and fish abundance estimation were conducted. Gray and black circles indicate 

closed and open populations, respectively. 
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Figure 2. Relationship between infection prevalence and elevation in each season. Open 

circles and crosses indicate open and closed populations, respectively. Different plots 

scattered at the same elevation indicate different season (May, July, October). 
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Figure 3. The relationships between parasite infections and host fork length. (a) 

Logistic relationships between infection probability and fork length. Open circles and 

crosses indicate open and closed populations, respectively. The curves were estimated 

by a generalized linear mixed model (GLMM) with binomial error distribution. Barplots 

indicate the ratio of infected fish for each fork length class. (b) open and (c) closed 

populations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



198 

 

Figure 4. Comparison of parasite number between (a) residents and (b) migrants of 

white-spotted charr during the spawning season (October). 
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Supplementary material 1. Summary of physical characteristics and fish density at each study site in the Shiodomari River system. 

 
 
 

                  
Sampling site 1 2 3 4 5 6 7 8 

Population type Closed Open Open Closed Open Open Open Open 

Elevation (m) 151 143 110 128 109 117 67 20 

Physical characteristics         

Stream Width (cm) 359 361 - 516 593 - - - 

Stream depth (cm) 8.4 10.8 - 19.5 18.1 - - - 

Flow velocity (m/s) 13.8 25.6 - 20.6 28.5 - - - 

Water temperature (℃)  15.15 - - 14.98 15.14 - - - 

Substrate score 3.36 4.26 - 2.49 3.52 - - - 
Host population 
structure 

  -   - - - 

Age-0 density 0.16 0.15 - 0.00 0.03 - - - 

Age-1< density 0.07 0.13 - 0.07 0.05 - - - 

All density 0.22 0.28 - 0.07 0.07 - - - 
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9 10 11 12 13 14 15 16 17 18 19 

Open Closed Open Open Open Open Open Closed Open Closed Open 

57 53 49 44 60 55 111 170 123 239 185 
           

330 - 425 - 453 - - 288 337 245 312 

8.5 - 12.5 - 15.2 - - 9.2 9.1 8.5 10.4 

20.8 - 29.2 - 42.8 - - 43.2 24.1 21.1 31.6 

- - 14.83 - - - - 13.72 14.26 13.86 14.12 

3.26 - 3.24 - 3.91 - - 4.53 2.98 4.08 4.08 
 -  -  - -     

0.02 - 0.01 - 0.01 - - 0.09 0.22 0.21 0.15 

0.02 - 0.01 - 0.01 - - 0.36 0.18 0.58 0.18 

0.04 - 0.03 - 0.02 - - 0.47 0.40 0.79 0.33 
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