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ABSTRACT: We examined the impacts of Ichthyophonus infection on spawning success of Yukon
River Chinook salmon Oncorhynchus tshawytscha at spawning grounds of the Chena and Salcha
Rivers, Alaska, USA. During the period 2005 to 2006, 1281 salmon carcasses (628 male, 652 female) were collected throughout the spawning season and from the entire spawning reaches of
the Chena and Salcha Rivers. For each fish, infection status was determined by culture method
and visual inspection of lesions of heart tissue as uninfected (culture negative), infected without
lesions (culture positive with no visible lesions), and infected with lesions (culture positive with
visible lesions), and spawning status was determined by visually inspecting the percentage of
gametes remaining as full-spawned (<10%), partial-spawned (10−50%), and unspawned (> 50%).
Among the 3 groups, the proportion of full-spawned (i.e. spawning success) females was lower for
those infected without lesions (69%) than those uninfected (87%) and infected with lesions (86%),
but this did not apply to males (uninfected 42%, infected without lesions 38%, infected with
lesions 41%). At the population level, the combined (infected and uninfected) proportion of female spawning success was 86%, compared to 87% when all females were assumed uninfected.
These data suggest that while Ichthyophonus infection slightly reduces spawning success of
infected females, its impact on the spawning population as a whole appears minimal.
KEY WORDS: Ichthyophoniasis · Protozoan · Parasite · Breeding success · Chena River · Salcha
River
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In evaluating the impacts of pathogens and diseases on wild salmon populations, many studies have
focused on prevalence and lethal effects during their
spawning migration (e.g. % of fish killed by diseases
or pathogens during migration); however, few studies have focused on sub-lethal effects, such as the
ability of the infected fish at spawning grounds to
reproduce successfully (Kent 2011, Stephen et al.
2011). Many fish at the spawning grounds are infected with various pathogens (Cramer et al. 2002,
Mann et al. 2010, Loch et al. 2012), and some fish,

especially highly stressed individuals, may fail to
spawn successfully (Quinn et al. 2007, Keefer et al.
2008, Young & Blenden 2011). Because immunological functions of spawning salmon are reduced (Brett
1995, Maule et al. 1996, Miller et al. 2009, 2011, Magnadóttir 2010), the infected fish may fail to spawn.
Thus, ignoring the sub-lethal effects could underestimate potential impacts of disease/pathogens on the
host population.
Absence of studies on sub-lethal effects is also the
case for Ichthyophonus hoferi (hereafter referred to
as Ichthyophonus because of taxonomic uncertainties of strains) infections in Yukon River Chinook
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salmon Oncorhynchus tshawytscha. Ichthyophonus
is a protozoan parasite of marine and anadromous
fishes, such as rockfish (Sebastidae), Pacific halibut
Hippoglossus stenolepis, herring (Clupea spp.), and
salmons (Oncorhynchus spp.) (McVicar 1999, Meyers
et al. 2007). Some fishes (e.g. rockfish, halibut) may
live normally while infected, but Ichthyophonus is
also known to cause outbreaks and mass mortality of
Atlantic and Pacific herring (Patterson 1996, Mellergaard & Spanggaard 1997, Kramer-Schadt et al.
2010). Thus far, mass mortality of salmon species by
Ichthyophonus infection has not been reported.
In the Yukon River, Ichthyophonus infection in Chinook salmon was first observed in the late 1980s
(ADFG 1988). After that, no incidence of Ichthyophonus infection was reported until the late 1990s,
when the infection became widely noticeable throughout the river drainage. The source of Ichthyophnus infection for Yukon River Chinook salmon is unknown,
but it is believed that infection occurs in the ocean
prior to freshwater migration through ingestion of infected prey (Criscione et al. 2002, Jones & Dawe 2002,
Kocan et al. 2004a). Ichthyophonus primarily infects
cardiac muscles but spreads throughout the body of a
host, which reduces swimming performance and
stamina of the host, and leads to its mortality (Tierney
& Farrell 2004, Kocan et al. 2006, 2011). During the
period 1999 to 2003, Ichthyophonus infection prevalence in the Yukon River was about 25% at the river
mouth, peaked at 35% in mid-river, and was about
10% at the spawning grounds (Kocan et al. 2004a).
This decline from mid-river to spawning grounds was
attributed to mortality of the infected fish, in which
about 60% of the infected fish die en route to the
spawning grounds (Kocan et al. 2004a). Conversely,
this implies that about 40% of infected salmon reach
the spawning grounds. Thus far, spawning success of
infected fish has not been examined.
Very few studies have examined the impacts of
pathogens on spawning salmon in situ (e.g. Mann et
al. 2010). Part of the difficulty is that all salmon die at
spawning grounds regardless of their infection or
spawning status. Many salmon at spawning grounds
are also infected with multiple pathogens that are
potentially lethal (Mann et al. 2010, Loch et al. 2012).
These confounding conditions make it difficult to
attribute spawning failure to a particular pathogen.
Spawning failure of the infected fish may be caused
by (1) pathogens directly (e.g. pathogen load reaches
lethal levels), (2) pathogens indirectly (e.g. infected
fish are too burdened by pathogens to build redds,
mate, and spawn), or (3) other factors (e.g. high temperature, high density, high stresses caused by fac-

tors other than parasite infection), while the presence
and severity of pathogens are coincidental. For instance, even though Mann et al. (2010) found that
spring Chinook salmon of the Willamette River (Oregon, USA) that died without spawning were more
severely infected by freshwater parasites (Nanophyetus salminicola, Apophallus sp., Echinochasmus
milivi, Parvicapsula minibicornis), they were not able
to attribute the spawning failure to those parasites
because (1) infection severity of those fish was below
the lethal level (i.e. the fish were not killed by the
pathogens directly), (2) some spawned fish were
more severely infected than those that died without
spawning (i.e. severity of infection may not be related to spawning failure), and (3) severity of infection was associated with other factors, such as timing
of arrival at the spawning grounds (i.e. infection severity may be coincidental).
In contrast, circumstances surrounding Ichthyophonus infection on Yukon River Chinook salmon
makes it possible to attribute spawning failure to
Ichthyophonus. First, in the Yukon River no pathogens other than Ichthyophonus are known to cause
significant mortality at spawning grounds. Second,
Ichthyophonus infection occurs only in the marine
environment, so that uninfected fish remain free of
Ichthyophonus during the freshwater migration stage.
During spawning migration stage, Ichthyophonusinfected fish are more burdened than uninfected fish.
This makes it possible to attribute differences in
spawning failure between infected and uninfected
fish to Ichthyophonus infection. Here, we examined
the impacts of Ichthyophonus infection on spawning
success of the Yukon River Chinook salmon at
spawning grounds of the Chena and Salcha Rivers.
We evaluated the impacts both at the individual level
(e.g. do infected fish spawn as successfully as uninfected fish?) and at the population level (e.g. does
Ichthyophonus infection reduce overall spawning
success of a population?).

MATERIALS AND METHODS
Sampling locations
The Chena and Salcha Rivers are major spawning
grounds of the Chinook salmon Tanana River stock
(Eiler et al. 2004, 2006a,b). They are north bank tributaries of the Tanana River, 1472 and 1544 river km
(rkm), respectively, from the southern mouth of the
Yukon River (Fig. 1). Escapement of Chinook salmon
on these rivers is monitored at salmon escapement

Hamazaki et al.: Ichthyophonus effects on salmon spawning

209

Fig. 1. Yukon River and sampling area in Alaska, USA

counting tower sites located 76 rkm (Chena) and
5 rkm (Salcha), respectively, upriver from their confluences (Fig. 2, Brase 2012). From the tower sites,
these rivers extend 160 rkm (Chena) and 200 rkm
(Salcha), where salmon spawn throughout the entire
river reaches (Fig. 2). During the period 2005 to 2006
Chinook salmon carcasses were collected every 2 to
3 d throughout the season (mid- to late August) alternately from the lower (0−50 rkm) or upper (50−
200 rkm) reaches (Fig. 2, Table 1, Kahler et al. 2007,
2011). Sampling of carcasses was limited to those
meeting the following criteria: clear eyes, red-pink
colored gills, and firm heart. These fish were considered to have died within the previous 24 h (Kocan et
al. 2004a, Kahler et al. 2011).

Tissue sample collection
From each fish, about 0.5 g of heart muscle tissue
was sampled at the riverbank, using an aseptic technique avoiding any cross contamination (Kahler et al.
2007, 2011). The tissue samples were stored in a
refrigerated Ichthyophonus culture medium and
were shipped to the Alaska Department of Fish and
Game (ADFG) pathology laboratory in Anchorage
within 2 to 3 d. The fish were also examined for the
presence of white spots on the heart, kidney, and
spleen, which might be indicative of Ichthyophonus
infection. Spawning status of females was determined by a visual comparison of the remaining egg
volume relative to the size of the visceral cavity, clas-

Chena Tower

Salcha Tower

Fig. 2. Oncorhynchus tshawytscha. Chena and Salcha River
drainages showing salmon escapement counting tower locations and locations of carcasses. Black circles indicate infected
fish and white circles indicate uninfected fish

Table 1. Oncorhynchus tshawytscha. Number of Yukon
River Chinook salmon sampled and successfully tested for
Ichthyophonus infection. In 2006, the sampling target was
reduced to about half that of 2005. rkm: river km
Location

rkm

Date sampled

Year

Chena
River
Salcha
River

1472 22 Jul−11 Aug
28 Jul−8 Aug
1544 17 Jul−8 Aug
28 Jul−10 Aug

2005
2006
2005
2006

Male Female
170
73
253
132

147
84
311
111
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sified as full-spawned (<10% of the eggs remained),
partial-spawned (10−50% of the eggs remained), or
unspawned (> 50% of the eggs remained). Similarly,
spawning status of males was assessed based on a
visual comparison of the remaining sperm volume
and testes. We considered only full-spawned males
as ‘successful spawners.’ This criterion was also used
by Cramer et al. (2002) and Hamstreet (2009, 2011),
but is stricter than that used by Mann et al. (2010)
and Young & Blenden (2011) (< 25% of gametes
remaining).

Diagnosis of Ichthyophonus infection
Infection of Ichthyophonus was diagnosed by the explant culture method (McVicar 1999). The tissue was
cultured in 7 ml Eagle’s minimal essential medium
supplemented with 5% fetal bovine serum, 100 IU ml−1
penicillin, 100 µg ml−1 streptomycin, and 100 µg ml−1
gentamicin (Ichthyophonus culture medium) and incubated at 14°C for a minimum of 14 d. The cultures were
periodically examined microscopically for the presence
of Ichthyophonus. Based on presence or absence of
Ichthyophonus in the culture samples, each fish was
diagnosed as either uninfected (absent) or infected
(present). Of those diagnosed as infected, fish with
white lesions/spots on the heart (i.e. typical observable
sign of icthyophoniasis) were classified as ‘infected
with lesions’ and those without lesions were classified
as ‘infected without lesions.’ The above classification
corresponds to the classification of ‘clinical’ and ‘subclinical’ used inappropriately by Kocan et al. (2004b,
2011) (because ‘clinical’ signs of desease pertain to
abnormal signs and symptons observable in a living
organism). In a previous study, about 80% of fish
with visible lesions on the heart were culture positive (n = 191), and infected fish with visible lesions
had an average histological intensity of 3.3 (no. of
Ichthyophonus per 10× microscopic field) (n = 22),
whereas it was 0.8 for infected fish without lesions (n =
6; ADFG unpubl. data). Simultaneously, of the 22 infected fish with lesions, 6 fish (27%) had 0 histological
intensity. This suggests that some lesions (including
those found in Ichthyophonus infected fish) can be
caused by other fish pathogens (Fish 1939, Finn & Nielson 1971, Corbel 1975, Dykova & Lom 1978) and that
histology may miss the presence of, and underestimate
severity of, Ichthyophonus infection (Kocan et al. 2011,
Kent et al. 2013). In this study, we assumed that the
majority of lesions found were caused by Ichthyophonus and that infected fish with lesions were more
severely infected than infected fish without lesions.

Data analyses
We separated analyses between females and males
and combined all usable data (i.e. Chena and Salcha
Rivers, all years) to increase analytical power. Infection prevalence ( pi = ni /[ni + nu ], where ni and nu are
the number of infected and uninfected fish, respectively) was compared among age groups (ages 4, 5, 6,
and 7 for males; ages 5, 6, and 7 for females), between early (July) and late (August) timing, and
between the lower (0−50 rkm) and the upper (50−
200 rkm) reaches of the spawning grounds. For comparison among ages, a chi-square test was used, and
the 2-sided z-test was used for other comparisons.
We defined ‘spawning success’ as full-spawned fish,
and compared its proportion between infected ( ps,i =
ns,i /ni) and uninfected fish ( ps,u = ns,u /nu), where ns,i
and ns,u are the number of full-spawned infected and
uninfected fish. In all above analyses, a critical value
of α = 0.05 was used for determination of statistical
significance. At the population level, the impacts of
Ichthyophonus were evaluated by calculating overall
proportion of spawning success as ps,t = (ns,i + ns,u)/
(ni + nu), or ps,t = ps,u − pi ( ps,u − ps,i). This equation
indicates that impacts of Ichthyophonus infection on
overall spawning success are influenced by (1) differences in spawning success between uninfected and
infected fish ( ps,u − ps,i), and (2) infection prevalence
at the spawning ground ( pi). If infected fish had
lower spawning sucess than uninfected fish, and
infection prevalence is high, the impacts of Ichthyophonus on the population level spawning success
would become high.

RESULTS
Characteristics of Ichthyophonus infection at
Chena and Salcha spawning grounds
Infection prevalence was similar at the Chena and
Salcha spawning grounds (Table 2). Among ages,
both females and males showed higher infection
prevalence in older fish (Fig. 3), which was significant for females (χ2 = 19.4, df = 2, p = 0.00006), but
not significant for males (χ2 = 3.3, df = 3, p = 0.345).
Within the spawning ground, the prevalence appeared higher at the lower (< 50 rkm) reach than the
upper (50−200 rkm) reach for both females and males
across years and rivers (Table 2). The difference was
significant for females (z = 2.105, p = 0.035), but was
not significant for males (z = 1.127, p = 0.260). Among
the infected fish, 59% of females and 65% of males
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Table 2. Oncorhynchus tshawytscha. Prevalence of Ichthyophonus infection (± 95%CI) for males and females for each
river, year, and spawning reach
Reach

Male

Female

2005

Lower
Upper
Lower
Upper
Lower
Upper
Lower
Upper
Lower
Upper
Total

10.0 ± 5.9
11.4 ± 7.5
18.4 ± 12.5
14.3 ± 11.8
9.6 ± 4.6
8.2 ± 5.5
14.5 ± 8.0
7.1 ± 6.8
11.6 ± 3.3
9.7 ± 3.6
10.8 ± 2.4

15.6 ± 7.3
3.9 ± 5.4
9.3 ± 8.7
9.8 ± 9.2
13.3 ± 5.2
7.6 ± 4.3
12.3 ± 8.1
10.9 ± 9.1
13.2 ± 3.5
7.8 ± 3.1
10.9 ± 2.4

2006
Salcha
River

2005
2006

Total

50

Prevalence (%)

Chena
River

Year
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Female
Male

40
30
20
10
0
Age 4

Age 5

Age 6

Age 7

Fig. 3. Oncorhynchus tshawytscha. Ichthyophonus infection
prevalence (95% CI range) by age (yr)

had lesions, and the proportion appeared higher in
with lesions showed higher spawning success than
the upper than the lower reaches for both females
fish without lesions for both females (without lesions:
(upper: 64%, lower 57%) and males (upper: 76%,
69%, n = 29; with lesions: 86%, n = 42) and males
lower 64%); however the differences were not signif(without lesions: 38%, n = 24; with lesions: 41%, n =
icant for either sex. During the spawning periods,
44; Fig. 4). Among the 3 groups, infected fish without
fish that arrived in July appeared to have lower infeclesions had the lowest spawning success for females
tion prevalence than those that arrived in August for
(χ2 = 7.64, df = 2, p = 0.022), but not for males (χ2 =
0.16, df = 2, p = 0.921). Within spawning grounds,
both females (July: 9.4%, August 11.8%) and males
females had higher spawning success at the upper
(July: 8.0%, August 12.1%); however, these differreach than those at the lower reach for both uninences were not significant. Further, of the infected
fected (lower 83.5%, upper 91.5%) and infected fish
fish, individuals that arrived in July appeared more
(lower 77.6%, upper 81.8%). However, the differinfected with lesions than those that arrived in
ence was significant only for uninfected (z = 2.88, p =
August for both females (July: 65%, August: 57%)
0.004) but not for infected fish (z = 0.407, p = 0.68). In
and males (July: 81%, August: 60%); however,
the differences were not significant.
Overall infection prevalence was
Table 3. Oncorhynchus tshawytscha. Comparison (%) of full-spawned, partial10.8% for females and 10.9% for
spawned, and unspawned fish between uninfected fish and those infected with
males (Table 2).
Ichthyophonus, and overall spawning success (%), 2005 to 2006

Spawning success
The proportion of full-spawned
individuals (spawning success) was
consistently over 70% for females,
but varied from 13 to 61% for males
(Table 3). Across years and rivers,
infected fish showed consistently
lower spawning success than uninfected fish for females, whereas
for males, infected fish had higher
spawning success except for Salcha
in 2005 (Table 3). The difference,
however, was not significant for
either females (z-test, z = 1.90,
p = 0.058) or males (z = 0.30,
p = 0.764). Of those infected, fish

n

Females
Chena
2005
2006
Salcha
2005
2006
Total
Males
Chena
2005
2006
Salcha
2005
2006
Total

Uninfected
Full Partial Unspawned

n

Full

Infected
Overall
Partial
Unspawning
spawned success

130 85.5
76 92.1

12.1
5.3

2.4
2.6

17
8

76.5
75.0

17.6
25.0

5.9
0.0

85.0
83.3

278 82.7
98 95.9
582 87.0

12.9
4.1
10.3

4.0
0.0
2.8

33
13
71

81.8
76.9
78.9

18.2
15.4
18.3

0.0
7.7
2.8

82.9
84.7
86.2

152 59.2
61 13.1

34.9
70.5

5.9
16.4

18
12

61.1
50.0

33.3
41.7

5.6
8.3

59.4
19.2

230 38.3
117 40.2
560 41.8

26.1
33.3
34.4

35.7
26.5
23.8

23
15
68

13.0
46.7
39.7

30.4
20.0
30.9

56.5
33.3
29.4

36.0
40.9
41.4
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Frequency (%)

100
80
60
40

Unspawned
Partial
Full spawned

20
0
Uninfected Infected
without
lesions

Infected
with
lesions

Uninfected Infected
without
lesions

Females

Infected
with
lesions

Males

Fig. 4. Oncorhynchus tshawytscha. Spawning condition of
females and males that were uninfected by Ichthyophonus,
infected without lesions, and infected with lesions

contrast, males had lower spawning success at the
upper reach than at the lower reach for uninfected
fish (lower 43.7%, upper 38.6%), whereas infected
males spawned equally (lower 39.5%, upper 40.0%).
The difference was not significant for either uninfected (z = 1.208, p = 0.227) or infected fish (z = 0.038,
p = 0.970).
At the population level, the overall spawning success rate ( ps,t) of Chena and Salcha River Chinook
salmon was similar to that of uninfected fish ( ps,u) for
both years and sex (Table 3). The overall spawning
success was higher than that of uninfected fish for
males in 2006 because spawning success of infected
males was higher than that of uninfected males
(Table 3). For each river and year, the overall spawning success rate ranged from 82.6 to 93.7% for
females and from 19.2 to 59.4% for males (Table 3).

DISCUSSION
This study is the first to examine the impacts of a
pathogen on spawning success of Chinook salmon in
situ, at both the individual level (e.g. does Ichthyophonus reduce spawning ability of the infected fish?)
and population level (e.g. does Ichthyophonus reduce
reproductive capacity of the infected fish population?). The major finding was that although Ichthyophonus-infected females showed lower spawning
success than uninfected females, the difference was
not statistically significant or only marginal at α =
0.05. At the population level, the overall spawning
success rate was similar to that of uninfected fish
(Table 3). These data suggest that the impact of
Ichthyophonus infection on spawners at spawning
grounds is minimal at both individual and population
levels.

Among our findings, the most puzzling was a significantly lower spawning success of infected fish
without lesions, or that infected fish with lesions
spawned as successfully as uninfected fish. Further,
more infected fish with lesions spawned at the upper
reaches of the spawning ground. Since this was consistently observed between years and spawning
rivers, a sampling anomaly is unlikely. The finding is
contrary to our understanding of cumulative impacts
of infection on hosts, that more severely infected fish
(e.g. with lesions) should perform more poorly than
less severely infected (e.g. without lesions) and uninfected fish (Kent 2011). One explanation is that the
difference in infection severity between fish with and
without lesions is small at the spawning grounds
because more severely infected fish have died on the
way there. In fact, the proportion of severely infected
fish declined from lower river to upriver sites during
the spawning migration (Kocan et al. 2004a,b, 2006).
At the Chena River spawning ground, histological
intensity of infected fish with lesions was less than
1 per 10× microscopic field (n = 4) (Kocan et al. 2004).
Furthermore, the lesions in the infected fish could
be generated by other pathogens. However, those do
not explain underperformance of only infected fish
without lesions. More comprehensive surveys are
needed to understand underperformance of the
infected fish without lesions.
At the population level, the negligible impacts of
Ichthyophonus infection on overall spawning success
was due to both (1) a marginal difference in spawning
success between infected and uninfected fish ( ps,u −
ps,i = 0.081 on average) and (2) low prevalence at the
spawning ground ( pi = 0.109 on average), which resulted in overall impact of 0.009 or 1% of difference in
spawning success between uninfected fish and overall. Simultaneously, we acknowledge that our definition of ‘spawning success’ as expulsions of gametes
does not necessarily mean that fish spawn successfully. For instance, infected fish may expel eggs prematurely, may not be able to build and defend redds
as successfully as the uninfected fish, or their eggs
may not be as viable as those from uninfected progenitors. At the population level, a more desirable evaluation measure would be ‘reproductive/breeding success,’ or survival of progeny from infected progenitors
to reproductive adulthood. Thus far, impacts of infection on host spawning behavior and viability of offspring have not been well studied. Vertical transmission of parasites from infected females to their eggs is
rare (Magnadóttir 2010), and no case has been reported regarding Ichthyophonus. Considering that
the sub-lethal impact of infection is increased stress
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level, more highly stressed females tend to produce
fewer and lower-weight eggs (Contreras-Sánchez et
al. 1998, Schreck et al. 2001, Ramsay et al. 2009). Juveniles from highly stressed females also survived at
lower rates than those from unstressed females (Eriksen et al. 2007, Gagliano & McCormick 2009); however, those from moderately stressed females survived
at a rate similar to those from unstressed females
(Contreras-Sánchez et al. 1998). The effects of stress
on offspring survival depend on the level of stress.
The difference in stress levels from Ichthyophonus between infected and uninfected females at the spawning ground is unknown. The worst-case scenario
would be assuming that all offspring from infected females are unviable or that all infected females would
fail to spawn ( ps,i = 0), and the overall spawning success would be 77%, or 10% different from that of uninfected fish (87%). This decline can be considered
great if it is beyond the range of natural variation of
spawning success; however, long-term spawning success data do not exist for the Chena and Salcha Rivers.
In other rivers where impacts of parasite/disease are
considered negligible, annual spawning success rate
ranged from 70 to 100% (e.g. Hamstreet 2009, 2011,
Young & Blenden 2011). This suggests that the worstcase scenario impact of Ichthyophonus infection is still
within the range of natural variation.
Thus far, we focused evaluation of the impacts of
Ichthyophonus infection primarily on females, partially because the data suggest minimal impacts of
Ichthyophonus infection on males. Sex differences in
the impacts of Ichthyophonus infection have been
reported, but the results are not consistent. For
instance, Ichthyophonus infection prevalence was
lower in males than in females for Chinook salmon
(Kocan et al. 2004a,b) and rockfish (Halos et al. 2005),
but was higher for sea bass Dicentrarchus labrax
(Sitja-Bobadilla & Alvarez-Pellitero 1990) and brown
trout Salmo trutta (Schmidt-Posthaus & Wahli 2002).
The difference in prevalence can be attributed to
exposure (e.g. females feed on more infected prey
than males) and to susceptibility (e.g. females are
more susceptible to infection than males), but separating the two is difficult in situ. Artificial infections
with Ichthyophonus in the laboratory have been conducted in various studies (e.g. Jones & Dawe 2002,
Kocan et al. 2006, 2009, 2011, El-Ghany & El-Ashram
2008), but we found only one study comparing a difference in infection susceptibility between males and
females, in which tilapia Oreochromis niloticus
females had higher Ichthyophonus infection prevalence than males (El-Ghany & El-Ashram 2008). As
for potential impacts of Ichthyophonus on reproduc-
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tive success of males, few studies have been conducted on male spawning of Chinook salmon in situ
(e.g. Berejikian et al. 2010). Further studies are
needed regarding infection effects on males, such as
mating success of infected males and viability of
sperm and progeny of infected males.
In conclusion, our study suggests that impacts of
Ichthyophonus infection on spawning success of Chinook salmon at the spawning ground are slight to
minimal at both individual and population levels.
However, empirical evaluations of assumptions are
needed to fully evaluate population level impacts.
Finally, as our study is the first to compare spawning
success of infected fish to that of uninfected fish at
the spawning ground, further studies are imperative
for generalization of our results.
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