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Nearly 3000 juvenile Chinook (Oncorhynchus tshawytscha) and coho (O. 

kisutch) salmon captured in nearshore waters off the coasts of Washington and Oregon 

from 1999-2004 were tested for infection by Renibacterium salmoninarum, 

Nanophyetus salmincola, and skin metacercariae.  First, three quantitative PCR 

primer/probe sets were compared for detection of R. salmoninarum; amplification of 

the single copy abc gene was best at detecting medium-high levels of infection and 

was used in subsequent studies.  Parasite infections were detected visually.  Infection 

by N. salmincola was the most common single infection among all juvenile salmon 

(55.2%), followed by R. salmoninarum  (27.5%) and skin metacercariae (16.5%).  

Infection by R. salmoninarum was highest in 2000, with 54.8% of all juvenile salmon 

infected, and was much lower in 2004 (<10%).  Subyearling (but not yearling) 

Chinook salmon infected by N. salmincola had significantly reduced growth;  skin 

metacercarial infection was associated with significantly reduced growth only for coho 

salmon.  Infection by R. salmoninarum was associated with significantly reduced 

growth in yearling Chinook salmon and coho salmon.  Multiple infections did not 

have significantly more severe effects on growth than single infections, although the 

prevalence of triple infections was very low.   The prevalence of R. salmoninarum was 

significantly and positively correlated with increased survival for both yearling 



Chinook and coho salmon.  To better understand the apparent paradox that higher 

prevalences correlate with increased survival, we examined the effects of ocean 

conditions using the summer Pacific Decadal Oscillation (PDO) index as an indicator 

of good (cold) or bad (warm) ocean condition years.  The years 1999-2002 were cold 

ocean years, and 2003-2004 were warm ocean years.  The prevalence of R. 

salmoninarum was significantly higher in cold years, when ocean conditions were 

favorable, and more salmon with severe infections were captured; there was no effect 

of infection on growth.  In the summers of warm years, infected yearling Chinook and 

coho salmon had significantly reduced growth, and the prevalence and severity of R. 

salmoninarum infections declined.  These data indicate that the infection is less 

detrimental in years with favorable ocean conditions, and suggest that R. 

salmoninarum infection may be a mechanism linking ocean indices to salmon 

survival.  
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CHAPTER 1: INTRODUCTION 

 

HISTORY  

The decline of Pacific salmon populations throughout the Northwest U.S. and 

Canada has been well documented and is of social, ecological and economic 

importance. Currently, 27 Pacific salmon stocks (primarily Chinook (Oncorhynchus 

tshawytscha) and coho (O. kisutch)) salmon and steelhead trout (O. mykiss)) remain 

listed as threatened or endangered under the Endangered Species Act (ESA) 

(http://www.nwfsc.noaa.gov/trt/domains.cfm).  These declines are due to a number of 

factors including dam passage, reduced access to spawning habitat, commercial and 

recreational salmon fisheries, habitat loss, poor water quality due to irrigation 

withdrawal and pollution, and poor coastal ocean conditions for juveniles (NRC 

1996). Efforts at improving survival of smolts (and increasing adult returns) via 

improvements in dam passage and/or transporting smolts have not prevented the 

decline of Pacific salmon populations (Raymond 1988, Lichatowich 1999, Whitney et 

al. 2006, Keefer et al. 2008).  Bacterial kidney disease has been suggested as a factor 

in this decline because it is common and preventing transmission of the infection is 

difficult   (Pascho et al. 1987, Elliot et al. 1995).  

Parasites can regulate host populations through direct mortality, by affecting 

the host organism‘s ability to compete intra- (with uninfected conspecifics) or inter-

specifically, and by affecting fitness.  Once relegated to a minor role in ecological 

communities, ―parasites are now seen to operate in a density-dependent manner, and 

thus may serve to regulate the density of a species‖ (Dobson & Hudson 1986).  A 

number of laboratory experiments have demonstrated the effect of parasites in 

populations of small mammals (reviewed by (Scott 1988), and Hudson et al. (1998) 

corroborated parasite and population dynamics linkages by demonstrating that cyclic 

population declines of the red grouse (Lagopus lagopus scoticus) were caused by 

infections by the nematode Trichostrongylus tenuis.  Pathogens can regulate fish 

populations through increased host mortality and reduced fecundity, particularly when 

juveniles are affected (because reproductive potential is lost; (Lester 1984) or 

http://www.nwfsc.noaa.gov/trt/domains.cfm
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pathogen transfer rates are high (as among farmed/captive fish populations; 

(Sindermann 1987). A field study analyzing the influences of an ectoparasite on the 

bridled goby (Coryphopterus glaucofraenum) showed that infected individuals had 

significantly reduced growth, gonad mass, and higher mortality (Finley & Forrester 

2003).  Environmental factors such as temperature have been cited as directly 

influencing the pathogenicity of parasites on their hosts (Dobson & May 1987). 

Measuring the direct effects of infection on fish hosts can be difficult because 

infections that reduce the growth or physiological performance of infected fish are 

likely to result in increased predation or direct mortality, quickly removing these fish 

from the population (Gordon & Rau 1982, McCallum & Dobson 1995, Bakke & 

Harris 1998) .  In this study I determined the prevalence and severity of Renibacterium 

salmoninarum, the causative agent of bacterial kidney disease (BKD), in juvenile 

Chinook and coho salmon captured in the early ocean phase of their life cycle.  These 

salmon were also examined for the parasites Nanophyetus salmincola and those 

causing ―black spot‖ disease (skin metacercariae; see below) as part of a group effort.   

I then examined the data for correlations with survival, growth, and ocean condition 

indices to determine if these infections might have a role in regulating Pacific salmon 

populations in this region. 

 

RENIBACTERIUM SALMONINARUM:  BACKGROUND AND ECOLOGY  

Renibacterium salmoninarum, a gram-positive, non-sporeforming, catalase 

positive, intra-macrophage diplobacillus, is the etiologic agent of bacterial kidney 

disease (BKD). The bacterium replicates optimally at 15-18°C (Wiens & Kaattari 

1999), which is near the optimum temperature for Chinook salmon growth, 13°C 

(Brett 1952, Harrahy et al. 2001).  However, it can survive at all temperatures within 

the physiological range of the host (4-25°C). Renibacterium salmoninarum is 

considered to be the most common and significant pathogen of Pacific salmonids 

(Fryer & Sanders 1981, Elliot et al. 1989), and may lead to BKD primarily among 

salmonid hosts.  Its intracellular residence shields the bacterium from the innate 

immune response (the complement cascade, metalloproteases, plasma lysozyme, etc.) 
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as well as the acquired antibody-mediated response. Several antibiotics have been 

tested for the control of R. salmoninarum infection; erythromycin is the most 

effective, but it is bacteriostatic and thus does not eliminate the infection (Austin & 

Rayment 1985, Elliot et al. 1989, Brown et al. 1990).  The slow growth rate of R. 

salmoninarum may also contribute to its resistance to antibiotics, as most of these 

target rapidly dividing cells.  

The bacterium also produces large amounts of the highly antigenic p57 protein, 

both on the cell surface (Chien et al. 1992) and in soluble form (Weins & Kaattari 

1999).  This protein is associated with virulence and auto-agglutination (Bruno 2004), 

and has been characterized as a serine proteinase product which acts to suppress 

salmonid lymphocyte activity (Rockey et al. 1991).  Turaga et al. (1987b) also showed 

that p57 may decrease in vitro antibody production.  Different strains of R. 

salmoninarum have one to six copies of the msa gene encoding p57 (O'Farrell & 

Strom 1999, Rhodes et al. 2004a), but typically three copies are needed for full 

virulence (Rhodes et al. 2004b).  P57 acts in several ways to interfere with the host‘s 

immune response.  Presence of the p57 protein decreases antibody production against 

non-R. salmoninarum antigens in vitro (Turaga et al. 1987a), diminishes the 

respiratory burst response of Chinook salmon macrophages against subsequent 

challenge with Aeromonas salmonicida (Siegel & Congleton 1997), decreases the 

respiratory burst of brook trout (Salvelinus fontinalus) phagocytes in vivo (Densmore 

et al. 1998), agglutinates salmon leukocytes (Weins & Kaattari 1999), and lessens the 

T-cell response to mitogens among rainbow trout 4-6 weeks after infection (Jansson et 

al. 2003).  The deposition of antibody-p57 complexes in the posterior kidney can 

cause a chronic immune response, leading to histopathology (Bruno 1986, Sami et al. 

1992, O'Farrell et al. 2000) that is likely caused by sustained levels of interleukin-1ß 

(IL-1ß) (Bandin et al. 1995). Numerous attempts at vaccination against p57 have been 

unsuccessful (Evelyn 1997, Alcorn et al. 2005), and some of the vaccines have been 

shown to be detrimental (Sakai et al. 1993, Kaattari & Piganelli 1997).  Several studies 

have also used killed, heat-modified (to reduce the amount of p57 protein), or mutant 

strain whole cell vaccines, including a commercially available vaccine (Renogen), 
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with limited success (Piganelli et al. 1999a, Daly et al. 2001, Rhodes et al. 2004a, 

Alcorn et al. 2005).  As such, BKD inflicts a heavy financial toll through its effects on 

cultured salmonids, and may contribute to the deterioration of natural populations. 

Most salmonid species are susceptible to infection by R. salmoninarum, with 

Chinook salmon, coho salmon, sockeye salmon (O. nerka), arctic char (S. alpinus), 

and rainbow trout/steelhead among the most susceptible (Fryer & Sanders 1981, Dale 

et al. 1997, Starliper et al. 1997, O'Farrell et al. 2000, Jones et al. 2007).  Lake trout 

(O. namaycush) and bull trout (S. confluentus) appear to be relatively resistant to 

infection (Jones & Moffitt 2004).  There is also evidence that resistance to R. 

salmoninarum within a species (coho salmon) varies between stocks (Winter et al. 

1980).  A recently identified natural reservoir for R. salmoninarum in North America 

is the sea lamprey (Petromyzon marinus) (Eissa et al. 2006), although other fish 

species have become infected when exposed to high densities of the bacterium near 

salmon net pens (Kent et al. 1998).  Although R. salmoninarum is found across the 

global range of salmonids, bacterial isolates from around the world are genetically 

similar, both in ribosomal DNA sequences (Grayson et al. 1999) and in the msa gene 

sequences (encoding the principal antigen, the p57 protein) (Weins & Kaattari 1999). 

Infection with R. salmoninarum can cause enzootics with high mortality, 

particularly in hatcheries where fish densities are high (Banks 1994), but more 

typically leads to chronic infections with persistent low level mortality (Evelyn et al. 

1986b, Fryer & Lannan 1993). Renibacterium salmoninarum is particularly 

problematic in part because it is transmitted horizontally in both fresh (Mitchum & 

Sherman 1981) and salt water (Balfry et al. 1996, Rhodes et al. 2006), and vertically 

from infected females to eggs (Bullock et al. 1978, Lee & Evelyn 1989).  There is also 

evidence that horizontal transmission occurred among juvenile Chinook salmon during 

early marine residency in Puget Sound (Rhodes et al. 2006). The implantation of 

coded wire tags (CWT), a mainstay of salmon research in the Columbia River, has 

also been shown to increase R. salmoninarum transmission (Elliot et al. 1997).  In 

juvenile Chinook salmon, the infection has been shown to increase mortality due to 

piscine predation (Mesa 1994), the effects of gas bubble trauma (Weiland et al. 1999), 
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and to reduce salt water tolerance (Price & Schreck 2003), which may increase avian 

predation.  Severe infections in pre-smolt Chinook salmon have also been shown to 

increase plasma cortisol and lactate (Mesa et al. 1999, Mesa et al. 2000), indicating 

that the infections may have been stressful, which may in turn lead to 

immunesuppression of the host (see below).  Sublethal infections of R. salmoninarum 

in arctic char, rainbow trout, lake trout and bull trout did not reduce the swimming 

performance of these species, although mortality among some moribund individuals 

prior to the performance challenges may have influenced the results (Jones & Moffitt 

2004).   

There is limited evidence of recovery from infection from R. salmoninarum 

(Bruno & Munro 1986, Pascho et al. 1991, Turgut et al. 2008).  Cvitanich (2004) 

reported the occurrence of an aberrant form of R. salmoninarum cells, termed ―bar 

forms‖, from 10 species of salmonids (including Chinook and coho salmon) reared in 

both fresh and salt water, and taken from world-wide locations.  The bar forms were 

found only after initial colonization by typical R. salmoninarum strains, did not appear 

to be virulent, were commonly found extracellularly, did not revert to typical R. 

salmoninarum cells, and appeared to be present only in fish recovering from moderate 

infections.  Among heavily infected fish, however, the prevalence of bar forms 

decreased as the fish succumbed to infection, and they were very rarely seen in 

experimentally or naturally infected fish with large quantities (>2.8 X 10
7 

cells per 

fish) of bacteria, suggesting a tipping point after which the fish‘s immune system is 

unable to halt the progression of infection .  However, the specific strains of R. 

salmoninarum being tested in this publication were not identified, so it remains 

unclear whether the specific strain (number of msa gene copies) is related to recovery 

from infection and the formation of bar forms. 

Separate studies (Maule et al. 1996, Elliot et al. 1997, VanderKooi & Maule 

1999) showed that infection of Chinook salmon by R. salmoninarum was very 

prevalent in the upper Columbia River from 1988-1996.  In addition, Sanders et al. 

(Sanders et al. 1992) reported prevalences of 22.5% among Chinook salmon and 17% 

among coho salmon in the upper Columbia River estuary (river km 75) using the 
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fluorescent antibody technique (FAT), which is less sensitive than the enzyme-linked 

immunosorbent assay (ELISA) for R. salmoninarum detection.  These data compelled 

salmon hatcheries in the states of Oregon, Idaho and Washington to initiate a program 

to screen egg lots using the enzyme-linked immunosorbent assay (ELISA) (Pascho et 

al. 1987) after this approach was shown to be efficacious (Pascho et al. 1991, Pascho 

et al. 1993, Elliot et al. 1997).  However, a re-analysis of these data (Hamel 2005) 

questioned whether it was the segregation of fry based on parental infection levels that 

resulted in reduced mortality.  He instead proposed that the observed results were due 

to immune suppression by low water temperatures, coupled with enhanced horizontal 

transmission in the high exposure group.  Recent evidence supporting Hamel‘s 

hypothesis was provided by Hard (2006), who conducted an ELISA-based segregation 

study with Chinook salmon and found that resistance to R. salmoninarum was not 

inherited by offspring, and from Rhodes et al. (2006), who found equal prevalences in 

marked and unmarked Chinook salmon in Puget Sound, suggesting that hatchery 

screening of broodstock fish does not result in lower R. salmoninarum prevalences. 

Although this pathogen has been well studied in fresh water, few studies have 

been conducted on the progress of infection in salt water and with regard to prevalence 

and distribution in the marine environment.  Indications are that BKD-induced 

mortality is higher for infected fish moved to or held in salt water, indicating the 

disease may also impact salmon during the ocean phase (Fryer & Sanders 1981, 

Sanders et al. 1992, Elliot et al. 1995, Moles 1997).  Juvenile salmonids are 

particularly susceptible to infections due to the stress involved in the physiological 

adaptation to salt water (Liebert & Schreck 2006), with elevated stress hormone levels 

and R. salmoninarum antigens leading to immune suppression (Maule et al. 1987, 

Maule et al. 1989a, Mesa et al. 1999).   

Some laboratory studies have demonstrated that infected smolts transferred to 

sea water suffer higher mortality (Sanders et al. 1992, Elliot et al. 1995, Moles 1997), 

but some studies of similar experimental design failed to reproduce these results 

(excessive mortality in the control groups), and little field data has been available to 

confirm the findings. 
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An ocean sampling study conducted in the early 1980‘s found the prevalence 

of R. salmoninarum to be 11% in Chinook salmon (n=878) and 4% in coho salmon 

(n=2276) captured off the Oregon and Washington coasts and analyzed by the FAT 

(Banner et al. 1986).  Meyers et al. (1993) demonstrated that the FAT is not as 

sensitive as the ELISA for R. salmoninarum detection, and found no difference in the 

prevalence between wild and hatchery stocks of adult Pacific salmon captured in 

southeast Alaska.  By species, they reported prevalences of 9.3% for Chinook salmon, 

8.3% for coho salmon, 16.9% for pink salmon, 17.4% for chum salmon, and 9.4% for 

sockeye salmon (1989 and 1999 data combined) (Meyers et al. 1993).  A third study of 

ocean caught salmon from coastal British Columbia, Canada reported much higher 

prevalences by ELISA: 58.4% of the Chinook salmon captured in this area were 

infected by R. salmoninarum, as were 49.9% of the coho salmon, 7.4% of the chum 

salmon, and 6.2% of the sockeye salmon (Kent et al. 1998).  Most recently, Rhodes et 

al. (Rhodes et al. 2006) reported a prevalence of 26.6% among subyearling Chinook 

salmon captured in north Puget Sound in 2003 using QFAT and a quantitative PCR 

(qPCR) that amplified the R. salmoninarum abc gene. 

Although broodstock screening at fish hatcheries is thought to have greatly 

reduced R. salmoninarum prevalence in hatchery juvenile salmon, the sensitivity of 

the ELISA assay between different laboratories is difficult to assess, and in some cases 

hatcheries are forced to raise eggs with low levels of infection to meet fish production 

goals (particularly for ESA listed stocks with limited adult returns).  Our data 

(Chapters 2–4) show that despite these efforts, R. salmoninarum infections are still 

common among juvenile Chinook and coho salmon captured early in their period of 

marine residency off the coasts of Washington and Oregon. 

 

NANOPHYETUS SALMINCOLA:  BACKGROUND AND ECOLOGY  

Nanophyetus salmincola is a fresh water trematode that utilizes Pacific salmon 

as an intermediate host in its heteroxenic life cycle.  It received notoriety as the 

―salmon poisoning fluke‖ because it harbors a hyper-parasite, Neorickettsia 

helminthoeca, which is lethal to dogs if they consume infected salmon flesh (Farrell et 
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al. 1964). The parasite first infects the fresh water horn snail Juga plicifera (the first 

intermediate host), and is common in coastal watersheds of the Pacific Northwest 

(northern California to the Olympic Peninsula of Washington state (Simms et al. 1931, 

Newcomb et al. 1991) and perhaps as far North as southeast Alaska; East as far as 

Idaho in the Columbia River basin (Farrell et al. 1964).  Infectious cercariae emerge 

from the snail host into the water, then penetrate the fish host‘s epithelium, gills, or 

eyes (Bennington & Pratt 1960) and migrate into muscle and kidney tissue, where they 

encyst as metacercariae (Simms et al. 1931).  Infection can also occur orally, if fish 

feed on the cercariae or ingest infected snails (Baldwin et al. 1967).  The encysted 

trematode survives for the life of the salmon (Bennington & Pratt 1960, Farrell et al. 

1964) or until the fish is eaten by its definitive host, either a mammal (Millemann & 

Knapp 1970) or piscivorous bird (Farrell et al. 1964).  Nanophyetus salmincola 

matures in the small intestine of the definitive host (Farrell et al. 1964), becoming an 

adult fluke with bipolar eggs in 5-6 days; the time required until eggs begin to be shed 

is unclear, but they hatch in 87-200 days at 11.1°C - 20°C (Bennington & Pratt 1960).  

If the parasite returns in a spawning adult salmon, the carcass is eaten by an 

appropriate definitive host, and eggs are returned to the water, this developmental 

timeline ensures cercariae are present when juvenile salmon are emerging and 

migrating to sea. 

Several researchers have shown that other species may also be infected by N. 

salmincola, either naturally or experimentally.  Natural infections were found in 

Chinook and coho salmon, chum salmon (O. keta), rainbow trout, cutthroat trout (O. 

clarki), brook trout (Salvelinus fontinalis), lamprey (Lampetra richardsoni and L. 

tridenta), shiner (Richardsonius balteatus), sculpin (Cottus perplexus) (Bennington & 

Pratt 1960, Gebhardt et al. 1966), and the Pacific giant salamander (Dicamptodon 

ensatus), although only in the gills, the only non-fish intermediate host identified 

(Gebhardt et al. 1966).  Experimentally infected species include Atlantic salmon 

(Salmo salar), brown trout (S. trutta), lake trout (S. namaycush), goldfish (Carassius 

auratus), speckled dace (Rhinichthys osculus), large-scale sucker (Catostomus 

macrocheilus), bluegill (Lepomis macrochirus), 3-spine stickleback (Gasterosteus a. 
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aculeatus and G.a. microcephalus), and mosquito fish (Gambusia affinis) (Gebhardt et 

al. 1966).   

A number of experiments have demonstrated the ability of N. salmincola to 

cause disease and/or mortality in infected juvenile salmonids.  Baldwin (1967) 

reported that juvenile salmonids (including Kokanee salmon (O. nerka), coho salmon, 

and Atlantic salmon, listed in decreasing order of susceptibility) with fork lengths in 

the range of 30 - 37 mm had 100% mortality within 24 hours when they were infected 

by <600 cercariae.  Rainbow trout with the same exposure had 90% mortality, and 

coastal cutthroat trout receiving 800 cercariae experienced 65% mortality.  The same 

authors reported that swimming ability and growth were impaired in infected juvenile 

salmon in the laboratory, and that infected fish showed a decrease in swimming 

activity, increased respiratory rate, and a loss of equilibrium (Baldwin et al. 1967).  

Fingerling coho salmon held in cages in western Oregon streams acquired between 6 

and 143 N. salmincola cercariae per day, a sublethal daily dose but one that explains 

the large numbers of metacercariae found among juvenile coho salmon and steelhead 

trout  (ranging from 400 to 2,002 metacercariae/fish) (Millemann & Knapp 1970).  

Coho salmon and steelhead trout receiving 100 cercariae per day for 15 days showed a 

marked decrease in swimming ability (4 - 95% and 10 - 58%, respectively), as did 

those receiving a single dose of 1,500 cercariae and tested 0 to 96 hours later (Butler 

& Milleman 1971).  Mortality was also seen in both groups, and only 23 of the 298 

fish infected (both species combined) survived long enough for the researchers to 

enumerate encysted metacercariae; these had a mean abundance of 1,013 

metacercariae (Butler & Milleman 1971).  However, the authors did not find any 

correlation between swimming performance and metacercariae counts.    

In an attempt to determine the cause of poor coho salmon survival in stocks 

originating from the Gray‘s Harbor estuary (Washington), Newcomb et al. (1991) set 

up live boxes of juveniles in fresh water and salt water (estuarine) sites to provide 

natural exposure to N. salmincola.  The fish were transferred to sea water after 5, 9, 

and 14 days exposure, and mortality was directly related to counts of metacercariae in 

the posterior kidney.  In two different groups of fish, mortality at the fresh water site 
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(where repeated N. salmincola infection could occur) ranged from 75%- 95% (average 

metacercarial counts 40- 136), while fish held at estuarine sites, where industrial 

runoff pollution was a complicating factor, suffered less than 25% mortality 

(Newcomb et al. 1991). 

Infection with N. salmincola has also been shown to disrupt the immune 

response of juvenile Chinook salmon; exposure to polychlorinated biphenyls (PCB‘s) 

heightened this effect in a cumulative manner.  Fish were infected with a mean of  

>300 metacercariae (via cohabitation with infected snails) in fresh water and later 

transferred to sea water.  A subgroup was then injected with PCB‘s, and nine weeks 

later kidney and spleens were harvested to measure the primary and secondary 

immune response (by testing for hemolytic plaque forming cells) (Jacobson et al. 

2003).  In addition, fish receiving these treatment combinations were also challenged 

with a secondary infection by Listonella anguillarum.  The combination of both 

stressors resulted in the largest impairment of the primary immune response, although 

infection by N. salmincola alone also had a significant effect; the secondary B cell 

response was unaffected.  Salmon infected with N. salmincola (without PCB 

treatment) and challenged with L. anguillarum had the highest cumulative mortalities 

(75%) of any treatment group (Jacobson et al. 2003). 

The prevalence of N. salmincola infection among ocean-caught steelhead of 

Pacific Northwest origin was determined in 1986 and 1987 as part of a study to 

estimate the contribution of these stocks to international fisheries catches (because N. 

salmincola is found only in the Pacific Northwest, it serves as a parasite ―tag‖ for fish 

originating from this area).  In 1986, 45.4% of steelhead caught in the central Pacific 

ocean were infected, and in 1987, 53.2% were infected (Dalton 1991).  Infection 

severity was not determined.  Jacobson et al. (2008) examined ocean caught coho and 

Chinook salmon from 1999 to 2002 for N. salmincola and reported that prevalences 

were consistently higher among coho salmon (62 – 78%) than for either yearling (19.3 

– 53.8%) or subyearling (40.5 – 53.5%) Chinook salmon.  Infection severity was also 

2 – 12 times higher among coho salmon.  By calculating parasite dispersion patterns 

(variance to mean ratio of N. salmincola metacercarial abundance), they demonstrated 
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that parasite abundance declined from the summer months to September, suggesting 

parasite-associated mortality in coho salmon (but not Chinook salmon) during early 

marine residence (Jacobson et al. 2008).  The disparity between the two species was 

attributed to different fresh water rearing preferences; Chinook salmon prefer 

mainstem areas where flows are higher and contact with N. salmincola cercariae may 

be reduced.  Chinook salmon also tend to have shorter fresh water residency life 

histories than coho salmon, although the observed differences could also be due to 

different susceptibilities to N. salmincola infection.  Metacercariae of N. salmincola 

have also been reported among adults captured at sea; Weiseth et al. (1974) found that 

31% of Chinook salmon and 53% of coho salmon captured in the summers of 1972 

and 1973 were infected. 

 

SKIN METACERCARIAE: BACKGROUND AND ECOLOGY  

Skin metacercarial infections caused by Digenean trematodes (Apophallus spp. 

or neascus-like metacercariae) may result in ―black spot disease‖ and have been 

reported among Oncorhynchus spp. in the Pacific Northwest (Niemi & Macy 1974) 

and in teleosts generally (Hoffmann & Putz 1965, Due & Curtis 1995, Wilson et al. 

1996, Hoffmann 1999).  These parasites are transmitted in fresh water and require an 

intermediate snail host that releases cercariae in the spring and early summer, 

coincident with juvenile salmon emigration; because they have complex lifecycles 

requiring multiple host species, direct transmission between fish does not occur.  The 

infections are persistent, and last from several months (up to and almost certainly 

beyond 7 months) to the lifetime of the salmon host (Ferguson et al. 2010).  

Species identification of skin metacercariae is difficult because the 

morphology of the metacercariae is variable; ―neascus‖ refers to a larval form 

common to the families Strigeidae and Diplostomatidae, and thus may refers to several 

species.  However, the most likely species for salmonids in the Pacific Northwest 

(U.S.A.) is Uvulifer ambloplitis, transmitted through snails of the genus Helisoma 

(Niemi & Macy 1974, Hoffmann 1999).  Identification is also unclear for Apophallus 

spp. (family: Heterophyidae) because there are several synonyms in use: A. itascensis 
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(Hoffmann 1999), A. venustus, A. similis, and possibly A. brevis (Niemi & Macy 

1974).  Apophallus is transmitted through the intermediate snail host Flumenicola 

virens Lea (Hoffmann 1999).  A recent phylogenetic study of the Digenea 

(Platyhelminthes: Trematoda) helped clarify the situation (Olson et al. 2003), but the 

authors indicated that the taxonomy of the Strigeidae needs revision; because of these 

issues, we will refer to cases of black spot infection simply as ―skin metacercariae‖.  

Skin metacercariae are more likely to be found on coho salmon than Chinook 

salmon because of differences in the spawning and rearing habitat preferences of the 

two species (Rodnick et al. 2008).  Juvenile coho salmon prefer headwater streams for 

rearing and were ―essentially absent‖ from the mainstem of the South Umpqua River 

(Oregon), whereas Chinook salmon are primarily found in the mainstem and mid-level 

tributaries (Scarnecchia & Roper 2000).  Juvenile coho salmon tend to seek slower 

water velocities and deeper pools (Bisson et al. 1988), although they will also use side 

channel habitats dependent upon stream flow regimes (Peterson 1982).  A study by 

Cairns et al. (2005) in the West Fork Smith River (Oregon) found that juvenile coho 

rearing in cooler tributaries had fewer skin metacercariae than those rearing in 

adjacent main-stem reaches where water temperatures were higher.  A subsequent 

study of the same river system found that habitat use differed between female and 

male juvenile coho salmon; a higher percentage of females were captured in the cooler 

headwater reaches, while males were found in greater numbers in the warmer, main-

stem reaches of the West Fork Smith River, although both groups were of similar 

genetic origin (Rodnick et al. 2008).  The differences in rearing habitat selection 

resulted in different parasite burdens, although all of the fish in the study were infected 

by at least one species of parasite, and 78% were infected by at least three species 

(consisting of myxozoans, N. salmincola, and skin metacercariae).  However, the 

authors did not detect a significant effect of infection on juvenile salmon swimming 

performance, although they suggested that this may have been due to the relatively 

short period of time since the infections were acquired and the limited number of 

uninfected fish for comparison (Rodnick et al. 2008). 
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In the past, these infections were generally considered to have minimal impacts 

on their intermediate salmon hosts (Vaughan & Coble 1975), although acute, heavy 

infections with A. donicus were shown to cause mortality in small coho salmon (6 cm 

in length) (Niemi & Macy 1974).  More recently, Kent et al. (2004) reported that 

infections by Apophallus spp. were associated with skeletal deformities in cyprinid 

fish in the Willamette River, Oregon.  In addition, Ebersole et al. (2006) noted lower 

than expected over-wintering survival in parasitized coho smolts.  These results were 

confirmed by Ferguson et al. (2010), who reported dramatic declines in Apophallus 

spp. parasite abundance between the parr and smolt stage in the West Fork Smith 

River (Oregon) juvenile coho salmon held in captivity.  However, they did not find a 

significant change in Neascus abundance among these same fish, although all of the 

metacercariae were viable at the end of the study.  At present, no studies on the 

prevalence or intensity of skin metacercariae among ocean-phase juvenile Chinook or 

coho salmon have been published. 

 

RESEARCH GOALS  

The goal of this research was to examine the effects of single and multiple 

infections on the growth and survival of juvenile Chinook salmon and coho salmon.  

As current methodology for the quantification of R. salmoninarum (ELISA) was not 

sensitive enough to perform well in our field samples, a comparative study of newer 

quantitative PCRs (qPCR) was undertaken (Chapter 1).  In Chapter 2, the prevalences 

and severities of infection by the three pathogens described and their effect on salmon 

growth were examined.  Due to the potential for shifts in stock composition to affect 

these results, the initial results (salmon combined by species and age class) were also 

examined among the most prevalent stocks.  Finally, the linkage between pathogen 

and parasite infection and the survival of returning adults was investigated (Chapter 

4).  To understand the mechanisms behind the annual fluctuations in prevalence 

(particularly striking for R. salmoninarum), the role of ocean conditions was also 

determined. 

  



14 

The specific goals of this study were: 

 (1) To compare improved versions of two published qPCR protocols for the 

detection of R. salmoninarum among samples that were first detected as positive by 

nested PCR (nPCR).  The assay was tested against a panel of other common and/or 

genetically related bacteria to ensure that cross-reactivity was not occurring, i.e. that 

the assay was specific for R. salmoninarum.  The sensitivity and repeatability of these 

assays for use among field samples of infected salmonids, where the strain and 

pathogen load were unknown, was established.   

 

(2) To establish the prevalence and severity of infection by R. salmoninarum, 

N. salmincola and skin metacercariae (and combinations of these infections) among 

juvenile Chinook salmon and coho salmon during early marine residency, using 6 

years of data and 2,933 samples.  

 

(3) To determine if infections, either singly or in combination, reduced the 

growth metrics of infected juvenile salmon (weight residuals, insulin-like growth 

factor-1, and ocean growth as determined by scale analysis), both among the species 

and age classes as a group (all stocks included) and within specific genetic stocks.  In 

addition, seasonal declines (from Summer to Fall) in prevalence and severity among 

specific stocks was examined for evidence of pathogen-related mortality. 

 

(4) To investigate whether infection by R. salmoninarum, the most prevalent 

pathogen and the one shown to have the most negative effects on growth, was 

correlated with survival.  For coho salmon, prevalence was compared to the smolt-to-

adult returns (SAR); for Chinook salmon, survival was estimated by the number of 

Chinook salmon jacks returning to Bonneville dam.  

 

(5) Having determined that annual variations in R. salmoninarum prevalence 

and severity do occur, the final objective was to examine the role of ocean conditions 

to explain the correlations between infection prevalence and survival. 
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ABSTRACT 

Renibacterium salmoninarum is a gram-positive bacterium causing bacterial 

kidney disease (BKD) in susceptible salmonid fishes.  Several quantitative PCR 

(qPCR) assays to measure R. salmoninarum infection intensity have been reported, but 

comparison and validation of these assays has been limited.  Here, we compared three 

qPCR primer/probe sets for detection of R. salmoninarum in field samples of naturally 

exposed Chinook and coho salmon first identified as positive by nested PCR (nPCR).  

Additional samples from a hatchery population of Chinook salmon with BKD were 

included to serve as strong positive controls.  The three qPCR assays targeted either 

the multiple copy msa genes or the single copy abc gene.  The msa/NFQ assay 

amplified R. salmoninarum DNA in 53.2% of the nPCR positive samples, whereas the 

abc/NFQ assay amplified 21.8% of the samples and abc/TAMRA assay 18.2%.  The 

enzyme-linked immunosorbent assay (ELISA) successfully quantified only 16.4% of 

the nPCR positive samples. Although the msa/NFQ assay amplified a greater 

proportion of nPCR-positive samples, the abc/NFQ assay better amplified those 

samples with medium and high ELISA values.  A comparison of the geometric mean 

quantity ratios highlighted limitations with the assays, and the abc/NFQ assay strongly 

amplified some samples that were negative by other tests, in contrast to its 

performance among the sample group as a whole. These data demonstrate that both 

the msa/NFQ and abc/NFQ qPCR assays are specific and effective at higher infection 

levels and outperformed the ELISA.  However, most pathogen studies will continue to 

require multiple assays to both detect and quantify R. salmoninarum infection. 

 

KEY WORDS: Renibacterium salmoninarum; quantitative PCR; assay comparison; 

natural infection 

 

*Todd.Sandell@oregonstate.edu 
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INTRODUCTION 

Renibacterium salmoninarum infection is common among free-ranging and 

captive salmonid populations and causes bacterial kidney disease (BKD) among 

susceptible fish.  BKD typically causes a chronic disease but can also lead to high 

mortality, particularly in high density rearing situations .  The bacterium can be 

transmitted either vertically from infected females or horizontally (Balfry et al. 1996, 

McKibben & Pascho 1999).  Transmission from hatchery to naturally reproducing 

populations, and vice-versa, has been documented (Mitchum & Sherman 1981). 

Because efforts at controlling R. salmoninarum via vaccination have met with limited 

success (Kaattari & Piganelli 1997, Piganelli et al. 1999b, Alcorn et al. 2005),  

antibiotic treatment and broodstock culling of highly infected females at spawning are 

the primary methods for mitigating the disease. Thus, efforts to control the spread of 

the pathogen require the availability of sensitive and reliable detection assays.  

Bacterial culture has been a standard assay for many years because of its 

sensitivity and because a positive result indicates live R. salmoninarum cells, instead 

of cellular products, such as the major soluble antigen (msa), that may persist after cell 

death (Pascho et al. 1997).  However, while the procedure is inexpensive, it is time 

consuming (plates need to be cultured for several weeks before R. salmoninarum 

colonies are detected) and does not lend itself well to large sampling studies, such as 

broodstock screening efforts at salmon hatcheries.  In addition, a number of reports in 

the literature suggest that newer assays may provide greater sensitivity and faster 

results (Pascho et al. 1987, Gudmundsdottir et al. 1993, Jansson et al. 1996, Miriam et 

al. 1997). 

A number of non-culture diagnostic tests have been developed that target either 

Renibacterium salmoninarum antigens or nucleic acids.  The enzyme-linked 

immunosorbent assay (ELISA) has been widely used at hatcheries for broodstock 

screening of R. salmoninarum due to its ability to process many samples 

simultaneously and quantify the level of bacteria. The ELISA also has drawbacks, 

including limited sensitivity, cross reactivity (Wood et al. 1995, Kim et al. 2007), and 

variability between antibody lots that can make data comparison between laboratories 
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difficult.  For these reasons, the nested PCR (nPCR) (Chase & Pascho 1998) has 

become used widely for the detection of R. salmoninarum outside of the hatcheries.  

Though extremely sensitive, it does not supply a quantitative output of infection 

intensity and may detect DNA from non-viable bacteria (Josephson et al. 1993).  It is 

also prone to false positives because the amplified product (an msa gene segment) 

poses a contamination risk in ongoing assays.   

Newer molecular techniques, such as reverse-transcriptase PCR (RT-PCR), 

detect and amplify recently transcribed gene products (RNA), thus only quantifying an 

active infection (although detection of mRNA does not necessarily indicate protein 

translation).  However, this assay requires the isolation and preservation of RNA, 

which can be extremely difficult in the field, and adds the cost and effort of validating 

a two step reaction process, first to convert mRNA to cDNA, and then to amplify the 

cDNA using a standard quantitative PCR (qPCR).  Standard DNA-based qPCR can 

detect non-viable bacterial DNA, as can the nPCR, but it offers other advantages.  The 

DNA-based qPCR allows for the detection and quantification of the number of 

bacterial genomes in a sample (―mean quantity‖) with easier sample storage and 

preparation, a short processing time (in comparison to culture or the fluorescent 

antibody technique (FAT), and the ability to quickly analyze a large number of 

samples.  Recently, a number of DNA- and RNA-based quantitative PCR (qPCR) 

assays have been reported (Powell et al. 2005, Chase et al. 2006, Bruno et al. 2007, 

Suzuki & Sakai 2007, Jansson et al. 2008, Halaihel et al. 2009).  To date, however, 

there have been no direct comparisons of these various qPCR assays for the detection 

of Renibacterium salmoninarum in Chinook (O. tshawytscha) and coho salmon (O. 

kisutch), and only limited comparison with other standard diagnostic tests (e.g. ELISA 

or nPCR).   

The qPCR assays used in this study targeted either the multiple copy major 

soluble antigen (msa) genes (Chase et al. 2006) or the single copy abc transporter 

permease (abc) gene (Rhodes et al. 2006) of Renibacterium salmoninarum.  The two 

assays targeting the abc gene differed in probe chemistry. The first used a standard 

TAMRA probe quencher while the other utilized a non-fluorescent quencher (NFQ) 
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and a minor groove binding linker that binds to the double-stranded DNA helix 

between the phosphate-sugar backbones.  The goal of this study was to validate the 

abc qPCR assay and to compare it with the msa qPCR using juvenile Chinook and 

coho salmon naturally infected with R. salmoninarum, as well as some heavily 

infected hatchery fish that served as strong positives.  Here, we report the comparative 

specificity, repeatability and reproducibility of the R. salmoninarum qPCR assays, 

including validation against the widely used R. salmoninarum ELISA assay, which 

provided an indication of infection severity, and the nPCR as the reference measure of 

R. salmoninarum exposure.  This study utilized guidelines set forth by the World 

Organization for Animal Health (Belak & Thoren 2006) for assay validation.  Shortly 

before submission, we became aware of the work of Bustin et al. (2009), who present 

a framework for nomenclature and standardized reporting with regard to qPCR assays 

to avoid confusion; we have incorporated these suggestions where possible.  The 

results presented here will aid other researchers in choosing among these techniques 

for R. salmoninarum detection and quantification in future research. 

 

MATERIALS AND METHODS 

Sample Collection and DNA Extraction 

The majority of fish used in this study were juvenile Chinook and coho salmon 

captured in the nearshore off the coasts of Oregon and Washington, as part of a larger 

study of juvenile salmon growth and survival during early marine residency. 

Immediately following capture via surface trawl, the fish were sorted, placed on ice, 

identified to species and given a unique sample number.  Fish were then frozen at -

80°C until a later date, when necropsies were performed and the anterior kidney 

excised, placed in a 2 oz. Whirlpak bag®, and refrozen at -80°C (the posterior kidneys 

were taken for other analyses).  During necropsy, instruments were placed in a 20% 

bleach solution between fish for at least 2 minutes and rinsed twice in water to prevent 

cross-contamination of DNA samples.   

A second group of juvenile Chinook salmon were obtained from the Oregon 

Department Fish and Wildlife (ODFW) Cole Springs Hatchery (CRH) (Trail, Oregon).  
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These fish were provided by the ODFW Fish Health Unit (Corvallis, Oregon) and 

were sampled as mortalities at the hatchery; kidneys were removed and stored at -

20°C until analyzed as described below.  Most kidneys had white pustules indicative 

of clinical BKD.   

Anterior kidney samples were thawed and homogenized with a rolling pin; 25 

mg of kidney tissue (+/- 2.5 mg) was removed with a sterile plastic spatula and placed 

into a 1.5mL microcentrifuge tube.  The work area and rolling pin were frequently 

bleached with a 20% solution and care was taken to prevent cross-contamination of 

samples. Suggested guidelines from the American Fisheries Society Blue Book for 

quality assurance/quality control were followed (AFS-FHS 2007).  Kidney tissues 

from Black Rockfish (Sebastes melanops) were included with each set of DNA 

extractions (36 samples/set) as a negative extraction control.  DNA extraction was 

conducted using the DNeasy Tissue Kit (single tubes) following manufacturer‘s 

(Qiagen, Inc.) instructions for Gram-positive bacteria. DNA was eluted with 200 uL of 

Buffer AE heated to 70°C.  Following elution, samples were either run immediately or 

stored at -80°C until analyzed.   

 

Nested PCR (nPCR) 

To detect the presence of Renibacterium salmoninarum, samples were initially 

tested via the nPCR protocol of Chase and Pascho (1998).  The thermocycling regime 

was slightly modified to optimize results on our thermocycler (an MJ research P100) 

as follows: 88°C for 3 minutes, 94°C for 2 minutes, then 30 cycles of 94°C for 30 

seconds, 60°C for one minute, and 72°C for 1 minute.  Reagent concentrations and 

primers were unchanged.  The protocol was also modified to allow the use of 96-well 

PCR plates (Fisher Scientific #05-500-48) after a trial was conducted to test assay 

sensitivity using several different brands of PCR plates (data not shown).  DNA 

concentration was not adjusted prior to nPCR analysis. All plates contained positive 

controls, no template controls, and the negative DNA extraction controls.  Amplified 

samples were subjected to electrophoresis on 1% agarose gels and visualized by 

staining with ethidium bromide, then photographed under UV light.  Only samples 
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positive by nPCR, and negative extraction controls, were further analyzed by ELISA 

and qPCR. A total of 220 DNA samples with R. salmoninarum DNA detected by 

nPCR were used in this study (including the CRH samples). 

 

Enzyme-Linked Immunosorbent Assay (ELISA) 

Samples positive by nPCR were tested for Renibacterium salmoninarum 

antigen by the ELISA II method (Pascho & Mulcahy 1987), a widely used standard 

reference assay for quantifying the degree of R. salmoninarum infection.  The 

resulting optical densities (O.D.) were binned into four categories: background (OD < 

0.08), low (OD >0.081 and < 0.199), medium (OD >0.199 and <0.499), and high (OD 

> 0.499).   

 

Quantitative PCR 

All qPCR primer and probes sequences are provided in Table 1. Initially, we 

compared two different probes for the abc qPCR assays. The first abc probe was 

labeled with a 5‘ FAM reporter and 3‘ TAMRA quencher as developed by Rhodes et 

al. (2006). The second probe was modified to contain a MGB linker and a non-

fluorescent quencher. The abc primers were not modified from Rhodes et al. (2006).  

The msa assay was performed as reported by Chase et al. (2006) but the probe was 

also modified with a MGB linker and NFQ quencher. Plasmid DNA encoding either 

the abc or msa genes were used as absolute standards (the abc plasmid was supplied 

by L. Rhodes (NOAA Fisheries, Seattle); the msa plasmid was supplied by K. True, 

(CA-NV fish health lab)).  The plasmid DNA was diluted in 10-fold increments in a 

range of 10
8
 to 10

1
 copies and used to create a standard curve. Fresh standards were 

made each day from a concentrated stock stored at -80°C. (Rhodes et al. 2006) 

Prior to the qPCR, DNA was quantified using the PicoGreen assay (Invitrogen 

Corporation) using a Victor plate fluorometer (Perkin Elmer, Inc.).  Since the samples 

consisted of DNA extractions from equal weights of kidney tissue, we originally 

assumed that they would have roughly equivalent amounts of DNA present.  However, 

DNA concentration varied widely following elution from the Qiagen DNEasy kits 



23 

(data not shown).  To ensure that equal amounts of DNA were present in each 

reaction, samples with low DNA yields were concentrated using a speed vacuum 

procedure and all DNA samples were normalized to 20ng DNA/μL using a Biomek 

FX robotic workstation (Beckman Coulter, Inc.).  All experimental samples, negative 

DNA extraction controls and standards were run in duplicate wells; 4 wells of no 

template controls (NTC) were included on each plate.  Quantitative PCRs were 

conducted using the ABI 7500 instrument (Applied Biosystems, Inc.; ABI) and data 

analyzed with the sequence detection software (V.1.22). All dual-labeled probes and 

the Taqman Universal Master Mix, qPCR plates and optical covers were purchased 

from ABI; primers were purchased from Integrated DNA Technologies.  All assays 

contained 900nM of primers and 200nM probe and a total of 100 ng template DNA.   

Samples with a ―quantification cycle (Cq) value‖ (Bustin et al. 2009) over 38 

were considered negative because amplification in this range is near the theoretical 

lower limit of detection (less than ten copies of the genome in the sample) [Note:  

―Cq ‖ is referred to as ―CT ‖ in ABI software].  Each time a segment of target DNA is 

amplified in the qPCR assay, a sequence-specific probe begins to fluoresce as the 

probe quencher (NFQ) is deactivated; thus the level of fluorescence is correlated to the 

amount of target DNA in the sample.  Lower initial target DNA concentrations 

amplify more slowly, and so require more amplification cycles to generate enough 

fluorescence to cross the threshold quantification value; thus, a higher Cq value is 

indicative of a lower initial target DNA concentration.  

 

Evaluation of specificity, repeatability and reproducibility 

An initial evaluation of sensitivity of the two abc qPCR assays was done by 

comparing the plasmid standard curves and reaction efficiencies. From these initial 

studies, we selected the abc/NFQ for further investigation.  

To test the analytical specificity of the abc qPCR assays, we extracted DNA 

from uninfected coho salmon, Chinook salmon and black rockfish.  Seed stocks of 

phylogenetically related bacteria or common bacterial fish pathogens (Table 2) were 

cultured on American Type Culture Collection (ATCC) recommended agar and 
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harvested via scraping and sterile water rinse.  The washes from 3 plates of each 

species were combined and centrifuged for 10 minutes at 12,000g; the pellet was then 

divided into five microcentrifuge tubes and digested in lysis buffer.  DNA extraction 

proceeded as for the study samples using Qiagen protocols (above).  Renibacterium 

salmoninarum (ATCC 33209) served as a positive control.  

Repeatability (―intra-assay variance‖) (Bustin et al. 2009) and reproducibility 

(―inter-assay variance‖) of the qPCRs was tested by comparing replicates of the same 

samples.  Select samples with adequate DNA quantities (N= 6) were run in 4-8 

replicate wells on the same qPCR plate to test intra-assay variance. This procedure 

was repeated on three independent assay plates to test inter-assay variability.   

 

Statistical Analysis 

Calculations of Cq value and mean quantity, as well as standard deviations, 

were generated by the ABI software provided with the ABI 7500 optical thermocycler.  

The mean quantity is the number of target genes amplified in the sample, derived by 

comparing the Cq value of a sample with the standard curve, which contains known 

numbers of the target gene. Thus, for a single copy target gene the mean quantity  is a 

direct estimate of the number of bacteria present in the sample.  Calculations of 

geometric mean quantities and the coefficient of variation (CV: the ratio of the 

standard deviation to the mean) were done in Microsoft Excel.  Repeatability 

comparisons of Cq values were performed using the non-parametric Sign test.  

Comparisons of Cq values for sample reproducibility (between plates) were performed 

using the Kruskal-Wallis non-parametric ANOVA because of the non-normal 

distribution of these data.  The qPCR assays‘ detection performance were compared 

with a chi-square test using StatView software (1998).  In all cases, significance was 

defined as p ≤ 0.05. 

Visual data comparisons and regression r
2
 values were calculated using 

Tableau Software (2008).  Samples which did not amplify were arbitrarily assigned a 

Cq of 42 for clarification, since the Cq has an inverse relationship with the quantity of 

gene product present (i.e., a ―low‖ Cq indicates the presence of more gene copies than 
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a ―high‖ value).  Throughout this paper we refer to samples falling within the given 

ranges as having the following Cq ―scores‖: ―high‖ (Cq > 14 and < 20); ―medium‖ (Cq 

> 20.01 and < 30); and ―low‖ (Cq > 30.01 and < 38).  

 

RESULTS 

Initial sample selection 

A total of 202 samples were classified as positive for Renibacterium 

salmoninarum by nPCR and were included in this qPCR validation study. We also 

obtained kidney samples from 18 Chinook salmon with clinical signs of BKD from 

the Cole River Hatchery (ODFW), all of which tested positive by nPCR, providing a 

total of 220 nPCR positive samples to be compared in further analyses. 

 

ELISA 

The ELISA detected quantifiable levels of Renibacterium salmoninarum 

antigen in 16.4% of the samples previously determined to be positive by the nPCR 

(N= 36/220).  Of the ELISA positives, 13.9% were binned as highly infected (optical 

density (O.D.)  above 0.499), 2.7% as moderately infected (OD >0.199 and <0.499), 

and 0.9% as having a low infection level (OD >0.081 and < 0.199); 82.5% were at 

background levels.  All of the qPCR assays amplified the majority of the ELISA 

positive samples.  The abc/NFQ qPCR identified 88.9% (32/36) as positive, the 

abc/TAMRA qPCR detected 72.2% (26/36), and the msa/NFQ qPCR detected 94.4% 

(34/36).  All but two of the Cole River Hatchery samples were binned as highly 

infected by ELISA; the remaining two were at background O.D. levels (< 0.08).  The 

ELISA detected 5 samples as positive that were not amplified by any of the three 

qPCR assays (―unique positives‖): two of these were in the low ELISA range, one was 

medium, and two were in the high range.  All of the negative controls were also 

negative by ELISA.  
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Quantitative PCR Specificity 

Initial tests showed that the two abc/NFQ qPCR primer/probe sets did not 

amplify either Chinook or coho salmon R. salmoninarum-negative DNA, any of the 13 

other bacterial species previously discussed (Table 2), or any of the negative controls.  

 

Quantitative PCR Repeatability and Reproducibility 

There was no statistical difference either within or between the plates in the 

repeatability and reproducibility study for either Cq values or geometric mean 

quantities (see supplemental data).  Although there were differences in the quantities 

of the abc gene detected between the six different samples, these were consistent for 

each sample. 

 

 Initial comparison of the qPCR assays.   

The samples analyzed with each primer/probe set were run on five qPCR 

plates.  Mean reaction efficiencies (E=(10-1/slope-1) X 100) for the three assays 

varied from 103.6 for the abc/NFQ to 112.7 for abc/TAMRA and 112.6 for msa/NFQ.  

Regression values (R
2
 ) from the standard curves exceeded 0.99 for all assays.  Of the 

202 samples detected as positive by the nPCR, 44.5% were negative by all three qPCR 

assays (N = 98). 

The msa/NFQ qPCR was the most sensitive of the three assays, detecting 

53.2% (N = 117) of the samples positive by the nPCR (Table 3).  Many of these were 

near the limit of detection, which resulted in the msa/NFQ qPCR assay having the 

highest average Cq value (32) and the highest percentage of non-reproducible 

amplification (samples detected in only one of the two wells; 34.2%) (Table 3).  A 

majority (63%) of the samples amplified by this assay had a Cq value in the range of 

35-38; the mean quantity of these samples was very low (5.17).  With all of the 

positive samples included, the msa/NFQ assay had the second highest geometric mean 

quantity (1.5x10
2
) and the highest CV (28.7).  

The abc/NFQ qPCR detected 21.8%  (N = 48) of the nPCR positive samples, 

but had the lowest average Cq value (24.6), the highest geometric mean quantity 
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(4.1x10
3
) and the lowest CV (20.1) of the three assays.  It also had the lowest number 

of samples with non-reproducible amplification (14.6%).  Fewer samples were 

quantified in the range of Cq 35-38 (20.8%). 

The abc/TAMRA assay detected only 18.2% of the nPCR positive samples (N 

= 40) and had an average Cq value of 27.4.  This assay produced the lowest geometric 

mean quantity (138.4) of the three assays, and fell between the others with regard to 

coefficient of variation (26.3) and the percentage of non-reproducible amplifications 

(17.5%) (Table 3).  All Chinook salmon samples from the CRH had quantifiable 

Renibacterium salmoninarum DNA levels by the msa/NFQ and abc/NFQ assays, but 

only 77.8% of the samples amplified with the abc/TAMRA assay.  Overall, the 

msa/NFQ assay detected 65 samples that were negative by the abc/NFQ, while the abc 

assay detected two samples negative by the msa/NFQ qPCR.  A chi-square 

comparison of the two qPCR assays indicated that the msa/NFQ detected significantly 

more positive samples than the abc/NFQ (p < 0.001) and the abc/TAMRA assay (p < 

0.001).  Based on these results, we selected only the abc/NFQ and msa/NFQ assays 

for further comparison. 

 

Comparison of the qPCR results to ELISA 

The qPCR assays all quantified more nPCR positive samples than the ELISA.   

The regression of average Cq value vs. ELISA O.D. yielded an r
2
 of 0.786 for the 

abc/NFQ assay and 0.903 for the msa/NFQ assay when all positive samples were 

included (Figure 2a).  However, when only those samples with an ELISA O.D. of 

medium or higher were included in the regression analysis, the abc/NFQ assay r
2 

 was 

0.727, while that of the msa/NFQ assay declined to 0.579 (Figure 2b).  Of the samples 

negative by ELISA (N = 184), 12% were positive by the abc/NFQ assay and 46.7% 

were positive by the msa/NFQ assay.    

To further compare the ELISA and qPCR assays, we examined the ELISA 

O.D. values of samples that were binned into ranges of average Cq scores representing 

high (Cq 0 < 20), medium (Cq > 20 but < 30) and low (Cq > 30 but < 38) [Keep in 

mind that a lower Cq  value corresponds with a higher gene quantity, i.e. a more 
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highly infected sample, while the ELISA O.D. directly correlates with the amount of 

bacterial antigen present].  Only samples positive by both qPCRs were included.  For 

the abc/NFQ assay, 31.2% of the samples in the high Cq range were also high by 

ELISA, while 14.6% were low (Table 4).  Samples in the medium Cq bin were equally 

split in the ELISA bins, but samples in the low ELISA bin were almost evenly spread 

between the high (14.6%), medium (14.6%), and low (16.7%) Cq bins.  For the 

msa/NFQ assay, a greater percentage of samples in the high and low Cq groups 

matched the corresponding ELISA value bins (Table 4) than for the abc /NFQ assay.  

Within the high Cq bin, all of the samples (15.4% of the total) had high ELISA values, 

and 70.1% of the samples with low Cq values also had low ELISA scores. 

 

Performance of the abc/NFQ and msa/NFQ qPCR assays 

To test how well the two NFQ qPCR assays agreed with each other among 

positive samples, the abc/NFQ and msa/NFQ Cq values were plotted against one 

another (Figure 1).  In general, the average ELISA O.D. value of samples with high Cq 

scores by both qPCR assays (mostly CRH) was high (O.D.=1.71), while those with 

low Cq scores had a lower average O.D. (0.26).  However, the assays were not always 

in agreement, and did not cluster on the regression line except near the limit of 

detection (r
2
  = 0.509).  This was largely due to the presence of eight samples that 

were positive by the abc/NFQ assay (Cq ~ 18), but were close to the range of detection 

limit (Cq ~ 35) by the msa/NFQ and were below the background level for ELISA 

(average O.D. = 0.071).  These samples are highlighted near the top of Figure 1.  To 

confirm these data, the eight samples were rerun by the abc/NFQ assay and yielded 

similar results.  

To further compare the msa/NFQ qPCR to the abc/NFQ PCR, we first divided 

the samples into two groups: samples positive by both qPCR assays, but without the 

CRH fish (Table 5a), and only the CRH samples (Table 5b).  We then calculated the 

geometric mean quantity ratio and Cq ratio (msa/NFQ value divided by abc/NFQ 

value in both cases) for each of these groups.  These ratios provide a comparison of 

amplification efficiency across all levels of infection in the sample subpopulation.  For 
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the group with CRH samples excluded, the mean quantity ratio was 0.48 and the Cq 

ratio was 1.13; the abc/NFQ assay performed slightly better.  When only the CRH 

samples were included, however, the mean quantity ratio increased to 116.7, while the 

Cq ratio decreased to 0.82; the msa/NFQ assay performed better among the very strong 

positives (CRH samples).  These changes were driven by a large increase in the mean 

quantity detected by the msa/NFQ assay, which exceeded 1.9 E
7
 for the CRH samples 

(Table 5b).   

 

DISCUSSION 

The msa/NFQ qPCR (Chase et al. 2006) was the most sensitive of the three 

qPCR assays, quantifying 53.2% of the Renibacterium salmoninarum nPCR positive 

samples (Table 3).  Most of the samples (63%) detected by the msa/NFQ assay were 

near the lower limit of detection (Cq values in the range of 35-38).  The msa/NFQ 

qPCR also had the highest percentage of samples detected in only one of the two wells 

(34.2%).  Most of these non-reproducible amplifications were near the lower limit of 

detection (Cq value cutoff = 38), so the increased variability in this assay was 

coincident with increased sensitivity.  The msa/NFQ assay was also in good agreement 

with the ELISA values (Table 4), and had the highest r
2
 value for the regression of 

average Cq vs. ELISA O.D. when all positive samples were included (Figure 2b).  The 

higher sensitivity makes the msa/NFQ qPCR a good candidate assay for initial 

screenings of samples, especially when the nested PCR or culture will not be used and 

prevalence is a primary goal.  However, because the R. salmoninarum genome 

contains at least 2-6 copies of the msa gene (Rhodes et al. 2004a), the msa/NFQ assay 

mean quantity outputs may not directly correlate with the number of bacteria present 

in the sample.  The assay would also be suitable for laboratory studies where the R. 

salmoninarum strain, and thus the number of msa copies, is known. 

The abc/NFQ qPCR assay had excellent repeatability and did not cross react 

with the bacteria in our screening panel or Renibacterium salmoninarum - negative 

Chinook or coho salmon genomic DNA.  The abc/NFQ qPCR detected only 21.8% of 

the samples that were positive by nPCR but had the highest geometric mean quantity 
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and the lowest coefficient of variation (Table 3).  It also had the highest average Cq 

value of the three assays, indicating that the abc/NFQ qPCR assay was better at 

amplifying samples with medium to high infection levels (based on ELISA values).  

The assay also performed better than the msa/NFQ qPCR for the regression of average 

Cq vs. ELISA O.D. when only samples with medium to high ELISA values were 

included (Figure 2b). This makes the abc/NFQ qPCR assay a good candidate for 

studies where initial prevalence screening will be done via nPCR, and/or when 

detection of R. salmoninarum at infection levels that foreshadow the onset of bacterial 

kidney disease (based on comparison with the ELISA O.D.) is the prime concern.  For 

this reason, it may be useful for hatchery broodstock screening programs because it 

identifies only those fish with medium to high levels of infection, without the 

drawbacks of the ELISA.  The abc/NFQ assay is the best choice when genome 

quantification is the primary concern, because the abc primer set targets a single copy 

gene. 

Some drawbacks with both the abc/NFQ and msa/NFQ qPCR assays were also 

identified.  Neither of the qPCR assays amplified all of the samples previously 

identified as positive by nPCR.  This was unexpected given the sensitivity reported in 

Chase et al. (Chase et al. 2006), who also tested naturally infected fish.  However, the 

juvenile Chinook salmon used in that study were all from a hatchery population and 

some had clinical signs of BKD, whereas the fish used in the present study were of 

unknown origin and had low level infections (at background infection levels by 

ELISA), with the exception of the CRH fish included to provide strong positive 

controls.  In addition, the abc/NFQ assay strongly amplified a group of eight samples 

(in the Cq range of 15-22) that were at background ELISA values and only weakly 

positive by the msa/NFQ qPCR (Figure 1).  The samples were re-tested and the results 

confirmed, but the possibility exists that the abc/NFQ qPCR is amplifying a similar 

gene from another bacterial species in the sample that was not included in our 

bacterial cross-reactivity panel (Table 2).  Attempts at sequencing the product for 

clarification were unsuccessful and there was not enough DNA remaining in any of 

the eight samples to pursue this avenue of investigation.  A BLAST search 
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(http://blast.ncbi.nlm.nih.gov/Blast.cgi; accessed 11/2009) did not produce any other 

closely aligned sequences for the abc gene which were not already included in our 

cross-reactivity study, although at present there are few fish pathogen sequences in the 

database.  

Another issue was identified when the ratios of average Cq and geometric 

mean quantity for the two NFQ-based qPCR assays (msa/NFQ over abc/NFQ in all 

cases) were compared (Table 5).  When the CRH samples were excluded, the 

abc/NFQ assay outperformed the msa/NFQ, yielding a slightly higher geometric mean 

quantity and higher average Cq score, with a Cq ratio of 1.13. When only the CRH 

samples were included, the msa/NFQ assay had a greatly increased geometric mean 

quantity (1.9 E
7
) and the Cq ratio declined to 0.82, suggesting that it did better among 

these samples, almost all of which had ELISA O.D.s > 1.2 (Table 5).  The cause of 

this result is uncertain; the CRH samples were from heavily infected fish that likely 

had R. salmoninarum strains with multiple msa gene copies, which could account for 

their virulence (Coady et al. 2006) and may explain the increase in amplification.  

However, log scale differences in gene quantity which may be attributable to multiple 

copies of the msa gene would still only result in minor changes in the resulting Cq 

value.  These two assays are currently undergoing testing in fish experimentally 

injected with R. salmoninarum (thus with known infection levels), and that 

investigation may clarify these results (Diane Elliott and Maureen Purcell, USGS, 

personal communication). 

This study was not designed to compare the nPCR to the three qPCR primer 

and probe sets.  Instead of testing a mix of known positive and negative fish, we first 

screened the samples by nPCR because they were naturally exposed and their 

prevalence and severity were unknown.  This precluded us from calculating either 

diagnostic sensitivity or specificity, as outlined in the World Organization for Animal 

Health manual (Jacobson & Wright 2006).  The use of plasmids to serve as positive 

controls to generate standard curves in the qPCRs likely also resulted in an 

underestimation of the actual number of bacteria detected, as the plasmid amplifies 

more readily than genomic R. salmoninarum DNA (personal observations).  However, 
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the use of a plasmid that may be widely distributed among fish health labs provides a 

useful standard that removes the need for each lab to produce and quantify its own 

bacterial genomic DNA standards, removing a source of error. 

 

CONCLUSIONS 

Newer molecular techniques for the detection and quantification of  pathogenic 

bacteria in fish are being developed, including DNA microarrays coupled with PCR 

(Call et al. 2003, Warsen et al. 2004), multiplex qPCR (at present, none have included 

R. salmoninarum in their panels (see (Ji et al. 2004, Panangala et al. 2007)), and the 

newer technique of loop-mediated isothermal amplification (Gahlawat et al. 2009).  

Eventually, a newly-developed assay will surpass those currently available.  But 

without studies to validate and compare these protocols they are of limited use, and at 

present there is confusion about which assay is most appropriate and an inability to 

compare data between investigations.  

Ideally, researchers in a given area (e.g. the Columbia River basin), or even a 

given region (e.g. the Pacific Northwest, U.S.A.), should be able to agree on using at 

least one common assay in all related studies, or to archive samples (or DNA) 

whenever possible for future comparative testing.  This would immediately improve 

our understanding of how this pathogen affects the growth, survival and fitness of 

salmon populations in regions where R. salmoninarum is widely endemic.  While the 

present study is a step towards this goal, we are unable to recommend one molecular 

assay as the single best diagnostic assay for R. salmoninarum.  Currently two or more 

assays may be necessary to meet the goals of a specific project, but it is our hope that 

this study will provide the first step in the selection of a common assay for R. 

salmoninarum detection and quantification. 
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Figure 1: Quantitative PCR abc/NFQ assay and msa/NFQ assay quantification cycle 

(Cq) values for all positive samples.  The horizontal and vertical dashed lines at Cq  = 

38 indicate the theoretical limit of detection. Select subsamples are identified by boxes 

within the graph; the number of samples uniquely positive by each assay are in the 

boxes at the top and far right of the figure. 
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Figure 2: Quantitative PCR abc/NFQ and msa/NFQ assay quantification cycle (Cq) 

values vs. ELISA O.D. for all positive samples (top), and for those in the medium-

high ELISA O.D. range only (bottom).  The horizontal dashed lines indicate the Cq 

value limit of 38; the vertical dashed lines (Fig. 2bottom only) indicate ELISA O.D. 

cutoff level (0.199) for medium and highly infected samples. 
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Table 1: Primer and probe sequences used for qPCR detection of R. salmoninarum.  

Note that some of the probes used in this study utilized a minor binding groove 

(MGB) linker with a non-fluorescent quencher (NFQ) that differ from those used in 

the original publications.  

 

 

Table 2: Bacterial species tested to assess the specificity of the abc gene quantitative 

PCRs, which differed in the probe quenchers (one utilized a TAMRA probe while the 

other used a non-fluorescent quencher (NFQ)).  Positive amplification (+) and no 

amplification (-) are indicated. 

 

  

 

Species Source* abc /TAMRA abc /NFQ msa /NFQ

Renibacterium salmoninarum ATCC 33209 + + +

Phylogenetically similar

Arthrobacter globiformis ATCC 8010 - - -

Corynebacterium aquaticum ATCC 14665 - - -

Micrococcus [K.] varians ATCC 15306 - - -

Micrococcus luteus ATCC 4698 - - -

Other pathogenic bacteria

Aeromonas hydrophila ATCC 7966 - - -

Aeromonas salmonicida ATCC 33658 - - -

Edwardisiella tarda ATCC 15947 - - -

Flavobacterium columnare ATCC 43622 - - -

Flavobacterium psychrophilum ATCC 49418 - - -

Pseudomonas fluorescens ATCC 13525 - - -

Listonella ordalii ATCC 33509 - - -

Listonella anguillarum ATCC 68664 - - -

Yersinia ruckeri ATCC 29473 - - -

* Derived from American Type Culture Collection (ATCC), Manassas, VA

qPCR Target Name Sequence (5' to 3')

msa  genes
1

RS1238 GTGACCAACACCCAGATATCCA

msa  gene
1

RS1307 TCGCCAGACCACCATTTACC

msa  genes
1

RS1262.NFQ probe
§

FAM-CACCAGATGGAGCAAC-MGB/NFQ

abc gene
2

ABCtransfor2 CTAAACGATTTCCCGGTCAA

abc gene
2

ABCtransrev2 GATTTTGCCTGCTGGTATTTCC

abc gene
2

ABCtrans probe FAM-AAGCGCCAGCAGTCGACGGC-TAMRA

abc gene
2

ABC.NFQ probe
§

FAM-AAGCGCCAGCAGTCGACGGC-MGB/NFQ

1 Chase et al. (2006)   § In the original publication, 3' end of the probe was labeled with TAMRA

2 Rhodes et al. (2006) § In the original publication, 3' end of the probe was labeled with TAMRA
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Table 3: A comparison of the percentage of samples detected, mean quantification 

cycle (Cq) values, geometric mean quantities, and coefficients of variation for the 3 

qPCR assays.  Both field samples and Cole River Hatchery fish are included (N = 

220). 
 

 
 

Table 4: A comparison of quantification threshold (Cq) and ELISA optical density 

(O.D.) values for the two Renibacterium salmoninarum specific qPCRs with non-

fluorescent quencher (NFQ) probes. Samples were binned by Cq value; the percentage 

of samples in each bin within a certain ELISA O.D. range was then calculated.  
 

  

 

Summary abc /NFQ abc /TAMRA msa /NFQ

% positive by the assay 21.8 18.2 53.2

% with one well detected 14.6 17.5 34.2

% with both wells detected 85.4 82.5 65.8

Average Cq 24.6 27.4 32.0

Coefficicent of Variation (CV) 20.1 26.3 28.7

ELISA O.D.*

Cq score** background/low medium high Row %

abc/ NFQ High 14.6% 0 31.2% 45.8%

Total N = 48 Medium 14.6% 0 12.5% 27.1%

Low 16.7% 4.2% 6.2% 27.1%

msa/ NFQ High 0 0 15.4% 15.4%

Total N = 117 Medium 3.4% 0 5.1% 8.5%

Low 70.1% 4.3% 1.7% 76.1%

*ELISA O.D. bins: low (< 0.199); medium (0.199-0.499); high  (> 0.499)

**Cq scores: low (> 30.01 and < 38); medium (> 20.01 and < 30); high (< 20)
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Table 5 a, b:  Comparison of geometric mean quantities (Qty), average quantification 

cycle (Cq) values, and their respective ratios for all samples (a) and the Cole River 

Hatchery (CRH) only samples (b) by both the msa.MGB and the abc.MGB qPCR 

assays. The ratios provide an indication of reaction efficiency among different 

subgroups of the sample set. 
 

 

 

a) Samples that were positive by both assays, not including the CRH samples

(N=28)

Geometric 

mean Qty Average Cq

Quantity Ratio 

(msa/abc)

Cq Ratio 

(msa/abc)

Avg. for msa/NFQ 234.3 31.5 0.48 1.133

Avg. for abc/NFQ 483.7 27.8

Difference -249.4 3.7

b) As above, including only the CRH samples

(N=18)

Geometric 

mean Qty Average Cq

Quantity Ratio 

(msa/abc)

Cq Ratio 

(msa/abc)

Avg. for msa/NFQ 19,205,953.1 15.9 116.7 0.820

Avg. for abc/NFQ 164,597.4 19.4

Difference 19,041,355.8 -3.48
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Supplemental Data: 

Comparison of quantification cycle (Cq) values (a), mean quantities (b) and 

coefficients of variation (CV) for abc gene detection in repeatability and 

reproducibility tests of six nested PCR positive samples tested across 3 identical 

quantitative PCR plates using the abc gene primers/MGB probe.  P-values for 

significant differences between plates were calculated via the Kruskal-Wallis non-

parametric ANOVA. 

 

 

a) Cq Plate 2

Cq N/Plate % Positive

Geometric 

Mean CV

Geometric 

Mean CV

Geometric 

Mean CV

Geometric 

Mean CV P-Value

Sample 1 6 100 19.8 0.088 19.6 0.095 19.7 0.101 19.7 0.091 0.45

Sample 2 8 100 35.8 0.017 34.4 0.088 33.8 0.082 34.6 0.069 0.83

Sample 3 6 100 31.9 0.093 31.6 0.089 31.2 0.074 31.6 0.081 0.78

Sample 4 6 100 19.9 0.027 19.7 0.028 19.7 0.027 19.7 0.026 0.72

Sample 5 4 100 18.4 0.012 18.2 0.01 18.4 0.01 18.3 0.011 0.31

Sample 6 6 100 19.9 0.103 19.6 0.1 19.8 0.102 19.7 0.096 0.62

b) Quantity Plate 2

Quantity N/Plate % Positive

Geometric 

Mean CV

Geometric 

Mean CV

Geometric 

Mean CV

Geometric 

Mean CV P-Value

Sample 1 6 100 62,490.7 1.04 62,307.1 1.1 58,753.5 1.16 61,159.3 1.06 0.91

Sample 2 8 100 1.0 0.395 1.6 1.6 3.3 1.42 1.5 1.79 0.22

Sample 3 6 100 13.3 0.95 9.5 0.9 20.0 0.8 13.6 0.86 0.48

Sample 4 6 100 61,643.6 0.36 62,019.1 0.38 62,604.2 0.34 62,087.7 0.34 0.99

Sample 5 4 100 172,320.9 0.15 185,654.6 0.13 151,541.2 0.12 169,248.5 0.15 0.14

Sample 6 6 100 57,757.4 0.97 63,593.0 1.02 55,696.9 1 58,922.7 0.94 0.86

Plate 1 Plate 3 All 3 Plates

Plate 1 Plate 3 All 3 Plates
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ABSTRACT 

We examined nearly 3000 juvenile Chinook and coho salmon captured in 

nearshore waters off the coasts of Washington and Oregon from 1999-2004 for 

infection by Renibacterium salmoninarum, Nanophyetus salmincola, and skin 

metacercariae.  The effects of these infections, both individually and in combination, 

were determined for three metrics of salmon growth: weight residuals (WRs, 

calculated from length-weight regressions), ocean growth (back-calculated from 

scales; coho salmon only), and plasma levels of insulin-like growth factor-1 (IGF-1).  

In addition, seasonal declines in the prevalence and severity of infection were 

examined for specific genetic stocks of coho salmon in an effort to identify pathogen-

associated mortality.  Infection by N. salmincola was the most common single 

infection among all juvenile salmon (55.2% prevalence; significantly higher among 

coho salmon than among Chinook salmon), followed by R. salmoninarum  (27.5%; 

highest among yearling Chinook salmon) and skin metacercariae (16.5%; highest 

among subyearling Chinook salmon).  There was an anomalous peak in R. 

salmoninarum infection in 2000, with 54.8% of all juvenile salmon infected.  

Subyearling Chinook salmon infected by N. salmincola had significantly reduced 

WRs, but these effects were not seen in yearling Chinook salmon, most likely as a 

result of lower exposure to infection by this parasite.  Infection by R. salmoninarum 

reduced the growth metrics of yearling Chinook salmon and coho salmon; data for 

subyearling Chinook salmon were inconclusive.  Infection by skin metacercariae had 

no significant effects on Chinook salmon but was associated with reductions in the 

WRs of coho salmon.  Specific combinations of multiple infections did not have 

significantly more severe effects on the growth metrics than single infections, 

although the prevalence of triple infections was very low in both species and declined 

from summer to fall.  Overall, these data suggest that infection by pathogens can 

reduce salmon growth, which has been linked to survival in the first year at sea; thus, 

pathogens have a role in regulating Chinook and coho salmon populations in the 

region.  
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INTRODUCTION 

Parasites can regulate host populations through direct mortality, by affecting 

the host organism‘s ability to compete intra- (with uninfected conspecifics) or inter-

specifically, and by affecting fitness or growth.  Once relegated to a minor role in 

ecological communities, ―parasites are now seen to operate in a density-dependent 

manner, and thus may serve to regulate the density of a species‖ (Dobson & Hudson 

1986).  Aquatic pathogens can regulate fish populations via host mortality and reduced 

fecundity (Lester 1984), particularly when pathogen transfer rates are high, as among 

farmed/captive fish populations (Sindermann 1987).   

Measuring the direct effects of parasitic infection on fish hosts can be difficult 

in free-ranging populations because infections that reduce the growth or physiological 

performance of infected fish are likely to result in increased predation or direct 

mortality, quickly removing these fish from the population (Bakke & Harris 1998). 

Patterson (1996) modeled the effect of the fungal parasite Ichthyophonus hoferi on 

North Sea herring (Clupea harengus) populations and predicted that the population 

size was reduced by 10-20% during fungal epizootics.  A field study analyzing the 

influences of an ectoparasite on the bridled goby (Coryphopterus glaucofraenum) 

showed that infected individuals had significantly reduced growth, gonad mass, and 

higher instantaneous mortality (Finley & Forrester 2003).  Since size has been 

identified as a critical factor in the survival of juvenile fish in their first year at sea 

(Holtby et al. 1990, Sogard 1997, Lum 2003, Zabel & Achord 2004, Van Doornik et 

al. 2007), parasitic infections that reduce growth can reduce survival, and thus may 

play a role in regulating Pacific salmon populations. 

Through a large sampling effort from 1999-2004, nearly 3,000 juvenile 

Chinook and coho salmon were collected from nearshore waters off the coasts of 

Oregon and Washington.  These salmon were examined for the pathogenic bacterium 

Renibacterium salmoninarum, the trematodes Nanophyetus salmincola, and the 

trematodes causing ―black spot‖ disease (either neascus or Apophalus sp.), because 

these infections were common and because they persist in the host after ocean entry.  

Renibacterium salmoninarum is the causative agent of bacterial kidney disease (BKD) 
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in susceptible salmonids.  The infection is typically acquired in the fresh water phase 

of the salmonid life cycle, and is transmitted both vertically (in ovo) and horizontally 

(fish-to-fish, via the fecal-oral route) within salmon populations (Bullock et al. 1978, 

Mitchum & Sherman 1981, Evelyn et al. 1986a, Balfry et al. 1996, McKibben & 

Pascho 1999).  There is also some evidence that the infection can be passed 

horizontally among juvenile salmon in salt water (Rhodes et al. 2006).  Infection with 

R. salmoninarum can cause enzootics, particularly in hatcheries where fish densities 

are high (Banks 1994), but more typically leads to chronic infections with persistent 

low level mortality. There is some evidence of recovery from the infection (Bruno & 

Munro 1986, Pascho et al. 1991, Cvitanich 2004, Turgut et al. 2008). 

In the early 1980‘s, an ocean sampling study conducted off the Oregon and 

Washington coasts determined the prevalence of R. salmoninarum to be 11% in adult 

Chinook salmon (n=878) and 4% in adult coho salmon (n=2276) captured and 

analyzed by the fluorescent antibody technique (FAT) (Banner et al. 1986).  Kent et al. 

(1998) reported much higher prevalences among ocean caught salmon from coastal 

British Columbia, Canada, using the more sensitive enzyme-linked immunosorbent 

assay (ELISA): 58.4% of the Chinook salmon captured in this area were infected by R. 

salmoninarum, as were 49.9% of the coho salmon, 7.4% of the chum salmon, and 

6.2% of the sockeye salmon.  Most recently, Rhodes et al. (2006) reported a 

prevalence of 26.6% among mostly subyearling Chinook salmon captured in north 

Puget Sound in 2003 using Quantitative FAT and a quantitative polymerase chain 

reaction (qPCR) assay that amplified the R. salmoninarum abc gene. 

Juvenile salmon in the study presented here were also examined for parasites, 

defined as multicellular organisms with complex life cycles (i.e. requiring multiple 

host species to complete the life cycle) and indirect transmission.  These included the 

encysted metacercariae of the trematode Nanophyetus salmincola, which infects 

juvenile salmon (among other fish species) in fresh water as a second intermediate 

host.  The encysted trematode survives for the life of the salmon (Bennington & Pratt 

1960, Farrell et al. 1964) or until the fish is eaten by the parasite‘s definitive host, 

either a mammal (Millemann & Knapp 1970) or piscivorous bird (Farrell et al. 1964).  



44 

Several studies have demonstrated the ability of N. salmincola to increase mortality in 

infected juvenile salmonids (Baldwin et al. 1967, Butler & Milleman 1971, Newcomb 

et al. 1991, Jacobson et al. 2008).  Metacercariae of N. salmincola have also been 

reported among adults captured at sea; Weiseth et al. (1974) found that 31% of 

Chinook salmon and 53% of coho salmon captured in the summers of 1972 and 1973 

were infected.  Olson (1978) also reported that 5% of adult coho salmon and 13% of 

adult Chinook salmon caught off the coast of Oregon were infected by N. salmincola.   

The other parasite included in this study encysts in the host‘s skin or 

subcutaneous muscle, resulting in ―black spot‖ disease.  Black spot can be caused by a 

trematode infection with either Neascus-like metacercariae or Apophallus spp.  These 

trematodes are also acquired in fresh water and persist for a minimum of several 

months (Ferguson et al. 2010) to the entire life span of the infected host.  Species 

identification can be difficult because the morphology of the metacercariae is variable; 

―neascus‖ is a larval form common to the families Strigeidae and Diplostomatidae, 

and may refer to several species (Olson et al. 2003).  Thus we refer to cases of black 

spot infection simply as ―skin metacercariae‖.  Acute, heavy infections with A. 

donicus were shown to cause mortality in small coho salmon (6 cm in length) (Niemi 

& Macy 1974).  Kent et al. (2004) reported that infections by Apophallus spp. were 

associated with skeletal deformities in cyprinid fish in the Willamette River, Oregon.  

In addition, Ebersole et al. (Ebersole et al. 2006) noted lower than expected 

overwintering survival in coho salmon smolts parasitized by Apophallus.  These 

results were confirmed by Ferguson et al. (Ferguson et al. 2010), who reported 

dramatic declines in Apophallus spp. parasite abundance between the parr and smolt 

stage in coho salmon.  

The parasites and pathogen studied here were also chosen because they have 

been documented in many coastal rivers and estuaries of the Pacific Northwest 

(Arkoosh et al. 2004, Van Gaest et al. 2010) but little information is available 

regarding their effects on juvenile salmon in the marine phase.  Our goal in this study 

was to determine the prevalence and severity of these common infections and to 

determine if single and multiple infections affect the growth of juvenile Chinook and 
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coho salmon early in marine residency, using weight residuals, levels of insulin-like 

growth factor-1 (IGF-1), and ocean growth (in mm) as metrics.  Correlation between 

infection intensity and the growth metrics were also compared, and presence/absence 

data for the different infections were examined for evidence of pathogen-related 

mortality.  We also investigated whether larger patterns seen within species were 

affected by changes in stock composition.  This study comprised six years of data and, 

in the case of R. salmoninarum, utilized newer and more sensitive detection assays, 

providing the most comprehensive study to date of the potential role of infection and 

disease on juvenile Chinook and coho salmon growth and survival in this region.  

 

METHODS AND MATERIALS 

Fish Capture, Storage, and Classification 

Juvenile Chinook and coho salmon were captured in near-shore marine waters 

in May, June and September of each year (1999-2004).  Although variations occurred 

due to weather, we typically sampled 3 transects in May and 8 transects in June and 

September  (Figure 1).  These transects ranged from Tatoosh Island, WA (48.337; -

124.718; just south of the U.S.-Canada border) south to Newport, Oregon (44.40; -

124.4); the Columbia River transect (46.17; -124.45) was sampled during every cruise.  

Along each transect, stations were sampled at 1, 3, 5, 7, 10, 15, 20, and 25 nautical 

miles offshore or until the continental shelf break was reached, as daylight and 

weather permitted.  An 88 meter, eight seam rope trawl net with a small diameter 

mesh liner in the codend (0.8 cm, to retain small organisms) was towed at the surface 

at each station for 30 minutes during daylight hours (trawls began or ended at least one 

hour after sunrise or one hour before sunset).  The trawl opening was approximately 

18m X 30m, and the target boat speed was 6.5 km/hour.  Juvenile salmon were sorted 

from the general catch, immediately placed on ice, identified to species, and measured 

(fork length (FL) to the nearest mm) while on deck.  In May and June, blood samples 

from a subset of the catch were taken and processed for insulin-like growth factor 1 

(IGF-1) analysis (see below).  When possible, scales from the target area on the fish‘s 

flank (just below and slightly behind the dorsal fin) (Fisher & Pearcy 2005) were 
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taken for growth and age determination, although in many cases scales were lost as 

fish were tumbled in the codend.  Each juvenile salmon was assigned a unique 

identification number, placed in a separate storage bag, and frozen.  Adult salmon 

were placed in a recovery tank, measured for length, sampled for scales, and released.  

Retained juvenile Chinook and coho salmon were frozen at -80°C at the conclusion of 

each sampling cruise until dissection at a later date. 

 

Juvenile Salmon Age Class Determination and Jack Exclusion 

Sexually precocious males (―jacks‖) of both species were identified by a 

combination of three criteria, in the following order: high plasma 11-ketotestosterone 

hormone levels (Campbell & Emlen 1996) (data from Brian Beckman, NOAA), a high 

gonad index (testes weight >2% of total body weight; (Fisher & Pearcy 1995) and/or 

by exceeding fork length cutoffs at the ~95
th

 percentile for each species by month (in 

some cases, a single mm separated a large number of fish; in these cases, the 97% 

percentile was used).  The first two criteria were applied in all months; fork length 

cutoffs were applied only in June (243 mm for Chinook salmon, 229 mm for coho 

salmon) and September (270 mm for Chinook salmon, 355 mm for coho salmon).   

The remaining juveniles (non-jacks) were assigned to age classes based on fork 

length at capture date (Fisher & Pearcy 1990).  All remaining coho salmon were 

yearlings.  Juvenile Chinook salmon with a fork length less than or equal to 120mm in 

May, 140mm in June, and 250mm in September were classified as subyearlings; fish 

exceeding these cutoffs were considered yearling Chinook salmon. 

  

Tissue Sampling and Pathogen Analysis  

Juvenile salmon were partially thawed, weighed, re-measured for fork length 

(mm), scanned for marks that indicate hatchery origin (fin clips, coded wire tags 

(CWT), passive integrated transponder (PIT), or latex tags), and the presence and 

number of parasitic skin metacercariae (―black spot‖) were noted.  Each salmon was 

then dissected;  care was taken to prevent DNA contamination between specimens by 
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soaking all dissecting instruments in a 20% bleach solution for at least 2 minutes, 

followed by two water rinses.   

To determine the presence and intensity of Nanophyetus salmincola infection, 

the posterior kidney was excised and placed in a 4 oz. Whirlpak® tissue bag (Nasco) 

and refrozen at -20°C.  At a later date, each sample was thawed, squashed between 

two glass plates, and the number of metacercariae were counted by light microscopy 

(100X magnification).  Data for N. salmincola in 1999-2002 are from Jacobson et al. 

(2008). 

Renibacterium salmoninarum prevalence was analyzed by removal of the 

anterior kidney; these were frozen at  -80°C in Whirlpak® tissue bags (Nasco) until 

processed.  DNA extraction was conducted using the Qiagen DNeasy Tissue Kit 

following manufacturer‘s instructions for Gram-positive bacteria.  Following elution, 

samples were either run immediately or stored at -80°C until analyzed by nested 

polymerase chain reaction (nPCR) (Pascho et al. 1998).  To optimize results on our 

thermocycler ( MJ research P100), the thermocycling regime was slightly modified as 

follows: 88°C for 3 minutes, 94°C for 2 minutes, then 30 cycles of 94°C for 30 

seconds, 60°C for one minute, and 72°C for 1 minute.  Reagent concentrations and 

primers were unchanged.   

To quantify the R. salmoninarum infection level, nPCR- positive samples were 

also analyzed in duplicate wells using the qPCR protocol of Rhodes et al. (2006), 

modified by the addition of minor-groove binding (MGB) probes to increase 

sensitivity (Applied Biosystems, Inc.) (Chapter 2).  Although a number of qPCR 

assays for R. salmoninarum exist, this one was chosen because it was the best at 

detecting those samples with medium to high infection levels (most likely to lead to 

BKD), had the lowest coefficient of variation, and provided a known number of 

bacterial genomes because it amplified the single-copy abc gene (Chapter 2).  Here, 

we define ―severely infected‖ samples as those with a Cq  score <20, since samples 

entering exponential amplification below this cycle number have large numbers of 

bacterial genomes present (data not shown). 
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Growth Analysis from Scale Samples  (Data from Joe Fisher, Oregon State University) 

For coho salmon, scale analysis was used to estimate the ocean-phase growth 

rate (mm increase in fork length/day) of juvenile salmonids captured in this study. 

Briefly, acetate scale impressions were analyzed with Optimas® imaging software and 

the distance between the focus, ocean entry mark and scale margin measured.  Ocean 

growth (OG) and fork length at ocean entry (FLOE) were back-calculated from an 

average of the spacing of all scale circuli formed between ocean entry and capture 

(Brodeur et al. 2004, Fisher & Pearcy 2005).  Due to scale loss during the trawl, these 

data were not available for all captured coho salmon.  

 

Analysis of Insulin-Like Growth Factor-1 (Data from Brian Beckman, NOAA) 

Blood was taken from the caudal vein using a heparinized syringe and stored 

on ice for up to two hours.  Samples were then spun for 5 minutes in a microcentrifuge 

at 3,000 x G for 5 minutes. Blood plasma was collected and frozen at -20
o
C while at 

sea (up to 10 days) and then transferred and stored at -80°C on land. Plasma IGF-1 

concentration was quantified in acid-ethanol extracted samples using the 

radioimmunoassay developed by Shimizu et al. (2000) using barramundi antibody and 

recombinant salmon IGF-1 as label and standard. 

Because IGF-1 levels respond rapidly in response to diet, measuring plasma 

IGF-1 levels at time of capture allows for the assessment of how well an individual 

salmon has been growing over the previous two weeks, depending on temperature 

(Beckman et al. 2004). 

 

Genetic Analysis  (Data from David Teel, NOAA) 

Genetic stock identification methods (Pella & Milner 1987) were used to 

estimate the stock compositions of 331 juvenile Chinook and 234 coho salmon.  

Genomic DNA was isolated from muscle tissues (stored at -80°C) using Wizard 

genomic DNA purification kits (Promega Corp.) and used in PCR reactions to amplify 

microsatellite loci.  PCR products were analyzed with an Applied Biosystems 3100 

capillary electrophoresis system and GeneScan and Genotyper software (Applied 
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Biosystems, Inc.) were used to determine the size and number of alleles at each locus.  

Chinook salmon were genotyped for the 13 loci reported in Seeb et al. (2007).  Coho 

salmon were genotyped for the 11 loci reported in Van Doornik et al. (2007).   

The genetic stock identification program ONCOR (Kalinowski 2004) 

estimated the stock compositions of mixtures and assigned individuals to their most 

likely stock of origin using condition maximum likelihood (Millar 1987) and genotype 

probabilities calculated with the method of Rannala and Mountain (1997).  Precision 

of the stock composition estimates was estimated by bootstrapping the estimates 100 

times with resampling of the baseline and mixture genetic data (Pella & Milner 1987, 

Rannala & Mountain 1997).  For comparisons of salmon by stock, only those fish with 

best estimates of greater than 75% were included.  

 

Data Analyses 

Graphs and visual data presentations were created using StatGraphics (2009).  

Statistical analyses were performed using StatGraphics.  Data on fish weight (Wt) 

were natural log (nLog) transformed prior to analysis to achieve a normal distribution; 

differences in weights reported in the text refer to untransformed average weights.  

Data for each species and age class were screened for outliers from the simple 

regression of nLog(Wt)  X  nLog(Fork Length); those with studentized residuals greater 

than three times the mean, or those with leverage exceeding three times the average 

value, were removed (Zar 2010).  Prior to analysis of the effect of single infections on 

the growth metrics, we tested for interactions among infections by more than one 

parasite/pathogen and nLog(Wt) by ANOVA and ANCOVA; when significant 

interactions occurred (rarely, and only in combination with skin metacercariae), 

comparisons were limited to fish with single infections only.   

To examine the effects of multiple infections on fish weight, models of 

nLog(Wt) were constructed for each species and age class using all significant 

(p<0.05) factors (possible factors included year, hatchery status (marked vs. 

unmarked), region of capture (north of the Columbia River, Columbia River region, or 

south of the Columbia River region; see Figure 1), and genetic stock.  Region of 
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capture was not a significant factor for coho salmon.  To examine the effects of single 

infections on the growth residuals, comparisons among species and age classes were 

made using data from all years (1999-2004).  Separate comparisons were made by 

season (because fall fish are heavier than summer fish) and, where possible given the 

constraints of sample sizes, by hatchery vs. unmarked (because hatchery fish are larger 

at the time of release than their naturally produced conspecifics). For each species and 

age class, models were constructed by season to reflect age-related differences in size, 

where ―summer‖ included fish captured in May and June, and ―fall‖ consisted of fish 

captured in late September (and, in one year, in early October).  The model outputs 

were compared to the simple model of nLog(Wt) as predicted by nLog(Fork Length) 

for each species and age class (De Robertis & Williams 2008).  The best model was 

then used to generate a regression line; vertical deviations from this line were the 

weight residuals (De Robertis et al. 2005).  Positive residuals indicated fish that were 

heavier than predicted, and those with negative residuals weighed less than predicted.  

Group (e.g. infected vs. uninfected) residuals were compared by ANOVA if 

assumptions of equal variance were met, and by the Kruskal-Wallis non-parametric 

ANOVA if the variances were unequal.  Homogeneity of variance between groups 

was tested using the F-test and the Kolgorov-Smirnov comparison of distributions 

(Sokal & Rohlf 1987) analyze the effects of single or multiple infections within a 

specific stock of salmon, the above procedures were followed, but a separate model of 

nLog(Wt) was created for each stock, by season, to generate weight residuals for 

comparison. For post-hoc analysis of ANOVA data between multiple infection groups, 

the Tukey‘s honestly significant difference (HSD) test was used to reduce multiple 

comparisons bias. 

Ocean growth (―OG‖) in mm, derived from scale analysis, was available only 

for coho salmon.  Comparisons of OG in mm between infection groups were 

performed using the Kruskal-Wallis test due to the non-normal distribution of these 

data.  Here again, analyses were performed separately for each season, and, where 

possible given the sample sizes, by hatchery status, since hatchery salmon are released 

at larger size than naturally produced fish. 
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Data on the levels of IGF-1 were only available in sufficient numbers for 

yearling Chinook salmon (N=229) and coho salmon (N=578) in the summers of 2000-

2004.  These data were normally distributed after the removal of outliers, and were 

analyzed using MANOVA models that accounted for other factors that may have 

influenced IGF-1 levels (year, region, hatchery origin, coinfections with more than 

one pathogen or parasite). 

For comparisons of mean infection intensity between species or seasons, the 

non-parametric Mann-Whitney U-test was utilized (by definition, the mean intensity 

of infection is calculated using only infected fish) (Bush et al. 1997).  To investigate 

the effect of infection intensity on fish weight, regression with a negative binomial 

distribution was used due to the non-normal distribution of parasites  (i.e. a few fish 

were heavily infected, but most had few parasites).  The models included year, 

hatchery status, region of capture, and infection by all pathogens/parasites 

(individually) as possible factors, and used a stepwise backward selection criteria to 

include only significant factors.  

Contingency tables for the chi-square (χ
2
) test were used to compare the binary 

prevalence (percent infected) data; p-values reported are Fisher‘s exact p-values.  To 

compare prevalence data by season, the multiple comparisons for proportions 

procedure was used; results from these tests do not provide specific p-values, but do 

identify results beyond significance cutoffs (p<0.05) (Zar 2010).  Prevalence data 

were analyzed to determine if the number of infected fish deviated from the expected 

values, indicating potential pathogen or parasite-related mortality in groups with low 

coinfection prevalences.  For all other statistical tests, significance was defined as p< 

0.05. 

 

RESULTS 

The results are presented in four sections: I. Single infections, II. Single 

infections by stock; III. Multiple Infections; IV. Multiple infections by stock.  Within 

each section, subheadings (italicized) divide the results by infection type, species, or 
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stock.  Only some of the significant results are presented graphically to limit the 

number of figures. 

 

Overview- Salmon Catch 

Of the juvenile salmon captured in the nearshore waters off the Oregon and 

Washington coasts from 1999-2004, 712 subyearling Chinook salmon, 742 yearling 

Chinook salmon, and 1479 coho salmon were included in this study.  Catches of 

subyearling Chinook salmon were lower in summer (May and June; N=211) than in 

fall (September and October; N=501) due to the later ocean entry of this age class.  

Yearling Chinook salmon and coho salmon tend to migrate to the ocean earlier in the 

year, and this was reflected in our catches (for yearling Chinook salmon: summer 

N=669, fall N=73; for coho salmon, summer N=1193, fall N=286).   

 

I. Single Infections 

Renibacterium salmoninarum:  Prevalence 

More yearling Chinook salmon were infected by R. salmoninarum (31.9%, 

N=742, all years combined) than by either of the trematodes.  Infection by R. 

salmoninarum was also frequent among coho salmon (26.3%, N=1479, all years 

combined) and subyearling Chinook salmon (25.7%, N=712).  For all three species 

and age classes, the infection was most prevalent in 2000, when 65.2% of subyearling 

Chinook salmon (N=66), 54.8% of coho salmon (N=163) and 47.5% of yearling 

Chinook salmon were infected (Figure 2).   

For subyearling Chinook salmon, the prevalence of R. salmoninarum increased 

dramatically from 1999, when the prevalence was 14% (N=107).  Although there was 

variability in the prevalence of R. salmoninarum infection between species from 2001 

to 2003, the average prevalence in these years was similar between subyearling 

Chinook salmon (28%), yearling Chinook salmon (35.4%), and coho salmon (26%).  

However, the prevalence declined to less than 10% for all three species and age 

classes in 2004 (Figure 2).  Seasonal R. salmoninarum prevalences varied 

considerably between years for all three species and age classes.  Subyearling Chinook 



53 

salmon infection peaked in 2000 (61.9% in summer, 66.7% in fall) (Table 1), and 

prevalences were higher in fall than in summer in three of the five years (2000, 2001, 

2003); no yearling Chinook salmon were captured in the fall of 1999 or 2004. 

The prevalence of R. salmoninarum was highest in 2000 for yearling Chinook 

salmon (Figure 2); prevalences were higher in summer than in fall in all years except 

2000 (Table 1).  The prevalence in subyearling Chinook salmon was also highest in 

2000 (60.9% in summer, 66.7% in Fall).  Coho salmon prevalence also peaked in 2000 

(67.3% were infected in summer, and 40.7% in fall) and was higher in summer than in 

fall in 1999, 2000, 2002 and 2003 (Table 1).  No coho salmon were captured in the fall 

of 2004. 

 

Renibacterium salmoninarum:  Severity of Infection 

The quantitative PCR (qPCR; Chapter 2) was used to quantify the severity of 

infection among all samples detected as positive for R. salmoninarum by the nPCR 

(N=806).  Very few of the nPCR positive samples were also positive by the qPCR 

(N=149, 18.5%), indicating that most of the juvenile salmon in this study had low 

infection severities (81.5%).  Of the 149 salmon positive by the qPCR, 11.4% (N=17) 

tested had severe infections (Cq < 20).  As a percentage of the total number of salmon 

positive by the nPCR, only 2.11% (N=17/806) had severe infections. These three 

measures of R. salmoninarum prevalence and severity were compared for each year 

(Figure 3).   

The percentage of samples positive by the qPCR in any given year was 

proportional to the prevalence by nPCR, highest in 2000 (54.8% positive by nPCR, 

14.2% positive by qPCR, 2.84% with severe infections; all species and age classes 

combined) (Figure 3).  The lowest prevalence and severity occurred in 2004 (7.3%, 

1.29%, 0, respectively; all species and age classes combined).  Due to the low number 

of qPCR positive samples, these data were not compared statistically by species or age 

class; however, yearling Chinook salmon had the highest percentage of qPCR 

positives (45.3%, N=68) by species, followed by coho salmon (36.7%, N=55).  These 

data are examined more fully in Chapter 4. 



54 

 

Renibacterium salmoninarum:  Effects on Weight Residuals (WRs) 

To compare the WRs between infected and uninfected groups of salmon, we 

first separated the hatchery fish from those that were unmarked, because hatchery fish 

are released at a larger size.  Among fall yearling Chinook salmon, the unmarked fish 

(N=61) that were uninfected (N=18) had significantly higher WRs (Kruskal-Wallis 

p=0.035) than those infected by R. salmoninarum (N=43) (Figure 4); there were too 

few fall hatchery (N=12) salmon to permit comparison.  The summer, unmarked 

(N=121) subyearling salmon that were uninfected had higher WRs than those that 

were infected, but the difference was not statistically significant.  There were no 

statistically significant differences between R. salmoninarum infected and uninfected 

coho salmon in either season, although in both cases uninfected coho salmon had 

higher WRs than those that were infected. 

 

Renibacterium salmoninarum:  Effects on Ocean Growth (coho salmon only) 

The effect of R. salmoninarum infection on the ocean growth (OG) of coho 

salmon was also investigated  (OG data were only available for coho salmon).  

Summer, unmarked coho salmon that were uninfected (N=112) had significantly more 

OG (Kruskal-Wallis p=0.059; mean difference in OG=3.48 mm; range=13.94 mm) 

than those with R. salmoninarum (N=47) (Figure 5).  The same was true for summer 

hatchery coho salmon, with uninfected fish (N=191) having significantly more OG 

(Kruskal-Wallis p=0.038, mean difference in OG=6.89 mm; range=13.54 mm) than 

infected cohorts (N=66).  There was no significant difference between the WRs of 

infected vs. uninfected fall coho salmon, either unmarked (N=96) or hatchery (N=84).  

 

Renibacterium salmoninarum:  Effects on IGF-1  

IGF-1 data were available only for yearling Chinook salmon and coho salmon 

in the summers of 2000-2004.   IGF-1 levels were lower in R. salmoninarum infected 

yearling Chinook salmon (N=229) than in uninfected salmon in all years except 2000; 

this result was significant (p=0.042) when 2000 (N=45) was excluded (Figure 6).   
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A similar effect was seen in coho salmon; R. salmoninarum infected fish had 

less IGF-1 (N=134) than uninfected fish (N=442) in all years except 2003, although 

the result was also significant with all years included (p=0.009, N=576, mean 

difference=5.52 ng/ml) and in all regions (Figure 6).  The result was still significant 

with 2003 removed (p=0.003).  The origin of the fish (hatchery or unmarked) did not 

have a significant effect, although, for coho salmon, N. salmincola infection was 

significant and by necessity both infections were included in the MANOVA model.   

 

Nanophyetus salmincola:  Prevalence 

Infection by the trematode N. salmincola was the most common single 

infection for coho salmon and subyearling Chinook salmon.  Prevalences were 

consistently high for coho salmon in all years (Figure 7). Prevalence and intensity data 

from 1999 through 2002 has been published by Jacobson et al. (2008).  Subyearling 

Chinook salmon had the second highest overall prevalence (42.3%; N=712), followed 

by yearling Chinook salmon (28.7%; N=742).  The prevalence among subyearling 

Chinook salmon varied less between years (ranging from 37.1% to 54.7%) in 

comparison with yearling Chinook salmon, where prevalence ranged from a low of 

16.6% (1999) to 60.6% (2001) (Figure 7).  The prevalence for all three species and 

age classes was highest in 2001 (coho salmon: 77.1%, N=236; yearling Chinook 

salmon: 60.6%, n=33; subyearling Chinook salmon: 54.7%, N=106). 

 

Nanophyetus salmincola:  Infection Intensities 

The intensity of N. salmincola infection was also highest among coho salmon.  

The infection intensity for subyearling Chinook salmon was highest in the fall of 2003 

(57 metacercariae, N=31) and was lowest in the summer of 2001 (2 metacercariae, 

N=7).  With the exception of 2001, summer infection intensities were similar, with 

mean intensities between 24.6 and 50 metacercariae (no infected subyearling Chinook 

salmon were captured in the summer of 1999) (Figure 8a).  Fall infection intensities 

among subyearling Chinook salmon were also similar, with mean values between 18.4 

and 56.5 metacercariae.  The prevalence of N. salmincola infection in yearling 
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Chinook salmon was highest in 2001 (Figure 8b), but intensities were low in all years 

except 2003. 

Coho salmon had much higher intensities of infection in summer than in fall in 

all years except 2002.  The mean intensities varied from a low in the summer of 2003 

(132.4 metacercariae, N=225) to a peak in the summer of 2002 (233.7 metacercariae, 

range 1-2230, N=161) (Figure 8c).  In the fall of 2002, coho salmon had a mean 

intensity of 218.3 metacercariae (N=56), but in all other years the mean infection 

intensities declined by approximately 50%, varying from a low of 44 metacercariae in 

the fall of 2003 (N=8) to 111.4 in the fall of 2001 (N=37).  No coho salmon were 

captured in fall of 2004.  These data are summarized in Table 2. 

 

Nanophyetus salmincola:  Effects on Weight Residuals (WRs) 

There were no significant differences in the weight residuals (WRs) of 

uninfected vs. N. salmincola infected subyearling or yearling Chinook salmon in 

summer or fall (whether hatchery or unmarked).  Unmarked coho salmon captured in 

summer (N=444) that were infected with N. salmincola (N=340) had significantly 

larger WRs (Kruskal-Wallis p=0.003) than did uninfected fish (N=104) (Figure 9); 

there was no difference among hatchery fish. 

 

Nanophyetus salmincola:  Effects on Ocean Growth (coho salmon only) 

In both seasons, coho salmon infected with N. salmincola had greater OG than 

their uninfected cohorts.  The difference was significant (Kruskal-Wallis p=0.0002) 

only among summer unmarked coho salmon, with infected fish (N=113) having more 

OG  (mean difference in OG of 11.95mm) than uninfected (N=33). 

 

Nanophyetus salmincola:  Effects on IGF-1 Levels 

IGF-1 data was available only for yearling Chinook salmon and coho salmon 

in the summers of 2000-2004.  The effect of N. salmincola on coho salmon was the 

opposite of R. salmoninarum: those that were infected (N=426) had significantly 

higher plasma IGF-1 levels (p=0.004; mean difference in IGF-1=4.9) than uninfected 
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(N=150) (data not shown).  There were no significant effects of N. salmincola 

infection on subyearling or yearling Chinook salmon. 

   

Nanophyetus salmincola:  Regression of Infection Intensity Vs. Fish Weight 

The negative binomial regression model for summer yearling Chinook salmon 

weights included year, hatchery status, region, R. salmoninarum, and skin 

metacercariae as cofactors in the model; the best resulting model (by stepwise 

selection) was: [Fish Wt (gm) = exp(4.566 - 0.0007122*NanoMet# - 

0.1112*Year=1999 - 0.0429*Year=2000 + 0.257*Year=2001 + 0.2052*Year=2002 - 

0.1046*Year=2003 + 1.19*Hatchery=Hatchery - 0.3626*N/CR/S=CR - 

0.2865*N/CR/S=N)] (Nanomet# = the number of N. salmincola metacercariae; 

N/CR/S= region of capture).  As the main factor, N. salmincola was highly significant 

(p<0.0001) and was inversely correlated with summer yearling Chinook salmon 

weights (N=192 infected); the percentage of deviance explained (the equivalent of R
2
 

for linear regression) was 17.8% (Figure 10).  Skin metacercariae was also a 

significant factor in the model.  Very few yearling Chinook salmon were infected in 

fall (N=21), and there was no correlation. 

Among summer coho salmon, a similar pattern occurred (Figure 11); using the 

same factors, the best resulting negative binomial regression model for coho salmon 

weights was: [Fish Wt (gm) = exp(4.043 - 0.0001524*NanoMet# + 

0.2807*Year=1999 + 0.3135*Year=2000 - 0.09928*Year=2001 - 0.02084*Year=2002 

+ 0.1976*Year=2003 + 0.1044*Hatchery=Hatchery - 0.2097*N/CR/S=CR - 

0.03801*N/CR/S=N - 0.07044*R.sal=POSITIVE)].  Here again, N. salmincola was a 

significant factor in the best model for summer coho salmon weights, but the 

percentage of deviance explained was only 3.93%.  Note that R. salmoninarum (R.sal) 

infection was also a significant factor in predicting summer coho salmon weights, and 

both had to be included in the model.  These data are also presented as a scatter plot in 

Figure 12 to highlight the trend of reduced numbers of metacercariae among larger 

fish that was present for all species and age classes (only coho salmon are shown as 

they had the highest prevalence).  A hypothetical distribution of fish weights is shown 
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for comparison (to illustrate the expected distribution if there was no effect of N. 

salmincola infection on fish weight).  There were no significant correlations between 

the number of metacercariae and the weights of subyearling Chinook salmon infected 

with N. salmincola (N=230), either overall or by season.   

 

Skin Metacercariae: Prevalence 

Infection by skin metacercariae was less common than infection by either R. 

salmoninarum or N. salmincola.  Overall, subyearling Chinook salmon had a much 

higher prevalence (32.3%, N=712) than coho salmon (14.5%, N=1479) or yearling 

Chinook salmon (5.5%, N=742).  The prevalence among subyearling Chinook salmon 

peaked in 1999 (44.9%, N=107) and was also high in 2000 (36.4%, N=66), years 

when the prevalence was extremely low among yearling Chinook salmon (2.9%, 

N=139 and 2.5%, N=158, respectively) and coho salmon (5.4%, N=167 and 3.7%, 

N=163, respectively) (Figure 13).  The prevalence among subyearling Chinook 

salmon was lowest in 2003 (20.2%, N=124).  Prevalences were consistently low for 

yearling Chinook salmon except in 2001, when the prevalence peaked at 30.3% 

(N=33). Skin metacercarial infection among coho salmon was rare in 1999 (5.4%) and 

2000 (3.7%), but from 2001 to 2004 the prevalences increased markedly, averaging 

17.3% in those years (N=1149) (Figure 13). 

 

Skin Metacercariae:  Infection Intensities 

The mean intensities of skin metacercariae (calculated using only infected fish) 

and ranges were consistently low for summer subyearling Chinook salmon in 2002 

(20.3 metacercariae), 2003 (4.7 metacercariae), and 2004 (5 metacercariae) (no 

infected subyearling Chinook salmon were caught in the summers of 1999-2001) 

(Figure 14a; Table 3).  Infected subyearling Chinook salmon were caught each fall, 

and although the intensities were generally higher than in summer, they never 

exceeded a mean of 20.3 metacercariae.  

Skin metacercariae intensities were higher among yearling Chinook salmon, 

and were highest in the fall of 2000 (mean of 100 metacercariae, N=1) and the 
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summer of 1999 (mean of 63 metacercariae, N=4) (Figure 14b).  From 2002-2004, 

mean intensities among yearling Chinook salmon declined to less than 20 

metacercariae in both seasons; no infected yearling Chinook salmon were captured in 

the fall of 1999 or 2004.  The severity of skin metacercariae among coho salmon was 

more consistent than for subyearling or yearling Chinook salmon, and the ranges of 

infection were much higher.  The mean intensities in summer coho salmon were 

similar (mean metacercariae varied from 20.7 to 35.2) in all years except 2002, when 

the mean intensity peaked at 53.9 (N=43) (Figure 14c).  Fall infection intensities 

among coho salmon were very low (means <8.6 metacercariae) in 1999, 2001, and 

2002; there were no coho salmon with skin metacercariae infections in 2000 or 2003, 

and no coho salmon were captured in the fall of 2004.  These data are summarized in 

Table 3. 

 

Skin Metacercariae:  Effects on Weight Residuals (WRs) 

The low prevalence of skin metacercariae precluded seasonal comparisons 

between unmarked and hatchery fish.  Among subyearling and yearling Chinook 

salmon, there was no significant difference between infected and uninfected summer 

or fall WRs.  In contrast, unmarked summer coho salmon that were uninfected 

(N=311) had significantly smaller WRs (p=0.003, N=133) than those infected with 

skin metacercariae (N=133).  There was no significant difference between the WRs of 

uninfected vs. infected summer hatchery coho salmon or unmarked or hatchery fall 

coho salmon. 

 

Skin Metacercariae- Effects on Ocean Growth (coho salmon only) 

There were no significant effects of infection by skin metacercariae on the OG 

of coho salmon captured in either summer or fall.  Low prevalences made statistical 

comparison difficult: among summer hatchery coho salmon, only 8 of 244 were 

infected, and infection rates were also low among fall coho salmon (unmarked, 

N=4/86; hatchery, N=2/96). 
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Skin Metacercariae - Effects on IGF-1 Levels 

Skin metacercariae infection was not associated with significant differences in 

IGF-1 levels in any of the species comparisons, and negative binomial regressions of 

both N. salmincola and skin metacercariae counts versus IGF-1 showed no significant 

correlations (data not shown). 

 

Skin Metacercariae- Regression Of Infection Intensity Vs. Fish Weight 

For infected summer coho salmon (N=197), the number of skin metacercariae 

was inversely correlated with fish weight.  As the main factor, skin metacercariae was 

significant (p=0.03) in the best negative binomial regression model, which included 

year, hatchery status, region, N. salmincola and R. salmoninarum as factors: [Fish Wt 

(gm)_1 = exp(4.086 - 0.00103*#SkinMet + 0.1854* Hatchery=Hatchery0.2186* 

R.sal=POSITIVE)] (#SkinMet =  number of skin metacercariae).  Both skin 

metacercariae and R. salmoninarum (p=0.006) were significant factors and negatively 

impacted fish weight, although N. salmincola did not, and the percentage of deviance 

explained by the model (the equivalent of R
2
 for linear regression) was only 2.9% 

(Figure 15).  There were not enough infected coho salmon in the fall to permit 

comparison (N=14).  There were no significant correlations between the numbers of 

skin metacercariae and fish weights for subyearling Chinook salmon, and too few 

yearling Chinook salmon were infected to permit comparison. 

 

II. Single Infections Among Specific Salmon Stocks 

Salmon Catches by Species and Stock 

To investigate whether differences in the growth metrics between uninfected 

and infected salmon were the result of shifts in stock composition, we also examined 

the effects of the three infections individually within genetic stocks.  For subyearling 

Chinook salmon, the Upper Columbia River summer/fall (UCR-Su/F) stock had the 

largest sample sizes in both summer (N=76) and fall (N=149) in 1999-2004.  The 

other two most common stocks, the Spring Creek Group fall (SCG-F) (summer N=16; 

fall N=72) and the Snake River fall stock (Snake-F) (summer N=25; fall N=21) did 
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not have large enough summer catches to allow comparisons between summer and fall 

(the Spring Creek group includes salmon from the lower Columbia River, including 

the Elochoman River, Abernathy Creek, and fall Chinook in the Willamette River as 

well as salmon released from Spring Creek and Big Creek hatcheries; (Myers et al. 

2006).  

Three stocks of yearling Chinook salmon were captured in numbers large 

enough to permit comparison, but only in the summer.  These included the Upper 

Columbia River summer/fall stock (UCR-Su/F; N=146), the Snake River spring stock 

(Snake-Sp; N=106), and the Middle and Upper Columbia River spring stock 

(Mid&UCR-Sp; N=100).  Only 11 fish were captured in the fall; these were all UCR-

Su/F stock. 

In contrast to the Chinook salmon, larger numbers of juvenile coho salmon of 

the same stocks were captured in both seasons from 1999-2003 (no coho salmon were 

captured in the fall of 2004).  The most numerous included the Columbia River stock 

(CR) (summer N=483; fall N=89), the Washington Coast stock (WAC) (summer 

N=165; fall N=38), and the North Coast Oregon stock (NCOR) (summer N=139; fall 

N=24).   

 

Subyearling Chinook Salmon: Effects on Weight Residuals by Stock 

The only significant effect of any infection among subyearling Chinook 

salmon stocks was for the Spring Creek Group fall (SCG-F) stock; fish infected with 

N. salmincola (N=38) had significant smaller WRs than those that were uninfected 

(p=0.024, N=34, mean difference in actual weight=10.3g) (Figure 17). 

 

Yearling Chinook Salmon: Effects on Weight Residuals  by Stock 

There were no significant differences in WRs between uninfected yearling 

Chinook salmon and those infected with R. salmoninarum or N. salmincola 

(individually) among the three major yearling Chinook salmon stocks.  Statistical 

comparisons between uninfected and skin metacercariae infected stock groups were 

not possible due to the extremely low prevalence in yearling Chinook salmon. 
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Coho Salmon: Effects on Weight Residuals by Stock 

Among Columbia River (CR) stock coho salmon, unmarked summer fish that 

were infected (N=47) by N. salmincola had significantly larger WRs (p=0.008; mean 

difference in actual weights=9.1g) than those that were uninfected (N=25) (Figure 

18a).  Unmarked CR stock summer coho salmon that were infected by skin 

metacercariae (N=12) also had significantly larger WRs than uninfected (p=0.031, 

N=60; mean difference in actual weights=1.3g).   

The opposite effect of N. salmincola infection was seen among the summer 

Washington coast (WAC) stock.  Unmarked coho salmon that were infected with N. 

salmincola (N=58) had significantly smaller WRs (p=0.01; mean difference in actual 

weights=5.7g) than uninfected (N=23) (Figure 18b).   

 

Coho Salmon: Effects of Single Infections on Ocean Growth by Stock 

In the Washington coast stock (WAC), summer coho salmon infected by R. 

salmoninarum (N=61) had reduced OG in comparison with uninfected fish (p=0.061; 

N=15).  In the Columbia River stock (CR), infection by N. salmincola had the 

opposite effect; and infected summer coho salmon (N=123) were significantly larger 

than those that were uninfected (p=0.041, N=50).    

 

Single Infections:  Effects on IGF-1 Levels by Stock 

An examination of the effects of single infections on IGF-1 levels was limited 

to the CR stock of coho salmon; other stocks did not have sufficient sample sizes with 

IGF-1 data to allow comparison.  No significant effects on IGF-1 levels were found 

among CR stock coho salmon infected with R. salmoninarum, N. salmincola, or skin 

metacercariae. 

 

Seasonal Patterns in Prevalence and Severity Within Stocks 

In previous comparisons, changes in prevalence or infection severity between 

seasons were not examined statistically because differences could have been the result 
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of changes in stock composition.  However, seasonal declines in prevalence or 

infection intensity within a specific stock may indicate pathogen-related mortality; an 

increase in the percentage of uninfected fish may also indicate the removal of infected 

fish from the population, most likely as a result of predation.  Seasonal patterns of 

infection could not be examined for yearling Chinook salmon due to low catches of all 

stocks in fall. 

 

Subyearling Chinook Salmon Stocks: Prevalence and Intensity of Single Infections 

The prevalence by R. salmoninarum did not change significantly between 

seasons for any of the three most numerous stocks of subyearling Chinook salmon.  

Among the Snake River fall (Snake-F) stock, the prevalence declined from 24.2% 

(N=25) in summer to 14.3% (N=21) in fall (p=0.076).  The low number of samples 

quantified by the qPCR assay did not permit a comparison of R. salmoninarum 

infection severity between seasons for these stocks.  Among the Spring Creek Group 

fall (SCG-F) stock, the prevalence of skin metacercariae decreased significantly 

(p<0.0001) from summer (66.7%; N=18) to fall (11.1% ; N=72).  There were very few 

fish infected by skin metacercariae among the Snake-F stock in either summer (1/25) 

or fall (6/21). 

 

Coho Salmon Stocks: Prevalence and Intensity of Single Infections 

Among the three major coho salmon stocks (Columbia River (CR), 

Washington coast (WAC), and North Coast Oregon (NCOR)), the prevalence by R. 

salmoninarum did not differ seasonally, and there were too few positive by qPCR to 

determine if infection severities differed.  Significant declines in infection by N. 

salmincola from summer to fall, 1999-2002, have previously been reported for these 

three coho salmon stocks using the same samples (Jacobson et al. 2008); data for 2003 

followed this pattern.  There was also a significant seasonal decline in the prevalence 

by skin metacercariae in both the WAC stock (p=0.0078) and the NCOR stock 

(p=0.037), accompanied by declines in infection severity.  The prevalence by skin 

metacercariae was very low for the CR stock in both seasons. 
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III. Multiple Infections 

To examine the effects of multiple infections on the growth metrics, juvenile 

salmon were categorized by the number of single, double (coinfected), or triple 

infections.  In 1999-2004, 31.6% of all salmon captured were uninfected (928/2933).  

More yearling Chinook salmon were uninfected (47.8%; 355/742) than either 

subyearling Chinook salmon (34.3%; 244/712) or coho salmon (22.2%; 329/1479).  

The prevalence of coinfections (any combination of two or more infections) was 

significantly higher (p<0.001) among subyearling Chinook salmon (24.7%) than 

among yearling Chinook salmon (11.86%); the difference between coho salmon 

(23.9%) and yearling Chinook salmon was also significant (p<0.001).  Coinfection by 

both skin metacercariae and R. salmoninarum was uncommon in yearling Chinook 

salmon (N=2) and coho salmon (N=1), and was excluded from most statistical 

comparisons for this reason.  Simultaneous infections by R. salmoninarum, N. 

salmincola, and skin metacercariae (―triple infections‖) were rare (3.07%), also 

making statistical comparison difficult when split by season and hatchery status.  

Yearling Chinook salmon had significantly (p<0.0001) fewer triple infections (1.08%, 

N=8) than either subyearling Chinook salmon (4.92%, N=35) or coho salmon (3.18%, 

N=47) (Table 4).   

To examine the effects of multiple infections on WRs, comparisons were made 

between season and hatchery status (where possible given the constraints of sample 

sizes) for each species, as was done with single infections. 

 

Subyearling Chinook Salmon 

Subyearling Chinook salmon had significantly higher prevalences of infection 

by skin metacercariae, coinfection by N. salmincola and skin metacercariae, 

coinfection by skin metacercariae and R. salmoninarum, and triple infections than 

yearling Chinook salmon (p<0.05 for all comparisons).  Subyearling Chinook salmon 

also had significantly higher prevalences of uninfected fish and of infection by skin 

metacercariae than coho salmon (p<0.05 for all comparisons) in fall (Table 4).  
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Comparisons of multiple infections between species by season were not possible, 

because few subyearling Chinook salmon were captured in summer and few yearling 

Chinook salmon were caught in the fall (Figures 19 a, b).  Differences between the 

seasons were not compared statistically because shifts from summer to fall could be 

the result of changes in stock composition.  There were no significant differences 

between the mean WRs of the eight infection categories for subyearling Chinook 

salmon.   

 

Yearling Chinook Salmon 

Yearling Chinook salmon had a significantly (p<0.05) higher percentage of 

uninfected fish in fall and a significantly higher prevalence of fish infected with R. 

salmoninarum in both seasons than both subyearling Chinook and coho salmon.  

Differences between the seasons were not compared statistically because shifts from 

summer to fall could be the result of changes in stock composition.  There were no 

significant differences between the mean WRs of the eight multiple infection 

categories for summer or fall yearling Chinook salmon.   

 

Coho Salmon 

Coho salmon had significantly higher prevalences of coinfection by N. 

salmincola and R. salmoninarum (p<0.05) in summer than did subyearling and 

yearling Chinook salmon.  Coho salmon also had significantly higher (p<0.05) 

prevalences of coinfection by N. salmincola and skin metacercariae and triple 

infections than yearling Chinook salmon in fall (Figures 19 a, b; Table 4).  There were 

no significant differences in the WRs of uninfected vs. infected coho salmon for any 

of the multiple infection comparisons. 

 

Multiple Infections: Effects on IGF-1 Levels (all stocks combined) 

There were no significant effects of multiple infections on IGF-1 levels among 

yearling Chinook salmon (N=229) when coinfection by skin metacercariae and R. 

salmoninarum and triple infections were excluded from the analysis due to very low 
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sample sizes (Table 4).  There were also no significant effects of multiple infections in 

subyearling Chinook or coho salmon. 

 

IV. Multiple Infections Among Specific Salmon Stocks  

Multiple Infections: Subyearling Chinook Salmon Stocks 

There were large differences in the prevalences of coinfections between 

seasons for the UCR-Su/F stock (Figure 20), and an analysis of proportions showed 

that the summer and fall infection patterns were significantly different (χ
2
 p<0.0001).  

However, an increase in the prevalence of skin metacercariae and in coinfections 

including skin metacercariae, which are only acquired in fresh water, suggests that 

different subpopulations of this same stock of subyearling Chinook salmon were 

sampled in summer vs. fall, and therefore should not be compared by season.  There 

were insufficient numbers of fish in each season to compare the prevalences of 

multiple infections among the other two stocks of subyearling Chinook salmon. 

 

Multiple Infections: Yearling Chinook Salmon Stocks 

Due to low catches of the three major stocks of yearling Chinook salmon in the 

fall, statistical comparisons by season were not possible. 

 

Multiple Infections: Coho Salmon Stocks 

In contrast to the Chinook salmon, larger numbers of juvenile coho salmon of 

the same stocks were captured in both seasons from 1999-2003 (no coho salmon were 

captured in the fall of 2004).  The most numerous included the Columbia River stock 

(CR) (summer N=483; fall N=89), the Washington Coast stock (WAC) (summer 

N=165; fall N=38), and the North Coast Oregon stock (NCOR) (summer N=139; fall 

N=24).  Differences between these stocks were limited, except for coinfection by N. 

salmincola and skin metacercariae (p<0.05), which was lowest among CR stock 

(3.2%) and highest among NCOR stock (25.2%).   

There were no significant differences in the seasonal prevalence of multiple 

infections within the CR stock by season, although the prevalence of triple infections 
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declined from summer (N=7) to fall (N=0). (Figure 21a).  Among the WAC stock, the 

percentage of uninfected fish increased significantly from summer to fall (p=0.044) 

(Figure 21b).  There were also a significant seasonal decline in the number fish 

coinfected by N. salmincola and skin metacercariae (p=0.002), and the number of fish 

with triple infections also declined from summer (N=8) to fall (N=0).  Similar trends 

occurred among the NCOR stock of coho salmon.  There was a significant decrease in 

the number of fish coinfected with N. salmincola and skin metacercariae (p=0.008), 

and a decline in the number of fish with triple infections (9 in summer, 1 in fall) 

(Figure 21c). 

 

Effects of Multiple Infections on Weight Residuals 

When split by stock and multiple infection categories, there were not enough 

OG or IGF-1 data available for comparison, so only data for WRs were compared.  

There were no significant differences in the WRs between the various infection 

combinations for any subyearling or yearling Chinook salmon or coho salmon stocks. 

 

DISCUSSION 

Our data show that infection by R. salmoninarum, N. salmincola, and, 

infrequently, skin metacercariae, can affect the growth metrics of juvenile Chinook 

and coho salmon.  In addition, the seasonal declines observed in N. salmincola  and 

skin metacercariae infection intensity suggest that, for coho salmon, parasite-related 

mortality does occur.  

 

Prevalence and Intensity of Infections 

Overall, R. salmoninarum was detected in 27.5% of subyearling and yearling 

Chinook salmon and coho salmon.  The prevalence was anomalously high among all 

species and age classes in 2000 (54.8% overall).  The average prevalence in 2001-

2003 exceeded 26% (all salmon combined), then was sharply lower (<10%) in 2004.  

The intensity of infection was also highest in 2000, suggesting that environmental 
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factors favorable for juvenile salmon survival may have allowed more infected 

juvenile salmon to survive despite the infection (Chapter 4). 

Nanophyetus salmincola prevalence (55.2% of all salmon infected) was much 

higher than that of R. salmoninarum, and was higher in coho salmon than in either 

subyearling or yearling Chinook salmon (Figure 5).  Coho salmon also had 

consistently higher infection intensities in all years, especially in summer, and the 

range of metacercariae counts among coho salmon was far greater than for Chinook 

salmon (for the years 1999-2002, these data have already been published; Jacobson et 

al., 2008). 

Infection by skin metacercariae was much less common than for R. 

salmoninarum or N. salmincola; only 16.5% of all the juvenile salmon captured were 

infected.  Subyearling Chinook salmon had significantly higher prevalences of 

infection compared to yearling Chinook and coho salmon, particularly in 1999-2000, 

but infection intensities were low.  The prevalence of skin metacercariae infections 

among yearling Chinook salmon was elevated in 2001-2004.  Coho salmon had low 

prevalences of infection by skin metacercariae, but the highest infection intensities.   

 

Subyearling Chinook Salmon 

The prevalence of R. salmoninarum among subyearling Chinook salmon was 

25.7% (all years combined, by nPCR), but they had the lowest percentage of medium-

high level infections (17.4% of the qPCR positives) of any species/age class.  

Although no significant effects of R. salmoninarum on the growth metrics of 

subyearling Chinook salmon were detected, infected fish had lower WRs than those 

that were uninfected in all but two comparisons.  The lack of IGF-1 or ocean growth 

(OG) data for subyearling Chinook salmon, combined with the inability to compare 

seasonal declines in prevalence among stocks, makes it difficult to assess the overall 

effect of R. salmoninarum infections on this age class.  Because subyearling Chinook 

salmon are younger than yearling Chinook or coho salmon, the infection (if present) 

has had less time to progress.  This may have affected the ability of the PCR assays to 
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detect R. salmoninarum, and may also explain why the infection was not significantly 

correlated with reductions in growth.   

Subyearling Chinook salmon had moderate prevalences of N. salmincola and 

low infection severities, and only infected fish of the SCG-F stock had significantly 

lower WRs than uninfected cohorts.  Subyearling Chinook salmon had the highest 

prevalences of skin metacercariae, but no significant effects of infection were 

observed on the WRs.  We found that seasonal comparisons of trematode infections 

for subyearling Chinook salmon of the Upper Columbia River summer/fall stock (the 

only stock with sufficient summer catches to allow comparison between seasons) were 

not valid, based on an increase in the prevalence of skin metacercariae in fall (Figure 

20).  These parasites are only acquired in fresh water, so the increase from summer to 

fall suggests that  different subpopulations of this same genetic stock were captured in 

the two seasons.   

 

Yearling Chinook Salmon 

Yearling Chinook salmon had the highest prevalence of R. salmoninarum 

infection of the three groups (31.9% infected with all years combined, by nPCR) and 

the most with medium-high levels of infection (45.3% of all samples positive by 

qPCR).   Infected yearling Chinook salmon had significantly lower WRs than those 

that were uninfected, and infected fish had significantly lower levels of IGF-1.  This 

demonstrates that R. salmoninarum infection can impair both the long-term (WRs) and 

short-term growth (as indicated by IGF-1) metrics of infected yearling Chinook 

salmon.   

Prevalences of N. salmincola and skin metacercariae were lowest for yearling 

Chinook salmon, and there were no significant effects of these infections on the WRs 

or IGF-1 levels.  More yearling Chinook salmon were uninfected (47.8%) than either 

subyearling Chinook or coho salmon.  They also had a significantly lower prevalence 

of triple infections, but both of these results are most likely the result of lower parasite 

exposure due to rearing habitat (see below), as yearling Chinook salmon had lower 

prevalences of infection by N. salmincola and skin metacercariae individually. 
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The absence of significant effects on growth due to N. salmincola or skin 

metacercariae infection in yearling Chinook salmon could be related to genetic 

resistance (either they are resistant to these infections, or those infected were rapidly 

removed from population), but the most likely explanation is that they have much 

lower exposure to these parasites.  Juvenile yearling Chinook salmon typically rear in 

mainstem reaches of rivers (Scarnecchia & Roper 2000), while subyearling Chinook 

salmon and coho salmon rear in headwater reaches where infections by N. salmincola 

and skin metacercariae are more prevalent (Rodnick et al. 2008).  This is due to the 

distribution of the snail host of N. salmincola, which prefers silt-free rocky substrate 

that is more common in headwaters than in mainstem reaches (Diamond 1976).  

Seasonal comparisons of prevalence among yearling Chinook salmon stocks could not 

be made due to low catches of this age class in the fall; yearling Chinook salmon 

rapidly migrate north after ocean entry, out of our study region (Fisher & Pearcy 1995, 

Fisher et al. 2007). 

  

Coho Salmon 

The effects of R. salmoninarum on the juvenile coho salmon growth metrics 

were more consistent than for either trematode infection.  Coho salmon had moderate 

prevalences of infection by R. salmoninarum (26.3% with all years combined, by 

nPCR) and comprised 36.7% of those with medium-high levels of infection (by 

qPCR).  Uninfected coho salmon caught in summer had significantly lower IGF-1 

levels than those infected with R. salmoninarum.  The WRs of infected coho salmon 

were also lower for R. salmoninarum infected fish in all multiple infection 

comparisons (the differences were not statistically significant).  

The effect of infection by N. salmincola on the growth metrics of coho salmon 

appear contradictory.  In the single infection comparisons (all stocks combined), N. 

salmincola infected coho salmon had significantly higher levels of  IGF-1 and 

significantly higher OG than those that were uninfected, suggesting that the infection 

was not detrimental.  In the multiple infection comparisons, coho salmon infected with 

N. salmincola alone, or those coinfected with N. salmincola and skin metacercariae, 
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also had higher WRs than the uninfected fish.  However, analysis of these data by 

stock suggests that N. salmincola infection can reduce the growth metrics: CR stocks 

showed higher WRs in infected fish, but WAC and NCOR stocks had significantly 

lower WRs compared to their uninfected cohorts.  The CR stock also had a lower N. 

salmincola infection intensity (Jacobson et al. 2008) than did the WAC and NCOR 

stocks, which may account for the conflicting effects of the infection on the growth 

metrics. 

Comparisons of seasonal declines in trematode intensity among coho salmon 

stocks were valid, based on an analysis of the distribution of coho salmon with coded 

wire tags (Weitkamp & Neely 2002) and by a study of coho salmon catch distribution 

(Fisher et al. 2007).  Both studies showed coho salmon do not share the strong 

tendency to migrate North after ocean entry observed in yearling Chinook salmon.  

Genetic analysis of our catch also suggest that coho salmon stocks reside in the study 

area for extended periods of time (Van Doornik et al. 2007).  In addition, when 

modeling the WRs of coho salmon by season or by stock, region of capture (north, 

Columbia River, south) was not a significant factor in any of the MANOVA models.  

The prevalence of N. salmincola infection was significantly lower in fall than summer 

in the WAC stock (as reported for 1999-2002 by Jacobson et al., 2008).  Seasonal 

declines in the prevalence of coinfection by N. salmincola and skin metacercariae in 

the WAC and NCOR stocks were also significant, as was the increase in the 

percentage of uninfected fish, suggesting the removal of infected fish due to parasite-

associated mortality. 

The effects of skin metacercariae on coho salmon were also mixed.  Coho 

salmon had low prevalences of skin metacercariae infection but relatively high 

intensities in comparison to Chinook salmon.  Unmarked coho salmon captured in 

summer and infected with skin metacercariae had significantly higher WRs than 

uninfected fish, a trend also observed in the WAC and NCOR stocks, but not in the 

CR stock.  However, there were significant seasonal declines in the prevalence of skin 

metacercariae infection among the WAC and NCOR stocks, accompanied by declines 

in infection intensity.  Here again the results may have been affected by the CR stock 
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of coho salmon, as the seasonal decline data for the other stocks suggest that mortality 

associated with skin metacercariae infection occurred.  Taken together, these data 

suggest that coho salmon- except those of the CR stock- are negatively affected by all 

three pathogens/parasites. 

 

Multiple Infections 

To investigate whether combinations of simultaneous infection by more than 

one pathogen or parasite differentially affected the growth metrics of juvenile salmon, 

we also assessed the effect of each possible infection combination.  Coinfections were 

present in 21.1% of all the infected juvenile salmon analyzed; only 3.07% had triple 

infections.  Coinfection by R. salmoninarum and skin metacercariae was extremely 

uncommon (0.85%), although the low prevalence by skin metacercariae alone (only 

subyearling Chinook salmon had moderate prevalences of infection by skin 

metacercariae; Figure11) suggests this may be due to low exposure rates rather than 

the lethality of the combined infection.  

Multiple infections did not significantly reduce the growth metrics of juvenile 

Chinook or coho salmon in any of the comparisons, indicating that infection by more 

than one pathogen or parasite was not more detrimental than a single infection.  Triple 

infections were very uncommon in yearling Chinook and coho salmon, and were not 

associated with significant reductions in the growth metrics, though low sample sizes 

limited statistical power.  There was a seasonal decline in the number of triple 

infections among coho salmon stocks (Figure 21), but because few fish with triple 

infections were caught in the fall, statistical analysis was not possible.  Thus, the issue 

of whether triple infections lead to pathogen-associated mortality remains unresolved. 

 

Regressions Of Infection Intensity Vs. Fish Weight (g) 

Although the intensity of infection by N. salmincola was a significant factor in 

the negative binomial regressions of the number of metacercariae vs. fish weight for 

yearling Chinook salmon and coho salmon, the correlations were not strong.  The 

same was true for coho salmon infected by skin metacercariae.  Rather than providing 
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a good prediction of fish weight, the significance of these data may be seen in Figure 

12 (N. salmincola) and Figure 16 (skin metacercariae).  These plots suggest that there 

is an upper limit to the number of metacercariae a fish can host at any particular size 

and still survive.  They also reveal an obvious pattern where the largest fish have the 

least number of metacercariae, though it is difficult to illustrate this statistically given 

the unusual distribution of these data.  Figures 8c and 14c also show that the relative 

parasite burden among coho salmon decreases from summer to fall, a pattern that was 

statistically significant when analyzed by stock.  Together, these suggest that the 

trematodes do influence the survival of yearling Chinook and coho salmon, but in this 

case, it appears that we did not catch fish with heavy parasite burdens because they did 

not survive long enough to be captured in the nearshore ocean. 

 

Conclusions 

In summary, these data indicate that both the long-term (weight residuals and 

ocean growth) and short-term (plasma IGF-1) growth of yearling Chinook and coho 

salmon can be detrimentally affected by infection with R. salmoninarum.  The growth 

of subyearling Chinook salmon of the Spring Creek Group-fall stock was also 

significantly lower for fish infected by N. salmincola, and the growth of juvenile coho 

salmon (with the exception of those in the CR stock) was negatively affected by all 

three of the infections examined in this study.  We did not find evidence that specific 

combinations of more than one infection had more severe effects on marine-phase 

growth than individual infections.  Infection by R. salmoninarum was detected in 

27.5% of juvenile Chinook salmon and coho salmon surviving to reach the ocean.  

Though most of these infections were not severe at the time of capture (Figure 3), the 

survival of these fish is questionable if the bacteria continue to multiply during their 

remaining time at sea (2-5 years).  Though many adult hatchery fish returning to 

spawn are infected, it is unclear what proportion of these fish acquire the infection 

upon returning to fresh water or return with active infections.  This is a topic that 

requires further research. 
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Juvenile Chinook and coho salmon are hosts to a much larger suite of 

pathogens and parasites than the three infections, acquired in fresh water, that were 

examined in this study.  They will also acquire marine parasites upon ocean entry.  

These infections, whether viral, bacterial, parasitic, or fungal- either individually or in 

combination- may affect the growth of juvenile salmonids.  Since the growth of 

juvenile salmon is critical for their survival in their first year at sea (Sogard 1997, 

Zabel & Achord 2004, Beckman & Larsen 2005, Van Doornik et al. 2007), it is 

becoming increasingly clear that infectious organisms can play a role in regulating 

Pacific salmon populations.  More research is needed to understand what factors 

govern the prevalence and severity of these infections, and to investigate regional and 

temporal trends in prevalence to determine if they are changing as the ecosystems of 

the Pacific Northwest are altered. 
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Figure 1. Map showing transects and study regions (bullets denote individual sampling 

stations; the dotted line is the 180m isobath). 
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Figure 2.  Renibacterium salmoninarum prevalence by year, species, and age class 

(CHS= Chinook salmon). 

 

Figure 3. Renibacterium salmoninarum prevalence: samples positive only by nested 

PCR, quantitative PCR, and the percentage with severe infections (all species and age 

classes combined). 
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Figure 4: Weight residuals of Renibacterium salmoninarum infected (striped bars) and 

uninfected (solid bars) unmarked yearling Chinook salmon in summer (May and June; 

left panel) and Fall (right panel) (sample sizes are provided at the top of the figure). 

 

 

 

Figure 5.  Ocean growth of Renibacterium salmoninarum infected (striped bars) and 

uninfected (solid bars) unmarked (left) and hatchery (marked; right) juvenile coho 

salmon (sample sizes are provided at the top of the figure). 
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Figure 6. A comparison of plasma IGF-1 levels between R. salmoninarum infected 

and uninfected samples of yearling coho salmon and Chinook salmon (sample sizes 

are provided at the top of the figure). 

 

 

Figure 7. Nanophyetus salmincola prevalence by species, age class and year (sample 

sizes are provided at the top of the figure).  Data from 1999-2002 from Jacobson et al., 

2008. 
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Figure 8a. Subyearling Chinook salmon. 

 

 

 

Figure 8b.Yearling Chinook salmon. 
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Figure 8c. Coho salmon. 

 

Figures 8 a-c. Nanophyetus salmincola infection by season and year (sample sizes are 

provided in Table 2; error bars for intensity are 95% confidence intervals).  Data from 

1999-2002 from Jacobson et al., 2008. 

 

 

 

Figure 9.  Weight residuals of Nanophyetus salmincola infected and uninfected 

summer, unmarked coho salmon (Nano = N. salmincola). 
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Figure 10. Summer yearling Chinook salmon: negative binomial regression of 

Nanophyetus salmincola metacercariae counts vs. fish weight (g) (the regression line 

and 95% confidence limits are shown).  

 

 

Figure 11. Summer juvenile coho salmon: negative binomial regression of 

Nanophyetus salmincola metacercariae vs. fish weight (g) (the regression line and 

95% confidence limits are shown). 
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Figure 12: Scatter plot of the number of N. salmincola metacercariae vs. fish weights 

(g)  for summer (May & June) coho salmon.  The left panel (a) is a hypothetical 

distribution of fish weights if there is no effect of the infection intensity; the right 

panel (b) shows the actual data for summer coho salmon infected by N. salmincola.   

 

 

Figure 13. Skin metacercariae prevalence by species, age class and year (sample sizes 

are provided at the top of the figure). 
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Figure 14a. Subyearling Chinook salmon. 

 

 

 

Figure 14b. Yearling Chinook salmon.
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Figure 14c. Coho salmon. 

 

Figure 14 a-c. Skin metacercariae prevalence and intensity by season and year, for 

each species and age class (sample sizes are provided in Table 3; error bars for 

intensity are 95% confidence intervals). 

 

 

Figure 15. Summer Coho salmon: negative binomial regression of skin metacercariae 

counts vs. fish weight (g) (the regression line and 95% confidence limits are shown). 
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Figure 16: Scatter plot of the number of skin metacercariae vs. fish weights (g) for 

summer and fall coho salmon.  The left panel (a) is a hypothetical distribution of fish 

weights if there is no effect of the infection intensity; the right panel (b) shows the 

actual data for summer coho salmon infected by skin metacercariae.  All heavier fish 

above the dashed horizontal line have less than 50 metacercariae. 

 

 

 

Figure 17.  Effects of Nanophyetus salmincola on the weight residuals of subyearling 

Chinook salmon of the Spring Creek Group-fall stock (Nano = N. salmincola). 
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(a)       (b) 

 

 

Figure 18 a, b.  Opposing effects of Nanophyetus salmincola (Nano) infection on the 

weight residuals of summer coho salmon stocks from (a) the Columbia River and (b) 

the Washington Coast (both results were significant). 
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Figures 19 a, b.  Prevalence of multiple infections among species/age classes by 

season (abbreviations are: N.sal= N. salmincola, R.sal= R. salmoninarum, 

SkinMet=skin metacercariae).  Sample sizes are listed in Table 4. 
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Figure 20.  Prevalence of Multiple Infections Among Subyearling Chinook Salmon, 

Upper Columbia River Summer/Fall Stock, by Season (abbreviations are: N.sal= N. 

salmincola, R.sal= R. salmoninarum, SkinMet=skin metacercariae).  Sample sizes are 

listed inside the right margin. 

 

 

 

Figure 21a. Columbia River Stock Coho Salmon. 
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Figure 21b. Washington Coast Stock Coho Salmon.  

 

Figure 21c. North Coast Oregon Stock Coho Salmon. 

 

Figures 21 a-c. Prevalence of multiple infections among specific coho salmon stocks 

(abbreviations are: N.sal= N. salmincola, R.sal= R. salmoninarum, SkinMet=skin 

metacercariae). 
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Table 1: Renibacterium salmoninarum prevalence data. 

 

 

 

Species/Age Class Year Month # Infected Total # tested Prevalence

Subyearling 1999 Summer 1 2 50.0

Chinook salmon 1999 Fall 14 105 13.3

2000 Summer 13 21 61.9

Summer N=211 2000 Fall 30 45 66.7

Fall N=501 2001 Summer 1 9 11.1

2001 Fall 29 97 29.9

2002 Summer 16 57 28.1

2002 Fall 33 134 24.6

2003 Summer 13 56 23.2

2003 Fall 26 68 38.2

2004 Summer 4 66 6.1

2004 Fall 3 52 5.8

Yearling 1999 Summer 37 139 26.6

Chinook salmon 1999 Fall 0 0

2000 Summer 66 143 46.2

Summer N=669 2000 Fall 9 15 60.0

Fall N=73 2001 Summer 3 23 13.1

2001 Fall 1 10 10.0

2002 Summer 68 155 43.9

2002 Fall 6 22 27.3

2003 Summer 29 83 34.9

2003 Fall 6 26 23.1

2004 Summer 12 126 9.5

2004 Fall 0 0

Coho Salmon 1999 Summer 34 119 28.6

1999 Fall 5 48 10.4

Summer N=1192 2000 Summer 70 104 67.3

Fall N=286 2000 Fall 24 59 40.7

2001 Summer 45 182 24.7

2001 Fall 18 54 33.3

2002 Summer 82 241 34.0

2002 Fall 18 104 17.3

2003 Summer 74 325 22.8

2003 Fall 4 21 19.1

2004 Summer 15 221 6.8

2004 Fall 69 286 24.1
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Table 2: Nanophyetus salmincola sample sizes, prevalence and infection severity  

data for subyearling and yearling Chinook salmon and juvenile coho salmon (data  

for 1999-2002 reported in Jacobson et al., 2008). 

 

  

Species/Age Class Year Season # Infected Total # tested Prevalence Mean Intensity Range (+/-) 95% CI

Subyearling 2003 Summer 15 56 26.4 24.6 1-198 29.46

Chinook salmon 2003 Fall 31 68 45.6 56.5 1-241 25.79

2004 Summer 20 66 30.3 50 2-314 39.56

2004 Fall 23 52 44.2 25.1 1-148 15.96

Yearling 2003 Summer 20 83 24.1 21.2 1-261 27.42

Chinook salmon 2003 Fall 2 26 7.7 130.5 2-259 45.5

2004 Summer 21 126 16.7 43.9 1-624 61.7

2004 Fall 0 0

Coho Salmon 2003 Summer 225 325 69.2 132.4 1-1800 29.6

2003 Fall 8 21 38.1 44 1-121 35.54

2004 Summer 140 221 63.4 132.9 1-2808 58.6

2004 Fall 0 0
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Table 3: Skin metacercariae sample sizes, prevalence and infection severity data for 

subyearling and yearling Chinook salmon and juvenile coho salmon. 

 

 

 

 

Species/Age ClassYear Month # Infected Total # tested Prevalence Mean Intensity Range (+/-) 95% CI

Subyearling 1999 Summer 0 2 0

Chinook salmon 1999 Fall 48 105 45.7 7.5 1-65 3.58

2000 Summer 0 21 0

Summer N=211 2000 Fall 24 45 53.3 10.2 1-40 4.28

Fall N=501 2001 Summer 0 9 0

2001 Fall 39 97 40.2 10.6 1-30 3.04

2002 Summer 4 57 7.0 20.3 1-75 58.04

2002 Fall 57 134 42.5 6.4 1-64 2.66

2003 Summer 9 56 16.1 4.7 1-10 2.919

2003 Fall 16 68 23.5 15.5 1-40 6.19

2004 Summer 15 66 22.7 5 1-20 3.458

2004 Fall 18 52 34.6 9.2 1-31 4.26

Yearling 1999 Summer 4 139 2.9 63 12-150 103.2

Chinook salmon 1999 Fall 0 0 0

2000 Summer 3 143 2.1 42.3 2-100 127.3

Summer N=669 2000 Fall 1 15 6.7 100 100

Fall N=73 2001 Summer 8 23 34.8 9.8 4-20 5.49

2001 Fall 2 10 20.0 4 3-5 12.71

2002 Summer 9 155 5.8 15 2-40 10.07

2002 Fall 1 22 4.5 20 20

2003 Summer 6 83 7.2 12.8 1-50 20.09

2003 Fall 1 26 3.8 2 2

2004 Summer 6 126 4.8 19.8 1-50 21.05

2004 Fall 0 0 0

Coho Salmon 1999 Summer 5 119 4.2 35.2 10-98 44.17

1999 Fall 4 48 8.3 7.8 1-16 11.79

Summer N=1192 2000 Summer 6 104 5.8 30.67 3-75 29.03

Fall N=286 2000 Fall 0 59 0

2001 Summer 39 182 21.4 28.9 1-500 25.57

2001 Fall 2 54 3.7 2.5 1-4 19.06

2002 Summer 43 241 17.8 53.9 1-500 25.67

2002 Fall 9 104 8.7 8.6 3-31 6.8

2003 Summer 56 325 17.2 20.7 1-135 6.27

2003 Fall 0 21 0

2004 Summer 50 221 22.6 27.68 1-200 10.35

2004 Fall 0 0 0



93 

Table 4: Multiple infection prevalences and sample sizes by species and age class 

(abbreviations are: N.sal= N. salmincola, R.sal= R. salmoninarum, SkinMet=skin 

metacercariae). 

    

 

 

 

 

All Years, 1999-2004

Infection codes

Subyearling 

Chinook salmon 

Prevalence

Subyearling 

Chinook salmon 

(N)

Yearling Chinook 

salmon 

Prevalence

Yearling 

Chinook 

salmon (N)

Coho salmon 

Prevalence

Coho 

salmon (N)

0. None 34.26% 244 47.84% 355 22.24% 329

1. N.sal 15.73% 112 16.04% 119 40.23% 595

2. SkinMet 10.39% 74 1.08% 8 1.28% 19

3. R.sal 9.97% 71 22.10% 164 9.13% 135

4. N.sal/SkinMet 13.90% 99 3.09% 23 9.94% 147

5. N.sal/R.sal 7.72% 55 8.49% 63 13.93% 206

6. SkinMet/R.sal 3.09% 22 0.27% 2 0.068% 1

7. All 3 4.92% 35 1.08% 8 3.18% 47

Totals 712 742 1479
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CHAPTER 4: DOES INFECTION BY RENIBACTERIUM SALMONINARUM 

INCREASE MORTALITY IN THE MARINE PHASE OF THE PACIFIC SALMON 

LIFE CYCLE? 
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ABSTRACT 

Ocean conditions have been shown to influence the growth, distribution, and 

survival of salmonids in the northeast Pacific Ocean.  Here, we investigated whether 

infection by Renibacterium salmoninarum, a common pathogen of Pacific salmon, 

differentially affected the growth and survival of yearling Chinook and coho salmon in 

years with different ocean conditions.  The prevalence of R. salmoninarum in juvenile 

coho salmon (detected by nested PCR) was positively correlated with increased 

survival over the years 1999-2004.  The correlation was also strong for yearling 

Chinook salmon, but was not significant unless 1999 (an anomalous year) was 

excluded from analyses.  For both species, the prevalence (by nested PCR) and 

severity (by quantitative PCR) of R. salmoninarum infection was highest in 2000 and 

lowest in 2004.  To better understand the apparent paradox that higher prevalence 

correlates with increased survival, we examined the ocean conditions during our study 

years.  Years were categorized as either ―cold ocean‖ (1999-2002) or ―warm ocean‖ 

(2003-2004) years based on the summer values of the Pacific Decadal Oscillation 

(PDO) index.  The prevalence and severity of infection were both significantly higher 

in cold ocean years.  The weight residuals of infected salmon were not significantly 

different from uninfected salmon in the summers of cold ocean years.  However, in the 

summers of warm years, infected coho salmon had significantly reduced weight 

residuals compared to uninfected fish; the same trend was seen in yearling Chinook 

salmon, although the differences were not significant.  These data indicate that the 

infection is less detrimental in years with favorable ocean conditions, and suggest that 

R. salmoninarum infection may be one factor linking climate variability and ocean 

indices to salmon survival. 
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INTRODUCTION 

Renibacterium salmoninarum is a common pathogen of Pacific salmon (Fryer 

& Sanders 1981, Elliot et al. 1989) and can lead to bacterial kidney disease (BKD) in 

susceptible hosts.  Infection can lead to enzootics with high mortality, particularly in 

hatcheries where fish densities are high (Banks 1994), but typically, infections are not 

cleared and result in chronic low-level mortality (Evelyn et al. 1986b, Fryer & Lannan 

1993).  The bacterium is transmitted horizontally in both fresh (Mitchum & Sherman 

1981) and salt water (Balfry et al. 1996, Rhodes et al. 2006), and vertically from 

infected females to eggs (Bullock et al. 1978, Lee & Evelyn 1989).  Infection by R. 

salmoninarum in juvenile Chinook salmon  (Oncorhynchus tshawytscha) has been 

shown to increase mortality due to piscine predation (Mesa et al. 1998), to exacerbate 

mortality due to the effects of gas bubble trauma (Weiland et al. 1999), and to reduce 

salt water tolerance (Price & Schreck 2003), which may increase avian predation.  

Anadromous juvenile salmonids are particularly susceptible to infections while 

smolting, due to the stress involved in the physiological adaptation to salt water.  This 

process results in elevated stress hormone levels and can lead to immune suppression 

(Maule et al. 1987, Maule et al. 1989b, Mesa et al. 1999).  Severe infections in pre-

smolt Chinook salmon have also been shown to increase plasma cortisol and lactate 

(Mesa et al. 1999, Mesa et al. 2000), indicating that severe infection by R. 

salmoninarum is stressful and may impair the host immune response. 

Most salmonid species can be infected by R. salmoninarum, and Chinook 

salmon and coho salmon (O. kisutch) are among the most susceptible (Fryer & 

Sanders 1981, Dale et al. 1997, Starliper et al. 1997, O'Farrell et al. 2000, Jones et al. 

2007).  Resistance to R. salmoninarum within a species may also vary among stocks 

(Winter et al. 1980). There is some evidence of recovery from the infection (Munro & 

Bruno 1988, Pascho et al. 1991, Cvitanich 2004, Turgut et al. 2008), but because 

different bacterial strains carry varying numbers of the gene encoding the major 

soluble antigen (msa) (Rhodes et al. 2004a), a major virulence factor, interpreting the 

reports of recovery is difficult (bacterial strain, and the number of msa copies, was not 

considered).   
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Although this pathogen has been well studied in fresh water, few studies have 

been conducted on infection in the early marine phase of the Pacific salmon life cycle.  

Laboratory studies have demonstrated that infected smolts transferred to sea water 

suffer increased mortality (Sanders et al. 1992, Elliot et al. 1995, Moles 1997), but 

some studies of similar experimental design failed to reproduce these results (due to 

excessive mortality in the control groups), and little field data have been available to 

confirm the findings.  In a recent study of pathogens in juvenile salmon captured in 

nearshore marine waters off the coasts of Oregon and Washington (1999-2004), 

Sandell et al. (Chapter 3) demonstrated that infection by R. salmoninarum is 

associated with lower weight residuals and decreased levels of plasma insulin-like 

growth factor-1 (IGF-1) in yearling Chinook and coho salmon.  The combined average 

prevalence of R. salmoninarum was 28.4% from 2001-2003, with an anomalous peak 

(52.7% infected) in 2000, and a steep decline to 7.8% infected in 2004.  Although 

most of those infections were not severe (Chapter 3), chronic R. salmoninarum 

infection among juvenile salmon may jeopardize the survival of these fish as they 

mature at sea. 

A number of oceanographic and atmospheric variables have been linked to the 

survival of Pacific salmon (independent of R. salmoninarum infection status) in the 

Northern California Current (NCC) (Ware & Thomson 1991, Logerwell et al. 2003).  

One of the best indices of salmon survival in this region is the Pacific Decadal 

Oscillation (PDO), which effectively predicts adult salmon returns with a 1-2 year 

time lag (Mantua et al. 1997, Mantua & Hare 2002).  In the NCC, negative-phases of 

the PDO are characterized by cooler than average ocean sea surface temperatures 

(SST) and increased rainfall (among other variables), which correlate well with 

increased catches of Columbia River Chinook and coho salmon.  Positive-phases of 

the PDO correlate with warmer ocean conditions in the NCC and reduced Chinook 

and coho salmon catches off the Columbia River (Mantua et al. 1997, Hare et al. 

1999). 

Our goal in this study was to determine if infection by R. salmoninarum 

influences the survival of yearling Chinook and coho salmon by comparing the 
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prevalence in juveniles to subsequent adult salmon returns.  We compare the 

prevalence and severity between warm and cold ocean years (classified by the summer 

PDO) and among specific genetic stocks of salmon, and calculate the effect of 

infection on weight as an index of growth.  In addition, we investigate whether 

changing ocean conditions in these years correlate with R. salmoninarum infection 

levels to better understand the mechanisms controlling juvenile salmon survival in the 

ocean. 

 

MATERIALS AND METHODS 

Fish Capture, Storage, and Classification 

Juvenile Chinook and coho salmon were captured in near-shore marine waters 

in May, June and September of each year, 1999-2004 (Chapter 3).  Although 

variations occurred due to weather, we typically sampled three transects in May and 

eight transects in June and September.  These transects ranged from Tatoosh Island, 

WA (48.3N; 124.7W; just south of the Canada border) south to Newport, Oregon 

(44.4N; 124.4W); a transect off the Columbia River (46.2N; 124.5W) was sampled 

during every cruise (see Figure 1, Chapter 3).  Along each transect, stations were 

sampled at 1, 3, 5, 7, 10, 15, 20, and 25 nautical miles offshore or until the continental 

shelf break was reached, as daylight and weather permitted.  Juvenile salmon were 

immediately sorted and placed on ice.  After scales were removed and blood was 

drawn, salmon were measured for length and rapidly frozen.  Further details are 

available in Brodeur et al. (2004) and Chapter 3.   

 

Jack Exclusion and Juvenile Salmon Age Class Determination 

Sexually precocious males (―jacks‖) of both species were identified by a 

combination of three criteria, in the following order: high plasma 11-ketotestosterone 

hormone levels (Campbell & Emlen 1996) (data from Brian Beckman, NOAA), a high 

gonad index (testes weight >2% of total body weight; (Fisher & Pearcy 1995) and/or 

fork length larger than the ~95
th

 percentile for each species by month (in some cases, a 

single mm separated a large number of fish; in these cases, the 97
th

 percentile was 
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used).  The first two criteria were applied in all months; fork length cutoffs were 

applied only in June (243 mm for Chinook salmon, 229 mm for coho salmon) and 

September (270 mm for Chinook salmon, 355 mm for coho salmon).  The remaining 

juveniles (non-jacks) were assigned to age classes based on fork length at capture 

(Fisher et al. 2007).  All juvenile coho salmon included here were yearlings.  Juvenile 

Chinook salmon with a fork length greater than 120 mm in May, 140 mm in June, or 

250 mm in September were classified as yearlings.  The remaining Chinook salmon 

were classified as subyearlings, and were not considered in this chapter due to the 

limited effects of R. salmoninarum infection on their growth (Chapter 3). 

 

Detection of Renibacterium salmoninarum 

Juvenile salmon were partially thawed, weighed, re-measured for fork length 

(mm), and scanned for marks that indicated hatchery origin (fin clips, coded wire tags 

(CWT), passive integrated transponder (PIT), or latex tags). Each salmon was then 

dissected, with tissues taken for genetic, diet, lipid, gonad and parasite analyses.  Care 

was taken to prevent DNA contamination between specimens by soaking all dissecting 

instruments in a 20% bleach solution for at least 2 minutes between dissections, 

followed by two water rinses.   

To test for R. salmoninarum prevalence, the anterior kidneys of salmon were 

excised; these were frozen at  -80°C in Whirlpak® tissue bags (Nasco) until 

processed.  DNA extraction was conducted using the Qiagen DNeasy Tissue Kit 

following manufacturer‘s instructions for Gram-positive bacteria.  Following elution, 

samples were either run immediately or stored at -80°C until analyzed by nested 

polymerase chain reaction (nPCR) (Pascho et al. 1998).  To optimize the protocol for 

our thermocycler (MJ research P100), the thermocycling regime was slightly modified 

as follows: 88°C for 3 minutes, 94°C for 2 minutes, then 30 cycles of 94°C for 30 

seconds, 60°C for one minute, and 72°C for 1 minute.  Reagent concentrations and 

primers were unchanged.   

To quantify the R. salmoninarum infection level, nPCR-positive samples were 

also analyzed in duplicate wells using the qPCR protocol of Rhodes et al. (Rhodes et 
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al. 2006), which amplifies the single-copy abc gene.  That protocol was modified by 

the addition of minor-groove binding probes (MGB; Applied Biosystems, Inc.) to 

increase sensitivity (Chapter 2).  In our study, the qPCR was less sensitive than the 

nPCR, and served as a tool to identify positive samples (by nPCR) with medium-high 

levels of infection.  Because qPCR provides a quantification of the number of R. 

salmoninarum genomes present in a sample, it was also used to identify those samples 

with ―severe infections‖, i.e. samples with robust amplification (here defined as those 

samples with a Cq value <20). 

 

Renibacterium salmoninarum Infection Severity at Columbia River Hatcheries 

Because most of the salmon captured in this study were Columbia River 

hatchery Chinook and coho salmon (Fisher et al. 2007, Van Doornik et al. 2007), we 

examined whether R. salmoninarum infection in pre-release hatchery smolts differed 

among years, potentially influencing the ocean prevalences we measured.  Data on R. 

salmoninarum infection severity, as determined by an enzyme-linked immunosorbent 

assay (ELISA), were provided by the U.S. Fish and Wildlife Service (USFWS) Fish 

Health Center (Willard, WA) (for federal hatcheries on the mainstem Columbia River) 

and by the Oregon Department of Fisheries and Wildlife (ODFW) Fish Health 

Laboratory (Corvallis, OR) (for hatcheries operating on tributaries of the Columbia 

River; these included the McKenzie, Dexter, South Santiam, Willamette, Marion 

Forks, Clackamas, Gnat Creek and Round Butte hatcheries).  

 

Hatchery Smolt Release Data and Adult Salmon Return Data  

To determine if changes in the number of hatchery smolts released could have 

influenced the number of salmon captured (and, potentially, the estimates of survival), 

we examined the number of hatchery smolts released into our study region each year.  

The total number of Chinook and coho salmon released from all Washington, Oregon, 

Idaho and California hatcheries was obtained from the North Pacific Anadromous Fish 

Council website (http://www.npafc.org/new/pub_statistics.html).   
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For coho salmon, adult returns were estimated by the smolt-to-adult returns 

(SAR), using the mixed stock model estimates provided by the Pacific Fisheries 

Management Council (http://www.pcouncil.org/salmon/background/document-

library/).  Estimating the number of returning adult Chinook salmon for a given smolt 

emigration year is more difficult because, unlike coho salmon (which return after two 

years at sea), Chinook salmon may return from two to five years later.  Therefore, 

yearling Chinook salmon adult returns were estimated from the number of Spring 

Chinook salmon jacks returning to Bonneville Dam between the dates of 3/1 and 6/15 

in each year; these data are available from the Data Access in Real Time (DART) 

project at (http://www.cbr.washington.edu/dart/).  All data presented here were 

adjusted so that the returns and SAR values corresponded to the year of smolt 

emigration. 

 

Comparison to Ocean Conditions 

To investigate environmental influences on R. salmoninarum infection and 

survival of yearling Chinook and coho salmon, we categorized the study years as 

either ―cold‖ or ―warm‖ ocean years, based on the summer (April to September) PDO.  

PDO values are available at http://jisao.washington.edu/pdo/PDO.latest. By this 

metric, 1999-2002 were cold ocean years, with favorable conditions for juvenile 

salmon survival in the nearshore northeast Pacific Ocean, while 2003-2004 were 

unfavorable, warm ocean years (Mantua & Hare 2002, Logerwell et al. 2003).  Data 

for average Columbia River flows in May and June came from 

http://or.water.usgs.gov/.  Other environmental variables examined included sea 

surface temperature (SST), from Buoy #46050 off of Newport, OR: 

http://www.nodc.noaa.gov/BUOY/46050.html.  The date of the biological spring 

transition (when sub-arctic zooplankton, rich in lipids, are first captured off of 

Newport, OR) came from http://www.cbr.washington.edu/data/trans.html (Peterson & 

Keister 2003), and the Julian calendar date of the physical spring transition (the onset 

of cold water upwelling), compiled by NOAA personnel on the ocean indicators 
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website, is available at http://www.nwfsc.noaa.gov/research/divisions/fed/oeip/a-

ecinhome.cfm. 

 

Data Analysis 

Data were analyzed using StatGraphics (2009) software.  The total numbers of 

hatchery smolts released from 1999-2004 were compared using the Kruskal-Wallis 

non-parametric ANOVA due to the irregular distributions of these data.  Samples from 

Carson federal hatchery consisted of 60 Chinook salmon per year, taken at random 

from hatchery raceways; comparison of ELISA optical density (O.D.) values were 

performed by first coding the data by infection intensity to remove the effect of the 

large number of zeros in the dataset (Fagerland & Sandvik 2009).  Data were coded by 

ELISA O.D. values following the USFWS definitions of infection severity levels: 

1=below background, 2=background to 0.099, 3=0.1-0.199, 4=0.2-0.499, 5=0.5-0.999, 

6=>1.0.  The annual data were then compared by the step-down Dunn test for non-

parametric multiple comparisons (Zar 2010).  The Oregon hatchery ELISA data, 

which contained few zero values, were compared by Kruskal-Wallis ANOVA (N>600 

samples per year). 

Regressions of nLog(Wt) vs. nLog(Fork Length) (FL) were performed for each 

species in each season, yielding the weight residuals (WRs) we use as a metric for 

salmon growth.  These WRs were normally distributed with equal variance between 

groups (by Levene‘s test), justifying comparison by ANOVA.  Statistical outliers were 

identified as values >5x the average studentized residual (Sokal & Rohlf 1995).  We 

used the chi-square test (χ
2
) for binomial proportions to compare prevalences (% 

infected) and genetic stock composition between warm and cold ocean years.  In all 

cases, significance was defined as p<0.1. 
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RESULTS 

Hatchery Release Data and Adult Salmon Returns 

There were no significant differences in the total number of hatchery yearling 

Chinook or coho salmon released between 1999-2004 from Washington, Oregon, 

California, and Idaho (Kruskal-Wallis p>0.9 in both cases) (Appendix, Figure A). 

 

Renibacterium salmoninarum Infection Severity at Columbia River Hatcheries 

Among yearling Chinook salmon released from the Carson national fish 

hatchery on the mainstem Columbia River from 1999-2004, ELISA O.D. values were 

only significantly different (higher) in 2002 (Appendix, Figure B).  However, even in 

2002, the increase in mean O.D. values may not represent a marked increase in 

infection severity, as very few of these fish had severe infections (at the USFWS lab, 

defined as having an ELISA O.D.>1.0). 

Yearling Chinook salmon released into the Columbia River from Oregon 

hatcheries differed significantly in infection severity among years (Appendix, Figure 

C), but again few salmon were severely infected (for the ODFW lab, defined as having 

an ELISA O.D.>0.499; the difference in scale is due to different sample dilution 

protocols).  Infection severities among Oregon hatchery smolts were significantly 

lower in 2001 and significantly higher in 2004 than in all other years. 

 

Renibacterium salmoninarum Prevalence And Adult Returns 

The prevalence of R. salmoninarum among yearling Chinook salmon caught in 

the ocean closely tracked the number of spring Chinook salmon jacks returning to 

Bonneville Dam (Figure 1; data on prevalence from Chapter 3).  Prevalence in 

summer (May and June combined) yearling Chinook salmon was positively correlated 

with the number of Chinook salmon jacks returning in spring of the same year (R
2
 

=0.621), but was not significant (p=0.189; Figure 2) (the numbers of returning jacks 

are listed in Table 1).  However, if the outlier year, 1999, is removed from the analysis 

(studentized residual=8.32, >5x the average), the regression improves dramatically 
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(R
2
=0.947, p=0.005).  Too few yearling Chinook salmon were captured in the fall to 

generate valid regressions. 

The prevalence of R. salmoninarum among coho salmon in summer was also 

strongly associated with the percent survival as measured by SAR (Figure 3; SAR 

values are listed in Table 1).  The regression of prevalence among summer coho 

salmon vs. SAR was significant (p=0.018), with higher prevalence correlated to higher 

numbers of adult returns (R
2
 =0.883) (Figure 4).  The relationship between R. 

salmoninarum prevalence in coho salmon caught in fall and SAR was not as well 

correlated and was not significant (R
2
 =0.539, p=0.35; data not shown).  

 

Renibacterium salmoninarum Prevalence and Severity in Warm vs. Cold Years 

A chi-square comparison of summer R. salmoninarum prevalence between 

cold (1999-2002) and warm (2003-2004) ocean years was significant for both salmon 

species (Chinook salmon χ
2
 p=0.031; coho salmon χ

2 
p<0.0001).  In 2000, yearling 

Chinook salmon had the highest prevalence (47.5% infected by nPCR; 19.2% by 

qPCR) and percentage of severely infected fish (3.2%; those with a Cq value<20) 

(Figure 5).  Infection by R. salmoninarum was also relatively high in 2002 and 2003.  

Among cold ocean years, 2001 was unusual in that the total prevalence (by nPCR) was 

low and there were no infections detected by qPCR (indicating that no fish with 

medium-severe infections were captured that year).  The lowest prevalence of R. 

salmoninarum in yearling Chinook salmon occurred in 2004 (a warm year), and there 

were no severe infections.   

The prevalence of R. salmoninarum in coho salmon also peaked in 2000 

(Figure 6).  Coho salmon with severe infections were only captured in 2000 and 2001 

(cold years); the prevalence and severity of infection were similar in 1999, 2002, and 

2003.  As with yearling Chinook salmon, the prevalence of R. salmoninarum declined 

sharply among coho salmon in 2004, matching the decline in SAR. 

In the summer of cold ocean years, the difference in the WRs of yearling 

Chinook salmon infected with R. salmoninarum vs. those that were uninfected was not 

significant (p=0.11; Table 2, Figure X).  In the summer of warm ocean years, the WRs 
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of uninfected salmon were significantly higher in comparison with infected fish 

(p=0.083). 

Coho salmon showed similar trends in WRs and infection: in summers of cold 

ocean years, the difference between the WRs of infected and uninfected coho salmon 

was not significant (p=0.77, Table 2).  However, in summers of warm ocean years, 

infected coho salmon had significantly lower WRs compared to uninfected coho 

salmon (p=0.002).  Because 2000 was an anomalous year with regard to R. 

salmoninarum prevalence and severity (as well as PDO and survival; Table 1), we also 

analyzed data from 2000 independently of the other cold ocean years (Table 3). 

Among coho salmon captured in the summer of 2000, R. salmoninarum infection did 

not significantly affect the WRs of infected fish, and infected fish had slightly larger 

WRs than uninfected coho salmon, the opposite of the effect observed in other cold 

years.  In 2000, the difference in WRs for infected vs. uninfected yearling Chinook 

salmon was not significant (p=0.36). 

 

Renibacterium salmoninarum Infection in Warm vs. Cold Years by Stock 

To investigate whether the stock composition differed in cold vs. warm ocean 

summers, potentially influencing the above results, we also calculated the prevalence 

of R. salmoninarum infections (by nPCR) and medium-high level infections (by 

qPCR) by stock.  Among the most numerous yearling Chinook salmon stocks, the 

number of infected and severely infected salmon was higher in cold ocean summers 

than in warm ocean summers (Figure 8), following the overall pattern of prevalence 

by season and year.  The only significant difference (p=0.003) in stock composition 

was that there was a significantly higher proportion of Willamette River spring 

(WR_Sp) stock yearling Chinook salmon caught in the summers of cold ocean years 

(N=32) than in warm ocean years (N=0). 

There were only three predominant coho salmon stocks captured in our study, 

and those of CR origin dominated the catch in all years.  Among coho salmon stocks, 

the number of R. salmoninarum infections (by nPCR) and medium-high level 

infections (by qPCR) was also higher in the summers of cold than warm ocean years 



106 

(Figure 9).  The only significant difference in stock composition occurred in the North 

Coast Oregon (NCOR) stock; the proportion of NCOR coho salmon was significantly 

higher in the summer of cold ocean years (N=93) than in warm ocean years (N=46; 

p=0.008).  The pattern of R. salmoninarum prevalence observed among the stocks was 

the same as that for all coho salmon by season and year, indicating that stock 

composition did not alter the results. 

We also investigated the stock compositions in the summer of 2000 to see if 

shifts in stocks may have led to the anomaly seen in R. salmoninarum prevalence and 

adult survival that year (as estimated by jack returns and SAR).  There were no 

significant differences between the stock proportions of yearling Chinook salmon in 

the summer of 2000 vs. the other cold ocean years.  Among coho salmon, the 

proportion of NCOR stock captured in summer 2000 was significantly lower 

(p=0.005, N=5) than in summers of other cold ocean years (N=88). 

 

DISCUSSION 

Previously, we demonstrated that infection by R. salmoninarum can affect the 

growth of juvenile Chinook and coho salmon in the Northern California Current 

(Chapter 3), despite the fact that infection severity was low in most years (Figures 5, 

6).  Here, we show that the difference in weight residuals (WRs) between uninfected 

and infected juvenile salmon was larger in the summers of warm ocean years than in 

cold ocean years (Table 2).  The prevalence and severity of infection were also 

significantly lower in warm years than cold years (χ
2
 p<0.03 for both species), and the 

prevalence was strongly positively correlated with survival (Figures 2, 4).  These 

results do not appear to be the consequence of interannual differences in hatchery 

smolt releases (Appendix, Table A), levels of R. salmoninarum infection in hatchery 

smolts (Appendix, Figures B and C), stock composition, or prevalence among stocks 

(Figures 8, 9).  Yearling Chinook salmon released into the Columbia River from 

Oregon hatcheries had  significantly lower ELISA values in 2001 and significantly 

higher ELISA values in 2004 than in other years, in opposition to the trends we 

observed among juveniles captured in the nearshore ocean (Appendix, Figure C). 
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We hypothesize that the apparent paradox of higher survival occurring in years 

with higher pathogen prevalence/severity is the result of ocean conditions in the year 

of smolt emigration.  In cold ocean years (1999-2002), smolts exhibited higher growth 

(as indicated by WRs) than in warm ocean years, even if infected by R. salmoninarum.  

Increased growth has been shown to correlate with better survival and reduced 

predation (Holtby et al. 1990, Sogard 1997, Zabel & Achord 2004).  Here, higher 

growth also appears to be associated with reduced pathogen-related mortality 

(indicated by the prevalence of severe infections).   In warm years, R. salmoninarum 

prevalence in coho salmon decreased from summer to fall (Chapter 3).  Unlike 

Chinook salmon, coho salmon do not rapidly migrate north after ocean entry 

(Weitkamp & Neely 2002, Van Doornik et al. 2007).  Because susceptible salmon 

generally cannot clear R. salmoninarum infections (Banner et al. 1986, Meyers et al. 

1993, Kent et al. 1998), the decline in the correlation between prevalence and coho 

salmon SAR in fall (R
2
 =0.539, p=0.35; data not shown) suggests that infected coho 

salmon experience higher mortality than uninfected coho salmon. 

For yearling Chinook salmon, the correlation between increased R. 

salmoninarum prevalence and severity and salmon survival (estimated from spring 

jack returns to Bonneville Dam) was also strong, but was not significant unless 1999 

was excluded (R
2
= 0.621; with 1999 excluded, R

2
 =0.947).  Yearling Chinook salmon 

also had a larger percentage of fish with moderate-severe R. salmoninarum infections 

than did coho salmon.  These data suggest that yearling Chinook salmon are either 

more resistant to R. salmoninarum infection than coho salmon or that they experience 

different ocean conditions (allowing for better survival) based on habitat selection. 

It is a maxim among fish pathologists that ―you don‘t catch dead fish‖, an 

acknowledgment of the difficulty in assessing the role of pathogen-associated 

mortality when moribund individuals are hard to find.  The assumption is that infected 

fish in poor condition (due to infection) are quickly removed from the population by 

predation, although direct mortality from infection may also occur.  The argument 

over whether juvenile salmon populations are controlled by ―top-down‖ mechanisms 

(i.e. predation) or ―bottom-up‖ mechanisms (i.e. the availability of food generated by 
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lower trophic levels, in turn controlled by the environment) is continually debated 

(Ware & Thomson 2005, Emmett et al. 2006), and we need to acknowledge the role of 

predators in our R. salmoninarum infection/ocean conditions hypothesis.  In the 

nearshore marine environment, predation by larger fish and piscivorous sea birds (and 

potentially marine mammals) clearly have a role.  During our study years, the 

abundance of piscine predators also tracked the summer PDO; there were fewer 

predators in cold years (1999-2002), and more in the warm years, 2003-04 (Emmett et 

al. 2006) (data for 2004 from 

http://www.nwfsc.noaa.gov/research/divisions/fed/oeip/ha-under-development.cfm; no 

data was available for sea birds abundance).  Although the data on piscine predator 

abundance do not entirely fit with our observations on R. salmoninarum prevalence 

and severity (e.g. the proportion of fish caught that were infected was high in 2003, 

despite an increase in predator abundance), it is likely that R. salmoninarum infection 

and predation work in concert to govern yearling Chinook and coho salmon survival.  

The abundance of piscine predators in warm ocean years may act synergistically with 

R. salmoninarum infection to reduce juvenile salmon survival.  In this scenario, 

juvenile salmon infected by R. salmoninarum have reduced growth in warm ocean 

years and suffer higher predation rates, resulting in a decline in the prevalence of 

infected salmon and of salmon with moderate-severe infections.  In cold ocean years, 

R. salmoninarum infection does not significantly alter the growth of infected salmon, 

and predation rates among infected and uninfected juvenile salmon are equal, resulting 

in higher prevalences overall and higher prevalences of fish with moderate-severe 

infections. 

We used the summer PDO index to define cold and warm ocean years, but it is 

clear that a variety of other factors influence juvenile salmon survival in this region, 

not all of which correlate well with the PDO (Table 1).  Some of these factors may 

explain the differences in infection observed in 1999 and 2001 compared to other cold 

years.  Although identified as a cold ocean year, 1999 differed from 2000-2002 in 

several ways.  1999 was a transition year following the strong 1997/1998 El Niño 

event (Strub & James 2002); sea surface temperatures were elevated, and the date of 
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the physical and biological spring transitions occurred later than in 2000-2002, 

resulting in less favorable conditions for juvenile salmon entering the ocean in that 

year (Table 1).  Among cold summers, the prevalence of R. salmoninarum was lowest 

in 2001, few yearling Chinook salmon were captured, and none had medium-severe 

levels of infection (Figures 1, 5), making 2001 an anomaly among cold years for 

yearling Chinook salmon (but not for coho salmon).  The difference observed between 

yearling Chinook and coho salmon in 2001 may be due to Columbia River flows, 

which were lower in 2001 than in any other year of this study (Table 1).  In all years, 

the majority of yearling Chinook salmon captured were of CR origin (Fisher et al. 

2007), while coastal coho salmon stocks contributed approximately 47% of the catch 

(Teel et al. 2003, Van Doornik et al. 2007), which may indicate that  coho salmon less 

dependent on CR flows for successful emigration and survival.  Physical 

oceanographic factors may also provide a possible explanation for the low R. 

salmoninarum prevalence and severity in yearling Chinook salmon in 2001.  The 

winter PDO index was positive (warmer than average) in 2001 and the length of the 

upwelling season was shorter than in other cold ocean years, which may have resulted 

in lower prey (zooplankton and larval fish) abundance, and reduced survival of fish 

infected by R. salmoninarum.  

R. salmoninarum infection in yearling Chinook and coho salmon was highest 

in the summer of 2000, both in prevalence and severity (Figures 5, 6), as were the 

indices of survival (Figures 1, 3).  There were no significant differences in the WRs of 

infected vs. uninfected yearling Chinook salmon in 2000, and the WRs of infected 

coho salmon were more positive than those of uninfected coho salmon – the only year 

when that occurred.  Additionally, infection by R. salmoninarum was associated with 

lower IGF-1 levels among infected yearling Chinook salmon in all years except 2000; 

this result was significant (p=0.042) when 2000 was excluded (Chapter 3).  Ocean 

conditions were also unusual in 2000, and several physical and biological metrics set it 

apart.  Of the six years, the 2000 winter PDO index was at its most negative, the date 

of biological spring transition came earliest, sea surface temperatures were cool 

(though 2002 was slightly colder), and there were high flows in the CR (Table 1).  
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These data support our hypothesis, implying that ocean conditions in 2000 were 

favorable enough that more juvenile salmon infected with R. salmoninarum (even 

some with severe infections) were able to survive. 

A number of climate/oceanographic models have linked ocean conditions to salmon 

growth (Wells et al. 2006, Wells et al. 2008) and survival (Mantua et al. 1997, 

Beamish et al. 2000, Beamish & Mahnken 2001, Mantua & Hare 2002, Logerwell et 

al. 2003), without considering the potential effects of pathogens.  Here, we propose 

that R. salmoninarum infection exerts a selective pressure on survival, and is one 

potential mechanism linking ocean conditions with adult salmon returns.  Although we 

found that infection severity was generally low, the effect of chronic R. salmoninarum 

infection as the fish grow to maturity (2-5 years) is unknown, and may jeopardize the 

survival of infected individuals beyond the early marine phase.
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 Figure 1: Prevalence of R. salmoninarum in yearling Chinook salmon plotted against 

spring jack returns to Bonneville Dam.  Sample sizes (N) are indicated across the top 

of the figure.  ―NA‖ indicates that no fish were caught. 

 

 

Figure 2: Regression of R. salmoninarum prevalence in summer yearling Chinook 

salmon vs. the number of spring jacks returning to Bonneville Dam.  Regressions 

including (black line and text) and excluding (grey line and text) the outlier year of 

1999 are shown. 
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Figure 3: Prevalence of R. salmoninarum in juvenile coho salmon plotted against 

percent survival (from smolt-to-adult returns (SAR)).  Sample sizes (N) are indicated 

across the top of the figure; no fish were caught in fall 2004 (NA). 

 

 

Figure 4: Regression of R. salmoninarum prevalence in summer coho salmon vs. the 

percent survival (determined from smolt-to-adult returns, SAR). 
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Figure 5.  Prevalence of R. salmoninarum in yearling Chinook salmon by year.  

Stacked bars are composed of prevalence by nested PCR (nPCR), prevalence by 

quantitative PCR (qPCR), and the prevalence of severely infected fish.  All samples 

positive by qPCR were also positive by nPCR, so the height of each bar is the total 

annual prevalence.  The total number of samples tested in each year (N) is indicated  

at the top of the figure. 
 

 

Figure 6.  Prevalence of R. salmoninarum in juvenile coho salmon by year.  Stacked 

bars are composed of prevalence by nested PCR (nPCR), prevalence by quantitative 

PCR (qPCR), and the prevalence of severely infected fish.  All samples positive by 

qPCR were also positive by nPCR, so the height of each bar is the total annual 

prevalence.  The total number of samples tested in each year (N) is indicated at the 

 top of the figure. 
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Figure 7.  Weight residuals of R. salmoninarum infected vs. uninfected yearling 

Chinook salmon and juvenile coho salmon in cold (1999-‘02) and warm (2003-‘04) 

ocean years.  

 

 
 

Figure 8.  Prevalence of R. salmoninarum infections by nested PCR (nPCR) and 

quantitative PCR (qPCR) in stocks of yearling Chinook salmon in cold ocean (1999-

2002) vs. warm ocean (2003-2004) summers.  Stock abbreviations are: Middle and 

Upper Columbia River Spring (Mid&UCR_Sp), Spring Creek Group Fall (SCG_F), 

Snake River Fall (Snake_F), Snake River Spring (Snake_Sp), Upper Columbia River 

Summer/Fall (UCR_Su/F), West Cascades Spring (WC_Sp), and Willamette River 

Spring (WR_Sp).  Sample sizes are provided at the top of the figure. 
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Figure 9.  Prevalence of R. salmoninarum infection by nested PCR (nPCR) and 

quantitative PCR (qPCR) in stocks of coho salmon in cold ocean (1999-2002) vs. 

warm ocean (2003-2004) summers.  Stock abbreviations are: Columbia River 

(Columbia).  Sample sizes are at the top of the figure. 
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Table 1: Selected ocean indices for 1999-2004, with coho salmon smolt-to-adult 

(SAR) values and spring Chinook salmon jack returns to Bonneville Dam. 

 

 

 

Table 2: Summary of R. salmoninarum infections: sample sizes; detection by nested 

PCR (nPCR): quantitative PCR (qPCR); and the difference in mean weight residuals 

(x1000) between infected and uninfected salmon in warm (2003-‘04) vs. cold years 

(1999-‘02). 

 

 
 

 

Ocean Condition Indices 1999 2000 2001 2002 2003 2004

Winter PDO (December to March) -1.75 -4.17 1.86 -1.73 7.45 1.85

Summer PDO (April to September) -5.54 -3.23 -4.53 -0.58 4.6 3.53

Sea Surface Temperature (SST) °C 13.14 12.54 12.56 12.3 12.92 14.59

Summer Columbia River Plume Flows 370,800 271,850 163,200 314,800 282,250 257,650

Physical Spring Transition  (Julian Day) 91 72 61 80 112 110

Biological Spring Transition (Julian Day) 119 96 129 120 156 131

Length of Upwelling Season (days) 205 208 173 218 168 178

% Coho salmon survival (SAR) 2.27% 4.59% 2.58% 3.99% 2.82% 1.85%

Spring Jack Returns to Bonneville 24,121 17,055 8,288 17,558 12,002 5,344

PDO=Pacific Decadal Oscillation

SST from Buoy #46050; Stonewall Bank, off Newort, OR

Average Columbia River flows for May and June, in feet
3
/second

See text for data sources

Warm Summer Cold Summer Warm Summer Cold Summer

Sample Size (N) 209 460 547 646

# Infected by nPCR 41 174 89 231

% Infected by nPCR 19.6% 37.8% 16.3% 35.8%

* % Infected by qPCR 9.76% 36.2% 10.10% 13.9%

* % Severely Infected 0.05% 0.1% 0 0.03%

Uninfected  Weight Residuals 37.25 35.63 35.62 30.77

Infected Weigt Residuals 20.73 20.75 1.08 28.62

Δ Difference in Wt.Residuals
1 6 . 9 7 1 4 . 8 8 3 4 . 5 4 2 . 1 5

§  I n f e c t e d  v s . U n i n f e c t e d p = 0 . 0 8 3 p = 0 . 1 1 p = 0 . 0 0 2 p = 0 . 7 7

* Calcuated as the % of nPCR positive samples

Δ Difference is Uninfected - Infected (x10
3
)

§ Comparison based on Mean Weight Residuals

Yearling Chinook Salmon Juvenile Coho salmon 
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Table 3. Summary of sample sizes, R. salmoninarum prevalence by nested PCR 

(nPCR), quantitative PCR (qPCR), mean weight residuals (x1000), and the difference 

in mean weight residuals between infected and uninfected salmon in summer of 2000. 

 

 

 

 

  

Chinook salmon coho salmon 

Sample Size (N) 143 104

# Infected by nPCR 66 70

% Infected by nPCR 46.20% 67.30%

* % Infected by qPCR 45.5% 18.6%

* % Severely Infected 10.6% 5.7%

Uninfected Weight Residuals 36.72 21.48

Infected Weight Residuals 22.16 38.34

Δ Difference in Wt.Residuals
7 . 8 4 - 1 6 . 8 6

§  I n f e c t e d  v s .  U n i n f e c t e d p = 0 . 3 6 p = 0 . 3 1

*  c a l c u a t e d  a s  t h e  %  o f  n P C R  p o s i t i v e  s a m p l e s

Δ Difference is Uninfected - Infected (x10
3
)

§ Comparison based on Mean Weight Residuals

Summer 2000 (Cold Year)
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APPENDICES 

 

Table A: Releases of Chinook and coho salmon smolts from Washington (WA), 

Oregon (OR), Idaho (ID) and California (CA) hatcheries, with totals, 1999-2004. 

 

 

 

 

 

Figure B: Mean ranks of categorized R. salmoninarum ELISA O.D. values by smolt 

emigration year for Chinook salmon at Carson Hatchery, on the mainstem Columbia 

River (* denotes significant difference; N=60 fish per year).  Bars are standard errors.  

 

 

 

 

 

Year WA OR CA ID Total WA OR CA ID Total

1999 114.5 30.5 45.4 9.7 200.1 54.9 9.5 0.8 0.8 66

2000 117.4 32.3 43.78 6.8 200.28 43.9 8.7 0.58 0.53 53.71

2001 123.5 28.4 45 5.4 202.3 43.8 9.6 0.57 0 53.97

2002 131.4 26.6 29 12.65 199.65 42.6 9.1 0 0.55 52.25

2003 120.9 25 30.6 12.8 189.3 37 8.7 0.42 0 46.12

2004 118.2 17 27.4 2.7 165.3 34.1 11.2 0 0.1 45.4
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Figure C: Mean R. salmoninarum ELISA O.D. values by year for yearling Chinook 

salmon released from Oregon hatcheries on Columbia River tributaries (* denotes 

significant difference from all other years; N>600 samples per year).  Bars are 

standard errors. 
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CHAPTER 5.  CONCLUSIONS 

 

This dissertation focused on the effect of bacterial and parasitic (trematode) 

infections on the growth and survival of juvenile Chinook and coho salmon during the 

early marine phase of their life cycle.  The three infectious organisms considered were 

Renibacterium salmoninarum, Nanophyetus salmincola, and skin metacercariae 

(Neascus or Apophallus sp.), all commonly found in juvenile salmon from river basins 

in Oregon and Washington.  Skin metacercariae and N. salmincola are macroscopic 

trematodes, and their metacercarial stages can be counted visually.  To detect R. 

salmoninarum, the polymerase chain reaction (PCR) is increasingly employed, 

although a variety of methods exist.  The initial work presented here was aimed at 

standardizing a newer, more sensitive quantitative PCR (qPCR) assay for the 

quantification of R. salmoninarum infection (Chapter 2).  Employing this technique, 

the effects of these three infections (both singly and in combination) on juvenile 

salmon growth metrics was assessed (Chapter 3).  In the final chapter, the relationship 

between R. salmoninarum (the infection most frequently associated with reductions in 

growth in Chapter 3) and juvenile salmon survival was investigated (Chapter 4).  

Collectively, this work represents the first long-term study of the effects of these 

infections among early marine phase salmon in the northeast Pacific Ocean. 

Molecular assays for R. salmoninarum detection have proliferated in recent 

years, leading to confusion about which assays are most suitable, and an inability to 

compare the results of studies employing different techniques.  The need for a 

common, sensitive, standardized assay for bacterial quantification was the motivation 

for the studies conducted in Chapter 2.  Two improved versions of commonly used 

qPCR assays for the quantification of R. salmoninarum infections were validated (to 

rule out non-specific amplification) and compared.  Their performance was measured 

against results obtained from the less sensitive, enzyme-linked immunosorbent assay 

(ELISA), in samples that were first identified as positive by nested PCR (nPCR).  The 

qPCR assay that amplifies the single-copy abc gene of R. salmoninarum was shown to 
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perform better at detecting medium-high levels of infection (as defined by ELISA), 

and was selected for the remaining research.  

Infection by R. salmoninarum has been shown to impair the immune response 

of infected fish, and in so doing may increase the prevalence and/or severity of other 

infections.  In Chapter 3, the effects of single and multiple infections on subyearling 

and yearling Chinook and coho salmon growth were examined.  The following metrics 

were used to measure growth: weight residuals (WRs), available for all salmon; ocean 

growth (back calculated from scale circuli), available only for coho salmon; and 

plasma levels of insulin-like growth factor-1 (IGF-1), available for a subset of yearling 

Chinook and coho salmon.  A significant reduction in the WRs of subyearling 

Chinook salmon infected by N. salmincola was found.  Yearling Chinook salmon were 

only significantly affected by R. salmoninarum infection, with reductions in both 

weight residuals and IGF-1 levels.  Yearling Chinook salmon have less exposure to 

infection by N. salmincola and skin metacercariae based on fresh water rearing 

preferences.  The effects of infection on juvenile coho salmon were heavily influenced 

by stock:  Columbia River stock coho salmon did not show significant effects of 

infection, while coastal stocks infected by N. salmincola, R. salmoninarum, or skin 

metacercariae (individually) had significant reductions in WRs.  Infection by R. 

salmoninarum also significantly reduced the IGF-1 levels of coho salmon, and was 

associated with non-significant reductions in ocean growth.  Analysis of seasonal 

declines in the prevalence of N. salmincola and skin metacercariae suggest that 

pathogen-associated mortality is occurring (Jacobson et al. 2008). 

  Surprisingly, we did not find evidence that multiple infections (combinations 

of more than one infection) had more severe effects on marine-phase growth than 

individual infections.  Coinfection by R. salmoninarum and skin metacercariae was 

rare, but rather than implicating higher mortality, this was most likely due to low 

exposure to infection by skin metacercariae.  Infection by all three pathogens/parasites 

was also very rare and tended to decline seasonally, suggestive of pathogen-associated 

mortality, but low catches of fish with triple infections in fall (often zero) precluded 
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statistical evaluation.  Thus, R. salmoninarum infection was most frequently 

associated with reductions in the growth of yearling Chinook and coho salmon. 

The identification of large fluctuations in R. salmoninarum prevalence between 

years, with an anomalous peak in 2000 and a dramatic decline in 2004, led to an 

exploration of environmental variables that might influence the prevalence and 

severity of infection, as well as salmon survival.  In Chapter 4, the effect of ocean 

conditions on the survival of yearling Chinook and coho salmon infected with R. 

salmoninarum was examined.  The survival and prevalence were correlated positively 

for both species (and was significant for coho salmon), the opposite of what was 

expected.  To understand how increased levels of infection could occur in years with 

high rates of juvenile salmon survival, various ocean indices were investigated with 

the hypothesis that the detrimental effects of R. salmoninarum infection could be 

muted in ‗good ocean‘ years, but that in years with less favorable conditions, infection 

would significantly reduce the growth and survival of yearling Chinook and coho 

salmon.  The summer Pacific Decadal Oscillation (PDO) index was used to categorize 

the years in this study into ―cold ocean‖ years (1999-2002), with characteristics 

beneficial for juvenile salmon survival, and ―warm ocean‖ years (2003-204), when 

conditions were less favorable. 

The prevalence of R. salmoninarum infection was significantly lower in warm 

years than in cold years, and severe infections were also less common.  To investigate 

the mechanism underlying these results, the WRs of uninfected salmon were 

compared to those of infected salmon.  The difference in mean WRs (uninfected vs. 

infected) was negligible in cold years, but infected yearling Chinook and coho salmon 

had significantly lower WRs in warm years.  These results do not appear to be the 

consequence of interannual differences in hatchery smolt releases, levels of R. 

salmoninarum infection in hatchery smolts, stock composition, or prevalence among 

specific genetic stocks of either juvenile Chinook or coho salmon.  These data suggest 

that R. salmoninarum infection exerts a selective pressure on survival, and is a 

potential mechanism linking ocean conditions with adult salmon returns.   
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 Several new questions have arisen as a result of this work.  Of the infectious 

organisms investigated, R. salmoninarum was most commonly associated with 

reductions in growth and survival; these effects were more significant in coho salmon 

than in Chinook salmon.  Most of the Chinook salmon captured in this study (>90%) 

were of Columbia River origin (CR), and roughly 60% of coho salmon were also from 

the CR.  Yearling Chinook salmon had higher prevalences of moderate-severe of R. 

salmoninarum infection (by qPCR) than did juvenile coho salmon.  Whether the 

strains of Chinook salmon we examined are more resistant to the infection or are 

exposed to less virulent strains of R. salmoninarum (based on habitat selection and 

river origin) is an avenue for further research. 

Salmon mortality is highest in juveniles, and occurs in roughly equal 

proportions in fresh water and during the first year at sea.  Although much research on 

the levels of R. salmoninarum at Columbia River hatcheries and during downstream 

migration has been conducted, no study has followed the progression of infection from 

hatchery release through ocean entry using the same assay, and thus we do not have an 

accurate estimate of total pathogen-associated mortality through the juvenile phase.  

This information is needed to generate an accurate assessment of the effects of R. 

salmoninarum, and may be critical in formulating plans for salmon recovery.  

At present, we have little information on the effects of chronic R. 

salmoninarum infection as salmon grow to maturity in the ocean.  Adult salmon 

returning to hatcheries in Washington, Oregon and California are often heavily 

infected by R. salmoninarum, prompting the use of antibiotics to keep the fish alive 

until they are ready to spawn.  One question of interest is whether these fish returned 

from the ocean with active infections, or acquired the infection by horizontal 

transmission after river re-entry.   

Another related question concerns the growth of the bacterium in infected 

hosts during the ocean phase.  We found that R. salmoninarum infection severity was 

generally low among salmon captured shortly after ocean entry, suggesting that most 

heavily infected individuals were quickly removed from the population (most likely by 

predators).  While some fish may recover from R. salmoninarum infection, the 



125 

possibility of bacteria with attenuated virulence among infected ocean salmon, perhaps 

in response to the physiological changes salmon undergo to survive in salt water, is 

intriguing.  From an evolutionary standpoint, R. salmoninarum in marine phase adult 

salmon are confronted with the problem of transmission.  Horizontal transmission is 

considerably less likely given the dilution factor of the ocean in comparison with fresh 

water habitats, and if the host succumbs to infection while at sea, the opportunity for 

the bacterium to pass on its genes is lost.  Does the bacterium mitigate its virulence 

during the ocean phase?  Doing so would greatly increase the odds that the infected 

host returns to fresh water, making transmission much more likely (particularly for 

infected female salmon who can transfer the infection to the next generation directly, 

via their eggs).  This question is highly speculative, and assumes that R. salmoninarum 

acts more like a true parasite (one that requires multiple hosts to complete its life cycle 

and pass on its genes).  Fundamentally, it is a question regarding the evolution of 

vertical vs. horizontal transmission—which came first? 

These are some of the questions that need to be addressed to understand the 

disease ecology of R. salmoninarum, and to mitigate the effects of infection on Pacific 

salmon recovery efforts.  My hope is that the work presented here is a step towards a 

greater understanding of the role pathogens and parasites play in regulating Pacific 

salmon populations. 
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