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Abstract
Spring Chinook Salmon Oncorhynchus tshawytscha are transported above dams in the Willamette River to

provide access to blocked spawning habitat. However, 30–95% of these transplants may die before spawning in
some years. To varying degrees, salmon in other tributaries—both blocked and unblocked—have similar prespawn
mortality (PSM) rates. Our study determined whether holding fish in constant temperature, pathogen-free
conditions prior to spawning increased survival through spawning in 2010 through 2012. In addition, we evaluated
pathogens as a potential cause of PSM. To monitor survival we captured adult Chinook Salmon early and late in the
season from the lower Willamette River and upper tributaries and held them until spawning in 13�C, pathogen-free
water. Samples were collected at the time of transport, from moribund or dead fish throughout the summer, and
after spawning in the autumn. Prespawn mortalities and postspawned fish from river surveys on holding and
spawning reaches above traps were also sampled. Necropsies were performed on all fish, and representative organs
were processed for histopathological analysis. Using multiple logistic regression odds ratio analysis, fish that were
held were up to 12.6 times less likely to experience PSM than fish that were outplanted to the river. However,
Aeromonas salmonicida and Renibacterium salmoninarum were more prevalent in held fish that had PSM than in
outplanted fish with PSM, suggesting that fish that were held were more susceptible to these bacteria. Spawned held
fish were more likely to have Myxobolus sp. brain infections and less likely to be infected with the kidney myxozoan,
Parvicapusla minibicornis, than were spawned outplanted fish. The equal likelihood of other pathogens for held fish
and outplanted spawned fish suggests interactive effects determine survival and that holding Chinook Salmon at
13�C prevented expression of lethal pathogenesis. Overall, holding could be a viable method to reduce PSM, but
issues of transport stress, proliferative disease, and antibiotics remain.

The historical levels of prespawn mortality (PSM), defined

here as mortalities that occur after adult salmon enter into

freshwater but prior to the expression of gametes during

spawning, are not well documented. Given the physiological

and environmental challenges of migration, it is natural for

some death to occur before spawning (Gauthreaux 1980;
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Quinn 2005). However, the chance of a self-sustaining popula-

tion decreases with as little as 10% PSM (Keefer et al. 2010;

Spromberg and Scholz 2011). With the goal of managing

salmon populations effectively, it is necessary to determine

the cause of PSM and evaluate potential management tactics.

Exposure to warm water temperatures and the accumulation

of degree-days (DD) have been correlated with PSM (Crossin

et al. 2008; Keefer et al. 2010; Jeffries et al. 2012). Tempera-

tures outside the acceptable range of 13.9–20�C for Chinook

Salmon Oncorhynchus tshawytscha (McCullough et al. 2001)

can cause a change in energy requirements for basal metabolic

activity (McCullough 1999). This leads to a depletion of

energy that could have been used for migration, reproduction,

and immune responses (McCullough 1999) and is also thought

to cause direct physiological stress (Richter and Kolmes

2005). Elevated temperature can also create a more suitable

environment for pathogens, either through increasing host sus-

ceptibility, increasing transmission rates, or shortening tem-

perature-dependent life cycles (Rucker et al. 1954). Further,

warm temperatures can affect survival to spawning as well as

progeny survival (McCullough 1999; Beer and Anderson

2001; Quinn 2005).

Pathogens have been associated with PSM, e.g., Parvicap-

sula minibicornis in Sockeye Salmon O. nerka of the Fraser

River (Raverty et al. 2000) or ichthyophoniasis in Chinook

Salmon of the Yukon River (Kocan et al. 2004, but see Hama-

zaki et al. 2013). Pacific salmon are exposed to a suite of pro-

liferative and nonproliferative freshwater pathogens during

their migration and holding on spawning grounds. Concur-

rently, during upstream migration and spawning, Pacific

salmon develop high levels of circulating cortisol, a known

immunosuppressant, leaving fish with a potentially increased

susceptibility to pathogens (Schreck 1996). As a result, death

after spawning is generally from disease or energy depletion

(Schreck et al. 2001).

Spring Chinook Salmon returning to the Willamette River

in Oregon can experience 90% PSM in the upper reaches

(Schroeder et al. 2007; Roumasset 2012). These fish are also

listed under the U.S. Endangered Species Act (ESA) and the

population is now composed largely of hatchery-origin indi-

viduals (NMFS 2008). Dams have contributed to population

declines through blocked passage and altered temperature and

flow regimes (NMFS 1999). In an effort to both create self-

sustaining runs and provide access to spawning habitat

blocked by dams, salmon are transported above impassible

dams into upstream tributaries (these fish are hereafter referred

to as outplanted fish). Transporting both adult and juvenile fish

is not an unusual practice (Zimmerman and Duke 1995;

Mosser et al. 2013), and PSM occurs in both transported and

nontransported populations (Roumasset 2012). In addition,

many adult Chinook Salmon in the Willamette River encoun-

ter water temperatures in the 18–22�C range and accumulate

as many as »1,500 DD (»700–900 DD, on average; Keefer

et al. 2015).

The primary focus of our study was to determine whether

Chinook Salmon held in a pathogen-free, constant temperature

environment had lower PSM than those in the river. We

hypothesized that salmon held in a constant, cool temperature

facility without exposure to additional pathogens would have

higher survival to spawn than outplanted fish (hypothesis H1).

Of particular interest was the relationship between survival

and the duration of holding on adult survival as this would

influence future management recommendations. We also

hypothesized that salmon taken earlier from the river, both

spatially and temporally, would have higher survival to spawn

than fish taken later (H2).

The second aim of our study was to determine whether

there was an association of parasites with survival to spawn-

ing by examining the suite of pathogens infecting adult Chi-

nook Salmon under different conditions (e.g., held versus

outplanted fish, held and outplanted fish with PSM versus

live fish sampled at trapping facilities, and outplanted fish

with PSM versus outplanted spawned fish). We used a histo-

logical approach to meet this aim because it allowed exami-

nation at the tissue level for known and unknown pathogens

and provided insight into the disease status of infected fish as

explained by Kent et al. (2013). We expected spawned fish

to have higher pathogen burdens than fish collected earlier in

the season irrespective of spawning success, due to the longer

exposure to pathogens, longer time for proliferative patho-

gens to multiply in the fish host, increased thermal loads,

increased susceptibility with senescence, and because adult

salmonids generally die from pathogens after spawning.

Therefore, if fish that experienced PSM died due to patho-

gen-associated mortality, we predicted that they would have

similar pathogen burdens as observed in fish that spawned

successfully (H3). When we compared outplanted fish and

fish held at the holding facility (considering PSM and

spawned fish separately), we expected to find lower pathogen

burdens for held fish because they were removed from patho-

gen exposure and because we expected they would have

lower thermal loads (H4).

METHODS

Field sites and holding facility.—Adult, hatchery-origin

Chinook Salmon were collected from as far downstream in the

Willamette River system as possible at Willamette Falls,

located 32.6 river kilometers (rkm) from the mouth of the

Willamette River or 206 rkm from the mouth of the Columbia

River. Fish were also collected en route to spawning tributaries

upstream at Foster Dam (418 rkm from the mouth of the

Columbia River), Dexter Dam (491 rkm), and Fall Creek Dam

(493 rkm) (Figure 1). In addition, salmon carcasses were col-

lected from tributaries upstream from traps on the North Fork

Middle Fork of the Willamette River, Fall Creek, and South

Santiam River.
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Fish were transported to the Fish Performance and Genetics

Laboratory (hereafter referred to as the holding facility) of

Oregon State University (OSU), Corvallis, Oregon, for holding

in cool, pathogen-free water. This facility uses pathogen-free

well water, and the flow-through system ensures a constant

temperature of 13�C (§1�C seasonal variation). Fish were

held in six outdoor tanks (measuring 3 m in diameter and hav-

ing a water depth of 1 m). Tanks were covered with black

screen to provide shade (80%) and prevent fish from escaping.

All work was done in conformance with OSU Institutional

Animal Care and Use Committee (ACUP 4438). The use of

AQUI-S 20E (AquaTactics Fish Health and Vaccines, Kirk-

land, Washington) was conducted under investigational new

animal drug (INAD) protocol 11–741 (from Aquatic Animal

Drug Approval Partnership of the U.S. Fish and Wildlife

Service). Adult salmon were sampled under ESA take permits

W1-10-UI200, W1-11-UI200, and W1-12-UI200 issued by

NOAA Fisheries and appropriate state scientific collection

permits issued by Oregon Department of Fish and Wildlife

(ODFW).

Transport and holding.—Adult Chinook Salmon from the

collection sites described above were transported to the hold-

ing facility. A total of 182 fish were transported over the 3-

year study period (35 from Willamette Falls, 100 from Dexter

Dam, 17 from Fall Creek Dam, and 30 from Foster Dam).

Transport dates and sample sizes for each location and year

are listed in Table 1. We attempted to obtain fish over a time

period that spanned the timing of the run as closely as feasible.

Chinook Salmon enter freshwater beginning around Decem-

ber, pass Willamette Falls from mid-March to July, and arrive

at upper tributaries in April through September. Procedures at

each trapping facility varied slightly and are described below.

At Willamette Falls, fish were diverted from the fish ladder

into a trap. Fish had to voluntarily ascend a Denil fish ladder

leading to an anesthetic bath. In 2011, fish were anesthetized

using 50 mg/L tricaine methanesulfonate (MS-222) buffered

with sodium bicarbonate to a pH of 7.0. The anesthetic AQUI-

S 20E at a dose of 22 ppm was used in 2012. The first fish to

arrive were collected for transport; once the transport quota

was met, fish were euthanized on site for later pathogen assess-

ment. For transport, anesthetized fish were placed into individ-

ual cylinders filled with oxygenated water. These cylinders

were placed in a secondary tote of oxygenated water to move

fish to a transport truck located about 15 min away. Total col-

lection and holding time prior to transport did not exceed 3 h

to minimize holding mortality.

FIGURE 1. The Willamette River basin, Oregon. Willamette (Will.) Falls,

Foster Dam, Fall Creek Dam and Dexter Dam traps are shown as bars, the

OSU Fish Performance and Genetics Laboratory is indicated by the star.

TABLE 1. Transport dates to holding facility and respective sample sizes (N)

of Chinook Salmon for each location and year.

Location Year Date N

Willamette Falls 2011 May 18 2

Jun 5 5

Jun 7 8

2012 May 16 6

May 23 5

Jun 13 9

Dexter Dam 2010 Jun 8 10

Jul 14 20

2011 May 26 20

Jul 20 20

2012 Jun 6 15

Aug 3 15

Fall Creek Dam 2010 Jun 7 10

Jul 12 7

Foster Dam 2012 Jun 5 15

Aug 2 15
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Fish returning to Dexter and Foster dams ascended a fish lad-

der and entered raceways where they were held for a period of

up to several days. They were then crowded into a bath contain-

ing carbon dioxide (CO2), which sedated the fish sufficiently to

allow them to be handled and lifted to a processing table. From

there they were randomly assigned to be either euthanized for

necropsy or individually netted into a transport truck.

At Fall Creek, fish were crowded from the ladder into a

holding tank and anesthetized with 60 ppm eugenol. They

were then randomly assigned to be either necropsied and sam-

pled for parasites or individually netted into a transport truck.

Fish recovered from the anesthetic in the transport vehicles.

It took about 2 h to transport fish from Willamette Falls, Dex-

ter Dam, and Fall Creek Dam traps and 1 h to transport fish

from Foster Dam trap. Fish were transported by U.S. Army

Corps of Engineers and ODFW personnel in various transport

tanks or trucks. Tank volumes ranged from 1.89 to 5.68 m3. In

all cases water (temperatures of 13–15�C) was used from

either the holding facility or the collection site and was oxy-

genated throughout the transport period. Upon arrival at the

holding facility the fish were anesthetized with buffered MS-

222 (see above) to minimize effects of netting stress and then

stocked into holding tanks.

Due to permit restrictions, we were not able to transport fish

from Willamette Falls in 2010. While we aimed for two col-

lection times per site, Willamette Falls required three sampling

events to obtain the minimum number of fish necessary. The

Chinook Salmon run at Fall Creek comprises primarily fish of

natural origin and this tributary was not sampled after 2010.

Foster Dam was added in 2012.

At the holding facility each transport group was placed into

individual outdoor tanks. No more than 15 fish were held in a

single tank. Because we had more than two collection dates at

Willamette Falls (and a limited number of tanks), fish from

this site were individually PIT-tagged and divided equally into

two tanks. With the exception of a few Dexter Dam groups

(see Table 1), we did not have replicate tanks for each location

and collection date within a year. This was due in part to lim-

ited space at the holding facility (at most six tanks were avail-

able) and by the number of fish we were permitted to take. We

did not cohabitate fish from different locations or collection

dates out of concern for pathogen transmission and potentially

losing all of the fish to disease. Because of these restraints, we

repeated the study for multiple years (2010–2012). While data

from multiple years are not true replicates, it did allow us to

examine interannual variation.

Hydrogen peroxide was administered every 2 weeks as an

external treatment for Saprolegnia because we were interested

in pathogen infections that occurred prior to the fish arriving

at our facility. Fish were checked at least twice a day (more

often towards the spawning season) for mortalities. Dead fish

were individually placed in plastic bags, put on ice, stored in a

cold room, and necropsied before any further deterioration

could take place.

Spawning and progeny.—Starting in September, fish were

checked weekly. “Ripe” female salmon were characterized as

having loose eggs in the body cavity and ripe males by the

expression of sperm. Ripe females were euthanized with a

blow to the head and eggs were removed following standard

hatchery procedures. Males were live-spawned until all

females had spawned; milt was collected in Whirl-Paks, oxy-

genated, and kept on ice. Between 500 and 1,000 fertilized

eggs per female were placed into Heath trays for incubation to

determine whether progeny were viable. All dead spawned

fish were stored as described above for necropsy.

River samples.—River surveys of outplanted Chinook

Salmon conducted by ODFW and the University of Idaho pro-

vided “fresh” mortalities (i.e., a fish with pink gills), which

were placed individually in plastic bags and kept on ice for

later necropsy. Spawned fish were also sampled at the Willam-

ette Hatchery every year in September. Willamette Hatchery is

located above Dexter Dam (Figure 1). A total of 149 fish were

collected: 19 from Fall Creek Dam, 40 from Dexter Dam, 9

from Foster Dam, and 81 from the Willamette Hatchery. Infor-

mation on sample size for outplanted fish collected from river

surveys and spawned fish collected at Willamette Hatchery is

provided in Table 2.

To provide a baseline of pathogen burden, 15 fish were

euthanized and sampled for parasite burden at each collection

site each year. Because we did not know whether fish sampled

at trapping facilities would have naturally died before or after

spawning, we referred to them as live fish. In total 90 fish

were sampled: 39 from Willamette Falls, 11 from Fall Creek

Dam, 13 from Foster Dam, and 27 from Dexter Dam. We

attempted to obtain fish over a time period that spanned the

timing of the run as closely as feasible (Table 3).

Tissue processing.—A complete necropsy was performed

on each fish. External and internal conditions were noted, as

well as fork length, sex, percentage of eggs spawned (for

females), percentage of fish with Saprolegnia present, and

presence of an adipose fin clip to identify whether the fish was

of wild or hatchery origin. Pieces of gill, kidney, spleen, heart,

brain, pyloric ceca, lower intestine, and liver were stored in

10% buffered formalin. After fixing for at least 7 d, tissues

were trimmed and placed in cassettes by our laboratory.

TABLE 2. Sample sizes for pathogen burden of PSM and spawned Chinook

Salmon outplanted above dams for each location and year.

Location Year PSM Spawned

Fall Creek Dam 2010 8 11

Dexter Dam 2010 19 6

2011 13 2

Foster Dam 2012 3 6

Willamette Hatchery 2010 0 26

2011 0 28

2012 0 27
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Cassettes were embedded and sectioned in our laboratory in

2010 and at the Veterinary Diagnostic Laboratory at OSU in

2011 and 2012. Slides were stained with hematoxylin and

eosin in our laboratory.

Pathogens and associated lesions present in each tissue

sample were then identified. Histology allowed us to detect a

suite of pathogens that can infect Willamette River spring Chi-

nook Salmon: both proliferative (Ceratonova shasta [formerly

Ceratomyxa shasta], a species ofMyxobolus of the central ner-

vous system, Parvicapsula minibicornis, Renibacterum salmo-

ninarum, and Aeromonas salmonicida), and nonproliferative

(Nanophyetus salmincola, Apophallus sp., and Echinochasmus

milvi) pathogens using the methods described by Kent et al.

(2013). We defined proliferative pathogens as those that multi-

ply within the fish host (i.e., microparasites), whereas nonpro-

liferative pathogens do not (i.e., macroparasites).

Statistical analysis.—Estimates of percent PSM for out-

planted fish was supplied by ODFW and were based only on

females because the degree of spawning in males cannot be

determined in the field. Therefore, comparisons of percent

PSM between fish at the holding facility and outplanted fish

were made using only females. Conversely, comparisons

within the holding facility of percent PSM used both males

and females. Multiple logistic regression (R Core Team 2012)

was used to determine associations between PSM and year,

length of holding, and location as follows,

PSM .Y=N/ D year C holding C location;

to compare outplanted and held females, where yes (Y) or

no (N) indicates occurrence or absence of PSM, respectively.

When considering only held fish, sex was added as a variable

to the model. In both models the variable “holding” indicates

whether the fish were outplanted, collected early and held, or

collected late and held. All analyses were conducted at the

alpha D 0.05 level.

We were unable to examine interactions between location,

year, or length of holding because we did not have replicate

tanks for each location and collection date within a single

year. Further, May and June collections were designated as

“Early” and July and August were considered “Late” collec-

tion dates, reflecting relatively cool and warm periods,

respectively.

All fish from Willamette Falls were coded as an early col-

lection date because collections at Willamette Falls were

“early” relative to upstream collection dates and this did not

significantly change the comparison between early and late

collections (see Table 5).

We also assessed presence or absence of pathogens in live

fish, fish that had PSM, and spawned fish using two separate

logistic regression models implemented in R (R Core Team

2012). A multiple logistic regression model was used to com-

pare all (both held and outplanted) fish that experienced PSM

and spawned fish (see Table 6). The general model used was

PSM .Y=N/ D P1 C P2 . . . C P7 C location

C year C holding;

where P1 to P7 indicate the presence or absence of (1) P. mini-

bicornis, (2) R. salmoninarum, (3) C. shasta, (4) N. salmin-

cola, (5) Myxobolus sp., (6) A. salmonicida, and (7)

Apophallus sp./E. milvi. Location included Fall Creek, Foster

and Dexter dams. Data were used from years 2010–2012 and

arrival indicates whether collection was “early,” “late,” or

from the river (outplanted fish); this comparison did not

include fish from Willamette Falls.

Fish collected from Willamette Falls were not included in

the model above for two reasons. First, we did not have com-

plete groups to compare; e.g., there was no outplanted group

to compare with early and late held fish. Secondly, there was

complete separation of data for most pathogens when compar-

ing held fish and fish sampled at the falls (see Figure 2). Spe-

cifically, while fish sampled at Willamette Falls show low

prevalence of infection with pathogens, these infections

develop with time (i.e., pathogens are more prevalent and

severe in spawned fish).

For comparisons involving live fish (i.e., fish sampled

directly at a trapping facility), the following multinomial

logistic regression models were used:

.PSMH; PSMO; live/ D P1 C P2 . . . C P6

C location C year

and

.spawnH; spawnO; live/ D P1 C P2 . . . C P6

C location C year;

TABLE 3. Sample sizes (N) of Chinook Salmon sampled for pathogen bur-

den at each collection site by year and month.

Location Year Month N

Willamette Falls 2011 May 9

June 7

July 8

2012 May 9

June 6

Fall Creek Dam 2010 June 5

August 6

Foster Dam 2012 June 7

August 6

Dexter Dam 2010 June 3

July/Aug 6

2011 May 7

July 4

2012 June 5

August 2
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where P1 to P6 indicates presence or absence of pathogens

listed above except for A. salmonicida, and the superscripts
H and O denote whether fish were held or outplanted, respec-

tively. This allowed us to compare live fish to PSM held

(PSMH) and PSM outplanted (PSMO) fish (see Table 7) or live

fish to spawned held (spawnH) and spawned outplanted

(spawnO) fish (see Table 8). Aeromonas salmonicida was

excluded; there was complete separation in the model as A.

salmonicida was not detected in the live group. Further, arrival

was not characterized for these two models because outplanted

fish could not be categorized as either early or late, and live

fish were not grouped as either outplanted or held (leading to

complete separation in the model). Other than these changes,

the general model is the same as the one described above for

PSM and spawned comparisons.

RESULTS

The percent PSM for held female Chinook Salmon was

generally less than 20%, (with the exception of one group at

Fall Creek Dam), while the percent PSM for outplanted

females varied from less than 20% up to 80% (Figure 3).

Using multiple logistic regression, we modeled the odds of

PSM as a function of collection groups (early held, late held,

and outplanted), location (Foster, Fall Creek, and Dexter

dams), and year (2010–2012) for female fish (Table 4). With

this model, PSM was 12.6 times more likely to occur in out-

planted female fish than in early held female fish, after

accounting for location and year. Prespawn mortality was

7.9 times more likely in outplanted female fish than late

female fish that were held. Fall Creek female salmon were

2.3 times more likely to have PSM than those at the Foster

Dam location. Similarly, female fish from Dexter Dam were

2.1 times more likely to have PSM than those at the Foster

Dam location. Finally PSM in outplanted female fish was

more likely to occur in 2010 than in 2012.

Percent PSM at the holding facility (for both males and

females) was 20% or less (with the exception of one group

each from Willamette Falls and Fall Creek Dam) (Figure 4).

There was no mortality directly associated with the capture or

FIGURE 2. Percent PSM for only female Chinook Salmon for each location and year. Sample size is indicated above each bar. Months indicate collection times

for fish transported to the holding facility, and Outplant indicates fish outplanted above traps.
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transport process. The point estimate of the odds ratio indi-

cated a salmon from a late collection date was 3.1 times more

likely to experience PSM than a fish from an early collection

date, though this was not significant at alpha D 0.05 (Table 5).

Based on the model, held fish from Willamette Falls were

10 times more likely to experience PSM than held fish from

Dexter Dam; we point out here that these samples were likely

from different populations and that sources of mortality

between the two groups are probably different, as discussed

later. There were no differences in the likelihood of PSM at

the holding facility between the upper Willamette River loca-

tions. Regarding differences between years, a fish was more

likely to experience PSM in 2010 than 2012 (Table 5). Held

fish produced viable offspring, regardless of location or collec-

tion time (>58% survival to hatch across all groups).

For all salmon (held and outplanted), fish that experienced

PSM were 5.0 times more likely to have R. salmoninarum

than spawned fish (Table 6). Conversely, spawned fish were

7.0 times more likely to have C. shasta than fish having PSM

(Table 6). There was no difference between spawned fish and

fish that had PSM for the remaining pathogens.

Bacterial kidney disease was substantially more prevalent

in PSMH groups than in other groups. The PSMH fish were

36 times more likely to be positive for R. salmoninarum than

were live fish, after accounting for year and location (Table 7).

Likewise, PSMH fish were 32 times more likely to be R. sal-

moninarum positive than were PSMO fish. Live fish were

about three times more likely to be positive for Myxobolus sp.

than were PSMO fish.

SpawnH fish were 3.6 times more likely to be positive for

R. salmoninarum than live fish after accounting for year and

location (Table 8). SpawnH fish were also about four times

more likely to be infected with C. shasta than were live fish.

Conversely, live fish were about three times more likely to be

positive for P. minibicornis than spawnH fish.

Similar to spawnH fish, spawnO fish were more likely to

have C. shasta than were live fish (Table 8). However, live

fish were more likely to have both Myxobolus sp. brain infec-

tion and Apophallus sp./E. milvi gill infections than were

spawnO fish. Comparison of the two categories of spawned

fish revealed that spawnH fish were much more likely to be

infected with Myxobolus sp. than were spawnO fish (Table 8).

Conversely, spawnO fish were more likely to have P. minibi-

cornis than were spawnH fish.

DISCUSSION

The primary focus of this study was to determine whether

Chinook Salmon held in a pathogen-free, constant temperature

environment have lower PSM than those in the river (H1). We

found that both early and late female fish that were held were

less likely to experience PSM than outplanted female fish,

after accounting for location and year. Our study design did

not allow us to test this hypothesis for males, but holding

males would likely experience a decrease in PSM than would

outplanted males because sex did not significantly affect the

likelihood of PSM in held fish. We also found that early held

fish are less likely to experience PSM than late held fish (H2).

As percent PSM varies by year, the effectiveness of holding

does as well; i.e., in years where percent PSM is higher in out-

plants there is comparatively less PSM at the holding facility,

but when percent PSM is low in outplants, it is also low at the

holding facility. As a management tactic, holding salmon

would be most effective in years where high PSM is expected

and less helpful in years with low PSM. Development of man-

agement plans for years with different anticipated river condi-

tions and other variables could be used to ensure minimum

impacts to outplanted fish while balancing biological benefits

and economic costs (e.g., Schreck et al. 2013). If we could

predict good versus bad PSM years using environmental fore-

casts, one could hold fish as needed.

While our study cannot directly attribute lower PSM at the

holding facility to the cool constant temperatures and a para-

site-free environment, those are the most plausible explana-

tions for the results. The higher PSM in outplants in 2010

versus 2012 is correlated to temperatures being »2�C warmer

in 2010 than in 2012 (USGS 2015). Other studies provide evi-

dence of the correlation between elevated temperatures and

PSM (Crossin et al. 2008; Keefer et al. 2010). Furthermore,

Jeffries et al. (2012) found an upregulation in genes involved

in immunity in Sockeye Salmon held at 19�C. They indicated

that while this could be due to temperature stress, it could also

be a response to higher virulence of pathogens that progresses

in a temperature-dependent manner.

With the exception of one fish, salmon that experienced

PSM at our holding facility exhibited a high prevalence and

severity of R. salmoninarum or A. salmonicida. We speculate

that the stresses experienced by the fish prior to our collection

and/or the collection and transportation process itself may

have resulted in proliferation of these pathogens. This was

suggested when we examined percent prevalence and severity

TABLE 4. Likelihood of PSM for female Chinook Salmon based on multiple

logistic regression of collection groups, location, and year. The odds ratio

applies to the first group in the comparison, e.g., PSM is 12.6 times more

likely in the outplanted group versus the early held group. Statistical signifi-

cance is indicated as follows: P � 0.001***; P � 0.01**; P � 0.05*; P � 0.1y.

Comparison Odds ratio (95% CI)

Outplant versus early 12.6 (3.4–81.4)***

Outplant versus late 7.9 (3.3–22.6)***

Fall Creek versus Foster 2.3 (1.0–5.6)y

Fall Creek versus Dexter 1.1 (0.6–2.0)

Dexter versus Foster 2.1 (1.2–4.0)*

2010 versus 2011 0.5 (03–1.1)y

2010 versus 2012 3.8 (2.5–5.9)***

2011 versus 2012 7.1 (3.7–14.2)***
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of bacterial infections of fish sampled at the trapping facilities,

the holding facility, and outplant locations. Fish at the trapping

facilities had little or no histological evidence of R. salmonina-

rum or A. salmonicida infections, and prevalence remained

low in outplanted fish (Benda 2014). Meanwhile, fish having

PSM at the holding facility showed a high prevalence of infec-

tion with these pathogens.

The observed higher prevalence of bacterial infection at the

holding facility is not surprising. Renibacterum salmoninarum

has long been a major problem for cultured salmon (Fryer and

Sanders 1981) and the infection is very prevalent in wild Chi-

nook Salmon in the Pacific Northwest (Banner et al. 1986;

Pascho and Mulcahy 1987; Arkoosh et al. 2004; Rhodes et al.

2006). Renibacterum salmoninarum is a slow-growing bacte-

rium; it takes weeks before causing fatality in the fish, and hor-

izontal transmission is similarly slow (Murray et al. 1992;

McKibben and Pascho 1999). Therefore, many of the fish col-

lected as adults from the Willamette River may have had

FIGURE 3. Percent PSM for male and female Chinook Salmon at the holding facility for each collection date, location, and year. Sample size is indicated above

each bar.
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subclinical infections that became clinical several weeks after

capture or being subjected to other stressors.

With A. salmonicida, one highly infective fish can spread

the pathogen to other individuals. The density-dependent

transmission of A. salmonicida makes it an especially impor-

tant consideration for holding facilities, where fish would pre-

sumably be held in close quarters (Ogut and Reno 2004). The

Willamette Falls fish held in 2011 are the best example of this,

where 100% of PSM fish were moderately or severely infected

with A. salmonicida. These fish died within a month of trans-

port, most within the first 2 weeks. Not only does this empha-

size the importance of this disease, it calls attention to the

importance of reducing transport and handling stress and the

potential negative aspect to a collect-and-hold management

tactic. Bacterial infection could also explain why held salmon

from Willamette Falls were more likely to experience PSM

than salmon collected upstream (Table 5). It is possible that

fish experience pathogen-associated mortality between Will-

amette Falls and the trapping facilities, which would result in

an underestimation of total freshwater mortality. Alternatively,

the higher mortality may have been related to greater handling

and transport time required for collection at Willamette Falls.

Both R. salmoninarum and A. salmonicida are common to

hatcheries, which usually treat for bacterial infections with

antibiotics. Aeromonas salmonicida was not detected histolog-

ically in spawned fish from Willamette Hatchery (fish treated

with antibiotic), while we found residual levels of infection in

held spawned fish (not treated with antibiotics) (Benda 2014).

The infection rate with R. salmoninarum was equal to or less

than that of spawned fish at the holding facility, and the sever-

ity of infection was generally lower at Willamette Hatchery.

Our held fish were not treated with antibiotics to ensure

they were similar to outplanted fish. If holding were used as a

management tactic, fish would be held for a period of time and

then released to spawn. Based on the prevalence of bacterial

disease in held fish, careful consideration will have to be given

to the use of antibiotics. We know that fish in a held setting

can experience pathogen-associated mortality from these dis-

eases. There is also a possibility that stress (e.g., handling and

transport to release site) and lack of treatment could increase

the chances of death before spawning. Additionally, the

ODFW fish health management policy (ODFW 2003) is

designed to prevent the holding and transportation of fish that

will either incubate or release high levels of bacteria into the

environment.

While antibiotics would help to alleviate the issues

described in the previous paragraph, this approach has certain

concerns. Antibiotic use could lead to the selection of drug-

resistant bacteria, which would affect terrestrial livestock and

humans using the same antibiotics (Bell et al. 1988; Kemper

2008; Rhodes et al. 2008). There is also a risk of human expo-

sure to antibiotics after fish are released, although fish are only

released where or when harvest is illegal in the Willamette

River. The application of antibiotics would therefore be lim-

ited, which could help create a balance between the release of

bacteria and/or antibiotics and the survival of held fish.

The second aim of this study was to determine whether Chi-

nook Salmon that experienced PSM and spawned fish had sim-

ilar pathogen burdens (H3) and whether held fish had lower

pathogen burdens than outplanted fish (H4). When we com-

pared all PSM fish to all spawned fish (H3), we found that fish

were likely to have similar pathogen burdens with only two

exceptions. Fish that had PSM were more likely to have R. sal-

moninarum and spawned fish were more likely to have C.

shasta (Table 6). As discussed previously, most of the held

PSM fish died from bacterial infection, meaning this result

reflects more on holding than causes of PSM. Further, it

is very likely that all fish (live, PSM, or spawned fish at

both the holding facility or outplanted) are infected with

R. salmoninarum and that subclinical infections are hard to

detect with histology (Kent et al. 2013). Ceratonova shasta is

a proliferative pathogen that has a degree-day dependent life

cycle and infections are initiated after water temperatures rise

in the late spring or early summer (Johnson 1975; Chiara-

monte 2013). Because spawned Chinook Salmon spend the

most time in the river (fish spawn in September, and live and

PSM fish were collected May through August), it follows that

we would be more likely to detect this pathogen in spawned

fish than in either live or PSM fish.

The PSM of fish with pathogen burdens similar to that

of a spawned fish could be explained several ways. First, it

is possible that a PSM fish is more susceptible to patho-

genesis than a successful spawner for a given burden. The

specific cause of this increased susceptibility (e.g., individ-

ual genotype, fish stock, year-class, ocean conditions, pre-

vious life history, stress, pathogen burden, a weakened

immune system, senescence, thermal experience) cannot be

determined from this study. Alternatively, similar pathogen

burdens could indicate that fish that experience PSM spent

more time in freshwater, which could affect such factors as

TABLE 5. Likelihood of PSM for male and female held Chinook Salmon

based on multiple logistic regression of collection date, location, and year. The

odds ratio applies to the first group in the comparison. Statistical significance

is indicated as follows: P � 0.001***; P � 0.01**; P � 0.05*; P � 0.1y.

Comparison Odds ratio (95% CI)

Late versus early 3.1 (0.9–12.9)y

Dexter versus Willamette Falls 0.1 (0.0–0.35)**

Fall Creek versus Willamette Falls 0.2 (0.0–1.3)y

Foster versus Willamette Falls 0.1 (0.0–0.6)*

Fall Creek versus Dexter 2.3 (0.5–10.5)

Foster versus Dexter 0.9 (0.0–9.5)

Foster versus Fall Creek 0.4 (0.0–6.4)

2011 versus 2010 0.2 (0.0–1.1)y

2012 versus 2010 0.2 (0.0–0.8)*

2011 versus 2012 1.5 (0.4–5.9)

Female versus male 0.9 (0.4–2.5)
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the timing of senescence, the amount of pathogen exposure

and burden, the degree-days acquired, the amount of time

fish are held below trapping facilities (dams) and on

spawning grounds, and the amount of energy reserves

available for migration.

When we compared held versus outplanted fish (H4), there

were few differences between groups. For fish that

experienced PSM, those that were held were more likely to

have R. salmoninarum than those that were outplanted(dis-

cussed previously). For spawned fish, held fish were more

likely to have Myxobolus sp. and less likely to have P. minibi-

cornis than were outplanted fish; this can be explained by the

pathogens’ respective life cycles. The latter myxozoan uses

the freshwater polychaete, Manayunkia speciosa, as an

FIGURE 4. Pathogen prevalence and severity for Chinook Salmon sampled at Willamette Falls early (E. Trap) and late (L.Trap) and held spawned fish col-

lected from Willamette Falls early (E.H. SPN) and late (L.H. SPN ) in 2011. Sample size (N) is indicated in top right corner of each panel. Shading indicates the

severity of infection: white D low, gray D moderate, and black D severe. Pathogens: P.m D Parvicapsula minibicornis; Myx.sp. D Myxobolus sp.; R.s D Reni-

bacterium salmoninarum; C.sD Ceratonova shasta; N.sD Nanophyetus salmincola; A.sD Aeromonas salmonicida; and A.sp. . .E..mD Apophallus sp. and Echi-

nochasmus milvi.
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alternate host (Bartholomew et al. 2006), and thus it is likely

that salmon do not become infected until they return to fresh-

water to spawn. In this case, removing adult salmon from the

river early in the summer may reduce the prevalence of infec-

tion. Conversely, based on our knowledge of other neurotropic

Myxobolus species infecting salmon, the Chinook Salmon in

our study are very likely infected with Myxobolus sp. as juve-

niles in freshwater and the infections persist to adulthood

(Kent et al. 1993, 1994; Ferguson et al. 2008). The lower like-

lihood of Myxobolus sp. in spawned outplanted fish than in

either live fish at traps or spawned held fish suggests that out-

planted fish with this infection are dropping out of the popula-

tion and holding may help survival. However, live fish were

also more likely to have Myxobolus sp. infections than out-

planted fish that experienced PSM, which does not support the

hypothesis of parasite-associated mortality. This could be due

to a lack of detection by histological examination or an inade-

quate sample size of fish that experienced PSM.

The similar prevalence of infection between held and out-

planted spawned fish for several of the pathogens in this study

was not surprising as they were taken from the same popula-

tion and two groups were likely exposed to the same patho-

gens before capture. Moreover, there could be differences that

we were not able to reveal due to statistical limitations, such

as relatively small sample sizes and replicates, and several

confounding factors such as time and location in the river and

variability in PSM and temperatures between years.

Nevertheless, similar severity of infection could indicate

several factors: there is some stress associated with holding,

TABLE 6. Odds ratios from binomial logistic regression model comparing

spawned versus PSM (for both outplanted and held Chinook Salmon) as a

function of pathogens (presence [C] or absence [¡]), location, year, and col-

lection time. This would be read as: a spawned fish was seven times more

likely to have C. shasta than a PSM fish (95% CI, 2.6–21.6); spawned fish are

1.8 times more likely than PSM fish at Foster Dam than Fall Creek Dam (95%

CI, 0.1–32.9); spawned fish are 1.2 times more likely than PSM fish in 2012

than in 2010 (95% CI, 0.1–27.9). Pathogens: Parvicapsula minibicornis,

Renibacterium salmoninarum, Ceratonova shasta, Nanophyetus salmincola,

Aeromonas salmonicida, Myxobolus sp., Apophallus sp., and Echinochasmus

milvi. Statistical significance is indicated as follows: P � 0.001***;

P � 0.01**; P � 0.05*; P � 0.1y.

Pathogen or comparison Odds ratio (95% CI)

P. minibicornis C 1.2 (0.4–3.9)y

R. salmoninarum C 0.2 (0.0–0.7)***

C. shasta C 7.0 (2.6–21.6)**

N. salmincola C 0.9 (0.2–4.5)

A. salmonicidaC 1.4 (0.4–4.8)

Myxobolus sp. C 2.0 (0.7–6.4)

Apophallus sp./E. milvi C 0.8 (0.3–2.3)

Foster versus Fall Creek 1.8 (0.1–32.9)

Dexter versus Fall Creek 0.5 (0.1–1.6)

Foster versus Dexter 3.9 (0.1–57.8)

2011 versus 2010 0.5 (0.1–2.2)

2012 versus 2010 1.2 (0.1–27.9)

2012 versus 2011 2.4 (0.2–55.4)

Early versus outplant 159.1 (26.2–1,747.2)***

Late versus outplant 24.4 (7.2–105.7)***

TABLE 7. Multinomial logistic regression of PSMH, PSMO, and live Chinook Salmon as a function of pathogens (presence [C] or absence [¡]), location, and

year. Odds ratio and 95% CI are listed for each comparison. This would be read as: PSMH fish are 36.1 times more likely to have R. salmoninarum than live fish

(95% CI, 4.8–268.8); PSMH fish are 1.9 times more likely than live fish at Dexter Dam compared with those at Fall Creek Dam (95% CI, 0.2–16.0); PSMH fish

are 0.2 times less likely than live fish to occur in 2011 than in 2010 (95% CI, 0.0–4.7). Pathogens: Parvicapsula minibicornis, Renibacterium salmoninarum,

Ceratonova shasta, Nanophyetus salmincola, Myxobolus sp., Apophallus sp., and Echinochasmus milvi. Statistical significance is indicated as follows:

P � 0.001***; P � 0.01**; P � 0.05*; P � 0.1y.

Pathogen or comparison PSMH versus live PSMO versus live PSMH versus PSMO

P. minibicornis C 0.2 (0.0–1.8) 0.5 (0.1–1.6) 0.5 (0.1–3.5)

R. salmoninarum C 36.1 (4.8–268.8)*** 1.1 (0.2–6.4) 32.1 (5.0–205.3)***

C. shasta C 0.5 (0.1–4.1) 0.7 (0.3–2.0) 0.7 (0.1–6.1)

N. salmincola C 2.3 (0.1–51.6) 1.3 (0.2–7.3) 1.8 (0.1–30.4)

Myxobolus sp. C 0.7 (0.1–6.2) 0.3 (0.1–0.9)* 2.1 (0.2–20.3)

Apophallus sp./E. milvi C 0.2 (0.0–1.3) 0.3 (0.1–1.0)y 0.6 (0.1–3.8)

Foster versus Fall Creek 6.8 £ 106

(1.5 £ 106 – 3.1 £ 107)***

5.6 (0.3–108.9) 9.7 £ 105

(2.0 £ 105 – 4.7 £ 106)***

Dexter versus Fall Creek 1.9 (0.2–16.0) 2.9 (0.7–11.7) 0.7 (0.1–4.7)

Foster versus Dexter 2.8 £ 106

(3.1 £ 105 – 2.7 £ 107)***

2.0 (0.1–26.5) 1.9 £ 106

(2.0 £ 105 – 1.9 £ 107)***

2011 versus 2012 4.0 £ 106

(5.0 £ 105 – 3.1 £ 107)***

9.9 (0.9–106.9)y 5.2 £ 105

(6.6 £ 104 – 4.1 £ 106)***

2011 versus 2010 0.2 (0.0–4.7) 0.4 (0.1–1.9) 0.5 (0.0–9.7)

2012 versus 2010 4.8 £ 10¡8

(1.1 £ 10¡8 – 2.2 £ 10¡7)***

0.0 (0.0–0.5)* 1.3 £ 10¡6

(2.8 £ 10¡7 – 6.5 £ 10¡6)***
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fish are senescing, and proliferative pathogens multiply

regardless of location. It also suggests that interactive effects

are important for causing mortality (e.g., both pathogens and

warm temperatures are needed before significant mortality is

evident). Crossin et al. (2008) held Sockeye Salmon at 10�C
and 18�C and found more pathogen-related mortality at the

higher temperature. Whereas we used higher temperatures as

an example of interaction with pathogens, there could also be

an interaction with low flow, holding below trapping facilities,

transport stress, or other factors. For instance, a low-flow envi-

ronment could be favorable to intermediate hosts of pathogens

or the pathogens themselves, increase the density of holding

salmon, and thus increase the exposure of salmon to pathogens

(Leniham et al. 1999; Hallett and Bartholomew 2008; Bjork

and Bartholomew 2009). Holding fish below trapping facilities

at higher densities could allow for the horizontal transmission

of certain pathogens, e.g., A. salmonicida (Ogut and Reno

2004), and stress would make salmon more susceptible to dis-

ease (Schreck 1996).

In conclusion, fish held in pathogen-free, constant tempera-

ture water had lower PSM than fish that were outplanted, indi-

cating that holding could be a viable method to increase

survival to spawn. The majority of the mortality in held fish

that experienced PSM was due to infections of R. salmonina-

rum and A. salmonicida, both of which are exacerbated by

stress and holding. Interestingly, unlike most of the parasites

in our study, these bacteria are well recognized to be important

causes of disease in salmonid fishes held in captivity. There-

fore, careful consideration should be given not only to the

transport and handling methods, but also to the possible use of

antibiotics in held fish. Holding as a management tactic would

involve the release of held fish into spawning tributaries,

which our study did not examine. Future work should hold and

release fish and account for antibiotics as well as the timing of

collection and release. Fish that undergo PSM are dying from

the presence of pathogens, based on the similar pathogen bur-

dens of PSM fish and spawned fish. The next step would be to

determine whether this is simply a function of exposure time

to the pathogens (e.g., early returning fish) or whether PSM

fish are inherently more susceptible to infection. Finally, an

examination of the prevalence and cause of PSM in Chinook

Salmon between Willamette Falls and upstream tributaries

would not only broaden our understanding of PSM but poten-

tially identify other management tactics to increase the sur-

vival of fish to spawn.
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