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Juvenile Chinook Salmon (Oncorhynchus tshawytscha) have a finite amount of 

energy that they can use to move from their riverine habitat to their oceanic habitat. 

Fish in the Willamette River Basin are prevented from moving to the ocean easily by 

dams which create reservoirs, where they reside for up to months. In this time period 

many juveniles become heavily infected with parasitic copepods (Salmincola 

californiensis) which are thought to be harmful. The physiologic impact copepods 

have on these juveniles was investigated by observing swimming endurance of 

copepod infected laboratory and naturally reared fish. Infected laboratory fish did not 

perform as well as uninfected laboratory fish. Naturally reared infected fish were 

unable to swim in the endurance challenge. Juvenile Chinook Salmon were subjected 

to a stress test in order to elicit a physiologic stress response. The creation of reactive 

oxygen species in splenic leukocytes were measured over the course of 23 hours to 

evaluate the effect of stress on oxidative burst activity. Three hours after the stressor 

had been applied, oxidative burst activity had increased. There was no indication that 

increases in oxidative burst activity due to stress would recover within 20 hours after 

the stress test. Findings in this thesis suggest that overall fitness of copepod infected 

and stressed fish is reduced.  I speculate energy allotted towards accounting for the 

heavy burdens of copepods appears to be so great that there is little energy left for 

juvenile Chinook Salmon to successfully move to the ocean. Reallocating energy 



 
 

 

from maintenance and growth to copepod-induced allostatic burdens in individuals 

may hinder the Willamette River Basin Chinook Salmon population from shedding its 

Endangered status.  
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Chapter 1: Introduction 

The impact humans have on the earth is significant. In the Willamette River Basin in 

Oregon we have severely altered the habitat by reducing total river length by 25% (Baker 

et al. 2004). Humans have also severely altered fish passage in these shortened rivers by 

introducing major dams in the Willamette River Basin (Sheer & Steel 2006) and fish 

must overcome these obstacles in order to survive. Two particular obstacles juvenile 

Chinook Salmon (Oncorhynchus tshawytscha) must overcome while moving to the ocean 

are heavy burdens of copepods and the implicit stress placed upon the fish while in 

reservoirs and passing through dams (Monzyk et al. 2015, Muir et al. 2011).  

 All organisms have a finite amount of energy, which can be supplemented 

through ingesting energy sources, but this must be done before current stores of energy 

are significantly depleted (Callow 1985). The following formula sums up the available 

energy an organism has:  

        

 

Where C is the ingested energy, P is energy put towards production, R is energy 

put towards the metabolism, and E is energy lost in waste (Callow 1985), ultimately 

leading to an energy budget with constraints that the organism must live within. 

Obstacles that humans have imposed on fish in the Willamette River Basin, particularly 

juvenile Chinook Salmon, require that they reallocate energy expenditure from 

production, metabolism, or waste and redirect it towards maintaining homeostasis to 

overcome the additional obstacles we have introduced through habitat alteration.  

(Callow 1985) 
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Habitat alteration in the Willamette River Basin, particularly dams, has introduced 

a seemingly infinite list of stressful burdens that juvenile Chinook Salmon have to 

contend with during outmigration. In this thesis two of these potential burdens are 

analyzed. First, the physiologic effect freshwater parasitic copepods (Salmincola 

californiensis) have on the performance of juvenile Chinook Salmon. Second, the effect a 

stressor has on the splenic oxidative burst activity. 

Reservoirs in the Willamette River are sites where juvenile Chinook Salmon 

become heavily infected with S. californiensis (Monzyk et al. 2015), but the impact these 

parasites have on juvenile Chinook Salmon is unknown. S. californiensis has only been 

found to parasitize salmonids. Kabata & Cousens (1973) were able to establish a 

complete understanding of the life cycle of S. californiensis using Juvenile Sockeye 

Salmon (O. nerka) as the hosts. A female copepod holds eggs and embryos in paired sacs 

attached to her abdomen for 28-32 days, until the nauplius is mature enough to hatch and 

simultaneously molt into a copepodid (Kabata & Cousens 1977). Copepodids are the only 

free swimming stage of S. californiensis, and have up to two days to find a host before 

starvation. Four chalimus stages follow the copepodid stage. Copepods prefer to attach to 

sites on fish with a thin epithelial layer covering a bony structure, such as a fin base, gill 

filament, or operculum. The copepods then parasitize fish by gaining nutrients from the 

epithelium and mucus. Once attached, it takes about two weeks for a female copepod and 

four days for a male copepod to reach sexual maturity. Sexually mature males are capable 

of inseminating the chalimus IV stage of the female, but her eggs will only become 

fertilized once she has become an adult (Kabata & Cousens 1977).    
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Parasitic copepods cause damage to the integumentary system of the fish by 

attaching, feeding, asserting pressure on nearby sites, and causing the fish to flash which 

in turn causes lesions (Kabata & Cousens 1977). However, it is not known if this damage 

imposed by S. californiensis has a significant clinical impact on the juvenile Chinook 

Salmon. Pawaputanon (1980) studied the effects of this copepod on juvenile Sockeye 

Salmon and found that the presence of copepods on the gills inhibits gas exchange, the 

fish experience anemia, increased lymphocyte counts, reduced growth, reduced 

performance while swimming, and may be more prone to secondary infections. The lack 

of knowledge on the effects these copepods have on juvenile Chinook Salmon is startling 

considering the high prevalence of these copepods in the Willamette River Basin.  

 Juvenile Chinook Salmon can spend months in reservoirs created by dams until 

they pass through the dam and continue to the ocean. There is a high likelihood of 

juvenile fish mortality after passing through dams (Muir et al. 2011, Keefer et al. 2013), 

indicating that dam passage is highly stressful. This may contribute to lowered 

survivability of the fish later on due to stress and can reduce a fish’s ability to resist 

pathogens (Yada & Tort 2016). Why stress is correlated with an impaired immune system 

is not fully understood (Yada & Tort 2016).  The stress response is a general response to 

any stressor that fish may experience (Schreck & Tort 2016). Bayne & Levy (1991b) 

have noted oxidative burst activity is stimulated in the presence of adrenocorticotropic 

hormone, indicating physiologic stress may play a role in activating oxidative burst. 

These reactive oxygen species are used to damage and kill infecting species.  

 While it is utilized by the immune system for defense, oxidative burst is an 

ancient mechanism that exists in both protists and eukaryotes (Desjardins et al. 2005). In 
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eukaryotes, oxidative burst is used by the immune system for defense against pathogens 

and to indicate the activation of the immune system (Desjardins et al. 2005, Kleniewska 

et al. 1995). Within fish, oxidative burst has been observed in multiple species across 

taxa (Kalgraff et al. 2011, Jørgensen & Robertsen 1995, Solem et al. 1995, Bayne & 

Levy 1991a, b, Haugland et al. 2014).  Nicotinamide adenine dinucleotide phosphate 

(NADPH) facilitates oxidative burst in leukocytes as part of the phagocytic pathway 

(Kleniewska et al. 2012, Nauseef 2014). After stimulation, NADPH will break an oxygen 

molecule’s bond, creating two single oxygen atoms which will individually react with 

water through superoxide dismutase to create hydrogen peroxide (Bayne & Levy 1991a). 

Hydrogen peroxide will continue to react in the cell, creating what are known as reactive 

oxygen species (ROS) (Bayne & Levy 1991a). These ROS are responsible for the 

degradation and destruction of perceived threats phagocytosed by leukocytes (Kodama et 

al. 1989).  

 Chinook Salmon in the Willamette River Basin have been listed as endangered 

since 1999 (NMFS 1999). Recovery of this species is of interest to multiple groups of 

people for cultural, economic, ecological, and recreational reasons. The second chapter of 

this thesis describes a novel method for infecting juvenile Chinook Salmon with S. 

californiensis in order to measure the swimming endurance and gill damage of infected 

laboratory- and naturally-reared fish. Given that there is a suspected link between the 

physiologic stress response and immune system, the third chapter of this thesis seeks to 

determine if there is an immunogenic response manifested as oxidative burst activity 

when a physiologic stress response is initiated in juvenile Chinook Salmon. Concluding 

thoughts linking the second and third chapter are presented in the fourth chapter. A 
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deeper physiologic understanding of the juvenile Chinook Salmon’s experience of 

moving from riverine to oceanic habitats can lead to effective conservation efforts.   
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Chapter 2: Swimming endurance in juvenile Chinook Salmon (Oncorhynchus 

tshwaytscha) infected with Salmincola californiensis 

Crystal Herron, M.L. Kent, C.B. Schreck 

ABSTRACT 

Juvenile Chinook Salmon (Oncorhynchus tshwaytscha) moving downstream through 

tributaries of the Upper Willamette River Basin can spend months in reservoirs created 

by dams. While residing in the reservoirs, they often obtain heavy infections of 

freshwater parasitic copepods (Salmincola californiensis). The physiologic effect these 

parasites have on salmonids is poorly understood. We developed a method to infect 

juvenile Chinook Salmon in a laboratory with the copepodid stage of S. californiensis.  

Infected and uninfected fish were run through an endurance challenge in order to 

ascertain swimming endurance. Severity of gill damage was assessed microscopically. 

Juvenile Chinook Salmon naturally infected with S. californiensis in Cougar Reservoir 

were also challenged and compared to their lab-infected counterparts. Copepod infection 

greatly impaired swimming ability of laboratory fish and the naturally infected fish were 

entirely incapable of swimming at low velocity.  Chinook collected in the wild were more 

heavily infected than the laboratory fish and had trouble surviving collection and 

transport to our laboratory.  Infection intensity and the amount of gill tissue were 

positively correlated, suggesting that copepod infection impairs swimming and likely 

other functions associated with individual fitness.  
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INTRODUCTION 

Juvenile Chinook Salmon (Oncorhynchus tshwaytscha ), along with other salmonids, can 

become heavily infected with freshwater parasitic copepods (Salmincola californiensis) 

while they pass through reservoirs that are created by dams in the Willamette River Basin 

in Oregon. (Monzyk et al. 2015). While moving to the ocean from the Willamette River 

Basin, juveniles may pass through multiple reservoirs, presenting multiple infection 

points.  S. californiensis specifically infects salmonids including Cutthroat Trout (O. 

clarkii), Kokanee (O. nerka), Rainbow Trout (O. mykiss), but is the most prevalent with 

the highest intensity on Chinook Salmon (Monzyk et al. 2015) The effect these copepods 

have on juvenile Chinook Salmon physiology is not known, however it is postulated that 

the affect is negative (Monzyk et al. 2015). Survival of copepod infected juvenile 

Chinook Salmon after being tagged with telemetry tags is hindered (Beeman et al. 2015). 

The physiologic impact these parasites have on juvenile Chinook Salmon is not 

understood. 

 The life cycle of S. californiensis is comprised of one host and multiple phases. 

Starting with an egg stage that encompasses both embryonic and nauplius stages, a free-

swimming infective copepodid stage, four chalimus stages, and an adult stage (Kabata & 

Cousens 1973). An individual copepod lives for about six weeks and the life cycle can 

occur within four weeks (Kabata & Cousens 1973). The copepodid has up to two days to 

find a host and transform into the first chalimus stage (Kabata & Cousens 1973). 

Preferred attachment sites for S. californiensis on salmonids are characterized as sites 

with a bony structure directly below the epithelium, classic examples are the branchial 

cavity or fin bases (Kabata & Cousens 1977).  
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While attached to the host, the copepod will cause damage by feeding on nearby 

epithelium and mucus, as well as putting pressure on the surrounding tissue of the 

attachment site (Kabata & Cousens 1977). The damage caused by these copepods to the 

integumentary system, the organ system that includes skin, scales, and mucous which 

functions to protect the inside of the fish from the outside environment, has not yet been 

proven to impair the fish’s health or performance.  

A fish’s gill is the site of multiple important physiologic functions such as gas 

exchange and osmolarity regulation (Evans et al. 2005). Any amount of damage to the 

gills can reasonably be assumed to lead to issues in maintaining physiologic functions. 

Decreased gas exchange efficiency could lead to decreased swimming endurance due to 

the impaired ability to exchange carbon dioxide (CO2) for oxygen (O2) (Brett 1965, 

Breen et al. 2004 Castro et al. 2011). Osmoregulatory difficulties could lead to amplified 

energetic costs (Schreck and Tort 2016) and most certainly affect smoltification since 

McCormick (2013) points out alterations in hydromineral balance are key to this 

developmental process, both of which could affect swimming ability.  

There is evidence that supports the idea of an endoparasite induced reduction of 

swimming performance of juvenile salmonids (Wagner et al. 2004, Kocan et al. 2006). 

The saltwater copepod Lepeophtheirus salmonis reduces the swimming performance of 

adult Atlantic Salmon (Salmo salar) at all life stages of the copepod (Bui et al. 2016).  

Whereas L. salmonis is distinctly different in salinity and infection site preferences from 

S. californiensis, the findings of Bui et al. (2016) are indicative that the potential impact 

S. californiensis has on juvenile Chinook Salmon swimming endurance is negative.  
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We assessed the potential physiologic affect S. californiensis could have on 

swimming endurance in juvenile Chinook Salmon. Swimming endurance is positively 

correlated with survivability of fish and can serve as an indicator of the status of the 

physiology of the fish (Tierney & Farrell 2004). There were four interrelated objectives 

in this study: first, to develop a method to infect juvenile Chinook Salmon with S. 

californiensis in a laboratory setting. Second, to determine if copepod infection impaired 

the fish’s physiologic capacity, as determined by endurance swimming. Third, if 

impairment occurred, to determine if there is a correlation between the amount of gill 

tissue lost or damaged and swimming ability. Fourth, to compare laboratory infected fish 

performance with the performance of fish infected in the wild. 

METHODS 

Laboratory fish rearing 

Fish were reared at Oregon State University’s Fish Performance and Genetics Laboratory 

(FPGL) in Corvallis, OR. Indoor, circular tanks (91.5 cm diameter) were maintained at 

constant flow and temperature between 12-13° C. Fish were fed Oregon Pellet 2mm at 

5% body weight per day. Tanks were cleaned weekly unless we attempted infection, in 

which case they were cleaned the following day.  

Two tanks served as duplicate stock tanks, each had 170 South Santiam stock 

spring Chinook Salmon (average weight 6.5g) reared from eggs in our facility. After a 

month of acclimation to these tanks, 20 fish from each tank were placed into a new tank 

for exposure to copepods and served as replicates. This was repeated one month later.  
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Copepod collection and care  

Adult female copepods were collected off of adult Chinook Salmon at Oregon 

Department of Fisheries & Wildlife’s (ODFW) Roaring River Hatchery, Foster Fish 

Facility, McKenzie Hatchery, Cougar Dam, and Minto Fish Facility. Adult Chinook 

Salmon were anesthetized or euthanized at each facility by ODFW personnel according 

to site specific protocol. Forceps were used to pluck adult female copepods out of the 

branchial cavity. The copepods were then transferred to water in a plastic container and 

transported to our campus laboratory at Oregon State University on ice.  

Egg sacs were removed from the adult female copepods with dissecting scissors 

and S-type curved forceps. The egg sacs were placed into a Petri dish with 7-8mL of 

water from a koi (Cyprinus carpio) tank in the laboratory at a density of up to 150 egg 

strings per dish. Five drops of 0.1% methylene blue were added to each Petri dish to act 

as a fungicide. Copepod eggs were kept cool on ice during processing. After being 

removed from the adult female, egg sacs were incubated at 13° C. Water changes 

including the 0.1% methylene blue were performed daily during incubation.  

Infection process 

We tried numerous infection methods including adding adult copepods and copepodids to 

fish at high typical fish culture density (7.7g fish L
-1

) with normal fish culture-level water 

flows for 3 months with almost no success.  The following infection method proved 

successful. Once the copepodids hatched, they were pipetted out of the petri dish using a 

2mL plastic micropipette and placed into a glass jar with a plastic lid for transport to the 

FPGL on ice.  
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Water level of the infection tanks was lowered to 15.2cm before adding 

copepodids to the tank. Fish and copepodids were combined at this lowered water level 

for 30 minutes with air stones to supplement dissolved oxygen as there was no flow in 

this time period. At the end of the 30-minute infection period, water flow was restored. 

This process was repeated for each exposure.  

There were two sets of infections which followed the outlined procedure. The first 

set of infections is termed as the, “Early,” infections and began in mid-August of 2015 

and fish were run through the endurance challenge late that September. The second set of 

infections is termed as the, “Late,” infections and began in early September of 2015 and 

were run through the endurance challenge early that November. The early infected fish 

received five exposures of copepods and the late infected fish received four exposures of 

copepods. 

Visual infection and gill damage assessment 

Approximately a month after the initial infection, fish that were exposed to copepods 

were anesthetized using 25ml L
-1

 of MS-222 and individually inspected under the 

illumination of an incandescent light bulb while keeping at least one set of gill arches 

completely submerged in water. Gill damage and copepod presence was assessed. Fish 

were categorized into three categories; no damage, light infection, and heavy infection. 

Lightly infected fish were defined as fish with gill damage visible, but only on the tips of 

the gill filaments with no or one copepod present on at least one side. Heavily infected 

fish were defined as fish with either fragments or whole gill filaments missing or 

damaged and one or more copepods present on at least one side. The day after inspecting 

and sorting fish, endurance challenges started.  
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 After fish had gone through the endurance challenge, fish were euthanized and the 

first three gill arches were dissected out using dissecting scissors and forceps, gills were 

then examined under a dissecting microscope and photomicrographed (Figure 1).  Gill 

damage was determined by analyzing the surface area of the gills digitally in Image Pro 

Plus 5.0.  The entire surface are of the gill filaments were digitally outlined, then within 

that the surface area of damage due to copepods was outlined. Gills which had severe 

enough damage to compromise the shape of the gill arch were outlined by connecting 

extreme ends from the posterior tip to the anterior tip of the gill arch (Sutherland & 

Wittrock 1985). Percent surface area damage of all six gill arches per fish was averaged 

resulting in mean surface area damage for each fish.  

Endurance challenge apparatus 

The day following gill damage assessment, fish were subjected to endurance challenges. 

Endurance was evaluated by placing fish into a horizontal, clear Plexiglass swim tube 

that was 53.3cm long and 7.6cm in diameter. Fresh water was supplied to the tube via a 

3.8cm PVC pipe connected to a variable speed pump controlled by a rheostat. The 

maximum amount of water delivered to the swimming tube was 4.3 body lengths   

second
-1

, creating the maximum velocity the fish could sustain for at least 20 minutes. 

Fish were introduced to the tube by removing the end of the tube and tipping the tube full 

of water upwards, taking just a few seconds. A nylon mesh prevented fish from exiting 

the swim tube. Water velocity was controlled additionally by a valve at the effluent end 

of the tube. A black piece of plastic sheeting was wrapped around the influent end of the 

tube to create a darkened area as incentive for the fish to swim; 15.3cm of the effluent 

end was left uncovered so the fish could be observed.  
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The endurance challenge  

A total of 15 copepod infected, 10 copepod uninfected, and 6 reservoir origin fish are 

included in this study. Individual fish were used for each endurance challenge trial and 

gently loaded into the tube head first. The end-cap of the tube was quickly replaced, and 

the tube was returned to a horizontal position. The fish was allowed to adjust to the swim 

tube for 15 minutes at minimum velocity of 1.7BL second
-1

. At the end of the 15-minute 

adjustment period, the water velocity was increased to high velocity over the course of 12 

minutes, where every three minutes the velocity was step-wise slightly increased. Once 

the water velocity reached maximum velocity, a timer was started. Fish were allowed to 

swim at maximum velocity for up to 20 minutes or until they showed signs of exhaustion. 

Exhaustion was defined as the fish’s adipose fin was visible for 30 consecutive seconds , 

with the fish residing at the effluent end of the tube. After 30 minutes of swimming at 

maximum velocity or the fish was exhausted, the water velocity was returned to 

minimum velocity and fish was removed from the swim tube.  

Fish were then euthanized, weighed, measured, and then the fish were placed on 

ice. After euthanasia, copepod intensity was then assessed. Swimming endurance of six 

to eight fish were assessed in a day. At the end of each day, the first three gill arches of 

the fish were carefully dissected out of the branchial cavity on both sides of the fish, 

keeping each side separate for digital assessment. After copepodid infections had already 

begun, we suspect that the fish may have been infected by Renibacterium salmoninarum, 

the agent that causes bacterial kidney disease (BKD). Kidneys were removed for direct 

fluorescent antibody (DFAT) staining for the bacterium, which was done by the 

researcher (Elliot 2004).  



17 
 

 

Wild reservoir fish 

To compare and contrast swimming trials conducted in the laboratory to what would be 

expected to occur in the wild, we used wild-origin juvenile Chinook Salmon that had 

passed through Cougar Reservoir and were collected by U. S. Army Corps of Engineers 

and ODFW personnel in a screw trap immediately below the dam. Fish were then 

transported to the FPGL and placed into holding tanks similar to those used for the 

copepod infections of laboratory fish. This process was repeated three times and each 

new load of fish was placed in a separate tank in order to maintain separation of arrival 

dates. A total of 40 fish were transported and were allowed to acclimate for one week 

prior to testing, during which time they were offered aquatic oligochaete bought from 

The Animal House in Corvallis, OR. for feed. No feeding was observed. Upon 

examination, we observed that all of the reservoir fish that died in the adjustment period 

had severe copepod infections relative to our laboratory-infected individuals. After a day 

had passed since the last mortality was observed in the tank, the remaining fish were run 

through the endurance challenge following the protocol outlined above.  

Smoltification classification  

The timing of this study occurred in the fall when some fish were naturally smolting.  

Chinook Salmon from the Willamette Basin can move seaward at various times during 

their freshwater residency, but predominantly do so as smolts either in their first fall or 

second spring of life (Schroeder et al. 2015). Fish were visually classified into parr, pre-

smolts, and smolts. Parr were defined as fish that had dark parr marks with no silvering or 

scale loss. Pre-smolts were defined as fish that had silver coloration with light to faint 
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parr marks visible and no scale loss. Smolts were defined as fish that had silver 

coloration, no parr marks, and scale loss (Quinn 2005). 

BKD detection and classification 

After fish had been run through the endurance challenge, a DFAT stain was used to 

determine presence and status of bacterial kidney disease (BKD), caused by 

Renibacterium salmoninarum (Elliot 2014).  

Fresh kidneys were smeared onto a microscope slide, allowed to air-dry for at 

least one day, then stained following procedures in Elliot (2014). After staining, slides 

were visually scanned for 30 seconds under a UV light microscope at 40x. If no bacteria 

were detected in the 30-second scan of the slide, then fish were given a ‘not detected’ 

status. If bacteria were detected, but did not occur in large aggregates, the fish were 

classified as having ‘minimal presence of R. salmoninarum’ status. If large aggregates or 

numerous individual bacteria were detected, fish were given a ‘diseased’ status.  

Statistical analysis 

To determine the percent success of copepod infection, each tank was analyzed 

separately. Of the 52 laboratory fish run through the endurance challenge, 27 were 

removed from the endurance swimming analysis. These fish were removed either because 

they had BKD or were classified as smolts, which were unable to endure swimming 

(Table 1).  

Due to low infection intensity, fish were grouped into groups of either infected or 

not infected for statistical analysis, regardless of tank fish were reared in. There was no 

tank effect on infection intensity (One-way ANOVA F1,23 = 2.434, p-value = 0.1324). 

Levene’s test was used to determine if the swim time variance and damage variance of 
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the two groups were equivalent. To account for unequal variance observed between the 

two groups, Welch’s t-test was used for swim time and damage separately.   Correlation 

between copepod presence and damage was assessed using one-way ANOVA. Statistical 

analysis was not performed on fish from the reservoir due to their demonstration of a 

complete inability to swim in the endurance challenge. All statistical analyses were 

performed in Rstudio version 3.3.0. 

RESULTS 

Success of infection 

In the first groups to be exposed, there was 70% and 45% copepod infection success in 

the two tanks, respectively. Only four fish from each tank had an infection that was 

classified as, “heavily infected,” and was therefore severe enough to warrant swimming 

through the endurance challenge. In the second exposure groups, there was 50% and 10% 

survival and copepod infection success in the duplicate tanks, respectively.  

 The heaviest infection occurred in the first exposure group with 3 copepods 

distributed between both sides of the branchial cavity.  

Swimming endurance  

Fish infected with copepods (n = 13) were not able to endure swimming as long as 

uninfected fish (n = 12) (p-value = 0.002) (Figure 2) (Table 1). Fish from the reservoir 

showed no ability to swim, even at low velocity.  

Damage 

Fish that had copepod-induced gill tissue damage were not able to swim as long as 

uninfected fish (p-value = 0.002) (Figure 3) (Table 1). The percent surface area damage 

was highly correlated with the number of copepods (p-value < 0.001) (Figure 4).   
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 Reservoir origin fish that had gone through the endurance challenge had copepod 

infections between 3-24 copepods on their gills and surface area damage up to 50% 

(Figure 3).  

Reservoir fish 

During the adjustment period, all but six of the fish died and had copepod infections 

between 19-41 individuals on the entire body of the fish.  

Excluded fish 

There were 21 fish that were classified as smolts (Table 2). 10 fish were classified as 

being diseased by R. salmoninarum (Table 2). Of these fish, four were both smolts and 

diseased by R. salmoninarum. 

DISCUSSION 

We found that the presence of S. californiensis reduces the ability of juvenile Chinook 

Salmon reared in the laboratory to sustain swimming for long periods of time. Infected 

fish from the reservoir were unable to swim at the low velocities. Mages & Dill (2010) 

infected pink salmon (O. gorbuscha) with saltwater parasitic copepods L. salmonis, 

which impact the skin and not the gills, and found the infected fish were unable to endure 

swimming as long as uninfected fish. 

Fish with damaged gills were less able to swim in this study. More importantly, 

damaged surface area was positively correlated with the number of copepods on the fish. 

Damage on the gills was visible with the naked eye (Figure 1).   Damaged sites occurred 

only where copepods were present and agreed with descriptions by Kabata & Cousens 

(1977). Specifically, the amount of gill damage observed in this study was highly 

correlated with the intensity of the copepod infection. There were two fish in this 
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experiment that had gill damage, but no copepods were found. Due to the brief amount of 

time allotted to the copepods to infect the laboratory fish, we speculate that the damage 

observed was mainly caused by the copepodid and chalimus stages and not the adult. It is 

possible that fish were infected with these smaller, younger stages of the copepod that 

could not be detected visually.  

There are few sources of strictly physical gill damage to compare the damage 

induced by the copepods in this study. Damage caused by most pathogens and chemicals 

is rarely contained to a single region of tissue or even just one tissue. It is also very 

common for disease or chemical damage to result in the clubbing or fusion of the 

lamellae of the gills (Speare et al. 1989, Kiemer & Black 1997,), which was not observed 

in this study.  Another source of gill damage is turbidity in the water, but this has been 

shown to have a greater effect on the fish via stress, rather than actual physical damage 

(Michel et al. 2013). Any damage caused by turbidity would be dependent upon 

granularity and particle concentration in the water (Lake & Hinch 1998) suggesting that 

turbidity evenly damages gill tissue. Damage imposed by parasitic copepods on gill tissue 

is unique in that it is truly localized to where the copepod directly interacts with the fish.  

We achieved 10-70% infection within the individual tanks. The method used in 

this report was adapted from Kabata & Cousens (1977), where they achieved a 92% 

success rate. In their study, Kabata & Cousens (1977) maintained the egg sacs and 

copepodids at 10°C, and introduced them to Sockeye Salmon (O. nerka) maintained at 9-

12° C. Our study differed slightly in that we used a different species of fish, the eggs and 

copepodids were incubated at 13° C and the fish were maintained at 12-13° C. Eggs 

incubated at 4.3° C had greater survivability and were able to live without a host 
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significantly longer than eggs incubated at 13.9° C (Vigil et al. 2015). Eggs incubated at 

13.9° C were still able to hatch and were viable for infection, but performed the same as 

eggs incubated at 16.7° C (Vigil et al. 2015).  

Importantly, we also observed a very high mortality rate associated with the 

collection and transport of fish from the wild to our laboratory.  Reservoir fish that 

suffered mortality had infections between 19 and 41 copepods. While reservoir fish that 

survived to the endurance challenge had infections between 3 and 24 copepods on their 

gills. This discrepancy is not to suggest that juvenile Chinook Salmon can tolerate 

infection intensities up to 24 copepods. The overlap in copepod numbers between fish 

that had and had not experienced mortality can attest to this. Additionally, even the two 

fish from the reservoir with only three copepods in their branchial cavities were incapable 

of swimming even at low velocity.  

The highest infection observed in the laboratory fish was three copepods. The 

lightest infection observed in reservoir fish was three copepods and occurred in two 

individuals The lightly infected reservoir fish were unable to swim in the endurance 

challenge, even at the lowest velocity, whereas the laboratory fish with the most severe 

infection was able to perform moderately well in the endurance challenge. The difference 

in performance between the reservoir and laboratory fish may be better explained by gill 

surface area damage. The reservoir fish had 35 and 49% gill surface area damage, 

whereas the laboratory infected fish only had 8% surface area gill damage. The 

discrepancy in surface area gill damage between reservoir and laboratory reared fish was 

profound. It is possible that the fish from the reservoir had previously experienced more 

intense copepod infections in the past, which had shed before capture but not so distantly 
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in the past that gill healing and recovery could occur. Fish reared in the laboratory were 

not given the opportunity to experience generations of copepod infections and therefore 

would not have had the same amount of copepod attributable damage on the gills.  

The high copepod-associated mortality must be a reflection of the fish’s poor 

ability to cope with the parasite burden and passage through the dam and not the 

collection and transport per se.  We conclude this is the case because we have collected 

and transported juvenile salmon from the wild to our laboratory and without significant 

mortality (Specker & Schreck 1980). This conclusion is also supported by the findings of 

Beeman et al. (2015), who showed that copepods in the branchial cavity reduced the 

ability of juvenile Chinook Salmon to survive past 24 hours after having telemetry tags 

surgically implanted. The apparent intolerance to handling stress reported by Beeman et 

al. (2015) combined with severe intolerance to transportation stress observed here 

indicates that while juvenile Chinook may be able to survive in baseline conditions with 

copepod infections, any additional stressor could push the fish past its energetic abilities.  

Impaired swimming performance due to the damage inflicted by a parasite has 

been recorded in Atlantic Salmon when infected with Neoparamoeba spp., the 

pathogenic agent of amoebic gill disease (AGD) (Powell et al. 2008). The pathological 

damage inflicted by AGD is different from the damage inflicted by S. californiensis in 

that AGD reduces gill surface area by fusion of gill lamellae and epithelial hyperplasia 

(Munday et al. 1990), whereas S. californiensis irritates and physically reduces gill 

surface area by removing significant portions of individual gill filaments. AGD infected 

Atlantic Salmon were found to have reduced recovery capacity after being challenged by 

a repeat swim performance test as compared to fish that were not inflicted by AGD 
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(Powell et al. 2008). While the present study and Powel et al. (2008) evaluated 

challenged fish differently, both studies were assessing overall performance of fish when 

infected by a parasite that is localized to the gills. Reduced recovery of AGD infected 

Atlantic Salmon lends credence to the impaired swimming performance seen in the 

Chinook Salmon in this study.  

This implies that copepod-infected fish in Willamette reservoirs have a rather low 

probability of resisting any stressor (Schreck & Tort 2016).  Because the fish from below 

the reservoir had passed through the dam, we may have observed a cumulative stress 

effect of the copepods plus passage through the dam. We suspect that copepod infected 

individuals would have significant mortality associated with dam passage and subsequent 

challenges encountered downstream. 

While fish are moving downstream towards the ocean, they are halted by dams 

and spend large amounts of time in reservoirs, where they become heavily infected with 

S. californiensis (Monzyk et al. 2015). Fish collected from below the reservoir in this 

study support the findings of Monzyk et al. (2015).  Our findings are also  consistent with 

other studies done with endoparasites (Mesa et al. 1998, Jones & Moffitt 2004, Kocan et 

al. 2006, Kumaraguru et al. 1995, Ferguson et al. 2012) in that performance endpoints 

were reduced in individuals when infected with endoparasites. Parasite burdens have 

been found to be a major contributor to mortality in juvenile salmonids as they move to 

the ocean (Ferguson et al. 2011). Predation is a major cause of mortality in smolts 

(Healey & Reinhardt 1995) Reduced swimming ability implies that predator evasion 

would be impaired, thus reducing the fish’s survivability.  
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Chinook Salmon have been listed as either endangered or threatened in multiple 

water systems in Oregon since 1999 (NMFS 1999). Recovery efforts for this species have 

been extensive through management practices under the Endangered Species Act. We 

suggest that it is in the interest of the recovery of this species to reduce incidences of 

becoming parasitized by S. californiensis where possible.  

While we do not think our overall conclusions are misleading, the small sample 

sizes introduces some uncertainty. There was potential for a total of 80 laboratory fish to 

become infected with copepods, but less than half of them became infected. To improve 

laboratory infection rates in the future, it would be helpful to have a better understanding 

of the behavior and preferred infection conditions of S. californiensis.    

 Overall, this study found that the presence of S. californiensis on juvenile 

Chinook Salmon hinders swimming endurance, and suggests that the parasite impacts 

overall survivability. In order to further our understanding of this parasite-host 

relationship more research should be done on the parasite’s ontogeny, role in the fish’s 

development, and reducing copepod loads on the individual fish.   
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Tank infection success 

Tank Success 
Minimum 
infection 

Maximum 
infection 

Fish 
run 

Minimum 
damage (%) 

Median 
damage (%) 

Maximum 

damage 
(%) 

Average 

swim time 
(s) 

1 70% 0 1 3 0.000 1.03 4.94 449.2 

2 45% 1 3 4 3.074 8.703 38.640 410.7 

3 55% 0 2 11 1.005 3.839 9.710 618.2 
4 10% 1 2 2 0.00 2.059 4.118 1200 

Table 1. Summary statistics of successful infection and damage for each tank. Tanks 1 and 2 make up the 

early infection. Tanks 3 and 4 make up the late infection. Success refers to the percent of fish in each tank 

that became infected with copepods. Minimum and maximum infection refers to the number of copepods 

seen on one fish in that tank. Fish run refers to the number of fish with a heavy infection and were therefore 

run through the endurance challenge. Minimum damage, median damage, and maximum damage refer to 

the statistical minimum, median, and maximum damage seen on an individual in the tank, respectively. 

Average Swim Time refers to the average swim time of each tank.  
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TABLES 1 

Excluded fish from experiment 

Stage Renibacterium salmoninarum 

Parr Pre-smolt Smolt Not detected 
Minimal 
presence 

Diseased 

12 20 21 32 12 10 

Table 2. Physiologic and disease status of fish reared at the FPGL.  Fish classified as 

smolt or  as diseased by R. salmoninarum were not used in the study. Of the total 27 fish 

removed from the study, four fish were classified as smolts and diseased. 

  2 
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Figures 3 

  4 

 5 

  6 

A 

B 

Figure 1- Damaged gill arches from a juvenile Chinook Salmon infected with 

copepods. (A) Like-colored arrows indicate where damage occurred from the same 

copepod. (B) Outline of total filamentous tissue on gill arches. Compare with damaged 

areas. Damage near bases of gill arches was induced by forceps during dissection.  
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 7 

Figure 2- Swimming time of juvenile Chinook Salmon. Squares and white circles 8 

indicate fish reared in the laboratory. Grey circles indicate fish reared in the reservoir. 9 

Laboratory infection was between 1-3 copepods observed on the gills. Infections obtained 10 

in the reservoir were between 3-24 copepods observed on the gills. Size of point indicates 11 

number of copepod in relation to other fish within groups and throughout the study.  12 

  13 
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 14 

 15 

Figure 3- Percent gill surface area damage due to copepods. Shapes, colors, and point 16 

size convey the same information as in Figure 2.  17 

  18 
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 19 

Figure 4- Percent gill surface area damage in relation to number of copepods on gills. 20 

Black and white points indicate fish reared in the laboratory. Grey points indicate fish 21 

reared in the reservoir.  22 
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Chapter 3: Stress up-regulates respiratory burst in juvenile Chinook Salmon leukocytes 23 

Crystal Herron, K.G. Cogliati, B. Dolan, C.B. Schreck 24 

ABSTRACT 25 

Severe stress appears to negatively affect the ability of fishes to resist pathogens. 26 

However, the dynamics of the immune system consequent to a stressor are poorly 27 

understood. We assessed a factor associated with innate immunity, leukocyte oxidative 28 

burst activity, in response to a brief handling and crowding stressor over time in juvenile 29 

Chinook Salmon. Respiratory burst was higher in leukocytes after a 3h stressor and was 30 

still elevated over unstressed fish levels 20h after the end of the stressor. Stress was 31 

confirmed by the elevation of plasma cortisol. We cautiously propose that this is an 32 

adaptive tactic to maintain some pathogen resistance at a time when other features of the 33 

adaptive immune system may be depressed.   34 
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INTRODUCTION 35 

Stress can impact a fish’s ability to resist infection by suppressing the immune response 36 

(Specker & Schreck 1980, Tripp et al. 1987, Fevolden et al. 1993, Wendelar-Bonga 1997, 37 

Stolte et al. 2008, Yada & Tort 2016). A key component of the stress response is the 38 

release of cortisol which functions to activate multiple physiologic pathways in order to 39 

maintain homeostasis in response to the stressor (for review, see Schreck & Tort 2016). 40 

Cortisol release may also impact the immune response in fish. Glucocorticoid receptors 41 

(GR) have been reported to be present in splenic leukocytes and their affinity for 42 

circulating cortisol has been determined (Maule & Schreck 1990a, b, Maule & Schreck 43 

1991, Slater & Schreck 1998), indicating one pathway the stress response initiates is 44 

meant to be an immune response. An immune pathway response to physiologic stress that 45 

has not been explored in Chinook Salmon (Oncorhynchus tshawytscha), to the best of the 46 

authors’ knowledge, is oxidative burst. Oxidative burst is a non-specific component of 47 

the innate immune system that facilitates the destruction of pathogens by the creation of 48 

reactive oxidative species (ROS) in activated leukocytes (Jørgensen & Robertsen 1995, 49 

Kleniewska et al. 1995, Solem et al. 1995, Li et al. 2006, Kalgraff et al. 2011, Haugland 50 

et al. 2014, Nauseef 2014, Weyts et al. 1999, Desjardins et al. 2005).  51 

We measured respiratory burst through time after fish had been exposed to a 52 

stressor, with the objective being to determine the affect stress has on oxidative burst 53 

activity in juvenile Chinook Salmon splenic leukocytes. Physiologic stress was 54 

determined by assessment of plasma cortisol concentrations.  55 

 56 

 57 
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METHODS 58 

Fish rearing 59 

North Santiam River stock eggs from brood year 2014 were fertilized and embryos raised 60 

at Oregon Hatchery Research Center near Alsea, OR. In January of 2015, 300 juvenile 61 

fish were moved outdoors to a circular tank with a diameter of 182.88 cm and depth of 62 

66.04 cm, and were supplied with flow-through water from Fall Creek at a constant flow 63 

rate. Temperatures experienced by the fish while rearing outdoors were between 5.6 and 64 

22.2 °C and fluctuated with the seasons; it was 11.1- 12.2 °C at the time of the 65 

experiment. Water was saturated with dissolved oxygen through a process of filters. Fish 66 

were fed an experimental diet with a lipid content of 11%. All work done on fish in this 67 

study was in compliance with Oregon State University’s Institutional Animal Care and 68 

Use Committee (4688). 69 

Study design 70 

For a time zero baseline, six fish were quickly netted from their holding tank and 71 

euthanized in 250 mg l
-1

 of tricaine methanesulfonate (MS-222). After processing the 0 h 72 

fish, 60 fish were netted from their outdoor holding tank, then carried to an indoor tank 73 

with a diameter of 91.44 cm and a depth of 15.24 cm. Fish were held in this tank for 3 h 74 

with constant water flow. After 3 h had elapsed, eight fish were removed from the tank 75 

for sampling. 20 h thereafter, another eight fish were removed from the tank for 76 

sampling. Only the first six fish sampled were used for this study. Remaining fish were 77 

then moved a second time to an indoor circular tank with a diameter of 121.92 cm and 78 

depth of 66.04 cm with constant flow rate to allow recovery.  Care was taken to minimize 79 

disturbance when netting fish for sampling. This process was repeated for three 80 
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consecutive days resulting in triplication of the experiment. Organ samples were held 81 

overnight at 10 °C and analyzed the following day for oxidative burst. Unstressed fish 82 

were sampled at the same time-points as the stressed groups; throughout the experiment 83 

these unstressed fish were in the three original outdoor stock tanks from which the 84 

stressed fish originated.  85 

Sample collection 86 

Fish were euthanized as quickly as possible to minimize a stress response in the fish. 87 

Immediately after euthanasia, fish were bled from the caudal vasculature, and their spleen 88 

was collected. Plasma was immediately frozen and stored at -80 °C while the organs were 89 

aseptically collected and placed into 1mL of Dulbecco's Modified Eagle Medium 90 

(DMEM) in Falcon tubes and stored at 10 °C until analysis the next morning. It was 91 

determined that anterior kidney did not provide conclusive results the first day of analysis 92 

(data not shown) hence only spleens were collected from the other two replicates.  93 

Flow cytometry  94 

Flow cytometry methods were modified from Kalgraff et al. (2011). Splenocytes were 95 

isolated from whole spleens through mechanical separation and passage through a 70µm 96 

cell strainer into 4 mL of fresh DMEM.  Cells were resuspended to 10
6 

cells mL
-1

 in 97 

DMEM.  200 μL of cells were exposed to 1μg mL
-1

 of phorbol 12-myristate 13-acetate 98 

(PMA) diluted in DMEM for 10 min at room temperature in order to stimulate ROS 99 

production.  After stimulation, the radical oxygen reactive dye dihydrorhodamine 123 100 

was added to the cells at a final concentration of 2 μL mL
-1

 and cells were incubated at 101 

room temperature for 15 min.  Cells were analyzed by flow cytometry using a BD 102 

Acuri
TM

 C6 flow cytometer with a maximum of 10,000 events recorded in the live 103 
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leukocyte gate. BD CSampler
TM

 Analysis Software for PC or Mac Version 1.0.264.21 104 

was used for flow cytometry analysis and the mean channel fluorescence for the 105 

population was recorded.  Three technical replicates were averaged.  Only six fish per 106 

sample time per treatment were assayed due to time constrains to ensure that there would 107 

be no cell death during the period it took to process the sample.  108 

Data analysis  109 

78 spleens were analyzed. Data were stored in Microsoft Office Excel 2016 and analyzed 110 

in RStudio version 3.3.0. T-tests were done to determine if replicates could be pooled 111 

together. There were no differences found between replicates, so all data were pooled 112 

together for analysis. Paired t-tests were used to determine the oxidative burst stimulation 113 

effects of PMA in splenic leukocytes. Welche’s two-sample t-tests were performed to 114 

determine differences in oxidative burst activity between times within treatment groups. 115 

Anaylsis of Variance (ANOVA) tests were performed to determine changes in oxidative 116 

burst activity through time. Contrast statements were used to compare treatment groups 117 

between times. 118 

RESULTS 119 

The oxidative burst activity in stressed fish was higher than unstressed fish (ANOVA 120 

F(2, 75) =  5.667, p-value = 0.023). The oxidative burst activity decreased in the 121 

unstressed groups. However, oxidative burst activity was elevated over the unstressed 122 

groups in the stressed fish throughout the experiment. While unstressed fish at 3 h were 123 

not different from the control fish at 0 h (t-test p-value = 0.1344), unstressed fish at 23 h 124 

had lower oxidative burst activity than unstressed fish at 0 h (t-test p-value = 0.0224), this 125 

should not imply a decrease in oxidative burst in unstressed fish through time because 126 
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unstressed fish at time 3 h were not different from those at 0 and 23 h (t-test, p-value = 127 

0.06055). At the end of the 3 h stressor, stressed fish had more oxidative burst activity 128 

than unstressed fish (ANOVA F(1,31) = 4.331, p-value = 0.0458). At time 23 h, stressed 129 

fish showed more oxidative burst activity than unstressed fish (ANOVA F(1,25) = 5.579, 130 

p-value = 0.0263). There was a larger gap in oxidative burst between treatment groups at 131 

23 h than there was at 3 h (p-value= 0.0231).  132 

DISCUSSION  133 

This study found stress manifests itself through oxidative burst activity in splenic 134 

leukocytes of juvenile Chinook Salmon. There was no evidence to indicate that the 135 

oxidative burst activity levels in the stressed fish was recovering in the 20 h post stressor. 136 

Through time, stressed fish at 3 and 23 h had higher levels of oxidative burst activity than 137 

unstressed fish. Interestingly, stressed fish at 2 and 23 h did not have higher levels of 138 

oxidative burst activity than fish at 0 h. There was an overall trend for the unstressed 139 

fish’s oxidative burst activity to decrease through time. The gap between stressed and 140 

unstressed fish oxidative burst activity increased through time. It is possible that fish at 0 141 

h experienced a minor stressor, which they were able to recover from whereas fish that 142 

were stressed were not able to recover. We did not see a recovery in oxidative burst 143 

activity in the stressed fish by the end of the experiment, suggesting the stress response of 144 

the immune system in juvenile Chinook Salmon does not recover to baseline levels at the 145 

same rate as the physiologic stress response.  146 

Oxidative burst has been studied in other teleost studies (Dahlgren & Karlsson 147 

1999, Kalgraff et al. 2011, Kleniewska et al. 2012, Haugland et al. 2014). Our study is 148 

unique in that we measured oxidative burst in response to a stimulus. The elevated 149 
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oxidative burst in Chinook splenic leukocytes observed here is novel but somewhat 150 

expected based on the findings of Bayne & Levy (1991a, b) that reported the increased 151 

production of ROS when circulating adrenocorticotropic hormone (ACTH) was 152 

increased. These findings vary somewhat from those of Ortuño et al. (2001) who found in 153 

leukocytes from a different immune organ, the anterior kidney, that oxidative burst 154 

activity was unaffected by stress in seabream (Sparus aurata L.), although they did report 155 

an increase in phagocytic activity of these cells. While we are unaware of other studies 156 

documenting the effects of stress on oxidative burst in fishes, there are some that 157 

established the potential for oxidative burst in circulating leukocytes of wrasse (Labrus 158 

bergylta A.) (Haugland et al. 2014) and pronephric leukocytes of Atlantic salmon (Salmo 159 

salar) and Atlantic cod (Gadus morhua) (Kalgraff et al. 2011). Oxidative burst in 160 

mammals has been reviewed (Dahlgren & Karlsson 1999, Kleniewska et al. 2012).  161 

 We observed a rapid activation of the innate immune system after a stressor is 162 

applied and plasma cortisol has been elevated, while other studies suggested 163 

immunosuppression (Tripp et al. 1987, Pickering & Pottinger 1989, Fevolden et al. 164 

1993).  This apparent difference is likely explainable by the fact that these studies 165 

assessed pronephric immune system (Tripp et al. 1987, Pickering & Pottinger 1989, 166 

Fevolden et al. 1993). Interestingly, fish in Pickering & Pottinger (1989) study became 167 

diseased days after the stressor had been applied.  168 

 We suspect the ROS activation observed is an early defense mechanism adapted 169 

to assist in defense against pathogens introduced during injurious stressors or assisting in 170 

maintaining resistance to pathogens already present in fish. The high energy in ROS 171 

requires that they react with something, preferably a pathogen. This could be part of a 172 
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balance between stress effects resulting in eustress and distress as discussed by Schreck 173 

& Tort (2016).  When there are no pathogens present, we speculate ROS instead react 174 

with other cells and tissues in the fish and possibly result in damaging immunopathology.  175 

If ROS producing cells are significantly reduced, then pathogens could be presented with 176 

a non-aggressive host environment, allowing them to proliferate.  Hence, the response to 177 

stress is biphasic. The first phase involves immune activation to aid in the prevention of 178 

disease. The second phase is characterized by the allostasis (see Schreck & Tort 2016) 179 

cost of the immune activation, ultimately leading to an energy deficit and diminished 180 

immune capacity.  181 
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 264 
Figure 5- Oxidative burst activity in juvenile Chinook Salmon splenic leukocytes. Grey 265 

boxes refer to fish not stressed and white boxes refer to fish stressed. Sample sizes are 266 

depicted within each box. Like letters designate no differences between groups.267 
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Chapter 4: Conclusion 268 

This thesis explored the effect two different sources of stress have on the physiology of 269 

juvenile Chinook Salmon (Oncorhynchus tshwaytscha). Findings from the two studies in 270 

this thesis are applicable to the experience juvenile Chinook Salmon have in reservoirs 271 

and dam passage in the Willamette River Basin. The second chapter studied the 272 

physiologic impact parasitic copepods have on juveniles. The third chapter in this thesis 273 

looked at oxidative burst activity after   juvenile Chinook Salmon were challenged with a 274 

stressor.  A better understanding of the challenges juvenile Chinook Salmon encounter 275 

when moving to the ocean was gained.  276 

  Oxidative burst activation was observed when fish were stressed. Previous studies 277 

on the interaction of stress and the immune system in fish showed the stressed fish had 278 

become diseased, suggesting immunosuppression (Pickering & Pottinger 1989, Maule et 279 

al. 1989). Becoming diseased after a stressor is applied seems counterintuitive if the 280 

immune system is being activated immediately after the stressor, as was seen in this 281 

thesis. It is possible that stores of oxidative burst capable cells become exhausted, leaving 282 

fish more vulnerable to infectious agents.  283 

 The swimming ability of copepod infected fish was hindered. I believe the poor 284 

performance of laboratory infected fish as compared to uninfected fish is best attributed 285 

to stress induced by the copepods, rather than gill surface area damage. It is unlikely that 286 

the reduction of gill surface area in laboratory infected fish was severe enough to have 287 

severe influences on swimming performance (Maule et al. 1988). I speculate that 288 

oxidative burst activity could be induced and exhausted by the stress from the parasites. 289 

This proposed immune exhaustion would make the fish’s body a nonaggressive 290 
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environment for potential pathogens, leaving the fish more vulnerable to disease in 291 

addition to having heavy copepod burdens.  292 

In one of my preliminary copepod infection study, immunologically naïve 293 

juvenile Chinook Salmon at the Fish Performance and Genetics Laboratory (FPGL) 294 

inadvertently became infected and diseased with Aeromonas salmonicida. These fish 295 

were being reared in pathogen free water and did not become diseased until copepodids 296 

from Willamette River Hatchery off of adult Chinook Salmon were introduced to the 297 

rearing tank. I suspect that the adult Chinook Salmon from Willamette River Hatchery 298 

were diseased by A. salmonicida, an endemic pathogen at that hatchery, and the copepods 299 

served as vectors for the disease. Egg sacs and copepodids from any fish facility were not 300 

exposed to antibiotics before being introduced to the juvenile Chinook Salmon. Copepod 301 

embryos at various developmental stages were collected from adult female copepods in 302 

this study. Developmental stage of the embryos and time to hatch were not recorded. 303 

Copepods from A. salmonicida diseased laboratory fish were collected, rinsed 304 

with ethanol, then crushed and spread onto a trypticase soy agar (TSA) plate, and allowed 305 

to incubate at room temperature for 48 hours (methods from Shotts 2014). The resulting 306 

plate showed bacterial growth and had the characteristic brown diffusible pigment that is 307 

characteristic of A. salmonicida (Shotts 2014). The disease outbreak in the juvenile 308 

Chinook Salmon indicates that S. californiensis may be vectors for disease between fish. 309 

Many other arthropod species are common vectors for disease (Contacos & Collins 1968, 310 

Burgdorfer et al. 1982).  311 

 Green fluorescent protein (GFP) labeled A. salmonicida was used to infect 312 

juvenile Chinook Salmon already infected with copepods to verify that copepods are 313 
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vectors for A. salmonicida (Kent unpublished data). Copepods were collected from the A. 314 

salmonicida infected fish and examined under a UV light microscope. One GFP labeled 315 

bacterium was found in the egg sac of an adult female copepod, but not in the egg shell 316 

itself. Kent’s observation suggests that there is some exchange of material from the adult 317 

female copepod to her egg sacs after the eggs have formed.  318 

While it would be a parasitological study and not a physiologic one, it would be 319 

interesting to know timing in egg and embryo development that direct maternal energetic 320 

input ceases. It may be possible to inhibit the life cycle of the copepod from reoccurring 321 

by introducing either an enzyme or DNA fragment that would prevent copepod embryo 322 

maturation. Further investigations on timing of energy input from the adult female 323 

copepod and the copepod embryo’s ontogeny will need to be conducted in order to make 324 

conclusive statements or study designs on this matter.  325 

There was one copepod infected fish from the reservoir that was heavily infected 326 

with Saprolegnia on the gills, where copepods had caused damage. This fish died within 327 

two days after arriving at the FPGL. It is not possible to know if the Saprolegnia 328 

infection began before or after the fish became infected with copepods. Saprolegnia is 329 

most effective at infection when there is pre-existing damage to the integument system of 330 

the fish (Stueland et al. 2005). The effects of the copepods certainly would have qualified 331 

as damage to the integument system. I speculate that copepods make fish more vulnerable 332 

to secondary infections by Saprolegnia spp.  333 

No noticeable infections of Saprolegnia were observed in the laboratory reared 334 

fish. There were less intense burdens of copepods on the laboratory reared fish and tanks 335 

were regularly cleaned, making it difficult for colonies of Saprolegnia to become 336 
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established. The copepod infected fish from the reservoir’s timely death makes one 337 

wonder whether there are a significant number of copepod infected fish with secondary 338 

Saprolegnia infections but die before they are detected.  339 

It is interesting that the heaviest copepod burden produced in the laboratory was 340 

three copepods in the fish’s branchial cavity, whereas copepod infected reservoir fish we 341 

assessed had between 3 and 24 copepods in their branchial cavity. There is little known 342 

about copepodid behavior, making diagnosis of why there was such low infection 343 

intensity difficult. Density of copepodids and fish in the tank is not thought to be an issue 344 

since hundreds of copepodids were added to a tank with 20 fish at a depth of 15.2cm. 345 

Tanks were kept indoors, and except during copepodid introductions, tanks were covered 346 

so lighting may have been too dim for the copepodids to find their intended host fish. 347 

There is evidence that copepodids respond to the shadows of fish passing over them and 348 

the tanks may have been too dark for distinct fish shadows to occur (Kabata & Cousens 349 

1977). To counter this, fish were held and infected outdoors in a pilot study using a 350 

similar infection method, but they showed less severe infections than the fish used for 351 

this thesis (data not shown).  Severe changes in temperature are not thought to explain 352 

why there was such a low infection because copepod eggs were reared at 13° C and tanks 353 

they were introduced to for infection were 12-13° C. There was some hope that once a 354 

few individuals were infected, cross infection would occur. However, the low infection 355 

intensities suggest that cross infection did not happen in this study. It is possible that 356 

water flows in the tanks were high enough to wash copepodids out of the tank before they 357 

could find a host.  358 
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Time and space occupied by a host and parasite need to overlap in order for a 359 

parasite to find a host (Collinge & Ray 2006). Hatchery and wild juvenile Chinook 360 

Salmon in Cougar Reservoir in the Fall of 2012 spent most of their time at between 0-361 

15.24m (0-50ft) and 0-60.96m (0-200ft) below the surface respectively (Beeman et al. 362 

2014), where the thermal range was between 6-17° C depending upon depth, day, and 363 

time of day (Water Temperature String Reports). Further into the season, the temperature 364 

range was best described as between 6-10° C (Water Temperature String Reports). 365 

Coincidentally, this thermal range resides within the same thermal range that copepods 366 

from Vigil et al. (2015) were able to develop and hatch at. An ideal thermal range 367 

combined with hosts readily available makes reservoirs an ideal habitat for copepod 368 

populations to thrive in. It is possible that the thermal range overlap of juvenile Chinook 369 

Salmon and S. californiensis to be occurring. The heavily copepod infected juvenile 370 

Chinook Salmon collected after passing through Cougar Dam in the third chapter support 371 

the occurrence of thermal and spatial overlap.  372 

Investigators still need to show that spatially, reservoirs provide the ideal place 373 

for juvenile Chinook Salmon to become infected by S. californiensis. Sampling the water 374 

column at different depths and creating a profile of the zooplankton in those samples, 375 

specifically looking for the copepodid stage, would allow spatial overlap to be 376 

determined. The water column has been sampled in the Middle Fork of the Willamette 377 

River Reservoir but no copepodids were found in the survey (Personal Communication, 378 

Christina Murphy). It is possible that the sites surveyed were not sites that are frequented 379 

by juvenile Chinook Salmon while they spend time in the reservoirs.   When sampling the 380 

water column, it would be prudent to sample areas that are frequented by juvenile 381 
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Chinook Salmon because smolting Chinook Salmon aggregate together (Celedonia et al. 382 

2008), which would allow for parasite transmission.  383 

Close proximity of hosts to each other would allow for easy transmission of 384 

copepodids between fish and potentially cross infect each other (Kuris et al. 1980). It is 385 

also possible that copepodids undergo autoinfection and infect the same host after release 386 

from egg sacs. If copepodids infect their maternal host, one would not expect to see large 387 

numbers of them in the water column as zooplankton due to their immediate transition 388 

into a non-free swimming stage in their life cycle. Nevertheless, for multiple fish to 389 

become infected with copepods, there should be some copepodids that do not attach to 390 

their maternal host, and instead seek a new host. To determine if fish become heavily 391 

infected by obtaining an initial small infection and then become heavily infected by the 392 

second generation of copepods or by cross infection from other fish can be determined by 393 

collecting copepods from individual fish and determining family linkages using genetics.  394 

It is likely that reservoirs are serving as places where the spatial and thermal range 395 

of juvenile Chinook Salmon and copepods overlap. Surveys conducted by Monzyk et al. 396 

(2015) found few juvenile Chinook Salmon upriver of reservoirs infected with copepods, 397 

while heavily infected juvenile Chinook Salmon occurred in the reservoirs. 398 

 Humans have placed extreme obstacles in the way of juvenile Chinook Salmon as 399 

they move from rivers to the ocean. The length of time spent in reservoirs created by 400 

dams in the Willamette River Basin lasts for months (Monzyk et al. 2015). During this 401 

time, it is likely that fish encounter stressors that cause them to unnecessarily utilize their 402 

oxidative burst capable cells, potentially leaving them vulnerable to disease. Intuitively, 403 
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this suggests that these fish are allocating energy reserves to their immune system that 404 

would otherwise be allotted to their metabolism or growth. 405 

 The time spent in reservoirs results in the juvenile Chinook Salmon to become 406 

heavily burdened by parasitic copepods (Monzyk et al. 2015). I have shown that these 407 

copepods inhibit laboratory reared juveniles from swimming for long time periods. 408 

Heavily infected juvenile Chinook Salmon from the reservoirs were unable to swim, even 409 

at low velocities. Swimming capability can serve as a metric for determining if there is 410 

excess energy after allostasis has occurred (Eliason & Fry 2016, Schreck & Tort 2016). 411 

The inability of infected fish in reservoirs to swim, even at the low velocity, suggests that 412 

all of their available energy was being allotted to maintaining their standard metabolism. 413 

Copepod induced gill damage in these fish was so severe, it would not be surprising if 414 

their ability to absorb oxygen was hindered so greatly that they were barely able to obtain 415 

enough oxygen to maintain their metabolism. In addition, another energetic drain on 416 

infected fish could be consequent to disruption of osmoregulatory functions of damaged 417 

gills, which are no longer able to resist the diffusion of ions across the damaged 418 

epithelium. It is well established that the gill is a major organ for hydromineral balance 419 

(McCormick 2013). 420 

The heavy mortality seen in copepod infected fish from the reservoir in the 421 

second chapter of this thesis leads one to seriously consider whether the copepods 422 

directly contributed to that mortality. Parasite associated mortality in salmonids is not 423 

uncommon. Juvenile Chinook Salmon and Coho Salmon (O. kisutch) infected with the 424 

trematode Nanophyetus salmincola were less likely to survive early marine residence 425 

(Jacobson et al. 2008).  Additionally, it has been found that juvenile Coho Salmon 426 
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infected with multiple parasites had an increased likelihood of mortality (Ferguson et al. 427 

2011). There are fewer studies on ectoparasites than endoparasites in salmonids in 428 

reference to parasite associated mortality, there are couple that are notable. The saltwater 429 

parasitic copepod Lepeophtheirus salmonis, which lives on the fish’s skin, along it’s 430 

body, has been shown to induce mortality in juvenile Pink Salmon (O. gorbuscha) when 431 

infections surpass 7.5 L. salmonis indivuals g
-1

 fish (Jones & Hargreaves 2009). Mortality 432 

associated with S. californiensis has not been directly investigated. Beeman et al. (2015) 433 

found that fish with passive integrated transponder (PIT) tags surgically implanted after 434 

being infected with S. californiensis were less likely to be detected in the following 435 

months. However, this does not mean that the supposed deaths of those fish were directly 436 

due to S. californiensis infections. Mortality was observed in copepod infected fish from 437 

the reservoir. It seems reasonable to say that the copepods had a direct and heavy 438 

influence on the mortality, however mortality was not directly studied in this thesis, so it 439 

is difficult to conclude why exactly these fish died.   440 

By reducing the overall physiologic capability of these fish, it is unlikely that 441 

recovery of populations in the Willamette River Basin would be sufficient to warrant 442 

delisting of their ESA status. One untested, yet plausible, means of reducing parasite 443 

infection in juvenile salmonids in reservoirs could potentially be reducing the time that 444 
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