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ABSTRACT 

The success of captive broodstock programs depends on high in-culture survival, 
appropriate development of the reproductive system, and the behavior and survival of 
cultured salmon after release, either as adults or juveniles. Continuing captive broodstock 
research designed to improve technology is being conducted to cover all major life 
history stages of Pacific salmon. Accomplishments detailed in this report are listed below 
by major objective. 

Objective 1: This study documented that captively reared Chinook exhibited spawn 
timing similar to their founder anadromous population.  An analysis of spawn timing data 
of captively reared Chinook salmon that had received different levels of antibiotic 
treatment did not suggest that antibiotic treatments during the freshwater or seawater 
phase of the life cycle affects final maturation timing.  No effect of rearing density was 
found with respect to spawn timing or other reproductive behaviors.    

Objective 2: This study investigated the critical period(s) for imprinting for sockeye 
salmon by exposing juvenile salmon to known odorants at key developmental stages. 
Molecular assessments of imprinting-induced changes in odorant receptor gene 
expression indicated that regulation of odorant expression differs between coho and 
sockeye salmon. While temporal patterns differ between these species, exposure to 
arginine elicited increases in odorant receptor mRNA expression in sockeye salmon. 

Objective 3: This study: i) identified the critical period when maturation is initiated in 
male spring Chinook salmon and when body growth affects onset of puberty, ii) 
described changes in the reproductive endocrine system during onset of puberty and 
throughout spermatogenesis in male spring Chinook salmon, iii) found that the rate of 
oocyte development prior to vitellogenesis is related to body growth in female spring 
Chinook, and iv) demonstrated that growth regimes which reduce early (age 2) male 
maturation slow the rate of primary and early secondary oocyte growth, but do not alter 
number of  oocytes at these stages of development.    

Objective 4 : This study, i) determined that infected fish treated with oxytetracycline-
medicated feed (as fry or as presmolts) had improved survival compared to non-
medicated fish, ii) determined that a single 14-day course of oral azithromycin at first 
feeding or at the start of smoltification is sufficient for significant azithromycin retention 
in internal tissues for at least a year, and iii) established that Renibacterium 
salmoninarum with an azithromycin-resistant phenotype can be isolated from Chinook 
salmon receiving macrolide antibiotic treatment. 

Objective 5: This study determined that for Chinook salmon rearing in similar, “common 
environment” regimes in seawater, control fish have survived at a higher rate since 
seawater transfer than have experimentally inbred fish. However, in all groups, the 
variation among families in survival has been substantial, ranging from 0% to 100% over 
the entire year and from 0% to 40% since seawater transfer.  The highly significant effect 
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of variation among families within both stocks indicates that substantial genetic variation 
for size remains in these populations. 
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OBJECTIVE 1:  IMPROVE REINTRODUCTION SUCCESS - QUANTIFY 
REPRODUCTIVE BEHAVIOR AND SUCCESS OF CHINOOK SALMON 

REARED IN EXPERIMENTAL TREATMENTS  

By 

Barry Berejikian, Rob Endicott, Jeff Atkins, William Fairgrieve 

INTRODUCTION 

Difficulty with reintroducing captively reared salmon into the natural environment is a 
major impediment to the success of captive broodstock programs for Pacific salmon. 
Empirical studies of Chinook salmon reared to adult and released for natural spawning 
indicate that, while they are capable of producing juvenile offspring, reproductive 
deficiencies include delayed spawn timing, mate selection against captive males, and 
poor egg deposition. 

Captive broodstocks for recovery of threatened or endangered Pacific salmon and 
steelhead populations are derived from local wild populations, and salmon released as 
adults for natural spawning may be held in captivity for less than one full generation. In 
such cases where eggs or parr are collected from the natural environment, reared to 
adulthood, and released for natural spawning (i.e., the ‘captive rearing’ strategy), rearing 
environment effects on reproductive success supersede genetic concerns (such as 
domestication selection) associated with multiple generations of captive culture. Sea-
ranched coho salmon populations and escaped farmed Atlantic salmon have exhibited 
reduced reproductive success relative to wild populations (Fleming and Gross 1992, 
1993, Fleming et al. 1996, 2000). The confounded genetic effects of multiple generations 
of captive culture and environmental rearing effects on reproductive success reduce the 
relevance of such findings to captive rearing programs for recovery of ESA-listed Pacific 
salmon populations that are initiated with locally adapted, naturally produced fish. 
Nevertheless, studies conducted between 1995 and 2005 under Project #199305600 have 
demonstrated that the rearing environments associated with full-term culture, independent 
of genetic factors, affect reproductive behavior and reduce breeding success of both coho 
and Chinook salmon relative to wild cohorts. 

Captive Chinook salmon studied thus far exhibit maladaptive behavioral patterns not 
documented in wild Chinook. For example, captive females often abandon their nests 
without spawning and as a result fail to deposit all of their eggs, and males often exhibit 
little courtship response to nearby nest-digging females (Berejikian et al. 2001). In 
addition, eggs of adult captive Chinook salmon spawning in natural streams suffer high 
mortality. Fertilization rates are lower and post-fertilization mortality is higher than 
exhibited by either naturally spawning wild fish or captive fish spawned artificially (P. 
Kline, Idaho Department of Fish and Game (IDFG), personal communication). Thus, 
poor fertilization during natural spawning may reflect deficits in behavioral 
communication during spawning, and high post-fertilization mortality may reflect 
inability to construct a suitable incubation environment (a ‘redd’). 



 9

Several conditions encountered by captive salmon differ from probable experiences in the 
natural environment. The water temperature during the period of gonadal development is 
typically higher different for captive fish, and potentially contributes to reproductive 
deficiencies. The proposed experimental approach was to manipulate temperature, and 
determine the effects on breeding behavior and adult-to-parr reproductive success under 
experimental conditions.  

This work element aims to determine whether the spawning success of captively reared 
chinook salmon can be improved by rearing in decreased seawater temperatures and by 
rearing at low densities. Captive chinook salmon reared in reduced seawater 
temperatures, which may slightly improve reproductive performance (Berejikian et al. 
2007), were reared under two different densities, to determine whether reproductive 
performance could further be increased by reducing density below those typically used in 
captive broodstock programs. 

MATERIALS, METHODS, AND DESCRIPTION OF STUDY AREA 

Rearing treatments 

The following describes the treatment of Chinook salmon to be used as subjects for 
behavior and reproductive success experiments (work element 157). A total of 110 brood 
year (BY) 2002 Carson National Fish Hatchery (CNFH) Chinook salmon were divided 
and stocked into four 4.6-m diameter rearing tanks at the NOAA Fisheries Manchester 
Research Station on 26 October 2005. Two tanks received 48 salmon and two additional 
tanks received 19 salmon each to separate fish density effects from temperature effects on 
reproductive behavior. All four tanks received chilled water that was approximately 2.5 
°C below that experienced by six populations of ESA-listed Chinook salmon being held 
in captive broodstock culture by NOAA Fisheries, Oregon Department of Fish and 
Wildlife and Idaho Department of Fish and Game. Fish were cultured under standard 
captive broodstock rearing protocols. All maturing fish were be transferred to freshwater 
in mid June 2006 and held on a common temperature until final maturation.  

Spawning channel configuration and monitoring 

The reproductive behavior and success experiment were conducted in a stream channel 
(40 x 6 m) located at the Manchester Research Station (Berejikian et al. 2001). Briefly, 
6800 L·min-1 of fresh water was recirculated through the channel, with 60 L·min-1 flow 
through. Water depth (10 - 35 cm), current velocities at nest sites (0.1 - 0.6 m·sec-1), 
water temperatures (controlled by a chiller), and gravel size (approximately 3 - 12 cm 
diameter) in the channel were within the range of spawning habitat used by several 
Columbia River Basin Chinook salmon populations in Washington State. 

Four flood lights positioned horizontally 4.5 m above the channel illuminated the water 
surface to provide enough light (mean + SD = 4.8 + 0.9 lux) for night-time video 
recording. Four cameras (Watec, model 902HS; 00015 lux sensitivity @ F1.4; 26 mm 
lens) were positioned approximately 3.8 m above the stream channel, so that each camera 
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captured images from 25% of the channel. Video signals were recorded on time-lapse 
recorders (Gyyr, model TLC 2124-GY) at approximately 5 frames/sec between 1700 hrs 
and 0730 hrs. All nocturnal spawning events were recorded and observed upon reviewing 
the video tapes between 0800 and 1200 hrs the following day. During daylight, three 
remote underwater cameras were used to record spawning events. When a female began 
preparing a new nest for spawning, a camera was positioned nearby, and the video signals 
were recorded in real time (JVC Super VHS, model HR S-7300-U). 

In addition to the overhead video cameras connected to time-lapse recorders, and 
underwater video recording, reproductive behavior of fish in the stream channel was 
recorded by direct observation ‘scan’ sampling. Reproductive behaviors were recorded 
and categorized into four classes: courted by male, nesting digging, nest guarding, and 
inactive. Each female in the channel was observed for at total of 20 min daily (i.e., two 
10 min ‘scans’) between 0700 and 1900 hrs from behind an observation blind. The 
response variable for each behavioral frequency was calculated as the sum of frequencies 
divided by the number of scans (i.e., frequency per 10 min observation). Data generated 
from scan sampling and overhead and underwater video techniques were combined to 
quantify the number of nests constructed by and spawned in by each female, and the 
location of each nest. After death, females were removed from the spawning channel and 
the eggs remaining in the body cavity were counted. 

Tagging and stocking 

Maturing CNFH Chinook salmon sampled from the high and low density rearing vessels 
were tagged with individually numbered 3.0 cm Petersen Disc tags. Tags were attached 
to the anesthetized fish by inserting a nickel coated pin through the center of one disc, 
through the dorsal musculature, and through the center of the second disc on the opposite 
side of the fish. Tagging occurred on the day the fish were placed into the experimental 
stream channel on 28 August 2006. 

Effects of Antibiotic Treatment on Spawn Timing 

The effects of antibiotic treatments on spawn timing of Big Beef Creek Chinook salmon 
were evaluated to help determine whether the absence of antibiotic use on the Chinook 
salmon used in the spawning study may have allowed for natural spawn timing (see 
results). Data used for this analysis were generated as part of two studies conducted by 
Fairgrieve et al. (2006). Briefly, a total of 228 fish and were selected for ripeness each 
week based on the ability to express eggs when pressure was gently applied to the 
abdomen. Ripe fish were artificially spawned. We assumed this to be an accurate 
measure of spawn timing. The fish that were spawned had been subjected to one of eight 
treatment regimens as juveniles (pre-smolt). They were either administered azithromycin 
or erythromycin on one, two or three occasions or they received no antibiotics (Fairgrieve 
et al. 2006 for treatment details). Each of these treatment groups were then injected with 
erythromycin either twice or four times per year, or not injected at all, until final 
maturation. For the purposes of this analysis we designated fish as either having been 
treated azithromycin or erythromycin during the presmolt phase (without respect to 
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frequency) or as controls that received no antibiotics as presmolts. Similarly we 
designated fish as either having been treated with erythromycin or not during the post-
smolt phase.  

Statistical Analyses 

We tested for differences in reproductive behavior between the two rearing treatments 
using a one-way ANCOVA with body mass as the covariate. We tested for the effects of 
antibiotic treatments on spawn timing of fish from the Fairgrieve et al. (2006) study by a 
two-way ANOVA with pre-smolt treatment (control, erythromycin, azithromycin) and 
post-smolt treatment (control, erythromycin) and the interaction between pre-smolt and 
post-smolt treatments as the main effects. 

RESULTS 

Growth and survival 

Survival of both treatments was high through the winter and spring prior to final 
maturation. However, mortality began to increase in late spring and summer. The 
majority of the mortalities appear to have been caused by bacterial kidney disease (BKD). 
Necropsied fish had swollen granular and discolored kidneys. The proportions of the 
treatment populations that exhibited BKD-related mortality were fairly similar. Because 
of the high mortality, the number of adults available for the spawning study was small (n 
= 10 high density treatment; n = 3 low density treatment). The fish that survived to be 
stocked into the spawning channel were of small body, averaging 471 mm and 1,374 g, 
which is typical of captively reared Chinook salmon.  

Spawning  

The number of times an individual female spawned ranged from not at all (one fish) to 
eight and was not significantly affected by density (F1,10 = 0.048, P = 0.830) or body 
mass (F1,10 = 0.048, P = 0.830). The number of eggs retained in the body cavity at death 
averaged 470 per female, and was not significantly affected by rearing density (F1,10 = 
0..088, P = 0.773) or body mass (F1,10 = 1.934, P = 0.194). The number of scans in which 
individual female was observed being courted was not significantly affected by density 
(F1,10 = 0.550, P = 0.476) or body mass (F1,10 = 0.162, P = 0.696). The number of scans in 
which individual female was observed nest digging was not significantly affected by 
density (F1,10 = 1.830, P = 0.206) or body mass (F1,10 = 0.710, P = 0.419). The number of 
scans in which individual female was observed nest guarding was not significantly 
affected by density (F1,10 = 0.392, P = 0.545)  or body mass (F1,10 = 0.102, P = 0.756). 
The number of scans in which individual female was observed to be inactive was not 
significantly affected by density (F1,10 = 0.679, P = 0.429) or body mass (F1,10 = 0.233, P 
= 0.640).  

The ability of females to deposit eggs appeared to be predicted by their behavior. The 
number of eggs retained in the body cavity at death was negatively correlated with 
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courted frequency (R2 = 0.25; P < 0.05), nest digging frequency (R2 = 0.23; P < 0.05), 
and nest guarding frequency (R2 = 0.21; P < 0.05). 

The average time to onset of spawning for females was 3 days after stocking into the 
spawning channel, which occurred on 28 August , and there was no significant difference 
between the two density treatments (F1,10 = 1.625, P = 0.234). Although the small sample 
sizes may have inhibited us from detecting significant differences in behavior between 
the treatments, all but one fish had initiated spawning by 3 September, and the last fish to 
spawn did so on 17 September. Spawn timing of returning anadromous spring Chinook 
salmon the Carson National Fish Hatchery typically peaks during the last week in August 
and first week in September. This means that even the high density group, which had the 
larger sample size, spawned at a natural time. Thus, this is the first captive Chinook 
salmon population we are aware of that has demonstrated spawn timing that is 
synchronous with its founder population.  

Antibiotic treatments and spawn timing 

Date of spawning for the Big Beef Creek Chinook salmon ranged from 14 September 
2001 through 15 October 2001. There were no significant effects of pre-smolt antibiotic 
treatment (F2,218 = 0.962, P = 0.384) or post-smolt antibiotic treatments (F1,218 = 1.533, P 
= 0.217) on spawn timing. There was also no significant interaction between pre- and 
post-smolt treatments on spawn timing (F2,218  = 2.686, P = 0.70). This analysis included 
Chinook salmon that were never treated for BKD; therefore, we conclude that even 
aggressive antibiotic treatments do not appear to delay spawn timing (as determined by 
artificial spawning) of Chinook salmon.  

Discussion 

Over the course of Project 1993-056-00, we have evaluated the effects of exercise, 
seawater rearing temperature, rearing density and hormone levels on the reproductive 
behavior and breeding success of captively reared Chinook salmon. These and prior 
studies conducted under this project have identified various behavioral abnormalities in 
captively reared Chinook salmon. For example, Chinook salmon reared in captivity from 
egg to adult exhibit delayed final maturation, high rates of nest abandonment, and 
incomplete egg deposition, which is not always related to accelerated mortality after 
release (Berejikian et al. 2001, 2003; Venditti et al. 2002). Reproductive problems in 
captive Chinook salmon may stem more from disruption of the endocrine system than 
physical fitness deficiencies brought on by captive rearing. For example, injection of 
reproductive hormones had a somewhat normalizing effect on spawn timing and the 
ability to deposit eggs during natural spawning (Berejikian et al. 2003). However, our 
concurrent and subsequent efforts to achieve normal spawn timing through environmental 
manipulations (high current velocities, temperature and density) have been largely 
unsuccessful. 

In a previous study (Berejikian et al. 2006) we hypothesized that a more natural (cooler) 
seawater temperature profile would improve reproductive performance. The results 
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suggested that temperature alone is not responsible for the poor reproductive success 
captively reared Chinook salmon found in this study and indications of poor breeding 
success in previous investigations of captively reared Chinook salmon (Berejikian et al. 
2001, 2003).  

Studies conducted as part of the Idaho Chinook salmon captive rearing programs have 
experimentally manipulated (lowered) water temperature during the period of acclimation 
in freshwater prior to release. Lower temperatures did not have a consistent effect on 
reproductive characteristics, including spawn timing (Baker et al. 2006). However, in 
some years the survival of females from release to onset of spawning may have 
improved. Other factors that we thought might normalize spawn timing, such as timing of 
transfer to freshwater and time of release and release location have been manipulated 
(although not experimentally). However, maturing Chinook salmon released for 
spawning in Idaho have never exhibited natural spawn timing despite substantial 
differences among years in rearing and release strategies.  

The spawn timing of the captively reared Chinook salmon used in this study was 
synchronous with their founder population. This is the first population we are aware of 
that had been evaluated for spawn timing that had also never received antibiotic 
treatments. This prompted us to analyze data from antibiotic efficacy studies conducted 
in previous years under this project to determine whether antibiotic treatment history had 
affected spawn timing in another captively reared population. Our analysis of those data 
indicated no effect of antibiotic treatment frequency (including no treatment) on spawn 
timing. Thus, we have no explanation for the natural spawn timing of the fish used in the 
present study except to speculate that the presence of the BKD in the population may 
have had the effect of advancing spawn timing. 

The substantial delay spawn timing is indeed the most consistent and notable behavioral 
problem in captive Chinook salmon. Delayed spawn timing reduces chances for 
interbreeding with wild salmon (a main objective of the Idaho captive Chinook program), 
and may negatively affect offspring fitness. Salmon populations have locally adapted 
spawn timing, which increases the chances that offspring will emerge from the gravel 
under favorable environmental conditions. For example, Einum and Fleming (2000) 
demonstrated selective mortality on Atlantic salmon parr produced from eggs in which 
fertilization was artificially delayed by 10 – 12 d. The range of accumulated incubation 
water temperature units (d x average °C/d) required for embryonic development is narrow 
within populations of Chinook salmon (Billard and Jensen 1996). Thus, delayed 
spawning of captive Chinook salmon, released as adults during late summer when 
temperatures are declining, further delays emergence, may affect the condition of 
emerging parr, and magnifies the disparity between emergence timing of their offspring 
and that to which the population is locally adapted. 

Although no studies have quantified the lifetime reproductive success (LRS) of captively 
reared Chinook salmon released for natural spawning, these results suggest that LRS 
would be severely limited in captively reared Chinook salmon. Reproductive success in 
salmon, may be largely determined by breeding behavior characteristics and their 
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underlying mechanisms. For example, the dramatic differences in lifetime reproductive 
success documented between farmed and wild Atlantic salmon were explained almost 
entirely by the ability of adults to spawn and produce age-0 parr (Fleming et al. 2000). 
Farmed fish achieved only 19% relative adult-to-parr reproductive success and 16% 
relative LRS of wild salmon, which means survival from parr to adult did not differ 
between progeny from the two populations. Therefore, adult-to-parr reproductive success, 
which is largely explained by variation in breeding behavior (Foote et al. 1997, 
Mjolnerod et al. 1998, Fleming et al. 2000), may provide a strong indicator of LRS, 
particularly as it relates to captively-reared adult salmon.  

The IDFG monitoring program of released captive Chinook salmon has begun to use 
DNA pedigree analyses to quantify the production of offspring. Applying pedigree 
analysis techniques to situations where all wild adults passing weirs (for example on the 
East Fork Salmon River) and entering distinct breeding population can be sampled 
provides perhaps the best opportunity to determine the productivity of captively reared 
adults. The IDFG will be monitoring the production from released Chinook adults that 
represent the most advanced culture methods for this species and should provide the best 
opportunity and most relevant information to evaluate the effectiveness of captive rearing 
programs for Chinook salmon. 

SUMMARY AND CONCLUSIONS 

Rearing density had no observable effect on natural spawn timing of captively reared 
Chinook salmon, although the power of the analysis was compromised by small sample 
sizes in the low density group. Nevertheless, adults from both treatments exhibited 
natural spawn timing, which is the first documented case of this in captively reared 
Chinook salmon. Because this was the only captively reared Chinook stock we are aware 
of that had not been treated with antibiotics, we hypothesized that lack of antibiotic 
treatment may have been responsible for the natural spawn timing. Data from another 
study were analyzed, and we found no effect of antibiotic treatment on spawn timing in 
that stock. The reason for natural spawn timing in this group of Chinook salmon is 
unknown. Determining the causes of delayed final maturation in captively reared 
Chinook salmon remains an important objective to improve the goals of the adult release 
strategy, which include integration with natural-origin adults and a high level of 
reproductive success. 

DATA MANAGEMENT ACTIVITIES 

Data were collected manually by NOAA and PSMFC researchers onto preformatted data 
sheets or directly into computers. Data were entered and summarized on personal 
computers operated by researchers using Microsoft Excel. Statistical analyses were 
conducted using Systat. Backup copies of data were saved on external hard drives. All 
data are checked for quality and accuracy before analysis. Analytical processes are 
described in the text of the annual report. 
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Figure 1. The proportion of behavioral observations in which individual females were 
observed to be courted (circles), nest digging (squares), and nest-guarding  (triangles). 
All three response variable were significantly and negatively correlated with the number 
of eggs retained in the body cavity at death (P < 0.05). 
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OBJECTIVE 2:  IMPROVE OLFACTORY IMPRINTING - DETERMINE 
CRITICAL IMPRINTING PERIODS FOR SOCKEYE SALMON 

 
By 

 
Andrew H. Dittman and Darran May  

 

INTRODUCTION 

Over the last several decades, many of the distinct salmon populations in the Columbia 
River have experienced a steady decline due to habitat loss, dams, and over fishing (NRC 
1996, NMFS 2000a, 2000b). In response to these declines, a number of captive 
propagation and conservation hatchery programs have been initiated to preserve the 
genetic resources associated with these population, and to re-introduce and restore these 
populations as environmental conditions associated with the original declines are 
mitigated (NWPPC 1999). Several Columbia River salmon populations and ESUs have 
reached critically low levels, and NOAA Fisheries (NMFS 2000a), the Northwest Power 
Planning Council’s Columbia River Basin Fish and Wildlife Program (NWPPC 2000), 
and several state and tribal agencies, have endorsed and implemented captive broodstock 
programs as a safety net for endangered populations. 

The initial focus of most of these programs has been to capture wild fish from imperiled 
populations to rear them in captivity, thereby increasing the juvenile-to-adult survival. 
Ultimately, as their numbers increase, these fish or their progeny are reintroduced into 
their natal environment. While captive rearing may be necessary to preserve these 
populations, there are several potential problems that must be addressed in developing 
successful captive broodstock programs. For example, artificial propagation removes 
salmon from their natural environment and hatchery rearing and release practices can 
have profound effects on the development, physiology, behavior and ecological 
interactions of fish when they are released back into their native environment. One area 
of particular concern is the effect of artificial propagation and inappropriate 
reintroduction strategies on the subsequent homing ability of released fish (Grant 1997, 
NWPPC 1999). Concerns about excessive straying of hatchery-reared fish have led to a 
call for the re-evaluation of hatchery programs to "avoid unnatural patterns of straying by 
adult returns" (NRC 1996) and for further research on the causes and consequences of 
homing and straying of hatchery-reared fish (Grant 1997, Flagg and Nash 1999).  

The tendency to home to the natal stream to spawn is fundamental to the unique biology 
and management of Pacific salmon. Homing results in genetic isolation of populations of 
salmon uniquely adapted for conditions in their natal streams (Ricker 1972, Taylor 1991). 
The final freshwater stages of these homing migrations are governed by the olfactory 
discrimination of home-stream water. Prior to their seaward migration, juvenile salmon 
learn (imprint on) site-specific odors associated with their home stream, and later use 
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these retained odor memories to guide the final phases of their homing migration (Hasler 
and Scholz 1983). This imprinting process is critical for the successful completion of the 
spawning migration, and salmon that do not experience their natal water during 
appropriate juvenile stages are more likely to stray to non-natal sites (Quinn 1993). While 
low levels of straying from the natal site are normal in the wild, inappropriate hatchery 
rearing conditions and juvenile release procedures can dramatically increase the level of 
straying by adult fish (Grant 1997, Pascual and Quinn 1994, Pascual et al.1995). 
Reintroduction of captively-reared fish into the wild at inappropriate developmental 
periods, or after insufficient periods of exposure to appropriate olfactory cues, may result 
in elevated levels of straying (Quinn 1993, Nevitt and Dittman 1998). Straying by 
captively-reared salmon can jeopardize efforts to enhance endangered populations by 
either lowering the effective number of spawning adults in a captively-reared target 
population (USFWS 1996), or via competition and interbreeding of hatchery salmon with 
endangered wild populations (Crateau 1997, Carmichel 1997). 

Hatchery rearing does not necessarily result in increased levels of straying (Labelle 1992, 
Quinn et al. 1989, Hard and Heard 1999). However, rearing wild fish for even short 
periods in a hatchery can increase straying and certain hatchery practices do clearly 
increase stray rates (Quinn 1993). For example, while salmon typically return to the site 
from which they were released (Donaldson and Allen 1958, Ricker 1972), fish reared and 
released from a single site generally stray less than fish transported and released off-site 
(Reisenbichler 1988, Boydstun et al. 1992 reviewed in Quinn 1993). In general, the 
closer the rearing and release sites are to each other, the more likely adults will return to 
the rearing site (Lister et al. 1981, Johnson et al. 1990, Slaney et al. 1993). Another 
important factor that may influence homing fidelity in hatchery fish is the timing of 
releases and reintroductions into the wild. A number of studies have identified the parr-
smolt transformation as a critical period for olfactory imprinting for some species (Hasler 
and Scholz 1983, Dittman et al. 1996) and chinook salmon released during smolting 
strayed less than fish released before or after the smolting period (Pascual et al. 1995, 
Unwin and Quinn 1993). Finally, the length of time fish are exposed (acclimated) to 
water at the release site prior to release may influence subsequent homing to that site 
(Johnson et al. 1990, Savitz et al. 1993, Kenaston et al. 2001). 

Captive rearing programs for endangered wild salmon require special considerations and 
have unique constraints not normally required in production hatcheries. The primary 
goals of most programs are to, (i) increase the number of individuals within a population; 
and (ii) maintain the genetic and phenotypic integrity and complexity of the wild 
population until reintroduction (Flagg et al. 2000). The strategies typically employed to 
achieve one goal often have negative consequences for the other. The longer fish are 
maintained in captivity the greater the immediate increases in survival, but also the 
greater the risk of genetic and phenotypic changes in the population (Waples and Do 
1994). This is also true for reintroduction strategies. In general, the earlier in the life 
cycle a fish is released into its ancestral environment (or at least experiences its natal 
water for imprinting), the better the opportunity for proper imprinting and successful 
homing. However, re-introduction at these early times carries with it the risk of lower 
survival. These two competing concerns force managers of captive rearing programs to 
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weigh the likely tradeoffs and benefits of different release strategies to maximize survival 
but minimize straying. These problems are further compounded by the need for large and 
expensive culture facilities to maintain captive broodstocks through all phases of their life 
cycle. In most cases, these appropriate rearing facilities are not located in the ancestral 
watershed, and in situ rearing of endangered populations is not practical. Fish are 
typically reared offsite in non-homestream water and then transferred back for 
reintroduction (Kline and Heindel 1999). 

One example that illustrates some of these challenges for a captive broodstock/ 
conservation hatchery program is the Redfish Lake sockeye salmon captive rearing 
program (BPA Projects #199107200 and #199204000). Snake River sockeye salmon 
were listed as endangered by NOAA Fisheries in 1991, and in that same year IDFG 
initiated a captive broodstock program with the ultimate goal of re-establishing 
sustainable sockeye runs to Stanley Basin waters (Kline and Heindel 1999). During the 
program’s initial years all returning wild anadromous adults (16), residual sockeye adults 
and wild juvenile out-migrants were captured to establish a captive broodstock. Captive 
rearing dramatically increased juvenile-to-adult survival and the population numbers 
have increased to the point that since 1993 captively-reared fish have been re-introduced 
annually into the Stanley Basin. To avoid unanticipated negative consequences of any 
one reintroduction approach, the IDFG, in conjunction with the Stanley Basin Sockeye 
Technical Oversight Committee (SBSTOC), has adopted a “spread-the-risk “ strategy for 
reintroducing sockeye back into the wild that includes planting of eyed eggs, net pen and 
direct lake releases of pre-smolts, smolt releases, and releasing captively-reared adults to 
spawn naturally (Kline and Heindel 1999).  

Despite successful out-migrations of smolts from all the different release strategies, prior 
to 1999 none of these strategies successfully produced adult sockeye salmon back to 
Idaho. Fish for these releases were reared at several out-of-basin facilities (NOAA 
Fisheries hatchery at Big Beef Creek, Washington; IDFG hatchery at Eagle, Idaho, 
ODFW Bonneville hatchery) because there were no appropriate Stanley Basin facilities, 
and to avoid the risk of cataclysmic events at a single facility. In some instances fish were 
transferred several times at different life stages between facilities, and some groups did 
not experience Stanley Basin waters until they were released as smolts. Earlier studies 
with coho salmon have indicated that fish released as smolts tended to stray more than 
fish released as fingerlings a year prior to smolting (McHenry 1981). 

Concerned that the lack of adults returning to Stanley Basin may be due to unsuccessful 
imprinting and straying, the sponsors of the captive broodstock Projects #199107200 and 
#199204000, and the SBSTOC recommended that Project #9305600 initiate research on 
the timing of imprinting and environmental factors that influence imprinting, especially 
in sockeye salmon. Research to examine the timing of imprinting in Columbia Basin 
sockeye salmon was initiated in 2001. In 1999, the first hatchery-produced adults 
returned to the Stanley Basin and as of fall 2001, 290 adults had returned to the Stanley 
Basin. The majority of adult fish recovered to date have come from the smolt-release 
group of fish that only briefly experienced Stanley Basin water before emigration. These 
results appear to indicate that sockeye salmon are capable of imprinting as smolts, but the 
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numbers of returning fish relative to other release groups may be more a reflection of the 
number of fish released and smolt-to-adult survival than homing success. The stray rates 
of these smolt release groups are unknown. Homing to the Snake River appears to be 
largely successful, however, homing success within the Snake River system is not 
known. Over the ten years that adults from the Captive Rearing program have returned to 
the Snake River only 64.2 % of the adults passing Lower Granite Dam have successfully 
returned to the Stanley Basin (Pacific States Marine Fisheries Commission PTAGIS 
database; Willard et al 2004). If the successful 2000 return year is excluded, the 
percentage of fish passing Lower Granite Dam that have returned to Stanley Basin falls to 
only 36.2 %. While the ultimate fate of these unsuccessful fish is not known, radio 
telemetry data indicated that a high percentage of fish that migrated past Lower Granite 
Dam were last identified in locations outside the Stanley Basin watershed (Paul Kline, 
IDFG, personal communication), suggesting that they are either straying or suffering pre-
spawn mortality within the Snake River.  

The spread-the- risk-strategy for reintroduction of Stanley Basin Sockeye is necessitated 
in part by the lack of knowledge about the physiological and developmental processes 
underlying olfactory imprinting and the ecological factors that facilitate successful 
homing. For sockeye salmon reintroductions to be successful in the Stanley Basin (and 
throughout the Columbia Basin (e.g., BPA Project # 200001300; 29016) salmon must be 
released at appropriate juvenile stages for successful imprinting. Empirical studies have 
provided some general rules regarding the effect of hatchery rearing and release strategies 
on straying (Quinn 1993), but in many cases differences between species, watersheds, 
physical environment of the hatchery, release timing and location, and even basic 
assumptions about what should be regarded as successful homing may mask the 
underlying processes that are critical for imprinting and homing. Determining the critical 
development periods and environmental conditions for imprinting for the different 
salmon species will be crucial for the development and implementation of rearing and 
release strategies that will maximize survival without increasing straying. 

To date, research on the timing of olfactory imprinting has focused on coho salmon 
because of their relatively simple life histories. Juvenile coho salmon generally rear in 
their natal stream until they smolt and migrate to sea during the second or third spring 
after hatching. Experiments with hatchery-reared coho salmon indicated that this 
smolting period is the critical period for olfactory imprinting (Hasler and Scholz 1983, 
Dittman et al. 1996). Unfortunately, the understanding of imprinting inferred from studies 
of hatchery-reared coho salmon underestimates the complexity and temporal plasticity of 
the imprinting process in the wild and in other salmonid species (Dittman and Quinn 
1996, Nevitt and Dittman 1998). For example, sockeye salmon fry typically emerge from 
their natal gravel and immediately migrate to rearing areas within a lake where they live 
for 1 or 2 years before smolting and migrating to sea. During their homing migration, 
adults migrate past the outlet stream and lake where they smolted and return to their natal 
area to spawn, suggesting that olfactory imprinting must also occur prior to or during 
emergence from the gravel. Studies to determine the critical period(s) for imprinting for 
sockeye salmon were initiated in fall 2000 and the outcome of these experiments will 



22 

help captive broodstock biologists develop and prioritize future rearing and release plans 
to minimize straying. 

Results from our earlier studies under Project 199305600 demonstrated experimentally 
for the first time that there are multiple critical periods for imprinting for juvenile 
sockeye salmon and, specifically, that the alevin and smolt stages are both important 
developmental periods for successful olfactory imprinting (Dittman et al. 2004). 
Furthermore, the period of time that fish are exposed to imprinting odors may be 
important for successful imprinting. Experimental fish exposed to imprinting odors as 
smolts for six or one week successfully imprinted to these odors but imprinting could not 
be demonstrated in smolts exposed to odors for only one day. Current experiments focus 
on long duration odor exposures that parallel rearing and release strategies being tested as 
part of the Stanley Basin Sockeye Salmon Captive Broodstock program (BPA Project # 
199107200). 

The overall goal of the research conducted under this objective is to identify hatchery 
practices that influence olfactory imprinting and thereby develop strategies to minimize 
straying of artificially produced salmonids. The imprinting process is critical for 
successful completion of the spawning migration, and salmon that do not experience their 
natal water during appropriate juvenile stages are more likely to stray to non-natal sites. 
Reintroduction of captively-reared fish into the wild at inappropriate developmental 
periods or insufficient periods of exposure to appropriate olfactory cues may result in 
elevated levels of straying. Results from these studies will help develop captive 
broodstock reintroduction and hatchery release strategies that will minimize straying. 

MATERIALS, METHODS, AND DESCRIPTION OF STUDY AREA 

Determination of successful imprinting involves correlated assessments of odor attraction 
and heightened olfactory sensitivity in odorant-exposed fish relative to odorant-naïve 
controls. For the purposes of these studies, we assume that behavioral attraction (relative 
to odorant-naïve fish) of maturing adults to odors they have not experienced since 
smolting equates to successful imprinting. Furthermore, we hypothesize that heightened 
sensitivity to imprinted odorants as measured by physiological recordings of olfactory 
function and increased levels of specific odorant receptor mRNA relative to control fish 
also reflect successful imprinting. As part of these studies, we are assessing this 
hypothesis and these tools by correlating changes in olfactory sensitivity with behavioral 
responses of fish from the different odor exposure treatment groups. The ultimate goal of 
these studies is to utilize these tools to define the release strategies that will contribute 
most to homing success. 

Experimental Group 1: Odor exposures 2004-2006 

Our previous studies demonstrated that sockeye salmon are able to learn odors at distinct 
developmental stages and odor exposure duration is critical for successful imprinting in 
sockeye salmon. In Fall 2004, experimental groups of odorant-exposed fish were 
established with particular emphasis on long duration odor exposures that parallel rearing 
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and release strategies being tested as part of the Stanley Basin Sockeye Salmon Captive 
Broodstock program (BPA Project # 199107200). Two populations of fish are being used 
for these studies: 1) F1 offspring of captively-reared Okanogan River sockeye salmon 
originally obtained from the Colville Tribe Cassimer Bar Salmon Hatchery and 2) 
Stanley Basin sockeye obtained from the NMFS Redfish Lake Sockeye Salmon Captive 
Broodstock program at Burley Creek, Washington. Okanogan River fish have been used 
as a surrogate upper Columbia River population for our studies because it was originally 
not possible to conduct experiments with endangered Stanley Basin sockeye. For these 
experiments a limited number of Stanley Basin sockeye were also available. Eyed eggs 
from both populations were transferred to the Big Beef Creek field station  (BBC) in 
December 2004 and reared in constant 10°C well water.  

Okanogan River sockeye were divided into six treatment groups (200 fish/treatment) (see 
Figure 1): (i) Control 1 – odorant naïve; (ii) alevin to smolt exposure, L -Arginine 
(January 2005 to May 2006) - odor exposure similar to eyed egg plants and naturally 
produced fish; (iii) pre-smolt to smolt exposure, L -Arginine (October 2005 to May 2006) 
- odor exposure similar to fall pre-smolt releases into Stanley Basin lakes from Eagle and 
Sawtooth hatchery; (iv) smolt exposure, L -Arginine (May 2006) - odor exposure similar 
to Oxbow/Eagle/Sawtooth hatchery rearing and smolt release (v) Control 2 - pre-smolt 
only exposure, L -Arginine (Oct-Dec 2005) – odor exposure during presumed “non-
sensitive period” for imprinting;  (vi) Control 3 - smolt exposure, L -Leucine (May 2006) 
- odor exposure to unrelated amino acid odorant. To examine population differences in 
imprinting and olfactory physiology and to establish imprinting patterns of Snake R. 
sockeye, Stanley Basin sockeye were divided into two treatment groups (200 
fish/treatment): (i) Control 1 – odorant naïve; (ii) smolt exposure, L -Arginine (May 
2006).  

Amino acid odorants are being used for these studies because they have previously been 
used successfully as imprinting odorants (Morin et al. 1989; Dittman et al. 2004); the 
olfactory physiology of amino acid detection by salmon is well characterized (Hara 
1992), and recent studies suggest that amino acids may be homing cues in natural waters 
(Shoji et al. 2003). Arginine was chosen as the primary imprinting odorant because our 
previous studies demonstrated that salmon imprint successfully to this amino acid and the 
receptor for this odorant has been identified, thus facilitating molecular assays of 
imprinting (see below). Leucine was chosen as the second odorant because it does not 
activate the arginine receptor (Hara 1992, Speca et al 1999) and sockeye salmon 
demonstrate no innate behavioral attraction to or avoidance of this amino acid (Dittman, 
unpublished). During the designated periods, odorants were continuously metered into 
tanks to maintain a final concentration of 100nM odorant. Prior to and during the period 
of the parr-smolt transformation (February - June 2006), 10 fish per treatment from each 
exposure group were sacrificed every three weeks for physiological sampling of gill 
Na+/K+ ATPase activity (McCormick 1993) and plasma thyroxine levels (Dickhoff et al 
1982) to assess smolting and olfactory rosettes were collected for molecular analysis of 
imprinting. All groups were maintained separately until after the parr-smolt 
transformation (July 2006), then marked by treatment group and are being reared 
communally as a population to maturity at BBC. During the 2006-2007 period, both 
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Okanogan and Stanley Basin arginine-naïve and arginine smolt-exposed fish (8-10 
fish/treatment) were sacrificed to assess maturation-associated changes in olfactory 
function and imprinting. Fish were sampled in December 2006, March 2007, May 2007 
and sampling will continue monthly until final maturation. For each fish, length and 
weight were measured, plasma was collected to determine maturational hormone levels, 
gonads were weighed and fixed for later histological assessment of maturation, and 
olfactory rosettes were collected for molecular analysis of imprinting. Histological and 
hormonal assessments of maturation and molecular assessments of imprinting will be 
completed in the 2007-2008. The majority of the remaining fish should mature in Fall 
2007 and behavioral testing and final molecular assays for all 8 treatment groups will be 
conducted in August-September 2007.  

Experimental Group 2: odor exposures 2006-2009 

In Fall 2006, Stanley Basin sockeye were obtained from the NMFS Redfish Lake 
Sockeye Salmon Captive Broodstock program at Burley Creek, Washington to establish 
experimental lines of fish to test the effects of rearing environment on reproductive 
performance of captively reared adults. Two environmental variables will be tested: 1) 
does rearing in artificial light vs., natural light influence reproductive performance of 
captively-reared sockeye salmon 2) is spawning behavior and reproductive performance 
influenced by the presence of imprinted homestream vs. non-natal unfamiliar water. The 
basic design for the home water/unfamiliar water experiment will involve rearing fish in 
one of two different water sources (BBC well water and Manchester Research Station 
(MRS) spawning channel water) through smolting, transferring the MRS fish to BBC for 
communal rearing to maturation, and then transfer and testing of both groups for 
reproductive behaviors in the MRS spawning channel. In December 2006, eyed Stanley 
Basin sockeye eggs were split into two equal groups of 500 fish and transferred to either 
the MRS or BBC hatchery facilities. Fish were ponded and are being reared in 1.2-m 
diameter circular tanks on a ration that will produce 25-30 g smolts by June 1, 2008. Fish 
at both sites will be weighed every two months and rations adjusted to ensure similar 
growth trajectories at the two facilities. In July 2008, fish at both sites will be Pit tagged 
and equal numbers of fish from each treatment will be transferred to 20 6.2-m diamter 
circular tanks (100 fish/treatment/tank) at the BBC facility for communal rearing until 
maturation in Fall 2009. To test for effects of light spectrum on reproduction, these fish 
will be transferred to two indoor tanks with artificial fluorescent lighting and two outdoor 
tanks with natural solar lighting. To protect against direct sun damage, shade cloths will 
cover a portion of all indoor and outdoor tanks. Indoor photoperiod will be precisely 
matched to the natural seasonal photoperiod experienced in outdoor tanks. Just prior to 
final maturation (September 2009) 24 fish from each tank (6 males and 6 females from 
each of the odor treatments) will be transferred to the MRS facility for behavioral testing 
in the experimental spawning channel. The remaining fish will be retained at BBC to 
assess reproductive physiology and performance. 
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Experimental assessments of imprinting 

H01:  Timing and duration of odor exposures (that parallel Stanley Basin juvenile release 
strategies) has no effect on imprinting success as measured by behavioral, physiological 
and molecular assay.  

H02: Smolt physiology and imprinting success does not differ between Okanogan River 
and Stanley Basin sockeye salmon. 

Determination of successful imprinting involves correlated assessments of odor attraction 
and heightened olfactory sensitivity in odorant-exposed fish relative to odorant-naïve 
controls. Hypothesis H01 is being tested by physiological, molecular and behavioral 
assessments of imprinting during 2005-2007 in which behavioral attraction and olfactory 
sensitivity to arginine are compared between arginine-naïve fish and arginine-exposed 
treatment groups. Relative importance of exposure duration will be tested by comparisons 
between exposure groups. We will also test two control groups to further ensure that our 
assays are measuring imprinting success. Our previous studies indicated that sockeye 
salmon are able to imprint as alevin and smolts but no developmental periods in between 
were tested (Dittman et al 2004). Previous studies have indicated that salmon exposed to 
odorants only as presmolts are unable to imprint (Hasler and Scholz 1983) and we 
hypothesize that our presmolt only exposure group will not demonstrate heightened 
sensitivity or attraction to arginine in any of our assays. We further hypothesize that 
leucine-exposed fish will demonstrate increased attraction and sensitivity to leucine but 
not arginine. Hypothesis H02 will be tested by comparing smolt physiology and arginine 
sensitivity and attraction in arginine-naïve and smolt exposed fish from Stanley Basin and 
Okanogan River. 

Molecular assays 

The initial events in odor (e.g., homestream water) recognition are mediated via binding 
of odorant molecules to specific receptor proteins expressed in the olfactory receptor 
neurons (ORNs) of the salmon olfactory rosette (for review see Hara 1992). Each of the 
millions of ORNs in the rosette expresses one of a family of approximately 100 distinct 
odorant receptors (Ngai et al. 1993). For one of these receptors, we have identified the 
odorant ligand that binds and activates the receptor (Speca et al. 1999). In goldfish this 
receptor is a basic amino acid (arginine and lysine) receptor and in our ongoing work we 
have identified the coho and sockeye salmon orthologue of the goldfish receptor gene. 
Furthermore, we have developed a real-time PCR assay for quantifying the expression of 
the arginine odorant receptor (AOR) mRNA levels in the salmon olfactory rosette. 
During imprinting, the number of olfactory neurons that are responsive to an imprinting 
odorant increases and the sensitivity of those neurons to that odorant is heightened 
(Nevitt et al. 1994, Nevitt and Dittman 2004). We hypothesize that this heightened 
cellular sensitivity is due to increased numbers of cells expressing a given receptor 
protein and increased expression of the receptor within responsive neurons. Utilizing the 
AOR we previously demonstrated that juvenile coho salmon exposed to arginine during 
smolting have increased expression of AOR mRNA relative to odorant-naïve controls 
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consistent with imprinting. Molecular assessments of imprinting utilized the sockeye 
salmon-specific quantitative PCR assay for BAAR RNA (Dittman et al. 2005). RNA was 
isolated from individual rosettes of salmon collected from each treatment group during 
the parr smolt transformation (Trireagent, MRC) and qPCR assay were conducted using 
an ABI Prism 7700 real time thermocycler.  

RESULTS AND DISCUSSION 

Assessments of smolting in 2002-2004 odor exposure groups 

Both Stanley Basin and Okanogan River sockeye demonstrated elevated levels of gill 
ATPase activity during their second spring suggesting that both groups smolted 
successfully (Figure 2). While ATPase activity peaked in late May for both populations, 
Okanogan River sockeye had higher maximum ATPase activity than Stanley Basin 
sockeye. These results are consistent with patterns observed for BY 2002 fish (Dittman et 
al. 2004). Within populations, all treatment groups had similar spring gill ATPase 
profiles (Figure 3  for Okanogan R. sockeye; data not shown for Stanley Basin sockeye) 
suggesting there was no effect of treatment on smolting. Similarly, both Stanley Basin 
and Okanogan River sockeye demonstrated elevated levels of plasma thyroxine during 
their second spring, further confirming successful smolting (Figure 4). Like ATPase 
activity, peak thyroxine levels were higher in Okanogan River sockeye relative to Stanley 
Basin fish but the thyroxine surge initiated earlier and was more protracted in Stanley 
Basin vs. Okanogan River sockeye. Within populations, there were no differences in 
plasma thyroxine levels or temporal patterns between treatments. 

Assessments of imprinting in 2002-2004 odor exposure groups. 

Molecular assays 

Expression levels of BAAR mRNA in the olfactory epithelium did not increase 
significantly during smolting in either Stanley Basin or Okanogan River sockeye (Figure 
5). These results differ from University of Washington coho salmon that demonstrate a 
significant increase in BAAR expression during smolting (Dittman et al. 2004). 
Furthermore, unlike coho salmon, exposure to 10-7 M arginine between April 28 and June 
9, 2006 had no significant effect on BAAR expression relative to odorant-naïve fish. 
However, all salmon that were exposed to 10-7 M L arginine prior to this period (i.e. Egg-
smolt; Presmolt-smolt; Presmolt) demonstrated a significant transient increase in BAAR 
mRNA expression in late March and BAAR expression in the Presmolt-Smolt exposure 
group remained elevated for over a month (Figure 6). These results suggest that 
development and odor-induced expression of odorant receptors are regulated differently 
in different salmon species and perhaps in different populations. The observed increase in 
expression of BAAR in salmon exposed to arginine prior to smolting may be linked to 
imprinting but definitive correlations between BAAR mRNA and imprinting will require 
imprinting confirmation by behavioral assays in Fall 2007.  
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SUMMARY AND CONCLUSIONS 

Reintroduction of captively-reared fish into the wild at inappropriate developmental 
periods or insufficient periods of exposure to appropriate olfactory cues may result in 
elevated levels of straying. The overall goal of this research is to identify hatchery 
practices which influence olfactory imprinting, thereby develop strategies to minimize 
straying of artificially produced salmonids. The primary focus of these efforts is to 
develop and utilize imprinting assessments tools to identify developmental periods that 
are important for olfactory imprinting and thereby define release strategies that will 
contribute to homing success. To determine the critical period(s) for imprinting for 
sockeye salmon, juvenile salmon were exposed to known odorants at key developmental 
stages. Molecular assessments of imprinting-induced changes in odorant receptor gene 
expression indicated that regulation of odorant expression differs between coho and 
sockeye salmon. While temporal patterns differ between these species, exposure to 
arginine elicited increases in odorant receptor mRNA expression in sockeye salmon. 
Confirmation that these changes in expression are correlated with imprinting will be 
assessed with behavioral assays of imprinting in Fall 2007. 

DATA MANAGEMENT ACTIVITIES 

Data have been collected by research staff from NMFS and the University of 
Washington, and onto preformatted data sheets and entered directly into their PCs. All 
data are checked for quality and accuracy before analysis. Analytical processes are 
described in the text of the annual report. 
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Figure 1. Experimental design for 2004-2006 odorant exposures and testing for 
imprinting success. Salmon were exposed to odorants at developmental stages and for 
durations that parallel Stanley Basin sockeye reintroduction strategies. 
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Figure 2. Gill ATPase activity of experimental sockeye salmon during the parr-smolt 
transformation in 2006. 
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Figure 3. Gill ATPase activity of Okanogan River sockeye salmon during the parr-smolt 
transformation in 2006.  
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Figure 4. Plasma thyroxine levels of Stanley Basin and Okanogan River sockeye salmon 
during the parr-smolt transformation in 2006.  

 



32 

0.5

1

1.5

2

2.5

3

1/25/06 2/14/06 3/6/06 3/26/06 4/15/06 5/5/06 5/25/06 6/14/06 7/4/06

Date

Okanogan - Control
Okanogan - Exposed
Stanley Basin - Control
Stanley Basin - Exposed

 
 

Figure 5. Changes in expression levels of BAAR mRNA (Y-axis) during smolting in 
Stanley Basin and Okanogan River sockeye salmon. 
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Figure 6. Changes in expression levels of BAAR mRNA (Y-axis) after odorant exposure 
in Okanogan River sockeye salmon. 
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OBJECTIVE 3:  IMPROVE PHYSIOLOGICAL DEVELOPMENT AND 
MATURATION - DETERMINE THE EFFECTS OF GROWTH ON 

MATURATION TIMING, OOCYTE NUMBER AND OOCYTE SIZE, IN SPRING 
CHINOOK SALMON 

by 

Penny Swanson, Adam Luckenbach, Briony Campbell , Larissa Felli, Brad Gadberry, and 
Jon Dickey 

INTRODUCTION 

Salmonid fish live in a dynamic environment where changes in food availability and 
temperature impact body growth and energy allocation, which in turn can have dramatic 
effects on life history pathways and reproductive fitness characters (e.g. age of maturity, 
final adult body size, egg size and fecundity). Phenotypic plasticity is highly adaptive for 
survival and reproduction in the wild, but inherently can cause problems when fish are 
raised under artificial conditions particularly when the goal is to produce fish for stock 
enhancement purposes (Thorpe 2004). For example, in some spring Chinook salmon 
captive broodstock programs, female broodfish have exhibited delayed spawning time, 
reduced fecundity and body size, and variable fertility, all of which can impact 
reproductive success of these animals whether they are released into the wild or not.  

We hypothesized that abnormal ovarian development was due, in part, to inappropriate 
growth during critical periods of egg development. This was initially based on published 
studies in other species showing that growth during various life stages affects age of 
maturity and the partitioning of resources available for reproduction in the form of a 
trade-off between final egg size and egg number (Beacham and Murray, 1993, Thorpe, 
1994). Several studies have suggested that egg size in salmonids is influenced by growth 
rate (Fleming et al, 1996, Jonsson et al., 1996). Poor growth at various developmental 
stages has been associated with the subsequent production of larger but fewer eggs 
(Thorpe et al., 1984, Lobon-Cervia et al., 1997, Jonsson et al., 1996, Morita et al., 1999, 
Tamate and Maekawa, 2000).  

In spring Chinook and Redfish Lake sockeye salmon captive broodstock programs, there 
is an emphasis on obtaining a fish with a body size at spawning equivalent to that of the 
wild population. The focus has been on feeding high quality broodstock diets during the 
year of expected maturity. Far less consideration is given to the effect of earlier rearing 
on the subsequent reproductive performance of adults 1-3 years later. We were 
particularly concerned about the effects of growth during early rearing because growth 
manipulations can be used to reduce rates of early male maturation (Shearer et al. 2006), 
yet potential impacts to females were not known. This led us to examine the relationship 
between body growth and oocyte growth in two species, coho and spring Chinook 
salmon.  
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Initially, in coho salmon, we found that there was a strong relationship between final 
body size and ovary mass (egg number and size), but the relative investment in ovary 
mass was higher in captively-reared versus returning hatchery or wild adults (Campbell et 
al. 2006a). This was attributed to low energy costs for fish in the captive environment 
compared with returning adults where substantial energy is utilized for migration in 
addition to gonad growth. In another study, we followed body growth and oocyte 
development in individually tagged coho salmon, and demonstrated that the degree of 
advancement in oocyte development in the spring prior to spawning (prior to yolk 
incorporation) was related to body size and growth history (Campbell et al. 2006b). Thus, 
body growth and energy stores appeared to influence the progression of oogenesis, but 
the specific stages or seasonal periods where growth is critical to sustain normal ovarian 
growth were not well understood.   

The relationship between body growth/energy stores and ovarian growth in salmonids is 
not surprising because of the large commitment of energy reserves for production of large 
numbers of relatively large eggs. It is well known that the large increase in size and 
energy content of the fish egg is primarily due to the incorporation and processing of the 
yolk protein precursor, vitellogenin (Tyler and Sumpter, 1996, Patino and Sullivan 2002). 
The process of vitellogenesis is well-studied in many fish species compared to 
previtellogenic oocyte growth, despite its importance in provisioning the egg with 
maternal RNA and lipids that are essential for early embryonic development.  

Previtellogenic oocyte growth in coho salmon is illustrated in Figure 1 and detailed 
morphological changes in the ovarian follicle are shown in Figure 2. By the end of the 
first year, the oocyte and surrounding follicle cells have increased in volume by 15,000-
fold. During the period of primary oocyte growth, the oocytes arrest in prophase I of 
meiosis, and the classic ovarian follicle structure is formed with perinucleolar oocytes 
surrounded by granulosa and thecal cells. These follicle cells produce steroids, such as 
estradiol-17beta and progestins, which are essential for oogenesis and final oocyte 
maturation. Maternal RNAs that will later be translated during early embryonic 
development are also synthesized during this period. The follicle then undergoes a 
secondary growth phase with the sequential accumulation of cortical alveoli (the cortical 
alveolus stage) and lipid droplets (the lipid droplet stage) in the ooplasm and formation of 
an acellular layer, the zona radiata between the ooplasm and granulosa cell layers. 
Cortical alveoli contain glycoproteins that are important for fertilization and the block to 
polyspermy, and for cross-linking zona radiata proteins to form the egg shell after 
fertilization. The nonpolar lipids are important for embryonic development. 
Subsequently, hepatically-derived yolk proteins (vitellogenins) are incorporated into the 
ooplasm, processed and stored for later use as nutrients for the developing embryo. 
Although previtellogenic oocyte growth has not been well studied in salmon or other fish 
species, synthesis of maternal RNAs and deposition of nonpolar lipids, both of which 
could affect egg quality (Brooks et al. 1997), occur during this phase.  In our studies of 
both Chinook and coho salmon, we have found that the rate of previtellogenic growth is 
profoundly affected by body growth (see discussion below), highlighting the importance 
of early rearing environment for normal ovarian growth.  
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In semelparous species, determining periods when body growth influences the 
physiological commitment of oocytes to mature is crucial since no second opportunity 
exists once this commitment is made. Indeed, severe reductions in growth due to disease 
or other fish health issues can have catastrophic consequences depending on when it 
occurs during oocyte development. In coho salmon, reductions in growth during the first 
fall in seawater delayed onset of vitellogenesis and fish did not mature at age 3, but had 
normal immature ovaries. In contrast, severe growth restrictions in the following spring 
and summer (2+ age fish) when lipid incorporation and vitellogenesis occurred, induced 
massive atresia in the ovary. These fish effectively became sterile since no healthy 
immature oocytes remained in ovary (Figure 3, see also Campbell et al. 2002, 2003).  

As mentioned previously, an additional concern in captive broodstock programs is the 
high incidence of precocious male maturation. Studies to date suggest that restricting 
growth during critical periods in juvenile stages in spring Chinook salmon can reduce 
numbers of males maturing at age 1 or 2 (Shearer et al., 2006). However, the potential 
impact of the early growth restriction on ovarian development in females is not known. 
Therefore, we conducted two growth studies to determine the effects of body growth 
during the first three years of rearing on ovarian development in spring Chinook salmon. 
We aimed to determine whether fish could be grown on a restricted ration during juvenile 
rearing in fresh water to prevent males maturing early at 2 years of age, without serious 
consequences to female maturation in subsequent years. A second aim was to gain a more 
basic understanding of ovarian growth during the spring Chinook salmon lifecycle and 
determine the timing of critical stages of ovarian development (e.g. primary and early 
secondary oocyte growth). This fundamental information is essential to understand how 
environmental conditions (either in the hatchery or ocean environment) may affect 
physiological processes that ultimately affect age of maturity, fecundity, fertility and egg 
size.  

The effects of body growth on the rate of oocyte development and fecundity in spring 
Chinook salmon were examined in two phases of the life cycle. The details of these 
experiments are described in previous annual reports (Campbell et al. 2005, Swanson et 
al. 2006) and the results are summarized in Figures 4-7. In the first phase, spring Chinook 
salmon fry were reared on one of eight growth regimes until October of their second year 
at which time the degree of oocyte development was assessed histologically in 
subsamples of females from each treatment. The ration of a commercially available diet 
was varied to create eight different growth regimes. Body growth was varied by altering 
ration of a commercially available diet. By the end of the second year, body mass ranged 
from 40-215g (Figure 4) and the stage of oocyte development was positively related to 
growth (Figure 5). The higher growth groups had fish with larger and more advance 
oocytes than lower growth groups.  

In the second phase, females from the highest and lowest growth groups from Phase 1, 
were split into two groups that were fed either a high or low ration for another year 
(Figure 4). This created four groups: HighHigh, HH; HighLow, HL; LowHigh, LH; and 
LowLow, LL. At the end of the third year, the effects of the four growth regimes on 
oocyte stage and fecundity were examined and reported in previous annual reports 
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(Campbell et al., 2005, Swanson et al., 2006). Previous results on the effects of growth 
treatments on oocyte development are summarized in Figures 6-7. There was a 
significant effect of growth treatments on oocyte development, again with fish from the 
high growth treatments having more advanced oocytes than the low growth treatments 
(Figure6). In fact several fish from the two treatments that had high growth during Phase 
1 (HH, HL), matured at 3 years of age.  Fish reared on low growth in Phase 1 and high 
growth in Phase 2  (LH) had more advanced oocytes than those from the LL group but 
not as advanced as either HH or HL groups. This suggests that delays in oocyte 
development induced by low growth in the first two years could not be completely 
recovered by increasing growth during the third year.  

In this report we describe results on egg number and size distributions, and expression of 
ovarian genes that are critical for normal oocyte growth. The expression of ovarian genes 
allowed for a more detailed characterization of the state of development and health of the 
oocyte, that could not be achieved by histological assessments. 

MATERIALS AND METHODS, AND DESCRIPTION OF PROJECT AREA 

Fish rearing and sampling 

The overall design of this experiment was a 2x2 factorial with growth (high or low) 
during the initial juvenile phase of rearing (July 2002-September 2003) as one factor and 
growth (high or low) during the third year (October 2003-October 2004) as the other 
factor. Thus, there were four treatments with combinations of either high or low growth 
during the first and second phases:  HH, HL, LH, LL.  Willamette spring Chinook salmon 
were reared under high or low ration to produce fish of 200g and 43g body weight at the 
end of the first 2 years (October 2003). At the initiation of the second phase of rearing 
(October 2003), the fish in high and low rations were divided again into either high or 
low ration groups. Thus, in October 2003 four replicated treatments were established. 
Fish were reared in the recirculated freshwater system at NWFSC Montlake hatchery and 
fed BioOregon BroodSelect pellets. Fish weights and lengths were determined in 
December 2003, March 2004, June 2004 and October 2004. More details of feeding 
regimes were reported previously (Campbell et al. 2005, Swanson et al., 2006). 

At two time points during the third year of rearing, samples of blood, pituitaries, ovary 
tissue and carcasses were collected in addition to body weight, ovary weight and body 
length from 60 females (30/tank) per treatment.  It was anticipated that most fish would 
spawn during October 2005 (as 4 year-old fish). The lethal sampling times in March 2004 
and October 2004 were selected to encompass periods for important stages of ovarian 
development that precede yolk incorporation.  Samples were collected only at these two 
dates so the number of replicates would be sufficient for regression analyses among 
parameters.  The experiment was terminated in October 2004.  
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Staging and counting of ovarian follicles 

Samples of ovarian tissue collected from 480 fish during March 2004 and October 2004 
were fixed in Bouin’s fixative for 24 hrs prior to storage in 70 % ethanol. Fixed ovaries 
were dehydrated through a graded series of ethanol and embedded in paraplast, sectioned 
(4 µm) and stained with hematoxylin and eosin. Stages of oogenesis have been 
determined by light microscopy as described in Campbell et al. (2005, 2006b). The 
oocyte staging used in this study is based on Nagahama (1983) and Bromage and 
Cumaranatunga (1988). For each female, ovarian stage was based on the most advanced 
oocyte stage found from the assessment of a minimum of ten oocytes per fish.  

Two different procedures were used to determine total egg number within each ovary. 
Both procedures utilized a combination of a chemical and manual separation of ovarian 
follicles but two different chemical treatments were used. For March 2004 samples, 
ovaries were digested with trypsin to separation ovarian follicles. This protocol did not 
work well for the more mature stage ovaries collected in October 2004, so Gilson’s fluid 
was used thereafter.  

March 2004 Samples 

Whole right ovaries were dissected and immediately placed in liquid scintillation vials 
containing 20 ml of 1 % trypsin (Gibco, batch # 1199337) in salmon Ringer’s and 
allowed to digest for 3 hours. The trypsin solution was then carefully decanted and 
ovarian follicles (oocytes and surrounding follicular cells) washed with salmon Ringer’s. 
The vials (oocytes in fresh salmon Ringer’s solution) were then shaken vigorously for 10 
minutes by hand to dissociate oocytes from digested support tissues. Ovarian follicles 
were then fixed and stored in 15 ml of 4% neutral buffered formalin (NBF). When 
necessary, follicles that remained attached to connective tissues were carefully teased 
apart by hand using a dissecting microscope.  

To prepare samples for photography, follicles were dyed to improve their contrast against 
a lighted background. One drop of 1% crystal violet was added to each vial and stored for 
18 to 40 hours. The formalin was decanted, follicles were washed twice with salmon 
Ringer’s solution, and 15 ml of salmon Ringer’s solution was added to the vial. To 
photograph follicles, a 3 ml polyethylene pipet was used to transfer enough follicles at 
one time to be evenly dispersed across a tissue culture plate. When follicles were not well 
dispersed they were separated by hand from those surrounding them for ease in analyzing 
the image. The plate was placed on a fluorescent light box and a photograph of the 
follicles was taken remotely from a Macintosh G4 computer connected to a camera 
mounted over the plate on a stationary platform (Canon EOS10D Digital camera with 
50mm compact macro lens; Canon Inc., Tokyo, Japan). Follicles were then transferred 
back to 4% NBF. Several photographs were necessary to include all the oocytes from one 
sample ovary.  

Photographs were analyzed using IPLab for Macintosh OSX scientific imaging software 
(Scanalytics, Inc., Fairfax, VA). Parameters were set so that the area, perimeter, 
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minimum and maximum axes and standard deviations of the perimeters of each follicle 
were also measured.  

October 2004 Samples 

 Ovaries were dissected and a 50 to 100 mg piece of each ovary was weighed and 
placed in liquid scintillation vials containing 15 ml of a modified Gilson’s solution. It 
was found that the trypsin digestion technique was unsuitable to use on samples 
representing a wide variation in oocyte stages; some oocytes stages were more 
susceptible to degradation when compared with other stages. Thus, a modified Gilsons 
solution (1307 ml 70% ethyl ethanol, 15.6 l distilled water, 261 ml 37-40% formalin, 196 
ml nitric acid, 235 ml glacial acetic acid) was used to fix ovarian pieces and dissolve 
connective tissue. This technique has been used in the past for fecundity estimations (e.g. 
Tyler et al 1996). The samples were stored in modified Gilson’s solution for 19 months. 
Samples were then shaken vigorously and teased apart by hand to completely separate 
oocytes from the interstial tissue. An attempt was made to dye the ovarian follicles as had 
been done for the March 2004 samples, but the crystal violet did not adhere to follicles 
treated with modified Gilson’s. Ovarian follicles were successfully photographed, 
counted and measured as described above without dying for contrast. To extrapolate the 
number of follicles in the whole ovary, the number of oocytes present in these sub-
samples was multiplied by a factor derived by dividing the weight of the whole ovary by 
the weight of the piece digested.  

Ovarian Gene Expression 

Expression of a variety of genes was monitored to characterize the development of the 
oocyte at the cellular level, and to determine if the body growth regimes altered any of 
the cellular processes within the ovary that were not apparent from the morphology of the 
oocyte in histological sections.  Genes were selected that would be involved in: 1) 
formation of the egg shell, 2) production of cortical alveoli the contents of which are 
critical for fertilization and hardening of the egg shell, 3) incorporation of nonpolar lipids 
into the egg, which are important for early embryonic development, 4) processing of 
vitellogenin, which is the major nutrient source for developing embryos, and 5) 
apoptosis, a cell death process which occurs during atresia and could be triggered by poor 
growth.  

Sample selection 

Assessment of treatment effects on ovarian gene expression was complicated by the 
effect of treatment on stage of oocyte development, which affects gene expression. 
Therefore, samples were selected so that comparisons across stages of oocyte 
development and across treatments within one oocyte stage could be examined. Samples 
of ovaries in the perinucleolar, cortical alveolus and lipid droplet stage were randomly 
selected across treatments. Since no ovaries in the lipid droplet stage were found in fish 
from the LL group, and very few in the perinucleolar stage were found in the HH group 
we could not compare all stages across all treatments. The only stage of oocyte 
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development that was present in all treatments was the cortical alveolus stage. Therefore, 
samples of cortical alveolus stage ovaries were randomly selected from all treatments.    

 

RNA isolation and cDNA synthesis 

Total RNA was isolated from ovary samples (N=58) using Tri-Reagent according to the 
manufacturer’s protocol (Molecular Research Center Inc., Cincinnati, OH). RNA samples 
were treated with DNase I (DNA free, Ambion Inc., Austin, TX) to eliminate any 
possible genomic DNA contamination. The concentration of DNase I in the reactions was 
doubled (4 U) and treatment was extended to 60 min. RNA concentration and purity was 
assessed by spectrophotometry (NanoDrop Technologies Inc., Rockland, DE) and 
A260/A280 values ranged from 2.0-2.1. The RNA was reverse transcribed using the 
Superscript II reverse transcriptase kit (Invitrogen Corp., Carlsbad, CA). 

Quantitative RT-PCRs for measuring gene expression 

The abundance of transcripts for important ovarian processes, including apoptosis, oocyte 
growth and yolk processing, were measured by real-time, quantitative RT-PCR (qRT-
PCR). Sequences for ovarian genes of interest were obtained from a cDNA library 
developed for coho salmon (O. kisutch) (Luckenbach et al., unpublished). Gene-specific 
primers were designed for qRT-PCR reactions using MacVector 7.2 software (Accelrys 
Inc., San Diego, CA). Table 1 shows the complete list of genes successfully measured in 
this study and primers used. Due to either sequence differences between coho and 
chinook salmon or poor PCR efficiency, some qRT-PCRs in chinook salmon were 
unsuccessful and therefore not reported here. All gene expression data were normalized 
to the elongation factor-1α (EF-1α) gene, which served as an internal control in the 
reactions. Custom primers and probes were purchased from Integrated DNA 
Technologies, Inc. (Coralville, IA). 

Quantitative PCR was performed with a GeneAmp 7700 Sequence Detection System 
(Applied Biosystems. Foster City, CA), using the standard cycling conditions: 50°C for 2 
min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. The 
total reaction volumes were 25 µl each and consisted of 1X Power SYBR Green PCR 
master mix (Applied Biosystems), 150 nM for each of the gene-specific forward and 
reverse primers, and 1 ng of cDNA template (based on the amount of RNA loaded into 
the RT reactions) for ovary samples. Samples were loaded into 96-well plates and the 
plates were briefly vortexed and centrifuged to settle the liquid contents.  

Triplicate standard curve samples were included in each plate and generated from a serial 
dilution of pooled RNA derived from ovary of 4 chinook salmon within the study. The 
standard curve (log input cDNA template levels versus cycle threshold [CT]) was linear 
for cDNA template levels ranging from 0.1-10 ng. Additional detailed methodology on 
data normalization using the relative standard curve method is described in the ABI 
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Prism 7700 Sequence Detection System User Bulletin #2, P/N 4303859 (Applied 
Biosystems). 

Melt curve analysis was included for each qRT-PCR/gene to ensure that only a single 
PCR product was amplified. In cases where more than one product was generated the 
PCR primers were redesigned. No amplification controls (NAC) that lacked reverse 
transcriptase and no template controls (NTC) that lacked cDNA template were evaluated 
in each plate to confirm the absence of genomic DNA in the RNA preparations and the 
absence of PCR carryover contamination. Negative control samples showed either no 
detection or negligible measurements over the 40 PCR cycles. In cases where minor 
amplification was observed the melt curve analysis showed that it was not due to 
amplification of a gene specific product, but instead was primer or template dimers. 

 
 
 

Gene name Forward primer Reverse primer Product 
size (bp) 

Factor in the germline α TCTTGAAGAATGCGATCAACTATG
C CACTCACGTCTCCATCTCCTGC 177 

Zona pellucida protein X TTGTGACACCTTGTTCCGCC TCGCAACTACACGCCCTTAGAC 257 

Serum lectin isoform 2 CAGGTTCTTATGGAGCACACGG GTTCAAGCAAAGGTGGAAAAGG
AC 203 

Alveolin ACAGAGAAATCACCTGAGCCCC GGAGAAATAAAACCACTGCCTG
C 253 

Lipoprotein lipase  GTGCCTCAACTGCCGTAAGAAC TGCCCCAAATGTCAGACCAG 365 
Somatic lipoprotein receptor AACAGAGCAACAACCAGATGCC TAGAACCAGTATCACGCCCTGC 278 

Cathepsin B GAACACTGACTGGGGAGATAATG
G 

CTCTGATAGGGTGGAGTTTCCT
TTC 222 

Clusterin AGGACCTCTCCATTCTCCATCTG GCCATCTCTGCTCTCTCATTGG 260 
Heat shock protein 70 kDa AACATCAGCATCACCTTCGGTC CTCCATCATCAAACCTGCGG 285 

FSH receptor GACGCACATCAGAGTGTTTCCC 
GTAGAACCCTCAGTCCAGTGTT
GC 242 

Cytochrome B TGTTAGTTACGGCTGACTCATTCG GGTGGAAGGAGATTTTATCGGC 449 

Transferrin AGGGAATGGTTAGATGGTGCG GCCACAGCATAATAGCAGGTGT
C 259 

Anti-müllerian hormone TCACTTTCACCAGTCACTCTCTGC CACTTCTTGTTCCGTCACCAAT
C 204 

Activin A type-1 receptor CGCTACGCATCAAAAAGACTCTG
AC 

GCAATAACAGCAATAAAGCACG
GC 471 

Retinol dehydrogenase 1 GTTCAGGCAGATTCACCACCC CGATGACCCCGTTCAGGTTC 210 
Elongation factor-1α CCCCTGGACACAGAGATTTCATC AGAGTCACACCGTTGGCGTTAC 409 

 
 

Statistical analyses 

Normalized gene expression data for each ovary stage were statistically analyzed using 
one-way ANOVA followed by a Tukey-Kramer HSD test (JMP 5.0 software, SAS 
Institute, Cary, NC). Differences were considered significant when P<0.05. The N-value 

Table 1. Primers used for qRT-PCR and the predicted size of the amplified product 
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for each stage was as follows: perinucleolar, P = 16, cortical alveolus, CA = 27, and lipid 
droplet, L = 15. For the comparison of apoptotic/stress related gene expression, only the 
CA stage samples were analyzed (N values ranged from 6-8 per treatment). 

RESULTS AND DISCUSSION 

Fecundity, egg size and stage 

Previously, we found no significant effects of growth treatments on the number of 
ovarian follicles in fish sampled during March 2004 or non-maturing fish sampled in 
October 2004 (Swanson et al. 2006). However, the size-frequency distribution of oocytes 
sampled in March 2004 varied by stage of oocyte development (Figure 8). Oocytes in the 
perinucleolar and early cortical alveolus stage had a unimodal distribution of size, 
although the median size (i.e., circumference) of the early cortical alveolus stage was 
greater than the perinucleolar stage. In contrast, oocytes in the late cortical alveolus and 
lipid droplet stage showed a bimodal distribution and a wide variation in size. One 
question is whether the upper mode represents oocytes being recruited for vitellogenesis. 
Another is whether the lower mode oocytes would ‘catch-up’ or simply be culled by the 
process of apoptosis. Evidence for selection of the upper mode and culling of the lower 
mode comes from the data on fecundity of the few fish that spawned in October 2004 
(Figure 9). The fecundity of fish that matured in October (500-1500) is far lower than the 
total number of oocytes present in the ovary in the previous March (6-7,500). This 
suggests that follicle selection and fecundity adjustments did not begin until the period 
when energy (lipid and later yolk) is deposited into the oocyte. Although very few fish 
matured at age 3 in October, there was a significant effect of growth treatment on 
fecundity and gonadosomatic index (GSI). Only a few fish from the groups with high 
growth during the first two years (HH, HL) matured. The reductions in growth during the 
third year significantly impacted the final body size and the number of eggs ovulated 
(Figure 9). Collectively, these data suggest that body growth affects the rate of oocyte 
development and thus the duration of the previtellogenic growth period as illustrated in 
Figure 10. Growth (or total body energy reserves) during the period of lipid deposition 
and vitellogenesis appears to affect fecundity. This is consistent with results from studies 
in coho salmon where the highest correlate of final fecundity was growth during the 6 
months preceeding spawning (Campbell et al. 2006a). No relationship between body 
growth during earlier phases of rearing and final fecundity was found. In coho salmon 
that spawn in late November and early December, lipid deposition into the oocyte begins 
in May, 6 months prior to spawning (Campbell et al. 2006b). 
 
Throughout our studies of oocyte development, we have only observed initiation of 
vitellogenesis in spring Chinook salmon in Feb-March, which coincides with the period 
when fish would commence migration from the North Pacific Ocean to natal rivers for 
spawning. The commitment to spawn in a given year appears to coincide with the period 
when body energy reserves are mobilized for migration and for incorporation of nutrients 
(lipid and yolk) into the egg. Thus, our observations suggest that the duration of 
vitellogenesis is relatively fixed and controlled by seasonal cues, while the duration of 
primary and early secondary oocyte growth are influenced by body growth. 



47 

Consequently, age of maturation would be affected by body growth rate during early 
rearing, while fecundity would be affected by growth or body energy stores during the 
year of maturation. This is similar to what has been found in rainbow trout (Bromage et 
al. 1992) where reductions in ration a year before spawning reduced numbers of maturing 
fish the following year, while reductions in ration six months before spawning reduced 
fecundity. 

Ovarian Gene Expression 

We measured the expression of several key genes involved in processes such as oocyte 
growth, apoptosis (atresia), cortical alveoli formation, lipid metabolism, and 
steroidogenesis. In undertaking this research we aimed to assess changes in gene 
expression occurring within the oocyte (egg) and also in the surrounding 
follicle/interstitial cell layers that govern much of the development of the oocyte. Oocyte 
related transcripts included factor in the germline α (FIGα), zona pellucida protein X 
(ZPAX), serum lectin, alveolin, and cytochrome B. Follicle/interstitial cell related 
transcripts included lipoprotein lipase (LPL), clusterin, follicle-stimulating hormone 
receptor (FSH-R), transferrin, and anti-müllerian hormone (AMH).  
 
ZPAX is a zona pellucida protein involved in growth of the zona pellucida or egg shell, 
while FIGα is a transcription factor that coordinates the expression of the zona pellucida 
genes (Liang et al. 1997). Expression of these zona pellucida related genes was not 
statistically different across the stages examined (Figure 11). ZPAX, however, showed a 
trend toward higher abundance during the P stage with a decline at more advanced stages. 
Since the oocyte is growing rapidly during all stages examined (i.e., primary and 
secondary oocyte growth stages), it is not surprising that expression for these genes did 
not change significantly.  
 
During early secondary oocyte growth (i.e., the cortical alveolus stage) the ooplasm fills 
with glycoprotein-rich cortical alveoli, which are analogous to cortical granules present in 
invertebrates and other vertebrates. Upon fertilization, the cortical alveoli fuse with the 
plasma membrane and discharge their contents into the perivitelline space to block 
polyspermy and protect against microorganisms by inducing egg shell hardening and 
agglutination. Here we measured expression of two cortical alveoli components, serum 
lectin and alveolin. Egg lectins, such as serum lectin, are a group of sugar-binding 
proteins that recognize specific carbohydrate structures and have agglutinating activity 
(Tateno et al. 2001), while alveolin is a metalloendopeptidase that induces egg shell 
hardening. Gene expression results showed that alveolin expression peaked at the P and 
CA stage and then dropped significantly in L stage samples (Figure 11). No significant 
difference in serum lectin expression was observed across stages.  
 
Late in the cortical alveolus stage and prior to significant yolk incorporation, lipid 
droplets begin to accumulate within the oocytes. The origin and composition of this lipid 
is unknown. However, it is believed that plasma lipoproteins, such as very low density 
lipoprotein (VLDL), may act as a substrate for ovarian lipolysis leading to lipid 
deposition in the oocytes (Patiño and Sullivan, 2002). We measured expression of a few 
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genes related to lipid metabolism and incorporation: lipoprotein lipase (LPL) and somatic 
lipoprotein receptor. LPL functions to cleave fatty acids from plasma lipoproteins and 
thus facilitates lipid deposition. In European sea bass (D. labrax), high ovarian LPL gene 
expression and activity coincided with the appearance of oocyte lipid inclusions (Ibáñez 
et al., 2003). Here we observed increasing LPL expression with advancement in oocyte 
stage, with highest LPL expression in lipid droplet stage samples (Figure 11). These data 
support mounting evidence suggesting LPL may play a key role in oocyte lipid 
incorporation. Somatic lipoprotein receptor, which is very similar to vitellogenin 
receptor, showed an opposite trend of expression declining with advancement in stage. 
To date, the function of somatic lipoprotein receptor is unknown; however, due to its 
structural similarity to vitellogenin receptor, somatic lipoprotein receptor is believed to a 
potential cell surface lipoprotein receptor. Here we found that expression peaked at the P 
stage and declined at more advanced stages (Figure 12). This pattern of expression is 
very similar to that of vitellogenin receptor expression in other studies (e.g., Hiramatsu et 
al. 2004). Due to the very early expression of these receptor genes relative to their 
activity it is believed that the proteins they encode are recycled during oocyte growth and 
thus further transcription is unnecessary.   
 
The only gene examined that is known to be directly associated with the process of 
vitellogenesis is cathepsin B. In the ovary, cathepsins are involved in proteolytically 
cleaving vitellogenin into its constituent yolk proteins, which are later utilized during 
embryogenesis (Patiño and Sullivan 2002). Cathepsin B specifically is believed to be 
activated by cathepsin D late in oocyte maturation. Cathepsin B was highly expressed 
during primary oocyte growth (P stage) and showed no significant difference across 
stages (Figure 12). Previous studies have also demonstrated that cathepsin transcripts are 
profuse in previtellogenic follicles well before yolk incorporation has begun (Patiño and 
Sullivan 2002).  
 
Two genes associated with apoptosis (atresia) and/or cellular stress were measured. 
Clusterin is a highly sulfated glycoprotein that appears to be involved in many biological 
processes, including apoptosis, and heat shock protein 70 (HSP 70) is general indicator of 
cellular stress that not surprisingly has also been correlated with apoptosis. Expression of 
these transcripts was highest in P stage samples and declined at more advanced stages 
(Figure 12). Because the salmon used in this study were reared under different feeding 
regimes and we would anticipate greater apoptosis (ovarian atresia) in fish on lower 
rations, we also analyzed expression of these genes for CA stage samples alone. Thus 
stage differences were eliminated and treatment effects could be revealed. Interestingly, 
expression of clusterin and HSP70 was highest in the LL and LH groups and declined 
significantly in the HL and HH groups (Figure 13). No difference in HSP 70 or clusterin 
expression was observed between the LL and LH or the HL and HH. Taken together this 
suggests that ovarian apoptosis/cellular stress may be elevated in animals reared on a low 
ration where they are nutritionally constrained. Later changes in feeding ration (L to H or 
H to L), however, had little or no effect on expression of these apoptotic genes.  
 
Other genes studied included FSH-R, cytochrome B, transferrin, AMH, activin A 
receptor, and retinol dehydrogenase. We found that FSH-R increased across the P and 
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CA stages (Figure 14). This is consistent with other results from this lab (Campbell et al. 
2006b). Cytochrome B is a component of the electron-transport chain located in the inner 
mitochondrial membrane where it aids in generating ATP. Expression of cytochrome B 
increased significantly across the P and CA stages and remained elevated in L stage 
samples. Consistent with our findings, cytochrome B has been shown to increase during 
oocyte growth in the eel (Lokman et al. 2003). This increase is believed to relate to a 
build up of machinery for enhanced ATP synthesis at some stage of later oogenesis 
and/or embryogenesis. No significant differences in expression were observed across 
stages for transferrin, an iron carrier protein that has been associated with follicular 
maturation in mammals, AMH and activin A receptor, which are transforming growth 
factor superfamily members involved in intraovarian signaling, or retinol dehydrogenase, 
an enzyme involved in retinoic acid synthesis. Retinoic acid is important in regulating 
early embryogenesis. 
 

SUMMARY AND CONCLUSIONS 

The major conclusions from this work in spring Chinook and coho salmon are the 
following: 

1) Body growth rate and the rate of previtellogenic oocyte growth are positively 
related. Thus, growth during juvenile phases of the life cycle in fresh water and 
growth after ocean entry influences the rate of development of the ovary and age 
of maturity. 

2) Body growth rate/size/energy stores after the onset of nutrient (lipid and yolk) 
deposition affect fecundity. Significant alterations in egg number do not occur 
until the commitment to mature in a given year is made. Therefore, it is likely that 
rearing practices, which influence body growth from the early spring onward can 
significantly affect fecundity in fish that have initiated vitellogenesis.  

3) Maximum oocyte numbers are set very early in oogenesis and are not altered until 
after lipid deposition or vitellogenesis begins.  

4) Genes encoding proteins involved in early embryogenesis, production of the egg 
shell, lipid and yolk uptake and processing, and fertilization are highly expressed 
very early in oogenesis, 1-3 years prior to when proteins would be utilized.  This 
occurs well in advance of the migration to sea. Factors that influence the 
expression of these genes and the potential impacts to egg quality are not well 
understood. However, rearing practices (e.g. growth, water temperature, rearing 
densities) during juvenile phases of the life cycle could potentially alter 
expression of genes that influence fertility and early embryogenesis, and 
consequently affect egg quality.  

DATA MANAGEMENT ACTIVITIES 

Data are collected by NOAA and University of Washington researchers onto 
preformatted data sheets or directly into electronic spreadsheets or text files. Data are 
entered and summarized on personal computers operated by researchers; primary 
software used for these procedures includes Microsoft Excel 2000 and Word 2000. JMP 
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or Prism Graphpad are used for statistical analyses. All data are checked for quality and 
accuracy before analysis. Analytical processes are described in the text of the annual 
report under Materials and Methods. Data analyses are reported in the Results section of 
the annual report. Data analyses that are incomplete will be included in the subsequent 
annual report(s). 
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OBJECTIVE 3:  IMPROVE PHYSIOLOGICAL DEVELOPMENT AND 
MATURATION - TASK 3A.  THE EFFECTS OF GROWTH RATE/SIZE ON 

THE INCIDENCE OF EARLY MALE MATURITY AND ADULT QUALITY IN 
SPRING CHINOOK SALMON (ONCORHYNCHUS TSHAWYTSCHA) 

by 

 

Penny Swanson, Jon Dickey, Larissa Felli, Rob Endicott, and Adam Luckenbach 

INTRODUCTION 

Male Chinook salmon (Oncorhynchus tshawytscha) have a plastic life history and can 
sexually mature from 0 to 7 years of age. Early sexual maturation (maturation before the 
youngest females) occurs in wild males, but the incidence is far lower than observed in 
hatchery-reared fish (Foote et al., 1991, Mullan et al., 1992). In captive broodstock 
programs for recovery of Snake River spring chinook salmon, females have typically 
matured at age 4, while a large proportion of males are maturing at age 2 or 3. Therefore, 
in adult release programs, the sex ratios of released fish have often been skewed toward 
females, because of loss of males due to early age of maturity. Furthermore, selective 
mortality of precocious males and poor quality of cryopreserved milt results in the loss of 
their genetic component in the population, and could reduce the effective breeding 
population size (Ne) of captive broodstock. Recently, Larsen et al. (2004) documented 
greater than 40% age 2 maturation of Yakima River spring Chinook salmon males that 
were reared in a supplementation hatchery. This phenomena appears to be more 
widespread in other spring Chinook salmon production hatcheries than previously 
thought (Beckman and Larsen, 2005). High rates of early sexual maturation of male 
salmon results in reduced effectiveness of enhancement efforts either by captive 
broodstock programs for recovery of ESA-listed stocks or conservation hatcheries. 
Therefore, methods to control age of maturity and minimize asynchronous maturation of 
males and females are needed for captive broodstock programs as well as for 
supplementation hatcheries. 

The aim of research under this objective is to develop rearing regimes that reduce rates of 
early age of maturity in male spring Chinook salmon without genetic selection. Our 
approach has been to identify systematically factors that influence age of maturation and 
to determine seasonal periods when maturation is initiated. This information is then being 
used to develop diets and growth regimes that allow for better control of the age of 
maturity, provide sufficient stored energy for appropriate life-cycle transitions, support 
development of gametes in adult fish, and achieve target body size for release as adults. 

Extensive work in Atlantic and Chinook salmon indicate body growth and/or fat levels 
during critical periods influence age of maturity (e.g. Rowe and Thorpe 1990a, 1990b, 
Rowe et al. 1991, Silverstein et al. 1998, Shearer and Swanson 2000). Results from our 
previously funded work demonstrated that both body fat and size affected the age of male 
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maturity in male spring Chinook salmon (Silverstein et al. 1998, Shearer and Swanson 
2000, Shearer et al. 2006). However, body size or growth rate was the predominate 
factor. Body adiposity influenced the rate of maturation, but only in small fish (< 50 g 
body mass after the first year of rearing). We also found that, for spring Chinook salmon, 
a growth trajectory that produces a fish of 10 g body weight in the first year of rearing 
substantially reduced maturation in the subsequent year at age 2 (Shearer et al. 2006). 
One question that remained was when growth could be increased without inducing age-2 
maturation. Therefore, we conducted a study wherein spring Chinook salmon were reared 
on a growth regime to produce a fish of 10 g in the first year, and then growth was 
increased in subgroups of fish at 2-month intervals. The results indicate that increases in 
growth after February of the second year do not alter maturation rates compared to fish 
reared on a constant low growth regime that produced a fish of 40g body weight at age 2 
(Swanson et al. 2004, 2005). All of the aforementioned studies focused on growth 
regimes to control maturation of males at age 2.  

Although growth regimes to reduce age-2 maturation are valuable, there is also a need to 
reduce age-3 maturation in males. Therefore, the goal of the present study was to 
determine if reducing growth during the fall-winter critical period in 2+ age fish affects 
the rate of age-3 maturation in male spring Chinook salmon.  We also aimed to determine 
if this growth regime altered age of maturity and fecundity in females. The results on age-
3 male maturation are presented below.  

MATERIALS AND METHODS, AND DESCRIPTION OF STUDY AREA 

Experimental Design and Rearing Regime 

This experiment was initiated in October 2006 using 2 year-old Rapid River (RR) spring 
Chinook salmon. The hypothesis tested was that reducing growth of 2+ age  spring 
Chinook salmon during the October-March (fall-winter critical period) does not alter the 
number of males that mature at age 3. In September 2004, gametes from 10 male and 10 
female RR spring Chinook salmon were obtained from the Idaho Fish and Game Rapid 
River Hatchery, Riggins, Idaho. Eggs were fertilized and embryos were incubated at the 
NOAA Fisheries Manchester Research Station, Manchester, WA. In February 2005, fry 
were ponded into circular fiberglass tanks (1.6 m diameter) tanks containing fresh water 
and fed a commercial feed (BioOregon starter). Fish were initially reared in 1.6 m tanks 
and then transferred to 6 m diameter tanks. In May 2006, smolts were gradually adapted 
to sand-filtered, UV-treated, ambient temperature seawater. In October 2006, fish were 
divided into four tanks (approximately 165 fish per tank), two tanks per ration treatment 
(High or Low Ration).  

Fish were fed according to a growth model (Iwama and Tautz 1981) using a growth 
coefficient (Gc) calculated from growth of Chinook salmon previously reared at the 
Manchester facility under similar conditions.  The formula used was:  

WTf(1/3) = WTi(1/3) + Temp/1000 x  Gc x Time. 
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The fish in the High Ration treatment were fed an average of 0.71% body wt/day from 
October 23, 2006 to March 17, 2007. Fish in the Low Ration treatment were fed an 
average of 0.38% body weight/day over the same period. The feedings for the Low and 
High Ration groups were compressed into 3 and 5 days/week, respectively. Thus, the 
total weekly ration for each tank was summed and divided by either 3 or 5 depending on 
the schedule. From March 18, 2007 onward all fish were fed to satiation for two weeks 
and then ration was calculated from feed intake over this period. Fish were fed “Vitalis” 
brood stock diet manufactured by Skretting.  

On October 23, 2006, March 17, 2007 and June 13, 2007 all fish were individually 
weighed. On June 13, 2007 maturing males were enumerated and removed from tanks. 
Maturity was confirmed by ultrasound using a Sonosite Titan Veterinary ultrasound 
machine with a C38 transducer. All mortalities were sexed and examined for maturity, 
and recorded. 

Statistical analyses  

Treatment effects on body mass and male maturation rates were determined by one-way 
ANOVAs. All analyses were performed using JMP (SAS, Carey, NC).  

RESULTS AND DISCUSSION 

Body Growth 

Restricting ration during the fall-winter critical period (October-March) in 2-year old 
spring Chinook salmon resulted in fish with a mean body mass in March that was 40% 
smaller than that of the fish on a standard high ration (Fig. 1). After March 17, ration was 
increased in the Low Ration group and by June 13, mean body mass in the Low Ration 
group was only 20% smaller than that of the High Ration group (Fig. 1). Thus, the ration 
restriction was effective in reducing growth during the fall-winter period, but growth 
after this period in the Low Ration group was not sufficient to catch up to the High 
Ration group by June. However, from March –June 2007, fish in the High Ration group 
had a significantly lower growth rate. Mean body mass of the fish in the High Ration 
group increased from 424± 6 g in March to 484±9 g in June, while that of the fish in the 
Low Ration Group increased from 282±5g in March to 391±9 g in June. This is likely 
due to compensatory growth that occurs after a period of growth restriction.  

Maturation Rates 

Despite the fact that the Low Ration treatment was effected at reducing growth during the 
fall-winter critical period, there was no significant treatment effect on percent of males 
that matured at age 3 (Fig. 2). The range of male maturation rates (# mature males/total 
fish) was 24-42% (Fig. 3). If one assumes a 50:50 sex ratio, this suggests that the percent 
of males maturing at age 3 ranged from 48-84%. This result was unexpected given the 
previous research on effects of growth on age-2 male maturation. The only explanation 
we presently have is that something about the tank position affected maturation rates. In 
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this experiment there was an unusually high variation in maturation rates between 
replicate tanks on the Low Ration treatment (24 vs. 38%) and High Ration treatment (32 
vs. 43%) even though body growth in replicate tanks within each treatment was similar. 
The lowest rate of maturation occurred in one of the Low Ration tanks (4A) located in the 
most interior position within the building. The highest rates of maturation occurred in one 
of the High Ration tanks (2A) and one of the Low Ration tanks (1A) located near the end 
of the building, which is open to more direct sunlight.  The building where the tanks are 
located has a roof but no walls, which results in considerable tank variation in the 
intensity of light. Another experiment conducted in this facility had significant tank 
effects on maturation rates in spring Chinook salmon females, with the tanks near the 
ends of the building having higher rates of maturation (Campbell et al. 2004). 

There is very little information in the literature on effects of light intensity on 
reproduction in salmonid fish. Photoperiod or the light:dark cycle is generally considered 
the most important factor synchronizing sexual maturation and reproduction in fish 
(reviewed by Bromage et al. 2001). Though data are more limited in this area, light 
intensity and/or light spectrum influence a number of important physiological and 
behavioral aspects in teleosts including: growth (Oppedal et al. 1997, Puvanendran and 
Brown 1998); foraging efficiency and food wastage (Henderson and Northcote 1985, 
Fraser and Metcalfe 1997); and locomotor activity during the light or dark phase 
(Eriksson 1978). Indirect evidence also suggests that light intensity/spectrum may 
influence fish reproduction since the amplitude of changes in plasma melatonin is 
affected by light intensity during the light phase, and melatonin is a major hormonal cue 
for communicating seasonal information (i.e. photoperiod) to the reproductive system 
(Bromage et al. 2001). Given this information, a study is now underway to examine 
effects of natural versus artificial light on reproduction in sockeye salmon.  

WORK TO BE COMPLETED 

During the next funding period, fish will be reared until September 2008 when we expect 
some of the females to mature. The effects of ration treatments on body mass, number of 
males and females maturing at age 4, fecundity and egg mass will be assessed.  

SUMMARY AND CONCLUSIONS 

The results from this study indicate that the growth restriction from October-March was 
ineffective in significantly altering the number of males maturing at age 3. The tank 
position and relative exposure to sunlight may have confounded the study.  

DATA MANAGEMENT ACTIVITIES 

Data are collected manually by NOAA and UW researchers onto preformatted data sheets 
or directly into Power MacIntosh G4s. Data are entered and summarized on personal 
computers operated by researchers using Microsoft Excel, Prism GraphPad. Backup 
copies of data are saved on an external Lacie hard-drive and on CD-ROMs. All data are 
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checked for quality and accuracy before analysis. Analytical processes are described in 
the text of the annual report. 
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Figure 1. Mean body mass of spring Chinook salmon reared on either High or Low 
Ration from October 23, 2006 to March 17, 2007. All fish were reared on high ration 
from March 18 –June 13, 2007. Data are Mean + SE of N = 2 tanks.  
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Figure 2. Percent of 2+ age male spring Chinook salmon were mature in June 2007.  Data 
are mean + SE of N =  2 tanks.  
 
 
 
 

 
Figure 3. Percent of 2+ age male spring Chinook salmon that were mature in June 2007. 
Data are for individual tanks in order of position within the rearing facility. Tank 1A was 
on the end, near the open end of the building where it received the most direct sunlight. 
Tank 4A was located in the middle of the building and received the least direct sunlight. 
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INTRODUCTION 

Efforts to control and treat bacterial kidney disease (BKD) in captive rearing of 
endangered Pacific salmon stocks and in production of hatchery stocks typically include 
antibiotics. Erythromycin is the most widely used antibiotic against BKD because of its 
purported ability to reduce the likelihood of both vertical and horizontal transmission of 
Renibacterium salmoninarum, the etiological agent of BKD  (Brown et al. 1990, Bullock 
et al. 1986, Lee et al. 1994, Moffitt 1991, 1992). Although erythromycin has good 
efficacy against R. salmoninarum in vitro (Austin 1985, Bandin et al. 1991, Fryer 1987), 
vertical transmission can still occur (Brown et al. 1990, Evelyn et al. 1986). Poor 
palatability of erythromycin-treated food can prevent full delivery of an oral dose 
(Moffitt 1992), and toxic sequelae among treated fish or their offspring (Fairgrieve et al. 
2006, Moffitt et al. 1999, Moffitt et al. 2001) could offset the benefit of treatment. 
Furthermore, the ability to isolate erythromycin-resistant R. salmoninarum strains in vitro 
(Bell et al. 1988) is a concern for the future utility of erythromycin. 
 
Azithromycin is an azalide antibiotic, a class of antimicrobials derived from macrolide 
antibiotics like erythromycin with a broader spectrum of activity that includes gram-
positive, gram-negative, and atypical pathogens (Ballow et al. 1992). In Chinook salmon, 
azithromycin accumulates to higher levels and depurates more slowly than erythromycin 
(Fairgrieve et al. 2005), consistent with the pharmacokinetic pattern in mammals for this 
antibiotic (Peters et al. 1992). Furthermore, azithromycin transferred from injected 
female broodstock to offspring persists up to 70 days after the start of exogenous feeding, 
considerably longer than erythromycin (Fairgrieve et al. 2006). Currently, azithromycin 
is used to treat field-collected parr of certain listed stocks, followed by erythromycin 
treatments. Although erythromycin-resistant R. salmoninarum can be generated under 
laboratory conditions, there have been no reports of resistant bacteria isolated from 
treated fish. The availability of mortalities from macrolide-treated captive broodstock fish 
offered an opportunity to determine the likelihood that resistant R. salmoninarum can 
arise under treatment conditions that are in practice. 
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MATERIALS, METHODS, AND DESCRIPTION OF STUDY AREA 

Fish husbandry  

Source fish were BY02, BY03, and BY04 Grande Ronde watershed spring Chinook from 
the captive broodstock rearing program held at the Manchester Research Station (Project 
1998-010-01). The program of antibiotic treatments implemented by captive broodstock 
program and veterinary staff was determined from records maintained by program. 
Mortalities are removed daily from tanks and held at 4°C until necropsy. 

Necropsy, sample collection, and tissue assays 

Necropsy protocol included gross pathology observations, PIT tag identification, gender, 
length, weight, and kidney weight. Inoculations from kidney were performed onto 
sKDM2 (Austin et al. 1983) and sKDM2 with 0.0125 µg ml-1 azithromycin (sKDM2+azi) 
agar plates. Plates were incubated for up to four months at 15°C. Kidney tissue (for larger 
fish) or a pool of kidney, spleen, and liver (for smaller fish) were collected and analyzed 
for antibiotic activity using a disk diffusion assay with Micrococcus luteus (Fairgrieve et 
al. 2005). Kidney tissue was collected for analysis of levels of bacterial antigens (BKD 
ELISA) with anti-R. salmoninarum polyclonal antibody (Kirkegard and Perry) (Pascho et 
al. 1987). The Oregon Department of Fish and Wildlife’s Fish Health Laboratory 
performed BKD ELISA analyses. All tissue were stored at -20°C until analyses.  

Bacterial culture and azithromycin resistance testing 

Agar plates were examined weekly for bacterial growth. Colonies with growth 
characteristics of R. salmoninarum were inoculated into KDM broth (with or without 
0.125 µg ml-1 azithromycin, consistent with the agar plate of origin). Purity of the broth 
cultures was confirmed by Gram stain and by fluorescent antibody technique with a 
fluorescein-conjugated polyclonal anti-R. salmoninarum antibody (Kirkegaard and 
Perry). 
 
Initial testing was performed using larger volume (“bulk”) broth cultures, starting with a 
10 ml volume. Subsequently, a microplate assay was developed to permit testing of 
isolates with improved replication and more consistent culture conditions. Drug 
resistance was evaluated by measuring growth in KDM broth containing the following 
series of azithromycin concentration (in µg ml-1):  0.1; 0.05; 0.025; 0.0125; 0.00625; and 
0.0. The layout used in the microplate assay is shown in Figure 1. Optical density at 595 
nm (O.D.(595)) was read at culture initiation and once every day thereafter for at least 
seven days. Generation time (in hours) were calculated from growth curves. Each test 
included the macrolide-sensitive ATCC type strain 33209 for comparison. 

RESULTS AND DISCUSSION 
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Macrolide treatment 

Four broodyear cohorts were screened for azithromycin-resistant R. salmoninarum: 
BY2001, BY2002, BY2003, and BY2004. Antibiotic treatment schedules for each 
broodyear cohort are shown in Table 1. Fish received azithromycin and erythromycin as 
intraperitoneal (i.p.) injections; erythromycin was also delivered orally in combination 
with the feed. From mortalities with clinical BKD, agar plate inoculations were prepared 
from a total of 76 fish. 
 
Inoculations were made from one fish from BY2001, 20 fish from BY2002, 54 fish from 
BY2003, and one fish from BY04. While most inoculations generated growth on sKDM 
plates, contaminants such as fungus or bacteria were also present, precluding the 
collection of isolates for testing. Contamination is a common problem in isolating R. 
salmoninarum from dead fish due to the presence of post-mortem flora and the long 
replication time of R. salmoninarum (24-48 hours). Nonetheless, cultures from seven fish 
were suitable for collecting isolates for testing, and all of the fish were from the BY02 
stock. Pure isolates were obtained on sKDM plates from six fish (05-372, 05-882, 06-
358, 06-359, 06-383, 06-404) and on sKDM plates+azi from two fish (05-334, 05-372). 

Testing for bacterial growth in azithromycin 

Eight pure isolates from seven fish were tested for the ability to grow in the presence of 
azithromycin. One fish produced isolates on both the sKDM and sKDM+azi plates.  
Figures 2 through 4 show the growth curve comparisons between the ATCC 33209 strain 
and the isolates from treated fish. These figures show that isolates from 05-372, 05-882, 
06-359, and 05-334 can grow in the presence of  0.025 µg ml-1 azithromycin, a 
concentration that completely inhibits growth in strain 33209. In contrast, isolates from 
06-358, 06-383, and 06-404 were more similar to 33209 in sensitivity to concentrations 
of azithromycin greater than or equal to 0.025 µg ml-1. 
 
Growth rates (i.e., number of generations per hour) were determined from the log phase 
portions of the growth curves at each drug concentration, and the growth rates relative to 
the respective 33209 growth rate are displayed in Figure 5. Several observations can be 
made from this comparison. Four isolates (05-372 Azi, 05-372 KDM, 05-882 KDM, and 
06-359 KDM) clearly grow at much higher rates in drug concentrations below 0.1 µg ml-

1. These isolates have the greatest resistance to the effects of azithromycin. Three isolates 
(06-358 KDM, 06-383 KDM, and 06-404 KDM) appear no different from ATCC 33209 
in sensitivity to azithromycin. Finally, one isolate (05-334 Azi) shows only a slightly 
greater ability to grow in the presence of azithromycin relative to ATCC 33209.  
 
The pattern of faster growth at concentrations of azithromycin that are inhibitory to a 
macrolide-sensitive strain is consistent with a phenotype of increasing resistance. Five of 
the eight isolates exhibited growth rates that were two- to four-fold higher than the 
sensitive strain, suggesting that these strains could compensate or circumvent the action 
of the drug. Among those five isolates, three were cultured on agar plates without 
antibiotic, indicating that the resistance capacity was not transient. On the other hand, all 
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of the tested isolates grew poorly in the presence of the highest concentration of 
azithromycin  (i.e., 0.1 µg ml-1). Therefore, the phenotype should be considered a weak 
resistance, and may not indicate drug resistance of immediate clinical concern. 

Tissue levels of antibiotic activity and kidney BKD ELISA 

Assays of kidney tissue or a pool of kidney, spleen, and liver tissue were performed for 
antibiotic activity, and a total of 66 fish were tested. Only three fish had detectable 
antibiotic activity in tissues, but none of those fish produced the tested isolates. These 
results show that in spite of repeated treatments with macrolide antibiotics, levels of drug 
in target tissues can be very low. For the fish yielding drug resistant isolates, treatment 
with oral erythromycin was two or more months prior to death, and the absence of 
macrolide antibiotic activity in target tissues is consistent with depuration of orally 
delivered erythromycin in Chinook salmon (Fairgrieve et al. 2005). Therefore, tissue drug 
activity greater than 0.00025 µg ml-1 (the detection limit of the bioassay) at the time of 
bacterial isolation is not required to produce bacteria with a resistant phenotype.  
 
The BKD ELISA values reflect the levels of bacterial antigens present in kidney and an 
approximation of infection severity. The kidneys of all fish screen by bacterial culture 
were tested by BKD ELISA, and Figure 6 displays those values.   Although screening 
criteria included fish with clinical BKD, the ELISA values of the screened fish appeared 
bimodal: one group with a value at approximately 2.000 or higher and a second group 
with values less than 1.000 (Figure 6). Both sensitive and resistant isolates were cultured 
from fish with high ELISA values. 

Summary and Conclusions 

The use of antibiotics to treat infectious diseases raises concerns about the possible 
emergence of drug resistant bacteria. To assess the likelihood of macrolide-resistant R. 
salmoninarum occurring among mortalities of spring Chinook salmon under a captive 
broodstock rearing regimen that includes macrolide treatment, we isolated and tested 
bacteria from treated fish for growth in the presence of azithromycin. Fish with high 
BKD ELISA values yielded R. salmoninarum isolates capable of growing in 
concentrations of drug that are completely inhibitory to the reference strain ATCC 33209. 
The resistant phenotype was found in isolates derived from tissue without detectable 
levels of drug activity, and persisted through culture on agar plates without added 
antibitiotic. This suggests that the presence of macrolides was not required for the 
maintenance of the resistant phenotype. Whether the phenotype is due to phenotypic 
plasticity or mutations was beyond the scope of this investigation, but the mechanism 
underlying the phenotype and the likelihood of successful transmission merit further 
investigation. These results are the first report of azithromycin-resistant R. salmoninarum 
from macrolide-treated Chinook salmon.  
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DATA MANAGEMENT ACTIVITIES 

 
Data are collected manually by NOAA and PSMFC researchers onto preformatted data 
sheets and then entered and summarized directly into Macintosh workstations operated 
by researchers using FileMaker Pro, Microsoft Excel, Microsoft Word, and GraphPad 
Prism. Data are routinely backed up an external fileserver, Lacie hard drive, and CD-
ROMs. All data are checked for quality and accuracy before analysis. 
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Table 1. Regimen of macrolide treatment of captively reared spring Chinook salmon. An 
asterisk (*) indicates that only maturing fish were treated. 
 
Broodyear Treatment 

Date 
Macrolide Mode of 

treatment 
Dose 

(mg kg-1 
body 

weight) 

Days of 
treatment 

BY2001 6/03 – 7/03 Erythromycin Oral 100 mg kg-1 28 
 7/03 Erythromycin Injection 40 mg kg-1 1 
 10/03 – 11/03 Erythromycin Oral 100 mg kg-1 29 
 4/04 – 5/04 Erythromycin Oral 100 mg kg-1 28 
 5/04 Erythromycin Injection 40 mg kg-1 1 
 10/04 – 11/04 Erythromycin Oral 100 mg kg-1 28 
 4/05 Erythromycin Injection 40 mg kg-1 1 
 4/05 – 5/05 Erythromycin Oral 100 mg kg-1 29 
 *5/05 Erythromycin Injection 40 mg kg-1 1 
 9/05 Erythromycin Injection 40 mg kg-1 1 
      
BY2002 8/03 Azithromycin Injection 20 mg kg-1 1 
 4/04 Azithromycin Injection 20 mg kg-1 1 
 6/04 Erythromycin Oral 100 mg kg1 28 
 10/04 – 11/04 Erythromycin Oral 100 mg kg1 21 
 11/04 Erythromycin Injection 40 mg kg-1 1 
 12/04 Erythromycin Injection 40 mg kg-1 1 
 3/05 Erythromycin Injection 40 mg kg-1 1 
 * 4/05 Erythromycin Injection 20 mg kg-1 1 
 4/05 – 5/05 Erythromycin Oral 100 mg kg1 29 
 * 5/2005 Erythromycin Injection 40 mg kg-1 1 
      
BY2003 8/04 Azithromycin Injection 20 mg kg-1 1 
 6/05 Erythromycin Oral 100 mg kg-1` 29 
 *7/05 Erythromycin Injection 40 mg kg-1 1 
      
BY2004 8/05 Azithromycin Injection 20 mg kg-1 1 
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Figure 1. Layout for 96-well microplate antibiotic testing assay
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Figure 2. Growth curve comparison between ATCC 33209 (macrolide sensitive) and 
isolates from fish 05-372 cultured on sKDM2 (05-372 KDM) and sKDM2+azi (05-372 
Azi) and an isolate from fish 05-882 cultured on sKDM2 (05-882 KDM). Data points are 
the mean (± range) of duplicate visible light spectrophotometer readings.
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Figure 3. Growth curve comparison between ATCC 33209 (macrolide sensitive) and an 
isolate from fish 06-358 cultured on sKDM2 (06-358 KDM), an isolate from fish 06-359 
cultured on sKDM2 (06-359 KDM), and an isolate from fish 06-383 cultured on sKDM2 
(06-383 KDM). Data points are the mean (± range) of duplicate visible light 
spectrophotometer readings. 
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Figure 4. Growth curve comparison between ATCC 33209 (macrolide sensitive) and an 
isolate from fish 05-334 cultured on sKDM2+azi (05-334 Azi) and an isolate from fish 
06-404 cultured on sKDM2 (06-404 KDM). Data points are the mean (± range) of 
duplicate visible light spectrophotometer readings.
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Figure 5. Relative growth rates at increasing concentrations of azithromycin for isolates 
from macrolide-treated fish. Growth rate (in generations per hour) for each isolate was 
normalized to the growth rate of ATCC 33209 for respective test.



72 

  
 

 
 
 

 
Figure 6. BKD ELISA values for all fish screened by bacterial culture (first column), fish 
yielding isolates with a resistant phenotype (second column), and fish yielding antibiotic 
sensitive isolates (third column). Bar is at the mean for the column. 
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INTRODUCTION 

Current antibiotic treatments for bacterial kidney disease (BKD) include oxytetracycline 
and erythromycin. Drugs are either incorporated into feed (typically for juvenile fish) or 
delivered by intraperitoneal or dorsal sinus injection (typically for adult fish). Captive 
broodstock rearing programs and hatcheries that hold broodstock before spawning may 
prophylactically administer erythromycin to prespawning adults if the stock has 
significant probability of bearing high infection burdens of R. salmoninarum, the 
causative agent of BKD. This practice is predicated on the purported ability of 
erythromycin to reduce the likelihood of both vertical and horizontal transmission of R. 
salmoninarum (Brown et al. 1990, Bullock et al. 1986, Lee et al. 1994, Moffitt 1991, 
1992). The fact that vertical transmission can still occur in erythromycin-treated 
broodstock (Brown et al. 1990, Evelyn et al. 1986) indicates that the understanding of 
oocyte/ovum infection and the in vivo effects of medication may not be adequate for 
effective therapy. For instance, if oocytes are infected long before final maturation of the 
ovaries, antibiotic treatment proximal to spawning may have little benefit.  

Erythromycin has relatively low persistence in Chinook salmon, resulting in total whole-
body elimination in juvenile fish within 45 days after oral treatment and no maternal 
transfer to fry after prespawning injection (Fairgrieve et al. 2004, 2005). Azithromycin is 
structurally related to erythromycin and exhibits a broader spectrum of activity against 
gram-positive, gram-negative, and atypical pathogens (Ballow et al. 1992). The 
pharmakokinetics of azithromycin in Chinook salmon is similar to that observed in 
mammals:  higher tissue accumulations levels and longer retention than erythromycin 
(Fairgrieve et al. 2005). Unlike erythromycin, azithromycin is transferred from injected 
female broodstock to offspring (Fairgrieve et al. 2006). These properties suggest that 
azithromycin may be more effective against infections of R. salmoninarum than 
erythromycin. One approach for determining effectiveness of treatment is by longitunidal 
monitoring of infection state in individual fish. 

The most widely used method of monitoring R. salmoninarum infections requires lethal 
sampling for kidney tissue for an enzyme-linked immunosorbence assay (ELISA). This 
can provide information about the disease status of a population, but is not helpful in 
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assessing individual fish, such as broodstock. The emergence of highly sensitive DNA-
based dectection methods, such as real-time quantitative PCR (qPCR) permits detection 
of bacteria with high sensitivity and specificity. Using a combination of longitudinal 
monitoring and scheduled lethal sampling, this study addressed the following objectives: 

1. Does a single antibiotic injection affect survival in infected subadult Chinook salmon? 

2. What is the distribution and persistence of injected erythromycin and azithromycin in 
subadult fish? 

3. Is there a relationship between ovarian development and infection? 

4. Can infection level be established by monitoring levels of bacteria in peripheral blood? 

MATERIALS, METHODS, AND DESCRIPTION OF STUDY AREA 

Fish husbandry  

Source fish were BY03 Grande Ronde watershed spring Chinook held at the Manchester 
Research Station. Fish were held in circular tanks (11.5 foot in diameter and 3.0 foot in 
depth) with approximately 15 gpm water flow and supplemental oxygen delivered by 
diffusers. Tanks were covered with sliding conical lids that allowed diffused natural light 
infiltration. Feed was to satiation by automatic feeders, and quantities were assessed and 
adjusted as needed.  

PIT tagging and gender identification  

Each fish was uniquely marked with 132.5 MHz* passive integrated transponder (PIT) 
tag to permit individual fish identification. Prior to drug treatment, fish were screened for 
gender to ensure that only females were included in the study. Small (< 10 mm2 in area) 
tissue clips from the caudal fin were collected at the time of PIT tagging and were stored 
at -20°C until processed. Genomic DNA was extracted using the DNeasy 96 tissue 
extraction kit (Qiagen) in a total of 200 µl eluted volume. DNA concentration was 
measured by PicoGreen (Molecular Probes). PCR for a growth hormone pseudogene 
located on the  Y chromosome was performed following the method of Du et al (Du et al. 
1993). Amplicons were resolved and visualized by agarose gel electrophoresis, and 
gender identified by inspection. 

Drug treatment  

Fish were anesthetized in a solution of MS-222 in seawater (ca. 50 mg ml-1, pH 7), and 
length and weight were measured. Fish were injected intraperitoneally with a volume of 
antibiotic to produce the following final doses:  40 mg azithromycin kg-1 body weight;  
100 mg erythromycin kg-1 body weight. Because the injection stocks of antibiotic were 
set at a concentration so that the injection volume was independent of the antibiotic used, 
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the fish receiving the vehicle (water) received a volume that corresponded to an antibiotic 
dose. 

Sampling design 

After drug treatment, fish were evenly distributed among four tanks, resulting in 20 fish 
per treatment per tank. Two tanks (Groups A and B) were assigned to the 
longitudinal/survival study for blood sampling and survival observation. Blood sampling 
was performed on tanks in alternate months, so that fish were not subjected to handling 
every month. The two remaining tanks (Groups C and D) were assigned to a monthly 
sampling design for blood and tissue collection. Five fish per treatment per month were 
sampled; if fewer than five fish per treatment were alive, the remaining fish were 
collected. Sampling was alternated each month between the two tanks. 

Necropsy and sample collection 

For fish sacrificed in regular monthly samplings, the gross pathology data included PIT 
tag identification, tank identification, length, weight, and gross pathology observations. 
Blood (ca. 0.25 ml) was collected in heparin-treated syringes from the caudal vein, 
transferred to a 0.65 ml microfuge tube, and samples were held on ice until fractionation 
(see “Tissue assays’ below). Anterior kidney and anterior ovary from both ovaries were 
collected for antibiotic activity analyses, and posterior kidney was collected for analysis 
of levels of bacterial antigens (BKD ELISA). Kidney and ovarian samples were placed in 
Whirl-Pak bags and held on ice for less than six hours, then transferred to -20°C for 
storage until analysis. Central and posterior portions of the ovary for light microscopy 
and epifluorescence microscopy were collected in poly/LEM fixative (Polysciences) and 
in Davidson’s fixative (20% formalin, 10% glycerin, 10% glacial acetic acid, 95% 
ethanol).  

For spontaneous mortalities, the gross pathology data and tissues for kidney and ovarian 
antibiotic activity bioassay and for kidney BKD ELISA were collected in a manner 
identical to that collected for the monthly sacrifice samples. If mortalities were collected 
within several hours of expiration, ovarian samples for light microscopy were also 
collected. 

Tissue assays 

Blood was centrifuged at 1,000 x g for 5 minutes to fractionate the blood into plasma, 
buffy coat, and packed red cell layers. Between 40 and 100 µl of plasma was transferred 
to a fresh 0.65 ml microfuge tube and placed on ice for less than six hours until storage at 
-70°C. Buffy coat was removed in a total of 40 µl by careful aspiration of the interface 
between plasma and packed red cell volume. The sample was transferred to a fresh 0.65 
ml microfuge tube and placed on ice for less than six hours until storage at -20°C. Total 
genomic DNA was extracted with the DNeasy kit (Qiagen), using modifications to ensure 
bacterial DNA recovery (Rhodes et al. 2006). Quantitative real-time PCR (qPCR) 
directed against the intergenic region of an ABC transporter gene group (Rhodes et al. 
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2006) was used to detect the presence of R. salmoninarum in blood, and results were 
expressed as number of genomes mg-1 of extracted DNA. 

Kidney and ovarian tissues were analyzed for antibiotic activity using a disk diffusion 
assay with Micrococcus luteus (Fairgrieve et al. 2005). Each tissue sample was tested in 
duplicate, and the activity equivalent to antibiotic concentration (µg of antibiotic g-1 of 
tissue) was determined from a standard curve run with each assay. 

The titer of bacterial antigen present in kidney tissue was determined by BKD ELISA 
assay (Pascho et al. 1987) using anti-R. salmoninarum polyclonal antibody (Kirkegard 
and Perry). Duplicate assays were performed for each sample, and results were recorded 
as absorbence at 405 nm. 

Samples of ovary for light microscopy and epifluorescence microscopy were trimmed 
within 12 hours after collection and transferred to fresh fixative for overnight immersion 
with agitation. After a total of 48 to 72 hours in fixative, samples were washed in tap 
water for two to four hours, then submerged in 70% ethanol. Tissues were processed in a 
Shandon Hypercenter XP (Shandon) and embedded in Formula R tissue 
embedding/infiltration medium (Surgipath). Tissues were sectioned at 5 µM and mounted 
on glass slides. Consecutive sections of each sample were stained with hematoxylin and 
eosin for light microscopy and with FITC-conjugated anti-R. salmoninarum polyclonal 
antibody (Kirkegard and Perry) for epifluorescence microscopy. 

RESULTS AND DISCUSSION 

Effects of Treatment on Survival 

Duplicate tanks of fish were followed for survival throughout the experimental period. 
Only mortalities with grossly visible kidney granulomas and/or kidney BKD ELISA 
values greater than 0.5 were considered to be deaths due to BKD. For 75 of 76 cases 
where grossly visible granulomas were observed, the kidney BKD ELISA exceeded a 
value of 2.0; one fish with a lower value had a BKD ELISA value of 0.79. 

Survival among the treatment groups was strikingly and significantly different. 
Azithromycin-treated fish exhibited the highest survival in both groups, and cumulative 
mortality did not reach 50% by the end of the experiment 309 days after treatment 
(Figures 1 and 2). Cumulative survival among erythromycin-treated fish was significantly 
lower than for azithromycin, but higher than vehicle-treated fish. Vehicle-treated fish had 
the poorest survival, with median survival times of 66.5 and 121.5 days (Figures 1 and 2). 
The observed differences in survival among treatment groups were significantly different 
(log-rank test; P  < 0.0001 [group A] and P  = 0.0016 [group B]), and the trend of 
increasing survival from vehicle to erythromycin to azithromycin treatment ws also 
significant (log-rank test; P  < 0.0001 [group A] and P  = 0.0007 [group B]). 

Several factors aside from antibiotic treatment were likely to affect survival. The 
experiment was started in May during a time of rising water temperatures, continued 
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through wintertime low temperatures, and ended as temperatures were beginning to 
increase in the spring. Figure 3 shows a composite Kaplan-Meier survival function for all 
fish included in the survival study and the average seawater temperatures at time of death 
for each fish. The highest rate of mortality was associated with the highest temperatures 
recorded during the experimental period. A second period of increased mortality occurred 
as temperatures began rising from the low winter temperatures. This suggests that high 
water temperatures or increases in water temperature may contribute to BKD associated 
mortality. 

Another factor that was likely to affect survival was the handling associated with blood 
collection. Although each tank of fish was sampled no more than once every two months, 
this frequency is higher than typical procedures used in hatcheries or captive broodstock 
rearing programs. Figure 3 shows the blood sampling time point for each group of fish. 
While changes in mortality rate were not strictly correlated with blood sampling, some 
increases were observed with sampling that appear independent of seawater temperature 
(e.g., Group A sampling at day 161). The combination of high water temperature and 
handling probably contributed strongly to the high mortality rate observed after the day 
63 sampling. 

Kidney BKD ELISA 

Fish in Groups C and D were treated with antibiotic in parallel to Groups A and B. 
Instead of bimonthly blood sampling, a subsample of fish were sacrificed from each 
group on alternate months. Due to BKD-associated mortality, the number of monthly 
samplings was limited to six collections. 

The pattern of BKD ELISA values (reported as absorbence at 405 nm) varied greatly 
among the antibiotic treatment groups, and in general, there was significant heterogeneity 
within a treatment group at a sampling timepoint. Untreated fish that were collected on 
the day of antibiotic injection and 28 days later. These fish exhibited elevated kidney 
BKD ELISA values, with a mean of  0.787 (S.E. = 0.2373, N = 10) on the day of 
injection and a mean of 0.570 (S.E. = 0.2853, N = 10) 37 days after treatment. These data 
corroborated previously collected BKD ELISA values from this population showing a 
significant infection by R. salmoninarum  (W. Fairgrieve, pers. comm.). ELISA values 
among azithromycin-treated fish were relatively low through day 126, then displayed a 
slight increase through day 182 (Figure 4), but there were no significant differences 
among the days (ANOVA, F = 1.07, P  = 0.4052). In contrast, erythromycin-treated fish 
showed significant fluctuations in ELISA values between subsequent samplings (Figure 
4; ANOVA, F = 2.88, P  = 0.0195). Fish receiving vehicle treatment exhibited higher 
ELISA values at days 37 and 63, then lower values on day 92 and 161 (Figure 4), but 
those differences were not significant (ANOVA, F = 0.99, P  = 0.5058).  

BKD ELISA values for mortalities from all four groups also varied among treatment 
groups. Values for azithromycin-treated mortalities rose significantly during the 
experimental period (Figure 5; Spearman’s rho = 0.5645, P  < 0.0078). In contrast, 
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mortalities in the erythromycin- and water-treated groups were high throughout the 
experiment (Figure 5).  

These results indicate that azithromycin treatment suppressed kidney BKD ELISA 
values, and consequently infection severity, up through day 182. This interpretation is 
corroborated by the high survival for this treatment in Groups A and B during the same 
period (Figures 1-3). Mortalities in the water-treated group eliminated many high BKD 
ELISA fish by day 92 (Figure 5), which was reflected in the lower median value among 
the sacrificed fish (Figure 4). The erythromycin-treated fish displayed a pattern of BKD 
ELISA values intermediate to that of the other two treatment groups, similar to that 
observed in the survival curves. 

Tissue Antibiotic Activity 

Tissue levels of antibiotic activity were measured in both anterior kidney and the anterior 
portions of ovary. Among sacrificed fish in the scheduled monthly collections, drug 
activity was not detectable in either organ from untreated fish or from water-treated fish 
(Figures 6 and 7). Drug activity in erythromycin-treated fish was found only in kidney 
tissues of four fish (three from day 37 and one from day 63; Figure 6). Both kidney and 
ovary from fish treated with azithromycin contained detectable levels of drug acitivity 
through day 182 among regularly sampled fish. There was a pattern of decline in levels 
during the course of the study in both organs,but only the change in ovarian drug activity 
was statistically significant (LMS regression; F = 9.47; P  = 0.0046). 

Azithromycin activity was detectable in both kidney and ovary in fish throughout and at 
the end of the experimental period (i.e., 309 days after treatment; Figure 8).  More than 
80% of fish at day 309 had detectable drug activity in both organs, and all of the 
measured levels exceeded 1 µg g-1 tissue. 

The level of azithromycin antibiotic activity in ovary was related to the level in the 
kidney. Figure 9 shows the association including and excluding two individuals with high 
levels of activity in both organs. Although the correlation coefficient was not high, the 
association was significant. For most of the fish, the level of azithromycin acitivity was 
higher in the kidney than the ovary (Figure 10). 

A comparison of kidney BKD ELISA value and the level of kidney azithromycin activity 
is shown in Figure 11. A modest, inverse relationship (r2  =  0.3822) existed between 
these values, which was best characterized by a single-phase exponential decay function: 

BKD ELISA value = 2.130 + e(-0.2935*kidney azithromycin) + 0.4578 . However, there were six 
fish with high BKD ELISA values and high kidney azithromycin activity that 
contradicted this patter. These anomalous fish were collected across the entire 
experimental period, and may have resulted from uneven distribution of bacteria and/or 
antibiotic in the kidney. 
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To determine whether drug accumlation was associated with size, a comparison was 
made with body weights for the azithromycin-treated fish. There was no significant 
association between kidney azithromycin activity levels and initial weight for either 
spontaneous mortalities or sacrificed fish (Figure 12, upper graph), or between kidney 
azithromycin activity levels and final weight for sacrificed fish (Figure 11, lower graph). 
However, there was a significant negative correlation with the final body weight for 
spontaneous mortalities (LMS, F = 5.83, P = 0.0250). 

These results show that a single intraperitoneal injection of azithromycin can persist over 
300 days after treatment in kidney and ovarian tissue at concentrations that exceed the 
minimum inhibitory concentration (MIC) for R. salmoninarum by 80-fold. In contrast, 
erythromycin was retained in only one of the treated fish by two months after injection, 
and no antibiotic activity was found in the ovary by one month after treatement. The 
presence of antibiotic acitivity in the kidney inversely corresponded with kidney BKD 
ELISA levels and positively cooresponded with survival results, indicating that antibiotic, 
especially azithromycin, could reduce kidney ELISA values and increase survival.  

Ovarian Histology 

During the earlier portions of the study (i.e., before day 182 of the experiment), 
histological samples were collected only at the scheduled samplings. However, higher 
than expected mortalities due to BKD earlier in the study invoked an effort to collect 
histology samples from spontaneous mortalities when expiration was within 6 hours of 
discovery. Adjacent tissue sections stained with hematoxylin and eosin (H & E) and with 
an anti-R. salmoninarum fluoroscein-conjugated antibody to permit a comparison of 
oocyte morphology and tissue distribution of bacteria. Oocytes were categorized into six 
developmental stages:  Balbiani-bodied; Balbiani-perinucleolar, fading: smooth; cortical 
alveoli; lipid droplet-late cortical alveoli; and yolked. These oocyte stages are described 
and photographic examples of each are contained in Table 1. The six stages were 
observed regularly and were considered to be part of a progression of oocyte 
development. A seventh stage, called the rough stage, contained features from several 
other stages and could not be easily positioned within the progression of oocyte 
development. The rough stage was distinctive enough to be recorded separately, but it 
was not frequently observed. Atretic follicles, probably representing degenerate and/or 
resorbing oocytes and associated follicular components, were not included in the total 
count for oocyte staging. 

Oocyte staging was used to assign a stage of ovarian development. Each fish was 
assigned to one of six ovarian development stages based on the most advanced oocyte 
stage that comprised 30% or more of the counted oocytes. For example, an ovary 
containing ≥ 30% cortical alveoli was designated as a stage 4 ovary (Table 2). Because 
ovarian development has been associated with fish size, fish weights for each ovarian 
development stage were examined, including weights at the beginning of the experiment 
(“initial weight”) and weights at time of death (“final weight”). Both initial and final 
weights were significantly different across the ovarian development stages (ANOVA, F = 
130.52, P  < 0.00001; ANOVA, F = 120.58, P  < 0.00001; respectively), and regression 



82 

identified a trend of increasing weights with progressive ovarian development stages (r2 = 
0.8952, P  < 0.00001 for initial weights; r2 = 0.8866, P  < 0.00001 for final weights). 

 Infection was determined by immunofluorescence microscopy of tissue sections stained 
with the anti-R. salmoninarum antibody. Tissue autofluorescence permitted sufficient 
tissue morphology so that bacterial location could be identified with bacterial counts. By 
staining adjacent sections for visible light and epifluorescence microscopy, the stages of 
infected oocytes could be identified. The earliest stage of oocyte development observed 
to be infected by R. salmoninarum was the Balbiani-bodied stage, the earliest phase of 
oocyte progression observed in this study. However, all stages were infected, and degree 
of infection could vary from a single bacterial cell to a cluster of cells. 

Atretic follicles exhibited morphological changes that ranged from early steps of oocyte 
resorption to final resolution. The percentage of atretic follicles (among all counted 
follicles) among the treatment groups over time was compared (Figure 14). A significant 
positive correlation between the percentage of atretic follicles and the day of experiment 
was found for all three antibiotic treatment groups (Spearman’s rho > 0.5196, P  < 
0.00001 for each treatment). However, there was no significant correlation between the 
percentage of atretic follicles and the stage of ovarian development (Spearman’s rho < 
0.2834, P  > 0.1162 for each treatment; data not shown). Similarly, no significant 
correlations between percentage of atretic follicles and kidney ELISA value (Spearman’s 
rho = 0.2058, P  = 0.2090 for each treatment; data not shown) or between percentage of 
atretic follicles and total number of ovarian bacteria (Spearman’s rho = 0.2362, P  >  
0.3304 for each treatment; data not shown) was found for any of the antibiotic treatment 
groups. These results indicate that atresia was not a direct result of BKD, nor that it was a 
feature of ovarian maturation. Instead, atresia was most directly associated with time, 
with a possibility that aging or physiological changes linked to spawning may have been 
involved in regulating atresia. 

 It was expected that the number of bacteria in the ovary would be inversely correlated to 
the level of antibiotic activity in that organ. This relationship was true for intra-oocyte 
bacteria (Spearman’s rho = -0.5435, P  = 0.0074), but not true for the total number of 
bacteria counted (Spearman’s rho = -0.1124, P  = 0.6096; data not shown). The assay for 
antibiotic activity did not differentiate between oocytes and non-oocyte tissue (e.g., 
interstitial connective tissue, blood), but these findings suggest that antibiotic activity 
may have been present within oocytes, as well as in other ovarian cell types. 

The association between kidney and ovarian infections was also assessed. Among fish 
assayed for both kidney BKD ELISA and ovarian infection, 21.3% (16 of 75 fish) of the 
fish with ovarian infections did not have a detectable kidney infection (i.e., BKD ELISA 
value > 0.1). In contrast, only 7.8% (5 of 59 fish) with a detectable kidney infection did 
not have an ovarian infection. The only significant correlation between BKD ELISA 
values and number of intra-oocyte bacteria or total number of ovarian bacteria occurred 
in water-treated fish (Spearman’s rho > 0.6071, P  < 0.0036 for both variables, data not 
shown). This suggests that kidney BKD ELISA values may be only an approximate 
predictor of ovarian infection. This poor correspondence may be due to comparing results 
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from assays with different sensitivities (ELISA vs histology). Furthermore, as fish 
approach spawning, the infection correlation between these two tissues may increase. 

Blood Monitoring for R. salmoninarum 

Blood sampling in a longitudinal study could permit a way of monitoring infection if 
bacteria are present in the peripheral circulation. Pilot studies of a naturally infected 
group of fall Chinook salmon indicated that bacteria are enriched in the buffy coat (data 
not shown). Therefore, blood collected for this study was first centrifuged and the buffy 
coat layer was specificially collected for qPCR analysis for R. salmoninarum. 

Group A fish were bled in May, August, November, January and March., whereas group 
B fish were bled in May, July, October, December, February, and April. (Antibiotic 
injections were delivered in June.)  Until the February sampling, nearly all of the fish had 
low (< one bacterial genome µg-1 DNA) or no detectable R. salmoninarum DNA in the 
buffy coat (Figure 15). In the February through April sampling, fish with higher levels of 
R. salmoninarum DNA began to appear more frequently. 

The proportion of fish with detectable R. salmoninarum DNA in peripheral blood (i.e., 
proportion positive) was determined for each monthly sampling for groups A and B 
(Figure 16). In both groups, the proportion of positive fish receiving azithromycin 
treatment dropped to a low level after antibiotic treatment and remained low for four 
months. Thereafter, the proportion positive rose steadily to the end of the experimental 
period. The proportion of positive fish among the erythromycin-treated fish fluctuated up, 
down, and back up again for both groups A and B (Figure 16). Water-treated fish 
displayed the greatest difference in pattern between group A and B of the three treatment 
groups. In group A, the proportion of positive fish decreased five months after injection, 
then rose dramatically (Figure 16, upper graph); in group B, the proportion swung widely 
up and down throughout the experimental period (Figure 16, lower graph). The 
fluctuations in the proportion of positive fish over the course of the experiment is most 
likely a result of mortalities in fish with BKD.  

The purpose of the longitudinal blood sampling was to assess the utility of blood qPCR in 
monitoring for BKD. A comparison of the final qPCR value with the kidney BKD ELISA 
value would examine for a correlation. While there was a significant correlation between 
these two parameters (Spearman’s rho = 0.3232, p < 0.0001), there appeared to be a 
threshold in kidney BKD ELISA value for bacteria in the blood (Figure 17):  no bacterial 
DNA was detectable in blood among all fish with kidney BKD ELISA values below 1.5, 
except two fish. Therefore, blood qPCR appears most useful in identifying fish with 
established infections, and are likely to die due to BKD. 

SUMMARY AND CONCLUSIONS 

BKD continues to present a problem to salmon culture, in spite of the frequent use of 
antibiotics to cope with the disease. This study compared effects of treatment of naturally 
infected fish with one of two related antibiotics on survival, antibiotic persistence in 
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kidney and ovary, and bacterial antigens in kidney. Longitunidal blood monitoring was 
performed to determine whether bacterial DNA could be detected in infected fish. 
Finally, light microscopy was used to assess localization of bacteria in the ovary and 
identify effects of infection on oocyte development. 

Both erythromycin and azithromycin significantly improve survival in infected fish, and 
azithromycin was more effective than erythromycin. Survival in erythromycin- and 
water-treated fish was further modulated by water temperature and physical handling, 
whereas survival in azithromycin-treated fish was relatively refractory to these factors. 

The levels of bacterial antigens in the kidney were reduced in azithromycin-treated fish 
for a much longer time than in erythromycin-treated fish, and this pattern of bacterial 
burden exhibited an inverse relationship to survival. Levels of azithromcin activity in 
kidney were higher than that of erythromycin, and azithromycin activity persisted 
through the end of the experimental period, 309 days after injection. No erythromycin 
activity was detectable in tissue 63 days after injection. These results support the 
hypothesis that azithromycin was much more effective in reducing bacterial burdens than 
erythromycin, thereby increasing survival much longer than erythromycin. 

Longitudinal blood sampling did not detect bacterial DNA in fish with lower intensity 
infections (i.e., kidney BKD ELISA values < 1.5). Furthermore, fish with higher intensity 
infections frequently did not have bacterial DNA in peripheral blood. This suggests that 
septicemia is not a ubiquitous event in BKD, even among fish with morbid levels of 
bacterial antigens in kidney. Consequently, blood monitoring may have limited utility in 
assessing the status of a R. salmoninarum infection. 

Ovarian histology for infection localization and severity and for ooctye development 
revealed new insights into the relationship of this disease on reproduction. Oocytes at all 
stages of development were found to be infected by R. salmoniarum, suggesting that 
bacteria can persist within oocytes throughout development or infection may occur 
throughout ovarian progression. In either case, a constant level of antibiotic in the ovary 
would be needed to reduce the possibility of infection and transovarian transmission. The 
low persistence of erythromycin in ovary would not be expected to fulfill that 
requirement if used strictly as a reactive therapeutic. 
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DATA MANAGEMENT ACTIVITIES 

Data are collected manually by NOAA and PSMFC researchers onto preformatted data 
sheets and then entered and summarized directly into Macintosh workstations operated 
by researchers using FileMaker Pro, Microsoft Excel, Microsoft Word, GraphPad Prism, 
and Stata/SE. Data are routinely backed up an external fileserver, Lacie hard drive, and 
CD-ROMs. All data are checked for quality and accuracy before analysis. 
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Table 1. Spring Chinook salmon oocyte staging criteria and photographic examples. 
 
Stage Description Example (H & E sections) 
BB – Balbiani-
bodied 

Very small size, large 
eosinophilic nucleus, dark 
basophilic balbiani cytoplasm 
surrounding nucleus. 

 
BPF – Balbiani-
perinucleolar, 
fading 

Small to medium size lightly 
basophilic with dark or fading 
balbiani bodies at periphery of 
oocyte circling ooplasm. 

 
S – smooth, late 
perinucleolar 

Medium size lightly basophilic, 
lacks distinguishable balbiani 
bodies and cortical alveoli. 
 

 
CA – cortical 
alveoli 

Medium size lacks 
distinguishable balbiani bodies. 
Cortical alveoli are forming 
around periphery of ooplasm. 
 

 
LD – lipid droplet, 
late cortical alveoli 

Medium to large size, numerous 
cortical alveoli surrounding 
periphery up to nuclear 
envelope. 
 

 
Y - yolked Large size, thickened zona 

pellucida, cortical alveoli and 
lipid droplets present. Yolk 
droplets present. 
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A – Atretic 
follicles 

Varying size, Phagocytic nuclei 
present; vacuolated phagocytes, 
Altered oocyte conformation, 
Cellular debris present 
 

 
R - rough Medium size, cortical alveoli 

and Balbiani bodies P resent 
 

 
 

 

 
Table 2. Ovarian development stages and oocyte staging criteria. 
 
Ovarian Development Stage Oocyte Staging Criteria 

1 ≥ 30% Balbiani-bodied 
2 ≥ 30% Balbiani-perinucleolar, fading 
3 ≥ 30 % smooth 
4 ≥ 30% cortical alveoli 
5 ≥ 30% lipid droplet, late cortical alveoli 
6 ≥ 30% yolked 
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Figure 1. Kaplan-Meier cumulative survival curve and median survival among fish in 
Group A. 
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Figure 2. Kaplan-Meier cumulative survival curve and median survival (in days) among 
fish in Group B. 
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Figure 3. Kaplan-Meier function by antibiotic treatment with seawater temperatures. 
Seawater temperatures (dots) are in °C on day of death. Days where blood was sampled 
are noted by arrows along the x-axis:  collections from Group A fish denoted by gray 
arrow and collections from Group B fish denoted by black arrow. 
 

azithromycin

erythromycin

vehicle
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Figure 4. Box plots of kidney BKD ELISA values of sampled fish from Groups C and D  
from each antibiotic treatment and from untreated fish near the beginning of the 
experiment. 
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Figure 5. BKD ELISA values for mortalities from all groups (A, B, C, D) by day of 
experiment for each antibiotic treatment group.
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Figure 6. Box plots of antibiotic activity levels in anterior kidney of monthly sampled 
fish from Groups C and D from each antibiotic treatment group and from untreated fish 
near the beginning of the experiment. 
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Figure 7. Box plots of antibiotic activity levels in ovary of monthly sampled fish from 
Groups C and D from each antibiotic treatment group and from untreated fish near the 
beginning of the experiment. 
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Figure 8. Azithromycin activity levels in kidney (upper graph) and ovary (lower graph) 

for all fish (i.e., spontaneous mortalities and sacrificed fish). Note the difference in y-axis 
scale.
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Including two high level fish: 
r2 = 0.3019, P  < 0.0002 
 

 

Excluding two high level fish: 
r2 = 0.2641, P  < 0.0002 
 

Figure 9. Plot of  ovarian azithromycin activity levels against kidney azithromycin 
acitivity levels, including and excluding two individuals with high levels in both tissues. 
 
 

 
Figure 10. Histogram of the difference in azithromycin activity level in the kidney and in 
the ovary. 
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Figure 11. Plot of kidney BKD ELISA value against azithromycin activity in the kidney. 
Solid line is the best fit exponential decay model with 95% confidence intervals (dashed 
lines).



98 

 
 

mortalities sacrifices

 
 

mortalities sacrifices

 
Figure 12. Plot of kidney azithromycin activity against initial body weight (upper graph) 
or against final body weight (lower graph). Values for fish that were spontaneous 
mortalities are shown on the left side, and values for fish sacrificed for scheduled 
sampling are shownon the right side.
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Figure 13. Plot of ovarian develoment stage against fish weight (in g) at the beginning of 
the experiment (“initial weight”; upper graph) or at the time of deatlh (“final weight”; 
lower graph).
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Figure 14. Plot of atretic follicle percentage by day of experiment for each antibiotic 
treatment group and the untreated fish.
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Figure 15. Traces of individual fish blood qPCR values by month and treatmen. Note that 
after May, groups A and B were sampled on alternate months (excluding September).
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Figure 16. Proportions of fish with positive blood qPCR assays for R. salmoninarum 
DNA for each month sampled. Data for group A fish are in the upper graph and data for 
group B fish are in the lower graph.
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Figure 17. Plot of final positive blood qPCR values by kidney BKD ELISA value for fish 
from groups A and B. 
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OBJECTIVE 5: EVALUATE EFFECTS OF INBREEDING AND INBREEDING 
DEPRESSION - DETERMINE THE EFFECTS OF CONTROLLED INBREEDING ON 
SURVIVAL, DEVELOPMENT, AGE STRUCTURE, AND OTHER ASPECTS OF THE 

LIFE HISTORY OF CHINOOK SALMON 

By 
 

Jeffrey J. Hard, Kerry A. Naish, and Jason J. Miller 
 

INTRODUCTION 

Many wild populations of Pacific salmon are at abundances well below historical levels. In 
some cases, these levels have prompted concern about genetic effects on viability as well as 
concern about demographic risks. However, it remains unknown to what extent loss of genetic 
variation and inbreeding has reduced and continues to influence productivity of these 
populations, which aspects of the life cycle are affected most, and whether inbreeding can limit 
the effectiveness of recovery efforts involving hatchery supplementation or captive 
broodstocks. This long-term study of Chinook salmon is an attempt to address some of these 
uncertainties.  

Inbreeding depression, a reduction in fitness caused by the mating of close relatives, has for 
decades been among the most prominent genetic concerns of captive breeding programs 
involving threatened or endangered species. This concern stems from adverse effects of 
inbreeding on survival and reproductive capacity that have been well documented in many 
species of captively bred animals (Ralls and Ballou 1983), and experimental work has shown a 
direct link between the degree of inbreeding and fitness loss (Ralls et al. 1988). 

The consequences of inbreeding in most salmonids are poorly understood; the relevant work 
has been limited almost completely to non-anadromous fish, especially brook and rainbow 
trout (e.g., Kincaid 1976a,b, Gjerde et al. 1983, Su et al. 1996). Nevertheless, studies on these 
species have found adverse effects of close inbreeding on survival and growth (Hard and 
Hershberger 1995, Hallerman 2003), and recent reviews of these studies provide evidence that 
these effects may occur in other anadromous salmonids as well (Wang et al. 2002a,b, Thrower 
and Hard in press). 

Inbreeding may arise at every operational step of a hatchery program (Campton 1995, Hard 
and Hershberger 1995). The major factors that can give rise to inbreeding include breeding of 
relatives, insufficient number of breeders, systematic selection of particular phenotypes (e.g., 
large adult fish, which can increase prevalence of positive assortative mating), similar selection 
of a segment of the run-timing distribution (Kincaid 1983, Flagg et al. 1995), inappropriate 
spawning practices such as pooling of gametes (Tave 1986, Withler and Beacham 1994), 
unequal parental representation of progeny released to the wild or sampled as broodstock 
(Simon 1991, Kincaid 1995, Geiger et al. 1997), and unequal survival among families (Hard et 
al. 2000). Salmon breeders still sometimes use insufficient numbers of broodstock to produce 
each generation simply because the high reproductive rate of captive breeders increases 
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operational efficiency and the number of progeny that can be produced from relatively few 
broodstock can easily exceed rearing constraints at many facilities. This practice can lead to 
increased inbreeding in ensuing generations compared with wild populations because of the 
increased chance that close relatives will breed (e.g., McElligott et al. 1987, Verspoor 1988). 

Research on the consequences of inbreeding in anadromous salmonids would be most useful in 
characterizing the relationship between inbreeding and inbreeding depression, and the 
environmental sensitivity of inbreeding depression. For captive broodstock programs, this 
information would help to evaluate the risk of inbreeding depression against other risks (such 
as the risk of domestication); this in turn would help to formulate guidelines for determining: 
(i) under what population scenarios a captive broodstock or captive rearing program should 
(and should not) be initiated based on current inbreeding levels, (ii) what captive population 
sizes should be maintained, and for how many generations, and (iii) what characteristics of the 
captive environment are most important to simultaneously reduce risk of inbreeding depression 
and domestication. 

In this study, our work on inbreeding is focused primarily on evaluation of survival and growth 
in two broods of Chinook salmon rearing in seawater in captivity, in an attempt to establish 
inbred lines from adults returning to the University of Washington’s School of Aquatic and 
Fishery Sciences Hatchery (UWH). In 2006, we attempted to establish new experimentally 
inbred lines from this population. In this report we summarize the 2006 UWH return 
information, describe the initial survival of inbred and control lines created from these adults, 
and provide analyses of survival and growth in UWH stock fish and in Grovers Creek Hatchery 
(GCH) stock fish in captivity at the National Marine Fisheries Service’s Manchester Research 
Station (MRS) in 2006 and early 2007. 

MATERIALS, METHODS, AND DESCRIPTION OF STUDY AREA 

Inbreeding study 

We have attempted to test three basic hypotheses in this research project:  

H01: Inbreeding depression does not reduce viability or alter life history characteristics of 
Chinook salmon. 

Ha11: Inbreeding depression reduces viability during early life history but does not 
affect development rate, age structure, or reproductive capacity. 

Ha12: Inbreeding depression has effects throughout the life cycle.  

H02: The degree of inbreeding has no predictable effect on inbreeding depression in Chinook 
salmon. 

Ha21: The relationship between inbreeding and inbreeding depression is linear.  

Ha22: The relationship between inbreeding and inbreeding depression is nonlinear 
(threshold effect). 
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H03: Inbreeding depression in Chinook salmon does not vary between captive (i.e., protective 
culture throughout life cycle) and hatchery (i.e., protective culture from embryo to smolt) 
environments. 

Ha31: Inbreeding depression is greater in a hatchery than in a captive environment. 

Ha32: Inbreeding depression is greater in a captive than in a hatchery environment.  

We have reached tentative conclusions for the first two hypotheses, in both cases providing 
some evidence to reject the null hypotheses (H01 and H02) in favor of the second alternative 
hypotheses (Ha12 and Ha22), but not convincingly so. To date, we have not been able to provide 
an adequate test of the third hypothesis. Our conclusions must be tempered by a lack of 
adequate replication across independent broods, and low power within most tests due to poor 
survival. We discussed the preliminary conclusions in previous annual reports, and revisit them 
in this report. 

We established the initial breeding design for our study in 1994 from 150 (30 male, 120 
female) adult Chinook salmon as they returned to GCH near Suquamish, Washington. We used 
a paternal half-sib breeding design (often referred to as North Carolina Design 1, Falconer and 
Mackay 1996) to establish the initial family structure. We released the 1994-brood progeny of 
these fish either from GCH or reared them in marine net-pens at Manchester. Captive fish 
matured between 1995 and 1999 and anadromous releases returned to GCH during the same 
period. We mated adults in each of these years to create first-generation inbred (F2 generation 
of the study) fish to be reared at and released from UWH on Lake Washington. These fish 
returned to UWH between 1999 and 2003. 

In 2006-2007, our work continued to try to address the stated hypotheses through analyses of 
biological data from fish cultured at UWH or at the Manchester Research Station (MRS, 
Manchester, Puget Sound, Washington), for the purpose of establishing experimentally inbred 
lines. In May 2003, we had transferred approximately 3,600 2002-brood Chinook salmon to 
MRS for marine culture to maturity; in May 2004, we had transferred approximately 3,400 
2003-brood Chinook salmon to MRS. For each brood, these fish represented about 30-35 fish 
in each of 105 full-sib families. We continued to culture these fish at MRS in 2006-2007. 

We bred marked adults returning in 2005 to UWH to create 17 inbred and 6 control families; 
most (19, or 82.6%) of these matings required use of cryopreserved milt. For reasons not 
entirely clear to us (but involving low gamete quality, presumably due to high pond 
temperatures during the spawning period), survival of embryos to hatch was very low in all 
these families, and we were not able to carry a sufficient number of inbred and control lines 
into culture from the 2005 brood. We therefore had to rely on the 2006 brood to accomplish 
this task, and attempted to avoid this event in the 2006 brood by re-evaluating and testing our 
cryopreservation protocols with “test,” non-study adult chinook salmon returning to UWH in 
September 2006 before creating inbreeding families with cryopreserved milt. Unfortunately, 
we were not entirely successful; of 58 matings we made in 2006, 31 (53.4%) required 
cryopreserved milt, and survival of embryos from these matings was low. We obtained 
sufficient swim-up fry from only 13 families. 
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We relied on general linear models, analyses of variance and covariance, and nonparametric 
tests to evaluate variation in survival and growth among stocks or groups and among families 
within stocks or groups. Where possible, we used conventional quantitative genetic methods to 
estimate genetic parameters. Details of these methods are described in Hard and Naish (2004). 

RESULTS AND DISCUSSION 

Inbreeding study 

For this study the project investigators: 

• Collected fall Chinook salmon broodstock from adults returning to Grovers Creek Hatchery 
(Puget Sound, Washington) in 1994. 

• Established, using a conventional quantitative genetic breeding design (Falconer and MacKay 
1996), an experimental population at Grovers Creek Hatchery structured of 96 full-sib 
families nested within 30 half-sib families. 

• In 1995 released to sea 257,093 of these fish from Grovers Creek Hatchery, each identified 
with full-sib family-specific coded-wire tags. 

• Cultured approximately 500 2-, 3-, and 4-year-old fish marked individually with Passive 
Integrated Transponder (PIT) tags from the same cohort to maturity in marine net-pens at 
MRS. 

• Spawned over 600 1994-brood adults returning from the 1995 releases or maturing in the 
marine net-pens between 1996 and 1999. 

• Established first-generation inbred lines (F2 generation of the study) from matings of 1994-
brood parents at UWH. The experimentally inbred lines correspond to a minimal increment 
in inbreeding (randomly mated control), a moderate increment in inbreeding (half-sib 
parents, corresponding to an approximate increase in inbreeding, ∆F, of 12.5%), and a 
substantial increment in inbreeding (full-sib parents, corresponding to an approximate 
increase in inbreeding, ∆F, of 25%). 

• Released to sea from UWH 10,654 1997-brood CWT smolts, composing a total of 28 
families in six experimental groups. 

• Established at MRS in marine netpens 3,618 1997-brood PIT-tagged smolts, composing a 
total of 28 families in six experimental groups. 

• Released to sea from UWH 85,111 1998-brood CWT smolts, composing a total of 70 
families in four experimental groups. 

• Established at MRS in marine netpens 2,088 1998-brood PIT-tagged smolts, composing a 
total of 70 families in four experimental groups. 
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• Collected biological and coded-wire tag information from nearly 7,000 marked adults 
returning to UWH between 1999 and 2006 (sum of the annual returns exceeding 14,000 fish). 
These tags have now been decoded. We constructed few matings from fish returning between 
1999 and 2003 because too few experimental females were available at ages younger than 
four years for a comprehensive mating design. We did, however, create six matings of 
control and first-generation inbred GCH stock fish at UWH in fall 2002 for an experiment to 
raise non-inbred and inbred fish to maturity to evaluate reproductive behavior and mating 
success in these two groups. 

 • Created 105 matings of UWH stock Chinook salmon at UWH in both 2002 and 2003, which 
provide an opportunity to initiate inbreeding in an independent population as well as a means 
of estimating the genetic basis of phenotypic variation in life history. In 2003, we established 
8 rearing groups of meiotic gynogens to evaluate inbreeding depression in UWH stock 
individuals under higher rates of inbreeding than are possible under conventional breeding 

• Coded-wire tagged and released the 2003-brood UWH smolts; the adult fish returned to 
UWH in 2005 and 2006, and will continue to do so in 2007. We transferred approximately 
3,600 2002-brood and 3,400 2003-brood fish to MRS for culture to maturity. In previous 
reports, we summarized the survival and growth in UWH and GCH fish in captivity at MRS 
in 2004-2006. This report summarizes survival and growth of these fish in captivity at MRS 
in 2006-2007. 

Composition of UWH parents returning in 2006 

A total of 2,738 adult Chinook salmon (1,045 female and 1,693 male) were sampled from the 
UWH holding pond between 2 October and 20 November 2006. Spawn dates ranged from 9 
October to 17 November (Figure 1). A total of 156 tagged females and 169 tagged males 
returning to UWH as part of the inbreeding study were sampled over this period (Figure 2). Of 
the 190 total adults (92 female and 98 male) that died in the holding pond before spawning 
(i.e., a 6.9% pre-spawning mortality rate), 61 (47 female and 14 male) were 2002-brood fish 
and 126 (43 female and 83 male) were 2003-brood fish; 2 female and 1 male fish also died 
whose identities could not be confirmed due to lost coded-wire tags. Females averaged (± 1 
SD) 805.2 ± 79.6 mm in length and 6.91 ± 1.99 kg in weight. Males averaged 639.2 ± 205.7 
mm in length and 3.79 ± 2.90 kg in weight, and showed considerable greater variability than 
females in both characters, owing to their wider range of adult ages (Figure 3). Females 
averaged 200.6 ± 20.9 mm in maximum body depth; males averaged 138.5 ± 62.3 mm (Figure 
4). 

Of the 325 adults (156 females and 169 males) returning to the hatchery for the inbreeding 
study, 99 adults (72 females and 27 males) returned from the 2002-brood releases, and 226 
adults (84 females and 142 males) returned from the 2003-brood releases (an additional 4 
marked but unknown fish were recovered, but coded-wire tags were lost before decoding). Out 
of 61 crosses possible between 9 October and 10 November, we created 58 matings from these 
adults: for the 2002 brood, 5 between unrelated individuals, 8 between half siblings, and 8 
between full siblings, and for the 2003 brood, 9 between unrelated individuals, 19 between half 
siblings, and 9 between full siblings. Most (31, or 53.4%) of these matings required use of 
cryopreserved milt from representative adult males maturing in 2004 and 2005. Males had 
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been chosen to provide an adequate representation for each of the half-sib families, and 10-40 
straws per male were stored in liquid nitrogen. Due to low fertilization success and survival of 
2006-brood families in the UWH incubators (resulting from high water temperatures at 
spawning), we obtained sufficient swim-up fry from only 13 families to carry into rearing. 

The two broods of adult females returning in 2006, which represent three- (2003 brood) and 
four-year old (2002 brood) fish, respectively, displayed distinctly different patterns of variation 
in total fecundity with body size, a pattern often observed in females of different ages (Figure 
5). For the three-year old (2003-brood) females, the relationships between fecundity and both 
female length and weight were negative but weak (length: F = 17.435, df = 9807, P < 0.0001; 
weight: F = 132.89, df = 9807, P < 0.0001). For these females, the predicted relationship 
between fecundity (y) and length (x) was: y = 4490.83 – 0.44x, r2 < 0.01; that between 
fecundity (y) and weight (x) was: y = 4540.31 – 62.68x, r2 = 0.01. By contrast, for the four-
year old (2002-brood) females, the relationships between fecundity and both female length and 
weight were strongly positive (length: F = 21186.7, df = 26501, P < 0.0001; weight: F = 
26276.3, df = 26501, P < 0.0001). For these females, the predicted relationship between 
fecundity (y) and length (x) was: y = -3282.20 + 10.56x, r2 = 0.44; that between fecundity (y) 
and weight (x) was: y = 450.05 + 2731.91x, r2 = 0.50 (Figure 5). 

Survival of 2002-brood UWH and GCH progeny 

Since April 2006 in the 2002 brood, UWH- and GCH-stock Chinook salmon survived at 
similar rates in captivity at MRS, in contrast to the pattern observed in the previous two years, 
where survival of UWH fish tended to be higher (Hard and Naish 2005). However, in this 
brood fish of both stocks were affected by prolonged mortality from infection by 
Renibacterium salmoninarum in 2006. Between April 2006 and April 2007, UWH fish 
survived at a rate of 8.4%, while GCH fish survived at a rate of 7.8% (Table 1). This difference 
was not significant (Likelihood-ratio test, G = 0.241, 1 df, P > 0.05). The survival rates 
between the two stocks showed highly significant (G = 11.878, 2 df, P < 0.003) variation when 
three sample dates were included (May 2003, April 2006, and April 2007); this was primarily 
due to the higher survival of UWH fish than GCH fish between transfer in May 2003 and 
sampling in April 2006. 

Mean survival rates since April 2006 among half-sib families were 8.4% and 8.0% for UWH 
and GCH fish, respectively. Mean survival rates since April 2006 among full-sib families were 
8.4% and 8.2% for UWH and GCH fish, respectively (Table 1). Variation among half- and 
full-sib families in both groups was high over this period, however. Survival among half-sib 
families varied from 1.6% to 15.8% in UWH fish and from 1.6% to 18.3% in GCH fish; that 
among full-sib families varied from 0% to 36.7% in UWH fish and from 0% to 28.1% in GCH 
fish (Table 1).  

Overall survival since transfer to seawater in May 2003 was similar for UWH and GCH fish 
(Table 1). UWH fish survived at a cumulative rate of 3.4% since May 2003, while GCH fish 
survived at a cumulative rate of 3.2%. This difference was not significant (G = 2.341, 1 df, P > 
0.05). 
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Narrow-sense estimates of heritability could not be computed for UWH fish because of the low 
number of half-sib families unaffected by mortality, or for the GCH fish, due to a lack of half-
sib family structure. However, the lack of significant differences in survival among the half-sib 
families is indicative of a low heritability that is likely to be near zero. 

Size and growth of 2002-brood UWH and GCH progeny 

Patterns of growth in length and weight for 2002-brood UWH and GCH fish are depicted in 
Figure 6. Variation in length and weight in 2002-brood fish was independent of the stocks but 
varied significantly among families within stock. In all samples, UWH fish tended to be longer 
and heavier than GCH fish but the differences between the stocks were not significant across 
families. In the first sample taken in June 2006, GCH fish and UWH fish were similar in both 
length (F = 0.542, df = 1 and 133, P = 0.4627) and weight (F = 0.106, df = 1 and 133, P = 
0.7451) (Table 2). Variation among half-sib families was significant for both length and weight 
(length: F = 1.525, df = 33 and 133, P < 0.05; weight: F = 1.655, df = 33 and 133, P = 0.0245). 
Highly significant variation among families within stocks was apparent in some but not all 
samples between June 2006 and April 2007, and the differences between stocks tended to 
diminish over time. By the last sample in January 2007, fish of the two stocks did not differ 
significantly in either length or weight (Table 2). After about 1200 days post ponding, the 
increased variation in length and weight made fish size differences in the two stocks 
impossible to detect (Figure 6). 

Multivariate analysis of length and weight indicated highly significant variation between UWH 
and GCH fish across the samples (Wilks’ Λ = 0.918, df = 2 and 397, P < 0.00001). Variation 
among families within stocks was also highly significant (Wilks’ Λ = 0.657, df = 66 and 794, P 
< 0.00001). ANCOVA indicated substantial differences between UWH and GCH fish in 
multivariate growth rate (Wilks’ Λ = 0.914, df = 2 and397, P < 0.00001) (Table 3). 

The substantial variation in length and weight among families in both populations is not 
inconsistent with heritabilities we estimated previously for these traits. However, we could not 
reliably estimate heritabilities from these samples due to the large number of families with no 
remaining survivors. Previous estimates of heritability estimated for these populations varied 
from 0.09 to 0.70 for length and from 0.10 to 0.44 for weight in the different samples, while 
the corresponding genetic correlation between length and weight varied between 0.92 and 0.99 
(Hard and Naish 2004). 

Survival of 2003-brood UWH control and gynogen-treatment progeny 

Since April 2006, 2003-brood UWH control (randomly mated) survived at significantly higher 
rates than did gynogen-treatment (meiotic gynogens, genetically manipulated to produce high 
levels of inbreeding) fish in captivity at MRS. (Gynogen-treatment fish survived at a low rate 
relative to control fish during early development, averaging 24.4% survival to hatching, 
compared to approximately 85% for control fish; see Hard and Naish 2004.) Since April 2006, 
control fish survived at a rate of 88.4%, while gynogen-treatment fish survived at a rate less 
than 40% (Table 1). The difference was highly significant (G = 18.904, 1 df, P < 0. 0001). The 
survival rates between the two stocks showed highly significant (G = 93.442, 2 df, P < 0.0001) 
differences when three sample dates were included (May 2004, April 2006, and April 2007); 
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this was primarily due to the variation in survival of control versus gynogen-treatment fish 
between the two sampling periods, with gynogen-treatment fish survival higher earlier and 
control fish survival higher later on. 

Mean survival rates since April 2006 in the control fish were 89.9% among half-sib families 
and 63.9% among full-sib families (Table 1). The mean survival rate from April 2006 to 
January 2007 in the gynogen-treatment fish was 39.6% among full-sib families. Survival 
among both types of families varied from 0% to 100% in both control and gynogen-treatment 
fish (Table 1). 

Overall survival since transfer to seawater in May 2004 showed a qualitatively similar pattern 
but no significant difference in rates between the two groups (Table 1). Control fish survived at 
a cumulative rate of 6.5% since May 2004; the gynogen-treatment fish survived at a 
cumulative rate of 4.5% (Table 1). This difference was not significant (G = 4.984, 1 df, P > 
0.05). Both groups showed considerable variation among full-sib families in survival over this 
period as well. Survival in control families varied from 4.0% to 16.0%; survival in gynogen-
treatment families varied from 0% to 4.9% (Table 1). Feasible estimates of heritability could 
not be computed for UWH control or gynogen-treatment fish due to low power. However, the 
lack of significant differences in survival among half-sib families is generally indicative of a 
low heritability that is likely to be near zero. 

Size and growth of 2003-brood UWH control and gynogen-treatment progeny 

Figure 7 shows the patterns of growth in length and weight for 2003-brood UWH control fish 
(relatively few gynogen-treatment fish survived after fall 2006, precluding a reasonable 
statistical comparison of the groups). Across the groups, fish grew rapidly in both length and 
weight over the June 2006-April 2007 period (length: F = 136.832, df = 1 and 550, P < 
0.00001; weight: F = 151.245, df = 1 and 550, P < 0.00001) (Table 4, Figure 7). 

Multivariate analysis of length and weight indicated highly significant growth of UWH control 
fish (Wilks’ Λ = 0.781, df = 2 and 549, P < 0.00001; Table 4). Variation among families was 
also appreciable, but was not significant. 

As reported previously, estimates of heritability (± SE) estimated for the UWH control fish 
from the April 2005 sample were < 0.01 ± 0.02 for length and 0.06 ± 0.08 for weight; the 
corresponding genetic correlation between length and weight could not be estimated reliably 
(the point estimate exceeded 1.0, but the SE included zero). Based on these results, we did not 
attempt to estimate genetic parameters for the subsequent, smaller samples from 2006 and 
2007. Hard and Naish (2004) estimated that heritability in 2003-brood fish varied from 0.34 to 
0.68 for length and from 0.26 to 0.66 for weight, with a corresponding genetic correlation 
between length and weight between 0.91 and 0.93. 

Size and growth of 2006-brood UWH progeny 

Figure 8 shows the patterns of change in length and weight for 2006-brood UWH-stock fish for 
two sample periods between 5 March and 28 April 2007. Sampling before this point was not 
feasible, and the fish were terminated shortly after the April sampling date. Variation in length 
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and weight in 2006-brood fish depended heavily on family differences (Table 5, Figure 8). In 
the first sample taken in March 2007, families varied significantly in both length and weight 
(length: F = 72.248, df = 12 and 2387, P < 0.00001; weight: F = 28.453, df = 12 and 2387, P < 
0.00001). This pattern held for both length and weight in the April 2007 sample (length: F = 
69.918, df = 12 and 2387, P < 0.00001; weight: F = 69.504, df = 12 and 2387, P < 0.00001). 
ANCOVA indicated substantial differences between families in growth for both length and 
weight (length: F = 21.725, df = 12 and 4774, P < 0.00001; weight: F = 34.963, df = 12 and 
4774, P < 0.00001) (Table 5). 

Multivariate analysis of length and weight indicated highly significant variation between the 
families in these traits during both sample periods (March: Wilks’ Λ = 0.700, df = 24 and 
4772, P < 0.00001; April: Wilks’ Λ = 0.528, df = 24 and 4772, P < 0.00001). ANCOVA 
indicated substantial differences between families in multivariate growth rate (Wilks’ Λ = 
0.907, df = 24 and 9546, P < 0.00001) (Table 5). We did not attempt to estimate heritabilities 
in size or growth for these fish because of the low number of families and the lack of a 
hierarchical breeding design. 

Results from this phase of the inbreeding depression study illustrate several interesting patterns 
for survival and growth in the two broods of fish rearing in similar, “common environment” 
regimes in seawater captivity. In the 2002 brood in captivity, UWH- and GCH-stock fish 
survived at similar rates over the past four years (i.e., since seawater transfer; see Table 1). In 
the 2003 brood (all UWH-stock fish), control fish survived at a 30% higher rate than did 
gynogen-treatment fish but this differences was not significant (Table 1). In all groups, the 
variation among families in survival was substantial. For example, in 2002-brood UWH fish, 
survival among full-sib families varied from 0% to 36.7% over the past year and from 0% to 
15.6% since seawater transfer. In 2003-brood UWH control fish, survival among full-sib 
families varied from 0% to 100% over the past year and from 4.0% to 16.0% since seawater 
transfer. 

In the 2002-brood fish, growth was similar in UWH and GCH fish for both length and weight 
(note that GCH smolts were larger than UWH fish at seawater transfer in May 2002; see Hard 
and Naish 2004). The highly significant effect of variation among families within both stocks 
(the “Family(Stock)” or “Group” effects in Tables 2 and 3) indicates that substantial genetic 
variation for size remains in these populations, consistent with earlier estimates of heritability 
for these traits (Hard and Naish 2004). We earlier concluded that these estimates indicate 
variable genetic control of expression of size in different samples, which may reflect 
environmental as well as developmental variation, but a common group of genes influencing 
length and weight. The more recent patterns of variation similarly appear to reflect appreciable 
genetic control of size with a concomitantly large environmental component of variation to 
expression of length and weight as well. In the 2003-brood fish, an inability to compare control 
and gynogen-treatment fish statistically since late 2006 precludes general conclusion about the 
effects of these treatments on differential growth. 

Overall, the results indicate that patterns of growth can vary detectably over the course of the 
life cycle in captivity in different stocks or under different levels of inbreeding. They also 
underscore the value of knowing family structure when evaluating variation among stocks or 
group treatments in survival and growth. These factors are likely to be highly influential when 
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the effects of inbreeding on survival, growth, and life history are evaluated in subsequent 
generations. 

SUMMARY AND CONCLUSIONS 

In this study we have attempted to determine the consequences of inbreeding in two hatchery 
populations of ocean-type Chinook salmon. We have been interested primarily in ascertaining 
whether close inbreeding in two Puget Sound populations of hatchery Chinook salmon reduces 
fitness or performance at both the freshwater and marine phases of the life history. 
Collectively, the results have elicited trends that lead us tentatively to reject the first two 
hypotheses. Thus, we have detected some evidence for inbreeding depression in survival and 
growth, especially during seawater culture, and the observed reduction in fitness does not 
appear to increase linearly with the rate of inbreeding. However, the statistical power of several 
of our tests was relatively low, and in most cases these tests were not replicated across 
independent cohorts. We suspect the consequences of inbreeding vary not only with life stage 
within a brood, but also across broods because of strong variation in environmental factors. 
Although we attempted to repeat the experiment with another stock and two additional broods, 
the long lifespan of Chinook salmon and low survival during several periods have restricted 
our ability to confirm the consequences of close inbreeding in this species.  

To our knowledge this study is the first attempt since Ryman (1970) to investigate inbreeding 
depression in an anadromous salmonid over its entire life cycle. We concluded from our early 
experiments that the effects of inbreeding expressed during early life history did not reveal 
significant inbreeding depression. Survival during embryonic development in our study was 
highly variable; although we found some trends in survival consistent with inbreeding 
depression, our study was not powerful enough to confirm the significance of these trends. 
Bilateral asymmetry in several paired traits among the inbred and control groups showed an 
effect of inbreeding on fluctuating asymmetry, but in the direction opposite that expected. Fish 
from the control (unrelated) group had the highest degree of asymmetry (they did, however, 
exhibit lower levels of directional asymmetry). These results may reflect the possibility that the 
fluctuating asymmetry indices are biased by the presence of directional asymmetry; 
alternatively, they could indicate that the indices of fluctuating asymmetry evaluated here are 
not very sensitive indicators of developmental instability. 

Our analyses of survival in the natural environment from smolt to adult detected lower survival 
among progeny of full-sibling parents relative to half-sibling or unrelated parents. There was 
no linear relation evident between the level of inbreeding and inbreeding depression in 
survival. In fact, the relationship between inbreeding level and marine survival showed 
evidence of a threshold effect, with survival declining after one generation of inbreeding only 
when the increment in inbreeding was equivalent to brother-sister mating. Collectively, these 
data indicate that free-ranging GCH stock study fish introduced to UWH had lower survival 
rates to return than did the local UWH stock control fish, but that inbreeding in progeny of full-
sib study fish within the GCH stock further reduced survival significantly. The lack of 
consistent evidence that growth in the marine environment was reduced by inbreeding is an 
unexpected result, but this outcome could indicate a strong positive correlation between growth 
and survival of inbred fish. 
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Size and growth of juvenile 2002- and 2003-brood UWH stock fish, which at the time of this 
report had been inbred but had not yet completed their life cycle, appeared to be strongly 
heritable. Marked full- and half-sib family variation in length and weight in comparable 
samples and in exponential growth in weight between sample periods indicates generally 
moderate to high heritabilities for these traits and highly positive genetic correlations between 
length and weight. These results imply that a common set of genes influences juvenile growth 
in length and weight in both fresh and seawater. 

The study results point to the potential for anadromous Chinook salmon to respond rapidly to 
close inbreeding (i.e., within a few generations), with adverse consequences likely for marine 
survival and possibly for growth. These results would support recommendations for initiating 
artificially propagated populations with sufficient, outbred broodstock and implementing 
carefully monitored breeding practices to minimize rates of inbreeding during a program’s 
duration. The results of this study have provided considerable insight into how inbreeding 
depression and domestication affect performance and fitness in the different environments 
characterized by representative hatchery and captive broodstock programs. 

DATA MANAGEMENT ACTIVITIES 

Data are collected by NOAA and UW researchers onto preformatted data sheets or directly into 
electronic spreadsheets or text files. Data are entered and summarized on personal computers 
operated by researchers; primary software used for these procedures includes Microsoft Excel 
2000 and Word 2000. Analytical software used includes SPSS 8 and Systat 11 (statistics), 
Excel 2000, and a variety of DOS programs coded in FORTRAN or Pascal for quantitative 
genetic analysis (e.g., ASReml, VCE, DFREML, Wombat, Quercus, MTGSAM, and BOA). 
All data are checked for quality and accuracy before analysis. Analytical processes are 
described in the text of the annual report in the Materials and Methods section of the annual 
report. Data analyses are reported in the Results section of the annual report. 
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Table 1. Survival rates of 2002- and 2003-brood Chinook salmon in seawater raceways or 
netpens at the Manchester Research Station. Data are summarized for University of 
Washington Hatchery (UWH) stock and Grovers Creek Hatchery (GCH) stock fish in the 2002 
brood, and for UWH stock control (un-manipulated) fish and UWH stock gynogen-treatment 
fish in the 2003 brood. HS, half-sib families; FS, full-sib families. See text for discussion. 
 
 

    Survival (%)1   
  Since April 2006 Since transfer2 

Brood Group HS FS Total HS FS Total 
        

2002 UWH 8.4 8.4 8.4 3.3 3.4 3.4 
  (1.6-15.8) (0.0-36.7)  (0.0-10.5) (0.0-15.6)  
 GCH 8.0 8.2 7.8 3.2 3.3 3.2 
  (1.6-18.3) (0.0-28.1)  (0.0-6.4) (0.0-9.9)  
        

2003 UWH-control 89.9 63.9 88.4 6.4 6.4 6.5 
  (0.0-100.0) (0.0-100.0)  (5.0-12.0) (4.0-16.0)  
 UWH-gynogen -- 39.5 39.5 --  0.1  4.5 
   (0.0-100.0)   (0.0-4.9)  
        

 
1 Data are mean survival rates (ranges in parentheses for HS and FS families) 
2 May 2003 for 2002-brood fish; May 2004 for 2003-brood fish 
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Table 2. Univariate analyses of fork length and weight of 2002-brood Chinook salmon in 
seawater at the Manchester Research Station between June 2006 and January 2007. 
Analyses compare the University of Washington Hatchery (UWH) and Grovers Creek 
Hatchery (GCH) stock fish. See text for discussion. 

 
 

Date Factor Trait F df P Result 
       

6/2006 Stock Length   0.542 1,133 0.4627 GCH = UWH 
    Weight   0.106 1,133 0.7451 GCH = UWH 
 Family(Stock)1 Length   1.525 33,133    0.0499 -- 
  Weight   1.655 33,133 0.0245 -- 

9/2006 Stock Length   1.284  1,111 0.2596 GCH = UWH 
    Weight   0.249  1,111    0.6191 GCH = UWH 
 Family(Stock) Length   1.495  31,111 0.0669 -- 
  Weight   1.739 31,111    0.0194 -- 

1/2007 Stock Length   0.437  1,93 0.5102 GCH = UWH 
    Weight   0.266  1,93 0.6071 GCH = UWH 
 Family(Stock) Length   1.449  29,93 0.0937 -- 
  Weight   1.543 29,93 0.0626 -- 
       

 
1 The Family(Stock) effect evaluates the variation among half-sib families within stock (i.e., 

families nested within stock) 
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Table 3. Summary of multivariate analyses (using GLM and ANCOVA) of fork length and 
weight of 2002-brood Chinook salmon in seawater at the Manchester Research Station 
between June 2006 and April 2007. Analyses compare the University of Washington 
Hatchery (UWH) and Grovers Creek Hatchery (GCH) stock fish. See text for 
discussion. 

 
 

Brood Comparison Factor Wilks’ Λ1 df P 
      

2002 UWH vs GCH Stock  0.918 2,397 <0.00001 
  Family(Stock)2  0.657 66,794 <0.00001 
  Stock x Days3  0.914 2,397 <0.00001 
      

 
1 Wilks’ Λ evaluates group effects on multivariate size (i.e., combined length and weight) 
2 The Family (Stock) effect evaluates the variation among half-sib families within stock (i.e., 

families nested within stock) 
3 The Group x Days effect evaluates the multivariate change in length and weight over the June 

2006-April 2007 period (i.e., “growth rate”) 
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Table 4. Summary of univariate and multivariate analyses of fork length and weight of 2003-
brood Chinook salmon in seawater at the Manchester Research Station between June 
2006 and April 2007. Analyses are of the University of Washington Hatchery (UWH) 
control group only. SOV, Source of Variation. See text for discussion. 

  
 

SOV Sum of Squares Mean Square F df P 
      

Length    133,581     133,581 136.832 1 <0.00001 
Error    536,930               976.2  550  

      
Weight 2,160,250  2,160,250 151.245 1 <0.00001 
Error 7,855,690   14,283.1  550   

      
 Factors Trait Wilks’ Λ df P 

      
 Days Length, weight  0.781 2,549 <0.00001 
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Table 5. Summary of univariate and multivariate analyses of fork length and weight of 2006-
brood Chinook salmon in seawater at the Manchester Research Station between March 
and April 2007. Analyses compare six full-sib families of UWH-stock fish. See text for 
discussion. 

 
 

Date Factors Trait F df P 
      

March Family Length    72.248 12,2387 <0.00001 
    Weight    28.453 12,2387 <0.00001 

April Family Length  69.918 12,2387 <0.00001 
    Weight  69.504 12,2387 <0.00001 
 Family x Days1 Length  21.725 12,4774 <0.00001 
 Family x Days1 Weight  34.963 12,4774 <0.00001 
      

 Factors Trait Wilks’ Λ2 df P 
      

March 
Family 

Length, 
weight  0.700 24,4772 <0.00001 

April 
Family 

Length, 
weight  0.528 24,4772 <0.00001 

 
Family x Days1 

Length, 
weight  0.907 24,9456 <0.00001 

       
 

1 For the 2006 brood, the Family x Days effect evaluates the multivariate change in length and 
weight over the March-April period (i.e., “growth rate”) 

2 Wilks’ Λ evaluates family effects on multivariate size (i.e., combined length and weight) 
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Figure 1. Frequency distribution of spawning dates of adult male and female Chinook salmon 

broodstock at the University of Washington Hatchery (UWH) in October and 
November 2006. 
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Figure 2. Frequency distributions of spawning dates of adult male and female Chinook salmon 

broodstock from the 2002 (top) and 2003 (bottom) broods returning to the University of 
Washington Hatchery (UWH) from the inbreeding depression study in November 2006. 
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Figure 3. Frequency distribution of fork lengths (top) and weights (bottom) of adult male and 

female Chinook salmon broodstock returning to the University of Washington Hatchery 
(UWH) in October and November 2006. 
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Figure 4. Frequency distributions of maximum body depths of adult male and female Chinook 

salmon broodstock returning to the University of Washington Hatchery (UWH) in 
October and November 2006. 
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Figure 5. Variation in fecundity of three- (2003BY) and four-year-old (2002BY) female 

Chinook salmon returning to the University of Washington Hatchery (UWH) in 
October and November 2006 as a function of fish length (top) and weight (bottom). 
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Grovers Creek Hatchery (GCH) stock 
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Figure 6. Patterns of growth in length (left) and weight (right) of juvenile 2002-brood 

University of Washington Hatchery (UWH) stock (top panels) and Grovers Creek 
Hatchery (GCH) stock (bottom panels) Chinook salmon in samples taken between 
April 2006 and April 2007. Data are means ± 1 SE over all families. 
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UWH stock gynogen treatment 
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Figure 7. Patterns of growth in length (left) and weight (right) of juvenile 2003-brood 

University of Washington Hatchery (UWH) stock control (top panels) and UWH stock 
gynogen-treatment (bottom panels) Chinook salmon in samples taken between April 
2006 and April 2007. Data are means ± 1 SE over all families. 
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Figure 8. Patterns of growth in length (left) and weight (right) of six full-sib families of 
juvenile 2006-brood University of Washington Hatchery (UWH) stock Chinook salmon 
in samples taken between 5 March and 28 April 2007. Data are means ± 2 SE for each 
of the families. 
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