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General Introduction 
 
 Migration is a fundamental component of the life history and ecology of many 

animal species across numerous taxa .  In fishes, the spatial extent and duration of 

migrations can vary depending on species and environment (Harden Jones 1968; 

Lucas and Baras 2001; Northcote 1978).  Some species migrate thousands of 

kilometers (Rooker et al. 2008) whereas other migrate only hundreds of meters 

(Massicotte et al. 2008).  Furthermore, migrations occur at various temporal and 

spatial scales; some species migrating only once in each animal’s lifetime whereas 

others migrate annually or at irregular intervals.  In addition to variation in migration 

patterns among species, there can also be considerable variation in migratory behavior 

among populations within species (Quinn and Brodeur 1991).  Studies on 

geographically separate populations of fishes reveal differences in the tendency to 

migrate, and on the routes and the spatial and temporal extent of migrations (e.g, in 

salmonids:Quinn 2005; Quinn and Myers 2004).  Moreover, partial and differential 

migrations represent alternative patterns of migratory behavior that may be expressed 

by individuals within a specific population (Dingle 1996).  Within a partially 

migratory population, some individuals do not migrate but instead remain resident in 

their natal habitat (Jonsson and Jonsson 1993).  For example, coastal cutthroat trout 

(Oncorhynchus clarki clarki) along the west coast of North America can have 

anadromous and freshwater resident individuals within a given population (Zydlewski 

et al. 2009).  Differential migration refers to an exclusively migratory population 
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where the extent of migration varies among individuals.  While partial migration 

suggests a distinct difference in migratory preference, populations with differential 

migration strategies likely represent a continuum of migratory behaviors. 

Complex migrations across highly variable environments may also cause 

significant behavioral differences among populations and individuals.  Shifts in habitat 

characteristics, both physical and biological, can cause species to interact differently 

with their surroundings, with consequences for their migratory behavior.  For 

example, Ramenofsky et al. (2008) saw increased locomotive activity of captive 

white-crowned sparrows (Zonotrichia leucophrys) when food resources were limited 

and illumination was increased.  For fishes, such habitat shifts or changes could 

dramatically affect local distributions.  Kallio-Nyberg et al. (1999) found that Atlantic 

salmon (Salmo salar) distributions were contracted in years when forage fish 

abundance was high.  Understanding how individuals interact with their environment 

may explain specific differences in migratory behavior. 

Pacific salmon (Oncorhynchus spp.) undergo significant migrations throughout 

their anadromous life cycle, most of which occurs in the marine environment (Quinn 

and Myers 2004).  Significant life history diversity within the genus is linked to the 

considerable differences in migratory behavior among the species.  The extent of 

migrations of each species is strongly driven by age at maturity.  For example, pink 

salmon (O. gorbuscha) consistently migrate to freshwater to spawn after one year at 

sea whereas sockeye salmon (O. nerka) typically spend two or three years at sea and 

travel farther from their natal location.  In addition to absolute distance, the species 
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also differ in their use of marine habitats.  Coho salmon, O. kisutch, and Chinook 

salmon, O. tshawytscha, are associated with coastal habitats to a much greater extent 

than pink, sockeye, and chum, O. keta, salmon (Groot and Margolis 1991). 

Chinook salmon are a particularly diverse species in terms of their life history 

and migration patterns, influenced by a complex blend of genetic and environmental 

factors(Healey 1991; Quinn 2005).  They exhibit two distinct juvenile life histories: 

stream-type and ocean-type (Healey 1983).  Stream-type fish spend a full year 

growing in streams before migrating to sea whereas ocean-type migrate to sea in their 

first year of life, typically at a smaller size and later in the spring than the older 

stream-type fish.  The two life history types vary in several other ways including their 

marine distributions; stream-type individuals are typically distributed offshore 

whereas ocean-type individuals are distributed along the coast (Healey 1983). 

Puget Sound is a highly glaciated, semi-enclosed, estuarine basin.  Several 

major sills and constriction points between and among the numerous islands and fjords 

make Puget Sound a highly complex system, presenting alternative rearing and 

migration options for salmon produced in the adjacent watersheds.  Puget Sound 

populations of Chinook salmon are predominantly ocean-type fish.  Adults return in 

the late summer or early fall to spawn and juveniles typically migrate out of their natal 

streams and leave Puget Sound in May and June of their first year of life.  However, 

Puget Sound has supported a winter fishery for Chinook salmon for many years, 

indicating that there is a “resident” component of the local populations. 
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The work presented herein explores the resident-type Chinook salmon in Puget 

Sound at two distinct levels: population and individual.  At the population level, we 

used coded wire tag data from multiple years to test the hypothesized effect of several 

factors on the relative proportion of fish that contributed to the resident population.  

Our analysis at the individual level evaluated the specific movement behavior of 

resident fish during their first months in the marine environment, using ultrasonic 

transmitters and receivers to detect movements.  Together, these analyses provide a 

framework for understanding long term trends and patterns in what influences a  

resident-type behavior for fish in Puget Sound and the specific movement patterns of 

resident-type fish during the early marine phase of their migration. 
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Chapter One: The influence of hatchery rearing strategies 
on the resident-type behavior of Chinook salmon, 

Oncorhynchus tshawytscha, in Puget Sound, Washington. 
 

 
Introduction 

 
Migrations occur over various spatial and temporal scales.  Some species 

migrate on an annual basis between feeding and breeding grounds (“iteroparous 

migrants”) and others display a more protracted, “round trip” migration that may last 

an entire lifetime ("ontogenetic" or "life-long migrants";Dingle 1996; Dingle and 

Drake 2007; Ramenofsky and Wingfield 2007).  Migratory behavior is generally 

viewed as an adaptation to availability and changing location of resources (Dingle 

1996; Dingle and Drake 2007).  Thus migrations typically occur as programmed 

responses to predictable (e.g., seasonal), or facultative responses to unpredictable 

changes in the environment (MacCall 1990; Ramenofsky and Wingfield 2007).  

Organisms commonly migrate to areas where conditions are ideal for breeding, or 

where they can exploit a local food source (Northcote 1978).  While the ecological 

basis for broad scale patterns (breeding and feeding migrations) may be evident, the 

basis for variation in migratory behavior among individuals within populations is 

much less clear (Secor 1999).  Drake et al. (1995) developed a conceptual model 

showing the components and processes of migration.  Features of the environment, 

including depletion of resources by the population itself, can affect the likelihood and 

extent of migration by the population. In addition to this population perspective, 

migration can also be viewed from the standpoint of individuals, each of which has 
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combinations of behavior, physiology, morphology, and life history that influence 

migration.  Understanding the effects of various conditions experienced at the 

individual level may help to explain variation in specific migratory patterns. 

 Pacific salmon (Oncorhynchus spp.) display temporally and spatially variable 

migrations.  The combination of anadromy and semelparity causes each species to 

experience drastically different conditions throughout their range along their “life-

long” migration from freshwater to the ocean, and back, depending upon the 

population’s location of origin and life history characteristics.  For example, 

populations of Chinook salmon, O. tshawytscha, that enter the Bering Sea at the 

northern end of their range experience very different conditions than southern 

populations entering the Pacific Ocean off central California.  Furthermore, 

populations may enter the marine environment at the same location yet exhibit 

different migratory patterns, suggesting that genetic background and juvenile life 

history traits can influence migratory behavior.  Weitkamp and Neely (2002)found 

that separate populations of coho salmon (O. kisutch) from the Columbia River system 

had very different marine migration patterns even though they entered the ocean at the 

same location.   

Chinook salmon are a particularly diverse species in terms of their life history 

and migration patterns, influenced by a complex blend of genetic and environmental 

controls (Healey 1991; Quinn 2005).  They exhibit two distinct juvenile life histories: 

stream-type and ocean-type (Healey 1983).  Stream-type fish rear for a full year in 

freshwater before entering the marine environment in their second spring as yearlings 
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whereas ocean-type Chinook salmon migrate to the ocean during their first spring or 

summer as sub-yearlings.  Stream-type populations dominate in the northern part of 

the species’ range (Alaska and northern British Columbia) and in interior (high 

elevation) populations in large rivers such as the Fraser and Columbia rivers, whereas 

the ocean-type life history is more prevalent in the southern portion of the range 

(Washington, Oregon, and California) and especially in coastal populations (Healey 

1983; Taylor 1990).  The extent to which the differences between these two life 

history types reflect genetic adaptations or phenotypically plastic responses to growing 

conditions is a subject of considerable controversy.  The distinction between the types 

has been supported by molecular genetic evidence (Waples et al. 2004) and 

experiments involving the heritability of specific traits (Clarke et al. 1992; Clarke et 

al. 1994; Taylor 1989).  In contrast, Brannon et al. (2004) emphasized the influence of 

temperature and growth on life history characteristics, and the diversification of 

Chinook salmon transplanted to New Zealand also suggests significant phenotypic 

plasticity (Quinn et al. 2001). 

Stream-type and ocean-type Chinook salmon also vary in the extent of their 

marine migrations.  Healey (1983) found that stream-type individuals were more often 

distributed offshore whereas ocean-type fish tended to remain in protected inland and 

coastal areas.  Further analysis by Sharma (2009) has largely corroborated this 

observation, though this dichotomy is more evident in some populations than others.  

However, it is not clear to what extent ocean migration patterns reflect genetic 

programming (Kallio-Nyberg et al. 1999) or plastic responses to size at seawater 
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entry, and stream and ocean type Chinook salmon differ in both respects.  In addition, 

differences in juvenile size and growth rate can affect seaward migration rates 

(Beckman et al. 1998; Giorgi et al. 1997).  For example, Ewing et al. (1984) reported 

that Chinook salmon from the Deschutes River migrated faster when they were 

released at larger size and/or later in the year. When coupled with the geographic 

differences in location where fish enter the ocean, variations in growth rate and size 

could influence the duration of marine residency (Quinn et al. 2004; Vollestad et al. 

2004). 

 Puget Sound is a large, semi-enclosed basin supporting a number of Chinook 

salmon populations representing primarily ocean-type and, to a lesser extent, stream-

type life history patterns (Beechie et al. 2006) (Figure 1.1).  The highly mixed, semi-

estuarine waters of Puget Sound are an important migratory corridor and rearing 

ground during early life history stages (Duffy et al. 2005; Greene et al. 2005).  Stream-

type fish typically enter Puget Sound between March and April and generally move 

quickly through the estuarine environment whereas ocean-type fish enter Puget Sound 

between May and June after spending a few months rearing in streams and estuaries 

(Simenstad et al. 1981).  After leaving their natal rivers most Puget Sound Chinook 

salmon migrate to the coast of the Pacific Ocean to rear (Quinn et al. 2005).  However, 

the inside waters of Puget Sound have supported a year-round commercial and 

recreational fishery for salmon since the late 19th century, suggesting that a significant 

resident population exists (Haw et al. 1967; Pressey 1953).  While the presence of 

resident fish has been recognized for many years by management agencies, local 
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fishermen, and tribes, the factors promoting resident-type behavior, as opposed to 

migration to the Pacific Ocean, remain unknown.     

 
Using coded wire tag recovery data (Johnson 1990) from Puget Sound 

hatchery releases, we evaluated the effects of specific factors on the proportion of 

hatchery-reared Chinook salmon exhibiting resident-type behavior in Puget Sound.  

Specifically we applied generalized linear mixed models to identify the potential 

effects of four factors on subsequent migratory behavior: 1) release region, 2) size 

(weight) at release, 3) day of the year when the fish were released, and 4) age class 

(i.e., yearling or sub-yearling).  We hypothesized that the proportion of a cohort that 

displayed resident behavior was positively related to 1) distance from the Pacific 

Ocean, 2) body size at release, 3) date of release, and 4) age at release. 

 
Methods 
General Dataset Criteria 

All data for analysis were acquired via the Regional Mark Processing Center 

(RMPC) CWT Database (www.rmpc.org).  The CWT database houses all release and 

recovery information of the numerous CWT programs (Jefferts et al. 1963; Johnson 

1990)along the west coast of the United States and British Columbia.  Hatchery 

releases were grouped by region as defined by the Pacific Salmon Commission (Fig 

1.1).  Five regions were used for analysis: South Puget Sound, Middle Puget Sound, 

Nooksack River, Hood Canal, and the Strait of Juan de Fuca.  All populations within 

these regions are included in the Puget Sound Evolutionary Significant Unit (Myers et 
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al. 1998), and thus represent a generally similar genetic lineage.  We did not include 

fish from the Stillaguamish and Skagit rivers in northern Puget Sound because they 

lacked sufficient release and recovery data for the period of interest.  Cohorts were 

assigned an age class (yearling or sub-yearling) based on the elapsed time between 

spawning date and release day (number of days since January 1 of the year of release).  

Size at release was recorded in the CWT database as the mean weight per fish (g) for 

the release group.  Analysis was restricted to releases between 1972 and 1993 because 

significant changes in fishing regulations precluded comparable analysis after 1993.  

Prior to 1994, all marine areas of Puget Sound and the Strait of Juan de Fuca were 

open year round for Chinook salmon angling.  Beginning in 1994, the Washington 

Department of Fish and Wildlife closed regions within Puget Sound to Chinook 

salmon fishing for varying periods among years, precluding our use of data from this 

period.  We excluded data prior to 1972 because the number of tagged hatchery groups 

was too limited. 

The data included releases from federal, state, University of Washington, and 

tribal rearing facilities with consistent release data throughout the analysis period 

(Table 1.1).  Local sport fishing cooperative programs were not included due to their 

inconsistency and relatively small numbers of fish released, nor were releases that 

deviated from the normal release procedures or standards (i.e. reported disease, 

premature release caused by flooding, and unusual experimental treatments).  The data 

were limited to release groups of fall-run Chinook salmon because this run, which is 

based on the timing of adult returns to freshwater, accounted for approximately 94% 
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of all Chinook salmon released into Puget Sound from 1972-1993.  They are primarily 

ocean-type fish (i.e., sub-yearling migrants) and so a full year of rearing would be 

inconsistent with their typical life history. 

Recovery data were collected for tag codes defined by the above criteria. Over 

95% of all CWT recoveries of Chinook salmon within Puget Sound and the Strait of 

Juan de Fuca were from sport fishermen, so we restricted our analysis to these data.  

Specific fish, or CWT recoveries, were considered resident if they were recovered 

within Puget Sound from November to March, inclusive.  Puget Sound, in this 

context, was defined as the area south of Admiralty Inlet including Hood Canal and 

the Whidbey Basin (Fig 1.1). Resident fish might be caught throughout the year, but 

limiting recoveries to the November-March period excluded adults returning from the 

ocean in the summer to spawn in the fall.  Thus our data were conservative with 

respect to the true proportion of salmon from each cohort that expressed a resident 

behavior.  Fishing effort within Puget Sound and the coastal areas of Washington, 

Oregon, Alaska, and British Columbia was not equal among years or regions.  Thus, 

we did not attempt to estimate the absolute proportion of salmon smolts that resided 

within Puget Sound as sub-adults.  Rather, we were interested in the relative effects of 

different rearing factors on resident behavior.  Our analysis assumed that fish from 

different hatcheries and release groups were equally vulnerable to fishing in all 

respects other than their spatial distribution.  This assumption is difficult to test but 

seems plausible.  We defined Puget Sound releases as those occurring in marine areas 
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6-13 and resident recoveries as fish recovered in marine areas 8-13 (WDFW 

Recreational Salmon Fishing Catch Record Areas).  

     
Relative Contributions 

To determine the effect of each rearing factor on residency, we calculated the 

relative contribution of each release group to the resident population using methods 

similar to Weitkamp and Neely (2002) and Adlerstein et al. (2007).  The relative 

contribution of each release group provided an index of residency which was used as 

the response variable for our analyses.  Each index of residency (Riy) was established 

for each cohort using the following equation:  

                               Riy =  rips / ritot                                (Equation 1) 

where rips is the number of resident recoveries within Puget Sound, and ritot  is 

the total number of recoveries of the cohort from all areas (coast-wide).   

 

Data Analysis  

Generalized linear models (GLM) are typically applied to data not normally 

distributed and are commonly used to analyze fishery catch data, including CWT 

recovery data (Cormack and Skalski 1992; Pascual 1993; Venables and Dichmont 

2004).  GLM’s accommodate non-normal data in two ways: 1) the response can come 

from a variety of exponential family distributions (i.e. Poisson, Binomial, Gamma, 

etc.) and 2) the mean of the response is related to the linear form of the predictors via a 

link function (McCullagh and Nedler 1989; Nedler and Wedderburn 1972).  We used 

generalized linear mixed models (GLMM:Venables and Dichmont 2004), which are 
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an extension of the typical GLM that accounts for potential correlations between 

observations.  Release year was chosen as the random effect since inter-annual 

variability in specific contribution was assumed to exist and to affect all release groups 

within the same year equally, but we had no specific hypothesis with respect to year.  

Grouping by year enabled us to make direct comparisons of each particular fixed 

effect within a given year.  The proportion of fish from a specific release group found 

in the resident population was used as the response variable so we modeled our data 

using a binomial distribution.  The canonical link for the binomial distribution was the 

logit function.  Models were setup as follows: 

Logit(Y) = log (μ / 1- μ) = η  (Equation 2) 

and 

 η = Xβ + Zζ                (Equation 3) 

where μ is the mean of the response, η is the linear form of the predictors, and Xβ and 

Zζ represent the matrices of observations for the fixed and random effects and their 

corresponding coefficients respectively.  All analyses were performed using the lme4 

package (Bates et al. 2008) in the R Statistical Environment (R Development Core 

Team 2008).  Explanatory variables were both categorical (release region and age 

class) and continuous (release day and weight).  The continuous variables were not 

transformed prior to analysis.  Model fit was based on maximum likelihood statistics 

using the negative log likelihood method for choosing models with the best fit of the 

observed data.  Models were compared using the quasi-Akaike Information Criteria 
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(QAIC) method (Burnham and Anderson 1998).  QAIC is calculated the same as AIC 

but is corrected for overdispersed data(Faraway 2006). 

 Finally, it was necessary to address the potential auto correlation between age 

class and both weight at release and day of release.  In general, age-1 fish are larger 

than age-0 fish (Fig 1.2), though variation among hatchery releases caused significant 

overlap.  For example, if age-0 fish were released at the same size as age-1 fish, they 

would have to be released later in the year.  Likewise, fish of the different age classes 

released on the same day of the year would differ significantly in size.  Therefore, we 

chose to include all three factors as separate variables for our analyses. 

  

Results 

A total of 226 release groups from 28 hatcheries throughout the five regions of 

Puget Sound were considered for analysis (Table 1.1).  Hatcheries included in the 

analysis accounted for ~88% of fall run Chinook salmon CWT releases into Puget 

Sound between 1972 and 1993, and within each region the releases accounted for from 

67% (Nooksack River) to 98% (Strait of Juan de Fuca) of all tagged Chinook salmon 

released during the study period.  Approximately 79% of all releases (n=179) were 

age-0 fish, and the remaining 21% (n=47) were age-1 fish.  Of the age-0 releases, most 

were from Middle Puget Sound hatcheries (30%; n=60), and 40% (n=19) of the age-1 

fish were from South Puget Sound hatcheries.  Across all regions of Puget Sound age-

0 fish were smaller and released later in the year (mean = 9.14 g and day 147) in all 

years than age-1 fish (mean= 67.99 g and day 96, Fig 2). Age-1 fish released from 
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hatcheries in the South Puget Sound region (n = 19) were the largest (mean= 72.69 g) 

and were released earlier in the year (mean release day = 89) whereas releases from 

the Middle Puget Sound region (n = 4) were the smallest (mean = 52.08 g) and those 

from the Juan de Fuca region (n= 7) were released the latest (mean release day = 118).   

For all fish combined over all years, 30% displayed a resident behavior based 

on the date and location where they were caught.  Fish released as age-1 fish had a 

slightly higher relative contribution (34%) than age-0 fish (29%).  The general trend in 

resident proportion across all regions and age classes displayed a period of higher 

residency in the mid- to late-1970’s, followed by a period of lower residency 

proportions in the mid- to late-1980’s and a trend of increasing resident behavior into 

the early 1990’s.  However, the level of residency varied by region; Hood Canal 

releases had the highest contribution (mean = 0.304) and Nooksack River had the 

lowest overall contribution (mean = 0.141) for all releases and years.   

A total of 13 models were used to test for the effect of specific rearing 

practices on relative contribution of resident-type fish (Table 1.2).  Release region was 

the best single parameter model (n4; QAIC = 286.68; -loglik = -1270) and accounted 

for 40% of the total variation among release groups, whereas weight at release, day of 

release, and age class each had minimal effects on residence behavior.  However, 

when combined with release region, the model likelihoods were improved 

substantially by including these factors.  The overall best model included the 

interaction between release region and weight at release which showed a positive 

effect of weight across all regions (n12, QAIC= 260.34, -loglik=-1102) (Table 1.3).  
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Model coefficients represent effects relative to the Hood Canal region, which had a 

nearly uniform contribution across all size classes compared to other regions (Fig 1.3).  

The largest effects from the interaction between weight at release and release region 

were seen in the Middle Puget Sound and Juan de Fuca regions where both regions 

showed a roughly 40% increase in predicted relative contribution as fish were released 

at larger sizes.  Releases from hatcheries within the Middle Puget Sound region had 

the highest overall predicted contribution and showed a significant increase with fish 

weight (Fig. 1.3).   

 

Discussion 

Our results indicated that there were substantial proportions of Puget Sound 

fall Chinook salmon displaying resident behavior, as indicated by the date and location 

of catch, and that the relative contribution of resident-type fish from hatchery releases 

within Puget Sound was strongly influenced by the region where the release took 

place.  While relative proportions varied from year to year, releases within the Middle 

Puget Sound, South Puget Sound, and Hood Canal regions were generally higher than 

those from the Strait of Juan de Fuca and Nooksack River regions (Fig 1.4). Size also 

played an important role; in general, the relative contribution from age-1 fish was 

greater than age-0 fish, but the magnitude of the effect varied among regions.  Our 

best fit model predicted that release groups of smaller fish (age-0) from a particular 

region could contribute more to the resident population than release of larger fish (age-

1) from other regions.  This suggests that hatchery location rather than rearing 
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practices can have the dominant effect on Chinook salmon remaining as residents in 

Puget Sound.  

Current Chinook salmon hatchery practices in Puget Sound are based on the 

premise that larger fish contribute more to the resident population and thus harvest 

within Puget Sound.  Contribution to Puget Sound fisheries involves survival as well 

as migration.  Appleby and Doty (1995) found higher survival rates for large Chinook 

salmon entering Puget Sound, although the year to year variation was great.  Likewise, 

Quinn et al. (2005) found that the Chinook salmon released from the University of 

Washington hatchery were larger and had higher survival rates than those from the 

Soos Creek hatchery, in the same region..  However, there was considerable variation 

in survival among years, and neither hatchery showed a positive relationship between 

inter-annual variation in smolt size and marine survival. Thus the effect of size on 

survival seems to be weak.  Our models used relative proportions and were therefore 

not biased with respect to differences in survival for a particular release groups.   

Interactions between release region and size at release were apparent from our 

analysis of all areas of the Puget Sound, except for Hood Canal.  Our overall results 

indicated that larger fish were more likely to become residents but a large yearling 

from the Nooksack River region was less likely to become a resident than a smaller 

sub-yearling released from the Middle Puget Sound region.  Adopting a region-

specific program could maximize the return both biologically and economically, since 

age-0 fish are less costly to rear than age-1 fish.   
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Neither day of release or age class seemed to influence the propensity of 

Chinook salmon to display resident-type behavior.  A “delayed release” program is 

also currently used by fisheries managers to supplement the resident population of 

coho salmon in Puget Sound, where hatchery reared coho salmon are transferred to 

saltwater net pens near their typical release period and held for an additional 1-3 

months.  Rensel et al. (1988) examined data from the first few years of the program 

and reported that coho salmon released from net pens made a larger contribution to 

Puget Sound fisheries, especially in the south Puget Sound region.  The results of our 

analyses for Chinook salmon are contrary to those for coho salmon and suggest that 

further scrutiny of the release strategies may be warranted. 

Weight at release, day of release, and age class are inherently related and 

therefore interpretation of the model results is challenging.  Age class likely 

incorporates the weight at release variable because age-1 fish were, on average, larger 

than age-0 fish.  However, age-0 fish released later in the year, may be the same size 

as age-1 fish released early the following year, reflecting differences in growth rates 

between specific release groups that may be attributable to conditions not tested in our 

study (e.g. diet, water temperature, genetics, etc.).  Similarly, day of release may 

incorporate age class, and thus weight at release, as the average day of release for age-

0 fish (day 147) was significantly later than that of age-1 fish (day 96).  However, 

several groups of age-1 and age-0 were released on the same days of the year (day 89-

162) yet fish differed significantly in size.  To test for the correlative effects between 

release day and age class we combined the individual predictors into a single rearing 
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day variable and revisited the analyses.  The rearing day variable did not improve the 

fit of the models, which included the individual predictors, and therefore weight at 

release was interpreted as the single most important factor influencing a resident-type 

behavior after accounting for release region 

Our results are consistent with several other studies regarding the effect of 

origin on distribution of Chinook and coho salmon.  Moring (1976) found that the 

majority of recoveries of yearling Chinook salmon within two years of release into 

Puget Sound occurred in the region of release.  Weitkamp and Neely (2002) showed 

that the distribution of coho salmon along the US west coast depended upon the 

geographic origin of the fish (i.e., most fish released in Oregon were caught there) but 

that fish released within the same river (e.g., Colombia River) could have different 

distribution patterns. Similar population-specific migration patterns have been 

observed in Atlantic salmon in the Baltic Sea(Jutila et al. 2003; Kallio-Nyberg et al. 

2000; Kallio-Nyberg et al. 1999)and the Bay of Fundy(Lacroix 2008; Lacroix and 

Knox 2005; Lacroix and McCurdy 1996; Lacroix et al. 2004), which are also semi-

enclosed marine basins.    

There are several potential explanations for the differences in migratory 

patterns among regions.  The importance of release region suggests a substantial 

localized effect in each particular region of Puget Sound.  First, physical 

oceanographic properties including tidal currents and exchange rates can affect fish 

migration (Lacroix and Knox 2005; Lacroix and McCurdy 1996; McMahon and 

Holtby 1992).  In areas where tidal currents are stronger, migrating fish may adjust 
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their behavior to take advantage of direction and magnitude of currents. For example, 

LaCroix and McCurdy (1996) found that most Atlantic salmon smolts migrated on the 

ebb tide and held position on the flood tides suggesting a passive component to their 

active migration when currents were favorable.  Tidal currents and exchange rates in 

south Puget Sound and Hood Canal, and to a lesser extent middle Puget Sound, are 

smaller than those found in the north basin and the Strait of Juan de Fuca (Babson et 

al. 2005; Mofjeld and Larsen 1984).  Fish released in these areas may be influenced 

less by tidal currents and therefore remain for a longer period of time.  

Second, the spatial and temporal variability in prey items may also affect the 

migratory behavior of fish (Emmett et al. 2006).  When food sources are abundant 

during early migratory periods, out-migrating fish may adjust their migratory patterns 

to take advantage of available food resources.  Atlantic salmon in the Baltic Sea 

migrated shorter distances when herring biomass was greater in the areas near their 

river of origin (Kallio-Nyberg et al. 1999).  Thus, salmon encountering favorable 

conditions upon entering Puget Sound may have a higher likelihood of remaining 

resident.  However, Rice (2007) found evidence that forage fish abundance and 

general fish diversity increased from south to north within Puget Sound, and therefore 

less favorable conditions for salmon may exist in areas deeper within the Puget Sound 

basin (e.g. South Puget South and Hood Canal).  It is likely that environmental 

conditions and/or oceanographic processes influence prey distribution and may have 

an indirect impact on migratory fish. 
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Third, geographic differences between regions could affect the distribution of 

salmon simply because fish enter the marine environment at different distances from 

the ocean. By definition a resident fish remains in Puget Sound as opposed to 

migrating to the ocean.  However, not all regions are equidistant to the point of entry 

to the ocean.  The areas with the lowest overall contribution rates (Strait of Juan de 

Fuca and Nooksack River) are closest to the Pacific Ocean and have the fewest 

alternative routes available to juvenile salmon (Fig 1.1).  Fish entering marine waters 

in these areas are outside the main basin of Puget Sound and may be more likely to 

migrate directly to the ocean or north into the Strait of Georgia.  In contrast, the areas 

with higher overall contributions are located farther south within Puget Sound and fish 

entering at these points have several route options and a greater distance to travel 

before they leave Puget Sound as we defined it 

The apparent influence of geographic region may be partly confounded by our 

definition of a resident fish.  Of the five regions we used for analyses, only three 

(Hood Canal, Middle Puget Sound, and South Puget Sound) release fish in the area 

where a resident capture is defined.  However, fish released from all regions included 

some that were identified as residents, indicating that releases from areas outside the 

resident area still contributed to the resident population.  Furthermore, our definition 

of residence is quite coarse and does not provide information on movement at the 

individual level.  Geographic differences may also incorporate genetic differences for 

some populations of salmon (Kallio-Nyberg et al. 2004; Kallio-Nyberg et al. 1999).  

We were not able to draw any conclusions about genetic effects because our analysis 
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was limited to hatchery-reared fish in Puget Sound where broodstock transfers have 

been common among various facilities, greatly complicating such analyses.  

Finally, smolt size may also affect migration behavior.  Several studies have 

assessed the effects of smolt size on seaward migration in the freshwater systems 

(Beckman et al. 1998; Ewing et al. 1984; Giorgi et al. 1997).  In general, larger smolts 

migrate faster and earlier than smaller individuals.  However, little work has explored 

the effect of smolt size on early marine migration patterns.  In the Baltic Sea, larger 

Atlantic salmon smolts migrated shorter distances than smaller smolts (Jutila et al. 

2003; Kallio-Nyberg et al. 1999; Saloniemi et al. 2004).  Likewise, larger Chinook 

salmonsmolts were more often found in the inside waters throughout southeast Alaska 

(Orsi and Jaenicke 1996).   

While our results indicate an effect of rearing on migration pattern it was fairly 

subtle suggesting that the effect upon migration was a matter of degree, rather than a 

shift from one state to another.  Specific migration patterns are likely due to a 

combination of several factors including habitat quality, environmental variation, and 

genetic diversity.  Pacific salmon display significant plasticity in the migratory 

behavior and the actual mechanism for such diversity remains unclear.   
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Table 1.1.  List of hatcheries, years of release data, number of releases, and counts of 
CWT fish by region.  Number of releases and count of CWT fish are separated by age 
class. 

Hatchery Years Releases CWT fish Releases CWT fish Releases CWT fish

Enetai 4 4 35,369 - - 4 35,369
George Adams 5 7 66,443 - - 7 66,443
Hoodsport 15 16 8,855 7 35,587 23 1,231,137
Sund Rocks 3 - - 5 14,276 5 14,276

total 27 - 12 - 39 1,347,225

Dungeness River 3 3 77,418 - - 3 77,418
Elwha River 13 20 1,639,845 3 144,957 23 1,784,802
Hoko Falls 6 6 920,228 - - 6 920,228

total 29 2,637,491 3 144,957 32 2,782,448

Grovers Creek 10 10 1,667,801 - - 10 1,667,801
Icy Creek 3 1 50,854 3 144,533 4 195,387
Issaquah Creek 5 5 723,563 - - 5 723,653
Portage Bay 12 20 1,231,467 - - 20 1,231,467
Soos Creek 17 19 3,001,210 2 48,400 21 3,049,610
Voights Creek 4 6 286,853 - - 6 286,853

total 50 5,243,093 2 48,400 52 5,291,583

Glenwood Springs 3 2 93,000 1 21,300 3 114,300
Kendall Creek 4 6 380,724 1 18,092 7 398,816
Lummi River 8 10 720,600 2 50,439 12 771,039
Samish River 12 12 2,120,272 - - 12 2,120,272
Skookum Creek 2 2 113,417 - - 2 113,417

total 30 3,335,013 3 68,531 33 3,403,544

Capitol Lake 7 3 549,110 4 268,991 7 818,101
Fox Island Net Pens 5 2 4,927 6 133,698 8 182,969
Garrison Creek 4 10 702,717 - - 10 702,717
Hupp Springs 2 - - 2 8,894 2 8,894
Kalama Creek 7 9 1,246,815 - - 9 1,246,815
Minter Creek 3 5 373,574 3 79,046 8 452,620
Nisqually River 1 1 155,943 - - 1 155,943
S.Sound Net Pens 5 4 121,687 4 536,934 8 658,621

total 19 1,898,019 7 615,980 26 2,513,999

TOTAL 183 16,292,692 43 1,505,147 226 19,028,968

Nooksack

South PS

Hood Canal

Juan de Fuca

Middle PS

REGION
AGE-0 AGE-1 TOTAL
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Table 1.2.  Comparison of models and predictors.  Model selection used the adjusted 
AIC (QAIC) method to select the best model. 
 
 

Model Predictor(s) log(L) K QAIC ∆QAIC

n1 Region -1270 5 286.68 26.34

n2 Day -1847 1 403.48 143.14

n3 Age -1969 2 431.87 171.53

n4 Weight -1965 1 429.00 168.66

n5 Region,Day -1193 6 272.03 11.69

n6 Region,Age -1183 7 271.87 11.53

n7 Region,Weight -1163 6 267.54 7.20

-1847 3 407.48 147.14

-1172 8 271.49 11.15

-1168 11 274.62 14.28

-1112 12 264.51 4.17

-1102 11 260.34 0.00

-1162 9 269.32 8.98

Coeff. S.E.

rcept 1.3837 0134

JUAN -0.5851 0.0049

MPS 0.0957 0.0031

NOOK -0.8965 0.0032

SPS 0.0211 0.0036

Weight 0.0003 0.00004

JUAN:Weight 0.01199 0.00008

MPS:Weight 0.0134 0.0001

NOOK:Weight 0.0088 0.00006

SPS:Weight 0.0055 0.00005

Inte - 0.

n8 Day,Age

n9 Region,Day,Age

n10 Region:Day

n11 Region:Age

n12 Region:Weight

n13 Region,Weight,Age

 
 
 
 
 

 
 
 

 
 

. 
 
 

 
 
 
 
 
 

 
 
 
Table 1.3.  Model coefficients and standard error for best fit model.  All coefficients 
are relative to the Hood Canal region. 
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Figure 1.1.  Map of study area indicating the regions used for analysis.  1) Strait of 
Juan de Fuca, 2)Hood Canal, 3)South Puget Sound, 4) Middle Puget Sound, 5) 
Nooksack (including San Juan Islands).  Shaded region represents the areas of Puget 
Sound where CWT recoveries between November and March were considered 
resident. 
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Figure 1.2.  Scatterplot of the relationship between day of release and weight at 
release for age-0 (filled circles) and age-1 (open circles) fish from all regions across 
all years. 
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Figure 1.3.  Interaction effect between release region and weight at release.  Plot 
shows predicted contribution as a function of size at release for each region.  Predicted 
contributions were calculated using the best-fit model coefficients. 
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Figure 1.4.  Box and whisker plot of mean relative contribution for age-0 (white 
boxes) and age-1 (shaded boxes) across all years for each release region.  Dark lines 
within boxes represent the median for each region/age class.  Dotted lines extend to 
the upper and lower extremes of each data class.  Open circles represent outliers in the 
data 
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Chapter Two: Migratory behavior of yearling Chinook 
salmon (Oncorhynchus tshawytscha) during their first 

summer in the marine waters of Hood Canal, Washington 
 

Introduction 

 Migration is a fundamental component of the life history and ecology of many 

animal species across numerous taxa (Dingle 1996).  The spatial extent and duration 

of migrations can vary depending on species and environment (Harden Jones 1968; 

Lucas and Baras 2001; Northcote 1978).  Some species migrate thousands of 

kilometers (Rooker et al. 2008) whereas others migrate only hundreds of meters 

(Massicotte et al. 2008).  Furthermore, migrations occur at various temporal scales, 

with some species migrating only once in each animal’s lifetime and others migrating 

annually to the same location (e.g. breeding migrations).   

Complex interactions between the physical and biological features of the 

environment (temperature, prey, etc.), the internal state of the animal (hormone levels, 

stored energy, etc.) and genotype combine to affect migratory behavior.  For fishes, 

such habitat shifts or changes could dramatically affect local distributions and there 

are numerous examples of environmental influences on migration (Leggett 1977).  .  

Kallio-Nyberg et al. (1999) found that Atlantic salmon (Salmo salar) distributions 

were contracted in years when forage fish abundance was high. Understanding how 

the behavior of individuals is affected by these internal and external factors is a major 

challenge for research on migratory behavior. 
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Pacific salmon (Oncorhynchus spp.) undergo significant migrations throughout 

their anadromous life cycle, most of which occurs in the marine environment (Quinn 

and Myers 2004)  Significant life history diversity within the genus is linked to the 

considerable differences in migratory behavior among the species.  Chinook salmon 

(O. tshawytscha), in particular, demonstrate a wide range of migratory patterns.  

Ocean-type Chinook salmon (i.e., those migrating to sea as sub-yearlings) are 

generally found in the southern portion of the species’ range, and are commonly 

associated with coastal habitats throughout their ocean migration.  In contrast, stream 

type individuals migrate to sea as yearlings, typically at a larger size but earlier in the 

spring than ocean-type fish, and distribute farther offshore at sea (Healey 1983; 

Sharma 2009). 

Puget Sound is located near the geographic center of the distribution of 

Chinook salmon along the west coast of North America (Healey 1983), where the 

ocean-type life history predominates but some stream-type fish are found (Myers et al. 

1998).  In addition to the two common marine distribution patterns of these life history 

types (i.e., coastal and open ocean), some individuals display a third marine pattern: 

resident behavior.  Such individuals remain within Puget Sound instead of migrating 

to the ocean after leaving freshwater.  These resident fish have been an important 

component of a large recreational fishery in the region (Haw et al. 1967; Pressey 

1953) yet their movements within Puget Sound are largely unknown.   

Many studies have contributed to our understanding of the general patterns of 

migration and distribution of the Pacific salmon (Groot and Margolis 1991; Quinn 
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2005).  However, most of this work and especially that on the early marine period has 

provided a limited level of detail on the movements of individuals because the 

methods involved catch per unit of effort (Hartt et al. 1986), mark-recapture (Pearcy 

and Fisher 1988; Weitkamp and Neely 2002) or genetic analysis (Van Doornik et al. 

2007).  In contrast, relatively little has been done to evaluate migratory behavior of 

individuals, especially during the early marine phase.  Telemetry is a commonly used 

research tool for evaluating and describing fish behavior, including home ranges, 

movement rates, daily activity patterns, and stage-specific survival.  Telemetry allows 

researchers to gather information on individuals of a population over a variety of 

spatial and temporal scales.  Many marine species have been studied using acoustic 

telemetry (Andrews et al. 2007; Dewar et al. 2008; Mitamura et al. 2009; Welch et al. 

2002), including salmonids (Kallio-Nyberg et al. 2007; Lacroix et al. 2004; 

Melnychuk et al. 2007; Quinn et al. 1989).   

While the early marine migratory period is a critical life stages for juvenile 

salmon (Beamish and Mahnken 2001), little is known about specific behaviors during 

this period.  High mortality during this period has been observed and can strongly 

affect adult returns (Greene and Beechie 2004), but cause and effect relationships are 

difficult to define. Thus, understanding behavior during the early marine life stage 

may provide critical information regarding habitat use, distributions, and survival, may 

reveal potentially alternative migratory strategies. 

For this study we used acoustic telemetry to evaluate the migratory behavior of 

individual yearling Chinook salmon in Hood Canal, Washington.  Yearling releases 
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from the Hoodsport hatchery are part of the state’s Recreational Fisheries 

Enhancement Program and are intended to augment the resident population.  Our 

primary objective was to quantitatively describe the movements of these salmon 

during their initial period in marine habitat after release, contrasting a series of 

predictions based on the hypothesis that they would show resident behavior against 

predictions that would be consistent with migration to the ocean.  We hypothesized 

that fish exhibiting resident behavior would remain in Hood Canal for the duration of 

the study, would show movement rates at or below speeds observed for migratory 

species, not direct their movements toward the ocean, and would remain at fixed 

locations for long periods of time.  In contrast, fish displaying migratory behavior 

would be expected to leave Hood Canal within a time period appropriate for their 

length-specific swimming capacity, would move rapidly, primarily towards the outlet 

to the open water, and would not remain long at habitats within the fjord.  This study 

focuses on individual behavior of resident type fish and builds upon previous work 

conducted on the regional scale regarding resident type behavior of Chinook salmon in 

Puget Sound. 

 

Methods 

Study Site 

 Hood Canal is a relatively long (62 km), narrow (maximum width = 4 km) 

fjord in western Puget Sound (Fig. 2.1).  The canal connects to greater Puget Sound at 

its northern extent, 18 km south of Admiralty Inlet.  The west side of the canal is 
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characterized by relatively large, shallow sills created by rivers draining the leeward 

Olympic Mountains, followed by a highly incised mid-channel region (max depth = 

150 m) sloping gently upward to the eastern shoreline. The depth and habitat 

complexity of Hood Canal varies significantly from north to south.  The northern end 

of Hood Canal has a long, narrow entrance, and there is a large sill located at the 

entrance to Dabob Bay.  Tidal currents and exchange rates are far greater in the 

northern end of the canal than the southern end, which becomes shallow near the 

terminus.   

 

Tagging and Tag Characteristics 

Sixty yearling Chinook salmon smolts were tagged for this study.  The fish 

were reared at the Washington Department of Fish and Wildlife hatchery in Hoodsport 

as part of the yearling release program implemented by the Recreational Fisheries 

Enhancement Group.  Yearling fish are spawned in the fall, emerge as fry in the spring 

and are reared for a full year before being released the next spring.  The range of fish 

sizes was fairly narrow due to common rearing conditions experienced in the hatchery 

environment (mean fork length = 212 mm (range from 192 mm to  233 mm); mean 

weight = 100.8 g (range from 70 g to 150 g)).  

  All fish were tagged with Vemco V7-2L coded transmitters (7 x 18 mm; 1.7 g 

in air; AMIRIX Inc.), which randomly transmit unique identification codes at 69 kHz. 

Each code was transmitted approximately once a minute (ranged from 30 to 90 s) 

which resulted in a tag life of 150 days after initial activation on 7 May 2008.  
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Transmitter range was approximately 400 m, though detection is affected by water 

conditions (salinity, temperature, etc.) sea surface conditions (wind, wave activity, 

etc.), signal noise in the water column (boat activity, sonar, etc.) and the proximity of 

the transmitter or the receiver to the surface or substrate. 

Transmitters were surgically implanted into the peritoneal cavity of each fish.  

Prior to surgery, the fish was anesthetized with MS-222, measured, and weighed.  The 

fish was then placed on the surgery platform made from closed cell foam and coated in 

Stress-Coat (Aquarium Pharmaceuticals) to alleviate additional stress.  A tube was 

placed into the mouth of the fish to continuously irrigate the gills with a 50:50 mixture 

of fresh water and anesthetic.  An incision was made on the ventral side of the fish just 

forward of the base of the pelvic fin, the transmitter was inserted and situated along 

the ventral line, and the incision was closed with three surgeon stitches using 

dissolvable suture material.  The fish was then placed into a 100 L tank with 

oxygenated water for observation until it recovered equilibrium and resumed normal 

swimming.  After recovery the fish were returned to the hatchery pond, and held and 

monitored for an additional 48 h before being released with other untagged fish 

representing normal production from the hatchery.  No mortalities were recorded prior 

to release. 

 

Receivers 

 A network of 58 Vemco VR2 receivers was arranged throughout Hood Canal 

(Fig. 2.1) to passively detect the movement of tagged fish.  Forty six receivers were 
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placed along the nearshore areas of the canal and three were attached to buoys in the 

central channel.  In addition, nine receivers were placed along the entire span of the 

Hood Canal Bridge (Fig. 2.1) at the north end of the canal.  The bridge array provided 

complete coverage of the exit point for the study area because the detection ranges of 

the receivers overlapped.  Receivers were deployed in April (prior to tagging) and 

most were retrieved in late August of 2008.  Because of the retrieval of many of the 

receivers and the anticipated termination of the battery life of the transmitters, the 

study effectively ended on 19 August 2008.  Additional arrays, maintained by the 

Pacific Ocean Shelf Tracking project (Welch et al. 2002), were located outside the 

study area and provided coverage of the outlet of Puget Sound and the Strait of Juan 

de Fuca (Fig. 2.1).  

 

Data Analysis 

Fish were detected on receivers between 9 May and 19 August 2008.  

Although our primary goal was to study movement patterns, the detections indicated a 

fish was alive and allowed us to generate weekly survival estimates.  Fish not detected 

in a given week but detected in subsequent weeks were included in the detection 

estimates of previous weeks.  Fish detections for the final week of the study were 

estimated by expanding the number of observed detections for the final week by a 

factor equal to the mean detection probability of all weeks throughout the entire study.   

Analysis of fish movement from detection data required us to define what 

constituted a movement event.  The fish could be moving or not moving during 
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periods when they were not detected but we had no information at such times.  

However, the last detection on a receiver in a given period of time constituted a 

movement because the fish left the detection range of the receiver.  Likewise, the first 

detection on a receiver at a given time was also considered a movement.  We tallied 

these “first” and “last” detections for analysis of temporal patterns of movement, and 

movement rate.  Consecutive detections on different receivers were interpreted as 

clear indications of fish movement.  However, consecutive detections on the same 

receiver were more difficult to interpret.  It was possible for a fish to “drift” in and out 

of the detection range of a particular receiver without engaging in a directed 

movement.  For example, if the fish was at the periphery of the receiver’s range, very 

subtle movements or even shifts in detection range due to environmental conditions 

might cause it to be undetected for a few minutes even though it did not actually move 

any substantial distance.  To eliminate such false activity records, we disregarded 

breaks in detection at a given receiver of less than 60 minutes.  For example, if a fish 

was detected for 2 h at a receiver, then not detected for 10 min, and then detected 

again for another 2 h before leaving for several days, we considered this to be a pattern 

of continuous residence of 4 h and 10 min.  However, if it left for 2 h and then 

returned, we tallied the first and last detections as movements.  This “60 minute cut-

off rule” was based on inspection of frequency histograms of elapsed time intervals 

between detections for the entire dataset (Fig 2.2). 

 The spatial and temporal displacement of fish as a group throughout the study 

period was measured as the proportion of the total number of fish present in a given 
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week detected on each particular receiver.  Fish could be heard on multiple receivers 

in each week and displacement measured the spread of the entire tagged group 

throughout the study area.  In addition to this characterization of the dispersal of the 

group, several metrics were used to describe individual movement.  For this analysis, 

we used only movements that occurred within a 24 h period to avoid analysis of fish 

undetected for so long that movement estimates were meaningless.  We determined 

the straight-line distance between the locations of receivers with consecutive 

detections and calculated movement rate as km-day-1 for each fish.  Multiple 

detections for single fish in a given day were added together and scaled appropriately.  

Distance per movement was calculated using the same method and averaged over all 

movements for a particular fish.  While these metrics under-estimate actual swimming 

speed because fish likely did not swim in a straight line, they provide useful estimates 

of travel rate for comparison with other migratory species in the region and salmonids 

elsewhere. 

Rate of movement was also calculated as body lengths per second for 

comparison to tide stage and direction.  Rates were calculated on an individual basis 

using fork length at time of tagging.  Fish presumably grew over the study period but 

we used this value for overall estimation purposes.  Movement rates were compared to 

tide stage (ebb, flood, high slack, and low slack) during the period which the 

movement occurred.  Predicted tide height, tide stage, and times for Seabeck WA were 

used for all analyses with tidal data because this location is central within the study 

area and represented tide heights and times throughout Hood Canal with little 
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variation (±0.1 m and ± 5 mins, respectively).  On ebb tides the current flows out of 

the canal whereas on flood tides the dominant current direction is into the canal.  Slack 

tides were defined as the 1 hr period before and after each high and low tide.  Currents 

during the slack were considered neutral. 

 To analyze the overall direction of movement by fish throughout the study 

period we assigned each movement as directed “in” or “out” of the study area.  The 

study area is roughly aligned on a north/south axis with the exit at the northern end, 

opening into greater Puget Sound and eventually the Pacific Ocean.  Directions were 

determined by calculating the difference in latitude between the receivers with 

consecutive detections.  If the value was positive it indicated a “out”, or northward 

movement.  Likewise, if the value was negative it indicated an “in”, or southward 

movement away from the exit point of the study area.  For this analysis, detections 

within Dabob Bay were removed due to the position of the bay relative to the rest of 

the study area (Fig. 2.1).  Direction of movement was compared to all other movement 

metrics as well as tidal flow and direction for the entire study period. 

 Analyses of diel activity patterns were conducted using the Rayleigh test of 

uniformity for circular data (Mardia 1972).  Movement data were binned by hour of 

the day for analysis.  Sunrise and sunset times throughout the study period changed by 

less than 1 hr and therefore periods of daylight were defined as the elapsed time 

between sunrise and sunset of the shortest day (6:00 and 20:30 respectively). 
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Results 

Sixty yearling Chinook were implanted with acoustics transmitters.  However, 

only 58 fish were released from the hatchery because two fish were lost the night prior 

to release to otter predation.  Of the 58 fish released into Hood Canal, 41 (70.6%) were 

detected during the study period and  18 fish (31%) were still being detected within 

the study area at the end of the study period (15 weeks).  The largest decrease in 

number of fish detected (presumably a result of mortality because migration from the 

study area was known – see below) occurred in the first three weeks of the study 

period (Fig. 2.3).  The number of fish detected continued to decrease until week 8 at 

which point it remained constant (~40%) until week 12.  The number detected 

dropped over the last three weeks of the study to 29%.  Fish initially detected did not 

differ in size from those not detected (ANOVA; F=0.189, p=0.665) nor was there a 

difference in size between fish that were initially detected and those that survived 

throughout the entire study period (F=0.152, p=0.698).  

  A total of 49,278 detections were recorded throughout the study period on 46 

of the 48 receivers.  A total of 6,928 detections (12.7%) were characterized as fish 

movements.  Movement throughout the canal was generally diffused rather than 

directed (Fig 2.4).  Initially, fish were detected at receivers near the release site and 

slowly dispersed in both directions.  The number fish detected and the number of 

detections per unit of time decreased over the summer while the number of receivers 

where detections occurred increased.  Likewise, the number of detections and the 
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number of fish detected decreased with distance from the release point (Fig 2.5).  Most 

detections (59%) occurred on receivers within 15 km of the release site and 33% of all 

detections were on receivers < 7 km from the release site.  The highest number of fish 

detected on a single receiver was 27 (66%) located 1.6 km north of the release site.  

Only nine fish (27%) had more than a single detection on receivers > 40 km from the 

release point.  Fifteen fish (30%) were detected south of the release point, accounting 

for 11% of all detections, including each of the first 14 weeks of the study.  By week 

6, fish had spread throughout the entire study area and had been detected on all 

receivers.  After week 6, fish were detected at receivers from the release point to the 

Hood Canal Bridge for the remainder of the study period.  Through week 14 fish were 

still being detected at receivers south of the release site, and by the end of the study 

period all detections were occurring > 40 km form the release site.   

Eight fish were detected at or beyond the Hood Canal bridge, but seven of 

these were later detected within Hood Canal.  Three of the fish were detected on 

multiple occasions at the bridge. The majority of detections at or beyond the bridge 

occurred in July (72%), but fish were detected at or beyond the bridge in each month 

of the study period.  The number of fish detected and total detections on bridge 

receivers was not uniform (χ2=26.35; p < 0.001).  The receivers on the western side of 

the bridge had the fewest number of detections (11) and detected the fewest fish (2), 

whereas the receiver in the center of the bridge and those immediately east of the 

center had the most detections (43) and detected the most fish (6). 
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 Greater than 60% of movement detections represented localized activity where 

fish were detected on the same receiver with more than 60 minutes between detections 

without being detected on another receiver.  The mean distance between movements 

was 3.2 km (sd = 3.3 km) based on movements inferred from detections on different 

receivers.  The maximum distance between detections was 30.4 km, nearly half the 

length of the study area.  The mean distance traveled per day was 16.8 km (sd = 12.9 

km), with a maximum distance per day of 50 km.  The distance traveled per day by 

individual fish did not change significantly over the course of the study period 

(Kruskal-Wallis, χ2 = 5.77, p = 0.123).  However, the distance between detections 

varied over time and on average was approximately 3 km for May, June, and July, 

whereas movements in August were significantly higher (mean = 4.5 km; Kruskal-

Wallis, χ2=18.310, p=0.0003) and the variation was much greater.   

 Movement rates were calculated from detections as a standardized body length 

per second (BL·s-1) or approximately 20 cm·s-1, based upon mean size of tagged 

individuals.  The total number of movements per fish ranged between 6 and 243 

(median = 20).  The overall mean rate of movement for all fish throughout the study 

period was 0.86 BL•sec-1 (SD = 0.72 BL•sec-1).  The mean rate of movement per fish 

ranged between 0.44 and 1.52 BL•sec-1, with a maximum of 2.88 BL•sec-1.  

Movement rates did not change significantly as the study period progressed (Kruskal-

Wallis, χ2 = 5.762, p = 0.123).   

Differences in diurnal movement behavior were small.  The majority of the 

overall movements occurred during daylight hours (60%); however, the hourly 
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distribution of movements throughout the entire 24 hour period was uniform 

(Rayleigh’s z0.05,6329=0.0046, p=0.875; Fig. 2.6). The changes in diel activity across 

months were not significant (χ2;p=0.21).  Rate of movement (tstat = 0.22, p= 0.82) and 

distance per movement (tstat = -1.49, p = 0.14) were not statistically different for day 

and night periods. 

 Tide stage had a mixed affect on movement metrics.  The proportion of 

movements occurring in each tide stage was not different from the proportion of time 

represented by each tide stage (χ2 = 0.158, p = 0.691).  A total of 782 movements 

occurred during the ebb tide and 733 during the flood stage.  Of the movements that 

occurred during the ebb tide, 471 (60%) occurred during the day.  The same pattern 

was evident in movements during the flood tide; however, the proportion was slightly 

greater (535 movements; 73% ).  The mean movement rates for ebb and flood tide 

stages were 0.74 and 0.68 BL•sec-1 respectively (Welch t-test, p=0.20). Movement 

direction was determined for all movements between receivers.  Of the 1,515 

movements that occurred within a 24 hr period, 789 (52%) were moving “in” and 726 

(48%) were moving “out” of the study area.  The rate of movements “Out” of the 

study area were significantly greater than movements “IN” during the ebb tide (Table 

2.1).  Movement rates in both directions during the flood and slack tide stages were 

not statistically different.  Differences between distances per movement in both 

directions were statistically significant for all tide stages (Table 2.1), where mean 

distance per movement directed “out” of the study area were consistently higher than 

“in” movements.   
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The majority of all detections recorded throughout the study period were 

during periods of inactivity.  Fish were considered inactive if consecutive detections 

were recorded within 60 min. on a single receiver.  The median period of inactivity per 

fish was 1.25 d and ranged from 0.02 to 7.12 d.  The mean time per fish spent near a 

specific receiver generally decreased with distance from released point (Fig 2.7).  

Locations of inactivity followed general dispersal trends for movements.  Receivers 

where the greatest amount of inactivity per fish occurred were located at 8.0 km, 17.0 

km, and 32.9 km from the release point.  Over the entire study period, inactivity was 

focused around receivers within 6-17 km from the release site.  More fish were 

inactive around receivers in this portion of Hood Canal was higher than at receivers in 

the remainder of the study area (mean = 19.5 vs. 6 fish).  Fish settled at receivers 

further from the release point as the study progressed.  Inactivity was limited near 

receivers greater than 42 km from the release site.   

 

Discussion 

  Eighteen of 41 fish were still within the study area 100 days after release, 

indicating some level of residency for yearling Chinook salmon in Hood Canal.  

Analysis of coded wire tagging data from Puget Sound hatcheries indicated that about 

24% of the Chinook salmon smolts released in Hood Canal were caught in recreational 

fisheries as residents (Chapter 1).  Thus, our results are similar (31%) and even 

slightly higher than estimated from previous analyses of CWT data. The difference 
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could be the result of environmental factors not tested for or taken in to account and/or 

the disparity between sample sizes.   

Catches of hatchery reared juvenile Chinook salmon throughout nearshore sites 

in Puget Sound show peaks in late May and June, approximately 30 days after release 

from their respective hatcheries (Duffy et al. 2005).  Duffy et al. (2005) also estimated 

that residence times for CWT Chinook salmon released into Puget Sound ranged from 

5 to 130 d, although the majority of fish resided within the area for only 10-35 d.  Our 

results indicate that 31% of the tagged fish remained within Hood Canal for at least 

100 d suggesting an increased level of residency for this particular release. 

 Detection data from Hood Canal suggest a significant pattern of residency, 

where of the 41 fish detected during the study, only 8 were detected leaving the study 

area, and of these, 7 were later detected back within the study area. Furthermore, none 

of the fish detected leaving Hood Canal were detected on the POST arrays, suggesting 

they did not emigrate out of Puget Sound via Admiralty Inlet or the Strait of Juan de 

Fuca (Fig 2.1).   This behavior may not be unique to Chinook salmon, as Thorstad et 

al. (2007) also found similar patterns of residency for Atlantic salmon (Salmo salar) in 

a Norwegian fjord system, and that several post-smolts returned to receivers 9.5 km 

from the release site after being detected 37 km away.   

  The general displacement of fish throughout our study suggests that although 

fish spread away from the release point, most remained in Hood Canal throughout the 

summers.  Fish gradually dispersed throughout the length of the canal over the entire 

study period, but were concentrated within 10 km of the release site for the first three 
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weeks of the study.  In subsequent weeks, the mean distance from release point of all 

detections moved further away and the variation in number of fish detected at each 

receiver increased.  While we expected to see fish move northward toward the exit of 

the canal, we were surprised to see continuous use of areas south of the release point, 

especially given the recent concern with water quality issues in this portion of Hood 

Canal (Palsson et al. 2008).  At the end of the study period the center of fish activity 

had shifted considerably more north than in previous weeks, although activity was still 

present on several receivers near the release point.  Our results were similar to results 

of studies in the Strait of Georgia and suggested coho and Chinook salmon may have 

similar periods of residency in these two inland seas (Beamish et al. 2008)Chittenden 

et al. 2009).  

  The relatively long periods of inactivity observed for fish in our study also 

suggests some resident behavior.  If fish were undergoing a directed migration out of 

the study area and presumably to the ocean, we would expect to have observed very 

little inactivity and that most fish would be detected at a given receiver for only short 

periods of time (i.e., they were passing by en route to sea).  However, all test fish 

remained inactive for some period of time.  Specific locations of inactivity appeared to 

be associated with certain nearshore habitats and were not uniform across receivers, 

suggesting the residency behavior was specific to habitat types.   Receivers with the 

least amount of inactivity were located in the mid channel area of the Canal, indicating 

fish in open water were undergoing a more directed movement.  In contrast, the 

highest amount of inactivity occurred at receivers located 8.0, 17.0, and 32.9 km from 
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the release point and in areas characterized by freshwater input, a relatively protected 

shoreline, and shallow river or stream delta habitat.  The Hamma Hamma River (17.0 

km from release point) has a large, shallow delta that extends roughly 750 m from the 

shoreline (Fig.1).  Both Stavis Bay (32.9 km) and Dewatto River (8.0 km) have similar 

shallow deltas.  It has been suggested that differences in migration timing for 

salmonids could be affected by growth and physiological condition (Beamish and 

Mahnken 2001).  Puget Sound estuaries play an important role in the early life history 

of salmon throughout the region by providing increased opportunity for growth and 

gradual transitions from freshwater to marine environments (Simenstad et al. 1981).  

Hood Canal has few true estuaries due to the steep bathymetry and close proximity to 

high gradient stream/rivers, and the delta habitats likely provide the most preferable 

conditions for growth and physiological changes in the areas.     

The mean rate of movement by fish in this study (0.86 BL s-1) was similar to 

rates in other studies of salmonids in the region, and also to theoretical predictions.  

Hatchery and wild coho salmon released into the Campbell River (BC) moved at 0.31 

and 0.67 BL/sec respectively (Chittenden et al. 2008).  Sockeye salmon smolts in the 

Fraser River system traveled between 0.46 and 1.8 BL/sec (Welch et al. 2009), but 

moved faster in marine waters (~1.5 BL/sec).  The vast majority of movement rates 

(97%) observed in our study were below 1.5 BL/sec and may be indicative of a 

behavior not directed toward immediate ocean migration.  Ware (1978) reported that 

the optimal cruising speed and the optimal foraging speed are similar for pelagic 

fishes, and are a function of length raised to the power of 0.04.  For fish in the size 
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range of ours, this would mean that optimal speeds may be slightly over 1 length/sec 

(27 cm/ s-1 for a fish 20 cm long).  If we calculate daily travel distance from our 

observed movement rates, they would range from 7.7 to 26.3 km/day.  The Hood 

Canal Bridge array is located 64 km from the release point, and fish could conceivably 

exit the study area in 2.4 to 8.1 days based on calculated movement rates.  However, 

fish remained in the study area for 100+ d, again indicating a resident rather than a 

migratory behavior.    

 Tide stage and direction had no apparent affect on the proportion of 

movements during our study, as the total number of detected movement events during 

each tidal cycle (ebb, flood, low slack, and high slack) was in direct proportion to the 

amount of time in each tide stage during the period of study.  Direction of movement 

was also independent of tide stage, and fish appeared to move both with and against 

tidal flow.  These findings are different than results of similar studies on Atlantic 

salmon in northeastern Canada, where post-smolts tended to move out of coastal 

habitats on ebb tides and commonly oriented themselves against flood tide currents 

(Hedger et al. 2008; Lacroix and McCurdy 1996; Lacroix et al. 2004), suggesting the 

post-smolts adopted a highly oriented seaward migration strategy.  In contrast, fish in 

our study displayed resident behaviors as mean movement rates during each tide cycle 

were nearly identical.  However, we did observe that movement rates in the “out” 

direction were higher than rates in the “in” direction during ebb tides.  This difference 

may have been due to some passive component of movement due to tidal currents.  

However, our estimates of movement rate did not include the affect of current velocity 
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or direction on movement rate and we cannot draw any conclusions on the actual 

mechanisms which may have resulted in the observed difference in rates between the 

“in” and “out” periods. 

 Diel patterns in migratory behavior were indiscernible for this particular study.  

Movements occurred during all hours of the day and night.  Statistical tests revealed 

uniform distribution of movements at all hours.  Fish movement metrics did not differ 

between day and night periods.  Candy and Quinn (1999) found that adult Chinook 

salmon in Johnstone Strait moved faster on average during the day than during the 

night.  However, diel patterns in fish behavior may be associated more with vertical 

movements as a function of predation and/or predator avoidance.     

The receiver array across the extent of Hood Canal Bridge provided complete 

coverage of the exit point from the study area, and this enabled us to estimate survival 

of the tagged fish during the study period.  Of the 58 tagged fish that were released, 18 

were still moving and apparently alive after 115 d in Hood Canal.  Our estimates of 

apparent survival were slightly higher than on other studies for salmon in the region. 

Observed mortality for juvenile coho salmon in the Strait of Georgia was estimated at 

nearly 90% through mid September in 2006 (Beamish et al. 2008).  However, 

Chittenden et al. (2009) saw roughly 30% mortality in acoustic tagged coho salmon in 

the same region.  The largest drop in survival occurred during the first week after 

release.  Nearly 30% of tagged fish were never detected and therefore assumed to be 

mortalities.  Effects of handling and tagging may have played a major role in this 

sudden loss.  However, the ratio of tag weight to body weight for fish tagged in our 
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study was well within the recommended  limits suggested by other studies on Chinook 

salmon smolt conducted in the lab (Hall et al. 2009). 

 The results of this study present significant, parallel lines of evidence that 

juvenile Chinook salmon released from one hatchery displayed an alternative, and 

“resident”  migratory strategy during the early phase of the marine component of their 

life cycle.  However, it is difficult to interpret the extent to which differences persist or 

the mechanism(s) that may cause the perceived differences in migratory behavior.  

The migratory strategies for Chinook salmon in this region likely represent a 

continuum of behaviors, rather than one distinct migratory pattern and are likely the 

product of complex interactions between individuals and their environment.   
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Table 2.1.  Movement metrics across all tide stages and between movement 
directions. Welch two sample t-test was used for comparison between directions and 
Kruskal Wallace rank sum test for comparison across tide stage.  P values in bold are 
significant at alpha = 0.05).   

Moves BL/sec Distance/move
EBB 0.744 4.25

In 277 0.688 3.824
Out 233 0.811 4.769

(p value) (0.032) (0.04)
FLOOD 0.686 4.760

In 260 0.686 4.083
Out 233 0.686 5.531

(p value) (0.494) (0.013)
SLACK 0.744 4.240

In 252 0.686 3.540
Out 260 0.800 4.929

(p value) (0.077) (0.002)
total 1515 (0.161) (<0.0001)
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Figure 2.1.  Map of Hood Canal with receiver locations and release site.  Inset shows 
additional receiver arrays outside the study area where fish could be detected. 
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Figure 2.2.  Frequency histogram used to determine “60 minute” rule for movement 
detections.  Data are binned by elapsed time between consecutive detections.  Data are 
represented on broken y-axis for visualization. 
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Figure 2.3.  Proportion of fish detected by week throughout the study period.  Solid 
line represents observed survival.  Dashed line indicates predicted survival based upon 
detection efficiency throughout the entire study. 
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Figure 2.4.  Weekly displacement of fish throughout the study period.  Dotted line 
represent release point and dashed line represents receiver array at Hood Canal Bridge. 
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Figure 2.5.  Relationship between distance from release point and the number of fish 
detected at specific receivers. 
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Figure 2.6.  Circular histogram for time of day when fish movements occurred.  Data 
are for all fish movements throughout the study period.  Rayleigh test of uniformity 
(Rayleigh’s z0.05,6329=0.0046, p=0.875)..   
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Figure 2.7.  Periods of inactivity per fish for specific receivers located throughout the 
study area.  Receivers are arranged by distance from release point.  Data are 
normalized to the mean period of inactivity per fish for all receivers.  
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General Conclusions 

 The results of this study present several lines of evidence that support the 

existence of resident–type Chinook salmon in Puget Sound.  This work has described 

the influence of several factors upon a resident-type migration strategy and evaluated 

the specific movement behaviors of such individuals.      

 The coded wire tag analysis revealed a clearly significant effect of the 

geographic region where fish enter the marine environment upon the proportion of fish 

from a particular release group that remained resident.  Puget Sound is a highly 

complex and highly variable environment.  Our results indicate that certain areas 

within the basin may be more suitable as fish habitat than others and that certain 

physical habitat characteristics may encourage fish to employ an alternative migration 

strategy.  Furthermore, the size of a particular fish upon entry into marine waters also 

affected residency though the magnitude of the effect was not constant among regions.  

Identifying factors that potentially promote a resident-type strategy for Chinook 

salmon could be informative for future management decisions regarding Puget Sound 

fisheries. 

The results from the telemetry research provided evidence across several 

metrics that much of the observed behavior within a particular region was indicative of 

a resident fish.  Fish moved considerably slower than other migratory species, 

consistently moved against tidal currents, were inactive for significant periods of time 

in particular habitats, and remained in the study area for >100 days after release.  

Understanding behavior during the early marine migratory period is crucial for salmon 
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recovery and identifying critical habitat and could provide useful information for 

restoration efforts.  

While this work has identified factors related to a resident migration and the 

specifc behaviors associated with such a strategy, it is important to note that the 

relationship between resident and migrant is not clearly defined.  Instead, it should be 

represented as a continuum of behaviors and strategies that are likely the result of 

several complex interactions at the individual (genetic) and environmental (physical 

habitat) levels and that further research is needed to completely understand the specifc 

mechanism(s). 
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