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University of Washington 

Abstract 

Factors during early marine life that affect smolt-to-adult survival of  
ocean-type Puget Sound Chinook salmon (Oncorhynchus tshawytscha) 

 

Elisabeth J Duffy 
 

Chair of the Supervisory Committee: 
Associate Professor David A. Beauchamp 
School of Aquatic and Fishery Sciences 

 
The early marine life of Pacific salmon is a critical period when larger size and 

faster growth have been linked to elevated overall marine survival.  In Puget Sound, 

several salmon populations have experienced recent declines, including Endangered 

Species Act (ESA) listed Chinook salmon, which are predominately ocean-type and 

rear extensively in Puget Sound.  Between 2001-2007, we sampled nearshore and 

offshore habitats of Puget Sound to determine the distribution, feeding, growth, and 

sources of mortality for juvenile Chinook salmon and investigated whether there was 

evidence for size-selective predation and for environmentally-mediated or competition-

based reduction in growth rates that could be linked to overall marine survival trends.  

In the spring, juvenile salmon represented greater than 50% of the diet of cutthroat 

trout at nearshore habitats.  Although predation by cutthroat trout was likely 

responsible for a relatively minor amount of the early marine mortality experienced by 

Chinook salmon, predation pressure was highest on the smallest fish.  Assuming other 

fish predators exhibited similar size-selective predation, this suggested a survival 

advantage for larger and faster growing fish.  Juvenile Chinook salmon initially 

occupied nearshore habitats (April-June), shifting offshore during July-September.  

Insects and amphipods were dominant nearshore prey sources, whereas crab larvae and 

fish were more important in offshore diets.  Marine survival rates of Puget Sound 

Chinook salmon were strongly related to the average offshore body mass in July, with 

larger sizes associated with higher survivals.  Using a bioenergetics model, we found 

that early marine growth of Chinook salmon was most strongly linked to feeding rates, 

                                                          
 
 
 



  

and less to diet composition and temperature.  Spring growth of juvenile Chinook 

salmon appeared to be food-limited in some years, and low feeding rates corresponded 

to poor marine survival.  In conclusion, we found that Chinook salmon must feed and 

grow at high rates during May-July of their first marine year to increase overall marine 

survival.  Our findings highlight the importance of local feeding conditions in Puget 

Sound during spring and summer, and suggest that declines in marine survival since 

the 1980’s may have been caused by reductions in food availability for Chinook 

salmon during early marine life. 
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INTRODUCTION 
 
 
Importance of early marine residence 

Anadromous Pacific salmon (Oncorhynchus spp.) depend on the ecological 

integrity and connectivity of a suite of habitats throughout their life cycle.  Estuaries 

connect natal freshwater spawning and rearing waters to the marine coastal, shelf, and 

offshore waters of the Pacific Ocean where most salmon achieve at least 98% of their 

final weight (NRC 1996; Quinn 2005).  The estuarine and early marine period, in 

particular, may be a “critical period” (Hjort 1914) for Pacific salmon.  During this 

stage, salmon experience both exceptionally high growth (LeBrasseur and Parker 1964; 

Healey 1979; Healey 1982a; Mortensen et al. 2000) and mortality rates (Parker 1962; 

Royal 1962; Furnell and Brett 1986) compared to overall marine residence, which lasts 

from one summer to five years, depending on the species.  Recent modeling studies 

focused on populations of Chinook salmon (O. tshawytscha) suggested that 

environmental conditions during early marine residence can significantly impact 

overall survival trends (Greene et al. 2005), and that reducing mortality during this 

stage may be the most effective way to stabilize shrinking populations (Kareiva et al. 

2000).  Given the demise of many salmon stocks in the Pacific Northwest, it is 

important to understand if and how mortality during this stage affects overall marine 

survival trends, and to identify factors that may boost these populations. 

In Puget Sound, several salmon populations have experienced recent declines, 

most notably Endangered Species Act (ESA) listed Chinook salmon, which are the 

most dependent of all salmon species on estuarine environments (Stober et al. 1973; 

Dorcey et al. 1978; Shepard 1981; Healey 1982b; Simenstad et al. 1982), and reside 

extensively in Puget Sound (Congleton et al. 1982; Simenstad et al. 1982; Hodgson and 

Brakensiek 2003; Brennan et al. 2004; Toft et al. 2004; Duffy et al. 2005).  These 

declines, then, may reflect increased predation mortality or degraded rearing conditions 

for juvenile Chinook salmon in Puget Sound compared to times of higher marine 

survival.  Symptoms of degraded rearing conditions may include a reduction in 
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stomach fullness, incorporation of less favorable (energy-rich) prey into diets, smaller 

size, slower growth, and less optimal environmental conditions (water temperature, 

salinity).  Assuming that most of the marine mortality experienced by Puget Sound 

salmon stocks occurs during or as a consequence of their residence in Puget Sound, it 

is important to understand the mechanisms associated with this mortality.  Specifically, 

this study aimed to determine whether size and trophic dynamics of juvenile salmon 

[Chinook, in particular, but also chum (O. keta), coho (O. kisutch), and pink (O. 

gorbuscha) salmon] were affecting their vulnerability to predators and growth during 

Puget Sound residence, and if these patterns were linked to overall marine survival 

trends.  

 

Two critical stages of early ocean mortality 

Most explanations for early marine mortality have focused on either food 

limitation or predation.  Beamish and Mahnken (2001) incorporated both of these 

explanations into a cohesive and more explicit “critical size and critical period” 

hypothesis that suggests the regulation of salmon abundance through ocean mortality 

occurs in two stages.  In the first stage, which occurs soon after juvenile salmon enter 

the estuarine or nearshore marine environment, mortality is hypothesized to be mainly 

predation-based.  Size at this stage is critical because it partially determines the amount 

of predation risk.  Size-spectrum theory states that larger fast-growing individuals 

spend less time vulnerable to the many gape-limited predators than their smaller and 

slower-growing conspecifics (Sogard 1997).  The relative densities and distribution of 

juvenile salmon and their predators will also affect predation risk.  The second stage of 

significant mortality comes in the late fall and winter of their first marine year and is a 

function of the condition of the juvenile.  It is the growth preceding this stage, mainly 

during the summer (a “critical period”), that is vital in ensuring the juvenile reaches a 

size and condition that will increase its chances of surviving periods of energy deficit 

associated with the first marine winter.  As a result of these two critical stages of 

mortality, the final size of salmon populations is mainly set after this first winter.  
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Fluctuations of the stock level around a mean carrying capacity will be caused by 

shifting ocean-climate conditions (Beamish and Mahnken 2001).   

It has been particulary difficult to quantify stage-specific marine growth and 

size-selective mortality rates for individual salmon stocks because of the challenges 

associated with recapturing and distinguishing between highly mobile populations 

during their wide-ranging marine life.  Therefore, calcified structures like scales and 

otoliths are useful tools because they record information on the size and growth history 

of salmon throughout their life (Fisher and Pearcy 1990; Fukuwaka and Kaeriyama 

1997; Courtney et al. 2000).  Individual salmon cohorts can be identified relatively 

simply through thermal otolith marks and coded-wire-tags, which are typically used to 

distinguish (a variable proportion of) hatchery releases.  By comparing stage-specific 

size and growth of juveniles and adults from these known cohorts, it is possible to 

identify if and when size-selective mortality events occur during marine life.  Using 

this approach, researchers have found that early marine size and growth rates are highly 

correlated to survival rates for chum (Healey 1982a), Chinook (Tovey 1999), coho 

(Beamish et al. 2004) and pink salmon (Moss et al. 2005).  This approach will be used 

to establish whether stage-specific mortality occurs for juvenile salmon in Puget 

Sound. 

 

Predators in the marine environment: Evidence for a critical 1st stage 

Pacific salmon in the marine environment suffer the greatest natural losses 

during estuarine and early marine residence (Parker 1962; Royal 1962; Furnell and 

Brett 1986).  Mortality rates immediately after ocean entry can be as high as 2-8% per 

day for several Pacific salmon species (Parker 1968; Fisher and Pearcy 1988), whereas 

they drop to less than 1% per day later in life (Pearcy 1992).  Timing and size of smolts 

at ocean entry influence these mortality rates for some salmon stocks (Parker 1971; 

Blackbourn 1976; Healey 1982a; Ward et al. 1989; Henderson and Cass 1991).  

Predation is hypothesized to be the key source of the mortality in this life history stage 

(Parker 1971; Beamish and Mahnken 2001; Brodeur et al. 2003).  Juvenile salmon 
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enter the nearshore marine environment at a size vulnerable to many potential predators 

including larger salmon, coastal cutthroat trout (Oncorhynchus clarki clarki), Pacific 

cod (Gadus macrocephalus), walleye pollock (Theragra chalcogramma), spiny dogfish 

(Squalus acanthias), birds and marine mammals (Emmett 1997).   

The intense predation associated with a critical 1st stage of mortality would be 

expected to occur when salmon first enter Puget Sound in the spring.  In Puget Sound, 

pink, chum, and most Chinook salmon migrate to sea in their first year of life.  

Chinook salmon are roughly two times the size of pink and chum when they enter 

Puget Sound (Brennan et al. 2004; Duffy et al. 2005).  Coho salmon generally spend 

one year in freshwater before migrating to Puget Sound and are larger than the other 

species throughout their first marine spring and summer (Brennan et al. 2004; Duffy et 

al. 2005).  Consequently, pink and chum would be expected to be most vulnerable to a 

wider range of potential predators, while coho salmon would be least susceptible to 

heavy predation losses.  Predation in the summer and fall would be expected to occur 

at a lower and more chronic level as salmon grow and achieve larger sizes.   

Predation events can be intense and episodic, as when large numbers of fish are 

available through either natural migrations (Jauquet 2002), hatchery releases (Scheel 

and Hough 1997; Cartwright et al. 1998), or at physical bottlenecks, such as a river 

mouth (Emmett 1997; Roby et al. 2003).  Predation can also act as a more chronic 

source of mortality, since even low levels of apparent predation can translate into 

substantial losses if predator populations are large and/or if predation occurs over a 

protracted time interval.  In Puget Sound, studies in the 1970’s that were not 

specifically investigating predation, reported low levels (< 1 fish/stomach) of predation 

by fish on juvenile salmon based on limited diet analysis (Mathews and Buckley 1976; 

Cardwell and Fresh 1979; Fresh et al. 1981; Simenstad et al. 1982).  In contrast, 

Jauquet (2002), in a recent 1999-2002 study, reported that coastal cutthroat trout 

preyed heavily on juvenile chum salmon in southern Puget Sound inlets (15-46% of 

their diet by wet weight), although only in March and April.  Diet data, collected at the 

appropriate spatial and temporal scales, can be used in conjunction with predator 
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abundances to infer the overall potential predation impact of fish predators on juvenile 

salmon (Beauchamp et al. 1995).  Additionally, to identify a size threshold above 

which incidence of predation is substantially lowered, it is important to determine the 

range of salmon sizes that predators target. 

 

Competition and Growth in the marine environment: Evidence for a critical 2nd stage 

Favorable early marine growth conditions are considered a key to high survival 

as faster early marine growth has been associated with elevated overall marine survival 

for several salmon species (Holtby et al. 1990; Hargreaves 1997; Murphy et al. 1998; 

Tovey 1999; Beamish et al. 2004; Moss et al. 2005).  The high productivity of prey 

communities in estuaries and nearshore marine waters provides favorable foraging 

conditions and rearing habitat for juvenile salmon (Healey 1982b; Simenstad et al. 

1982; Thorpe 1994; Aitken 1998).  Rapid growth rates up to 5-9% body weight/day 

(among the highest for all life history stages) have been recorded in coastal and 

estuarine waters (LeBrasseur and Parker 1964; Healey 1979; Healey 1982a; Mortensen 

et al. 2000).  However, high densities of juvenile salmon in estuaries have been linked 

to reduced growth (Reimers 1973) and survival (Blackbourn 1976).  Competition 

among and between salmon and other members of the epipelagic community (mainly 

forage fish) has also been linked to reduced growth at sea (Rogers 1980; Cooney et al. 

2001; Willette 2001).  

Puget Sound pink salmon have distinct even/odd year abundance patterns with 

few to no juvenile pinks produced during odd years.  Ruggerone and Goetz (2004) 

proposed that the reduction in marine survival of Chinook salmon over the past two 

decades (1984-1997) occurred primarily for cohorts entering Puget Sound during even 

years.  They hypothesized that this was due to competition-based mortality associated 

with very high even-year production of juvenile pink salmon, whose abundances 

almost doubled during this time (PSWQAT 2002).  Competitive interactions with pink 

salmon have also been linked to shifts in diet (Tadokoro et al. 1996) and lower adult 

abundances and survival of Puget Sound chum salmon that were juveniles during even-

numbered years (Gallagher 1979; Salo 1991; Fresh 1997).  In addition, production of 
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hatchery-reared salmon may exacerbate competition-based mortality.  Depending on 

the watershed, hatchery fish make up approximately 40-98% (Brennan et al. 2004; 

Duffy et al. 2005) of the juvenile Chinook salmon entering Puget Sound, and large 

releases of hatchery fish during the normal spring outmigration of depressed natural 

stocks could reduce growth if densities are high enough to cause localized depletions in 

the food supply.  

Direct competition between Chinook and pink salmon for prey is unlikely 

considering the minimal overlap between their diets (Kaczynski et al. 1973; Conley 

1977; Fresh et al. 1981; Welch and Parsons 1993; Beamish et al. 1998; Duffy 2003).  

The interaction between pink and Chinook salmon may instead occur indirectly 

through the food web.  At nearshore sites in Puget Sound, diets of pink salmon tend to 

be most similar to chum salmon (Kaczynski et al. 1973; Duffy 2003), and potentially 

overlap significantly with planktivorous forage fish populations [Pacific herring 

(Clupea pallasii), surf smelt (Hypomesus pretiosus), and Pacific sand lance 

(Ammodytes hexapterus)].  Chinook salmon tend to be the most piscivorous salmon 

species, at all sizes (Fresh et al. 1981; Simenstad et al. 1982; Brodeur 1990; Welch and 

Parsons 1993; Kaeriyama et al. 2004; Quinn 2005).  Recent declines in some Puget 

Sound forage fish populations (PSWQAT 2002) may indicate a reduction in the 

supplies of energy-rich fish prey available for Chinook salmon.  Therefore, juvenile 

pink salmon may indirectly compete with juvenile Chinook salmon by lowering overall 

prey resources or by competing for food with juvenile forage fish which are key, high 

energy prey for Chinook.  These trophic interactions would be expected to occur 

mainly in offshore Puget Sound waters during the summer and fall, when Chinook 

have reached sizes that allow them to target fish prey.  Shifts in diet quality, stomach 

fullness, trophic position, and growth efficiency may provide evidence for a critical 

period when growth and size obtained by salmon can impact survival through the first 

marine winter. 

Factors affecting growth rates of salmon include availability and energetic 

quality of prey, as well as environmental conditions that affect metabolic rates.  
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Information on feeding and trophic interactions of salmon can be obtained through 

stomach content identification, stable isotope analysis (SIA), and bioenergetics models.  

Identification of stomach contents is valuable for providing detailed individual diet 

information, however it can only reflect a local snapshot of feeding preferences and is 

very labor intensive.  SIA, used in conjuction with stomach content analysis, is a 

valuable tool for examining food web interactions because ratios of naturally occurring 

isotopes provide information about the longer-term feeding history of the fish and may 

help to identify recent migrants to an area (Welch and Parsons 1993; Perry et al. 1996; 

Kaeriyama et al. 2004).  For fast-growing fish, like juvenile salmon, isotope values will 

reflect feeding over the span of a few weeks to months, revealing information on 

trophic interactions during early marine life (Hesslein et al. 1993; Satterfield and 

Finney 2002).  The combined approach of SIA and stomach content analysis has been 

used to link shifts in diet and trophic interactions to competition between species of 

salmon (Tadokoro et al. 1996) and climate events (Kaeriyama et al. 2004).   

When used in conjunction with directed field sampling, bioenergetically-based 

food web models provide an effective method for quantifying trophic interactions in a 

temporal, spatial, and ontogenetic framework (Ney 1990; Hansen et al. 1993).  The 

Wisconsin bioenergetics model has been used successfully to identify carrying capacity 

of systems, seasonal bottlenecks in food supply, and impacts of predation primarily in 

freshwater systems (Kitchell et al. 1977; Stewart et al. 1981; Stewart and Ibarra 1991; 

Beauchamp et al. 1995; Rand et al. 1995; Cartwright et al. 1998; Baldwin et al. 2000).  

The model has also been used to estimate temporal consumption demand and growth in 

estuarine and marine waters (Brandt et al. 1992; Brodeur et al. 1992; Ciannelli et al. 

1998; Davis et al. 1998).   In coastal marine waters, the bioenergetics model has 

yielded consumption estimates within 5-10% of independently generated field 

estimates for juvenile Chinook and coho salmon (Brodeur et al. 1992).  In the proposed 

project, a combined approach of diet analysis, SIA, and bioenergetics modeling will 

help to identify spatial, seasonal, and inter-annual shifts in feeding and trophic 

interactions for juvenile salmon as they migrate through Puget Sound.  Determining 
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which processes regulate populations in a food web will provide insight into the 

underlying mechanisms and conditions that may mediate them (Brandt and Hartman 

1993).      

 

Study Focus 

Puget Sound, while at the least a necessary migration corridor, may serve as an 

important rearing environment during this potentially critical period of estuarine 

residence for some or all species of juvenile salmon.  Recent work has focused on 

determining the distribution, feeding, growth, and sources of mortality for juvenile 

salmon during and after their nearshore residence in Puget Sound waters to understand 

whether recent declines reflect degraded rearing conditions or changes in temporal-

spatial patterns of estuarine use in Puget Sound compared to times of higher marine 

survival.  Based on the hypothesis that there are two critical stages of early marine 

mortality, this study investigated whether there was evidence for intensive size-

selective predation and for environmentally-mediated or competition-based reduction 

in growth rates that could be linked to overall marine survival trends.   

 

Need   

 Puget Sound is one of the largest estuaries in the United States and its 

biological, recreational, and commercial resources are invaluable to the economy and 

character of the region.  However, Puget Sound is facing many of the problems seen in 

urbanized estuaries throughout the world, from pollution to habitat loss to localized 

extinction of species.  As of 2004, 40 Puget Sound species, including fish, birds, and 

marine mammals, were considered at risk (PSAT 2005).  Salmon are of particular 

concern as they are a cultural icon and integral to the heritage of Native American 

tribes in the Pacific Northwest (Lichatowich 1999).  The importance of early marine 

life for overall survival of Pacific salmon is widely recognized (Simenstad et al. 1982; 

Beamish and Mahnken 1998; Beamish et al. 2004; Greene et al. 2005; Moss et al. 

2005); however, little is understood about the mechanisms that regulate growth and 
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natural mortality of juvenile salmon during this stage.  This study’s mechanistic 

analysis of stage-specific trophic interactions, growth, and survival of juvenile salmon 

in Puget Sound can help guide decisions to recover and conserve salmon, and lay the 

foundation for future research on and management for healthy salmon production and 

ecosystem function in Puget Sound. 
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Chapter I:  Seasonal patterns of predation on juvenile Pacific salmon by 
anadromous cutthroat trout in Puget Sound 

 
(Duffy, E.J., and D.A. Beauchamp. 2008.  Seasonal patterns of predation on juvenile Pacific 
salmon by anadromous cutthroat trout in Puget Sound.  Transactions of the American Fisheries 
Society 137:165-181.) 
 
ABSTRACT 
 
In the marine environment, Pacific salmon (Oncorhynchus spp.) suffer the greatest 

natural losses during early marine residence, and predation is hypothesized to be the 

key source of mortality during this life history stage.  In the face of recent declines in 

Puget Sound salmon populations, our goal was to determine the extent of predation 

mortality on salmon during early marine life.  In the spring and summer of 2001-2003, 

we caught juvenile salmon and potential predators at nearshore areas in a northern and 

southern region of Puget Sound.  For this paper, we focused on the potential predation 

impact of coastal cutthroat trout (Oncorhynchus clarkii clarkii), which were caught in 

low but consistent numbers in both regions and were the most abundant large-bodied 

potential predators of juvenile salmon in our catches.  Cutthroat trout consumed a 

diverse and dynamic array of diet items and became increasingly piscivorous once they 

grew past 140 mm FL.  Cutthroat trout consumed a greater biomass of Pacific herring 

(Clupea pallasii pallasii) than any other prey fish species, but juvenile salmon were 

particularly important prey between April and June, making up greater than 50% of the 

fish prey consumed.  Cutthroat trout exhibited size-selective predation, eating salmon 

that were smaller than the average size of conspecifics available in the environment.  A 

hypothetical size-structured population of 1,000 cutthroat trout consumed the greatest 

number of pink and chum salmon, but the greatest biomass of Chinook salmon.  On an 

order of magnitude basis, these predation estimates represented a relatively minor 

amount of early marine mortality for Chinook salmon and lower rates for the other 

salmon species.  Conversely, juvenile salmon contributed significantly to the spring 

energy budget for cutthroat trout in Puget Sound. 
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INTRODUCTION 
 

In the marine environment, Pacific salmon (Oncorhynchus spp.) suffer the 

greatest natural losses during estuarine and early marine residence (Parker 1962; Royal 

1962; Furnell and Brett 1986).   Predation is hypothesized to be the key source of the 

mortality during this life history stage (Parker 1971; Beamish and Mahnken 1998, 

Brodeur et al. 2003).  Juvenile salmon enter the nearshore marine environment at a size 

vulnerable to many potential predators including larger salmon (Parker 1971; 

Kaczynski et al. 1973; Fresh et al. 1981; Wing 1985; Mortensen et al. 2000; Orsi et al. 

2000), coastal cutthroat trout Oncorhynchus clarkii clarkii (Salo et al. 1979; Fresh et 

al. 1981; Jauquet 2002), Pacific cod Gadus macrocephalus (Salo et al. 1980), walleye 

pollock Theragra chalcogramma (Willette et al. 1996), Pacific hake Merluccius 

productus (Emmett 2006; Emmett and Krutzikowsky in review), spiny dogfish Squalus 

acanthias (Beamish et al. 1992; Orsi et al. 2000), birds and marine mammals (Emmett 

1997).  Size at ocean entry partially determines predation risk for salmon smolts 

(Parker 1971; Healey 1982; Ward et al. 1989; Holtby et al. 1990; Henderson and Cass 

1991).  According to size-spectrum theory, larger, fast-growing individuals are less 

vulnerable to gape-limited predators than their smaller and slower-growing 

conspecifics (Sogard 1997).  Consequently, favorable early marine growth conditions 

are considered a key to high survival as faster early marine growth has been associated 

with elevated overall marine survival for several salmon species (Holtby et al. 1990; 

Hargreaves 1997; Murphy et al. 1998; Tovey 1999; Beamish et al. 2004; Moss et al. 

2005). 

 Anadromous coastal cutthroat trout have complex and diverse life history 

patterns (Johnson et al. 1999).  Coastal cutthroat trout mature at around age four and 

have been known to spawn for more than six consecutive years.  Much of the 

population migrates seaward in the spring and returns to freshwater in the late fall to 

over-winter and spawn.  Juvenile cutthroat trout first enter the protected waters of 

Puget Sound at age two (a few as early as age one), slightly earlier than populations on 

the open coast (Trotter 1989).  Entry of sub-adult and adult cutthroat trout to Puget 
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Sound peaks in the early spring (Wenburg 1998), just before the peak ocean migration 

periods of juvenile salmon and trout (Wenburg 1998; Brennan et al. 2004; Duffy et al. 

2005).  Spatial and temporal overlap of cutthroat trout with these and other nearshore 

prey resources might have influenced selection for the timing of marine entry 

(Johnston 1982; Wenburg 1998).  

In Puget Sound, a few studies have reported low levels of salmon predation by 

cutthroat trout (< 1 fish/stomach) based on estimates from limited diet analysis 

(Mathews and Buckley 1976; Cardwell and Fresh 1979; Fresh et al. 1981; Simenstad et 

al. 1982); however, most studies were not designed to investigate predation.  A recent 

study in southern Puget Sound found that cutthroat trout preyed heavily (15-46% of 

their diet by wet weight, depending on predator size) on juvenile chum salmon O. keta 

when the fry were available in March and April, but not at all during the remainder of 

the year-round study (Jauquet 2002).  In order to infer an overall potential predation 

impact, diet data must be collected at the appropriate spatial and temporal scales and 

used in conjunction with predator abundances (Beauchamp et al. 1995).  Even low 

apparent levels of predation can translate into substantial losses if predator populations 

are large and predation occurs over a protracted time interval.  In addition, intense 

predation events can be episodic, for example, during pulses of fish associated with 

natural migrations (Jauquet 2002) or hatchery releases (Scheel and Hough 1997; 

Cartwright et al. 1998; Baldwin et al. 2000), and at physical bottlenecks, like a river 

mouth (Emmett 1997; Roby et al. 2003). 

Several salmon populations in Puget Sound have experienced recent declines, 

most notably Chinook salmon O. tshawytscha which are now listed under the U.S. 

Endangered Species Act.  These declines may reflect increased predation mortality 

and/or degraded rearing conditions compared to times of higher marine survival.  

Ocean-type Chinook salmon make extensive use of estuarine environments (Stober et 

al. 1973; Shepard 1981; Healey 1982; Simenstad et al. 1982), and have the longest 

duration in nearshore habitats of all salmon species in Puget Sound (Congleton et al. 

1982; Simenstad et al. 1982; Hodgson and Brakensiek 2003; Brennan et al. 2004; Toft 
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et al. 2004; Duffy et al. 2005).  Chinook salmon are also roughly two times, and coho 

salmon O. kisutch up to four times, the size of pink O. gorbuscha and chum salmon 

when they enter Puget Sound (Brennan et al. 2004; Duffy et al. 2005).  Consequently, 

based on size alone, pink and chum salmon would be expected to be most vulnerable to 

a wider range of potential predators, while coho salmon would be least susceptible to 

heavy predation losses and moreover are potential predators of pink and chum salmon 

fry (Hunter 1959; Duffy 2003).  However, factors like timing of entry, residence time, 

and habitat choice may also affect the realized predation risk to individual salmon 

species.     

Bioenergetically-based food web models, used in conjunction with directed 

field sampling, provide an effective method for quantifying the dynamics of predation 

impacts within a temporal, spatial, and ontogenetic framework (Ney 1990; Hansen et 

al. 1993).  The widely used Wisconsin bioenergetics model (Hanson et al. 1997) uses 

an energy-balance approach for estimating consumption that responds to changes in 

body size, temperature, and diet.  The Wisconsin model is very adaptable and operates 

on a daily time step, which allows for a fine-grained analysis of trophic interactions 

over short time scales.  This sensitivity is particularly appropriate for dynamic 

conditions, like those experienced by migrating salmon and trout, where residence 

times are variable and temporary, and environmental factors (i.e., water temperature), 

diets, and prey sizes are rapidly changing.   

In spring and summer of 2001-2003, we collected juvenile salmon, potential 

competitors and potential predators in a northern and southern region of Puget Sound 

(Figure 1).  Cutthroat trout were caught in low but consistent numbers in both regions, 

and based on stomach content analysis of many nearshore fishes, represented the most 

likely potential piscine predator of juvenile salmon encountered nearshore.  Our 

objectives were to determine the feeding habits of cutthroat trout and to identify the 

extent to which they might be an important predator on juvenile salmon in Puget 

Sound.  We examined both temporal-spatial variability and ontogenetic shifts in the 

diet of cutthroat trout to determine whether predation on juvenile salmon was size-
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structured.  We used the Wisconsin bioenergetics model to estimate size-specific 

seasonal consumption demand by individual cutthroat trout on juvenile salmon prey 

(by species, when available) and to estimate the potential impacts on specific salmon 

populations.  Our hypothesis was that though cutthroat trout eat juvenile salmon 

episodically, salmon are an important component of their diets, and that predation by 

cutthroat trout can substantially impact specific salmon populations. 

 

STUDY AREA 
 

Puget Sound is a deep, elongated glacial fjord composed of underwater valleys, 

ridges and basins with an average depth of 135 m.  The Main Basin, from Admiralty 

Inlet to the Tacoma Narrows, is the deepest basin on average, and contains the deepest 

point (>280 m; Burns 1985).  On the northeast edge of the Main Basin, the Whidbey 

Basin is fed by Puget Sound’s largest rivers (the Skagit, Snohomish and Stillaguamish) 

and receives 60% of the freshwater entering Puget Sound (Burns 1985).  The Southern 

Basin receives <10% of the freshwater draining into Puget Sound, primarily from the 

Nisqually and Deschutes rivers, but also from smaller rivers and streams (Burns 1985).   

For this study, we focused on two sampling areas:  a northern region (NPS) in 

the southeastern Whidbey Basin, and a region (SPS) in the Southern Basin, south of the 

Tacoma Narrows sill and north of the Nisqually River (Figure 1).  These regions 

included salt water entry points and presumptive rearing and migration corridors for 

several juvenile salmon and anadromous trout species, but differed in oceanographic 

conditions and inputs of hatchery salmon.  The northern region received freshwater 

inputs from Puget Sound’s three largest rivers and had substantial populations of both 

hatchery and naturally produced salmon.  The southern region received substantially 

less riverine input, was cooler, more saline, and salmon populations were dominated by 

hatchery production (especially Chinook salmon, but also coho and chum salmon).  

Within each sampling region, we chose five or six sites that included “delta” sites close 

to freshwater inputs, and progressively more distant “nearshore” sites along exposed 

beaches. 
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METHODS 
 
Fish Sampling 

 Field sampling was designed to capture the peak window of juvenile salmon 

residence and migration through nearshore Puget Sound habitats (Duffy et al. 2005).  

We conducted biweekly beach seining (two sets per site) at each site in both regions 

from April through July during 2001-2002 and June through July in 2003, and monthly 

beach seining in August and September, 2001-2003.  A total of 535 beach seine sets 

were made: 171 in 2001, 224 in 2002, and 140 in 2003.  We used a floating beach seine 

(37 m length x 2 m height, with mesh grading from 3 cm in the wings to 6 mm at the 

cod end) according to standard estuarine fish sampling protocol (Simenstad et al. 

1991).  According to this protocol, each beach seine set samples an average area of 520 

m2 (Simenstad et al. 1991), which represents approximately 23 m of shoreline.  In 

2003, we also deployed experimental gill nets (1.8 m depth by 25.5 m length divided 

evenly into panels of 38, 51, 64, 76, and 89 mm stretch mesh) to target the larger 

potential salmon predators.  We set gill nets perpendicular to shore, twice at each site, 

in water ranging from 2.0-14.3 m deep.  We made a total of 69 sets, each lasting 0.5-

2.5 hours, depending on the water temperatures and catch success. 

All fish captured in each net set were counted, and individual fork lengths (FL, 

to the nearest 1 mm) were recorded for sub-samples of each species (at least 30 fish per 

species, when available).  When possible, wet weights (Wt, to the nearest 0.1 g), were 

recorded for all cutthroat trout.  We used non-lethal gastric lavage to obtain gut 

contents from cutthroat trout and other potential juvenile salmon predators that had 

first been anesthetized with MS-222 (methanosulfonate tricaine).   

Stomach contents of cutthroat trout were analyzed in the lab.  Using a 

dissecting microscope, invertebrate prey items were separated into broad taxonomic 

categories, and each fish prey identified to species when possible.  Blotted wet weights 

of all prey categories and each prey fish were recorded to the nearest 0.0001 g using an 

electronic scale.  The proportional wet weight contribution of each prey category was 
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calculated individually for all non-empty stomachs.  Lengths (FL) of prey fish were 

also recorded, when available.  Size distributions of salmon that had been eaten by 

cutthroat trout were compared to the species-specific in situ size distributions at 

coincident locations and dates in two ways.  First, we used the Kolmogorov-Smirnov 

(K-S) test (Zar 1999) to determine whether the distributions of sizes differed.  Then, 

we used two-sample t-tests (Zar 1999) to compare the means of the two distributions to 

determine whether cutthroat trout exhibited size-selective predation on salmon. 

The average numerical catch per unit effort (CPUE; average number of fish per 

seine haul) was calculated for cutthroat trout captured by beach seine in each sampling 

region (over all sampling dates, April-September 2001-3).  Log10(CPUE + 1) 

transformed catch data were analyzed initially with ANCOVA (Zar 1999) to examine 

the effects of year (2001, 2002, 2003), region (NPS, SPS), and zone (delta, nearshore) 

using month as a covariate.  Two-way and higher-order interaction terms were omitted 

if not significant in the initial analysis.  Subsequent analyses were conducted on 

significant main effects and interaction terms using ANOVA or ANCOVA and 

Bonferroni correction for multiple comparisons (Zar 1999).   

   

Bioenergetics Modeling 

We modeled consumption of cutthroat trout using the Wisconsin bioenergetics 

model (Hanson et al. 1997).  The Wisconsin bioenergetics model uses an energy-

balance approach in which total energy consumption (C), over a particular time frame, 

equals the sum of  growth (G, positive or negative), metabolic costs (M), and waste 

losses (W). 

C = G + M + W 

Typically the model, which operates on a daily time step, is used to estimate 

consumption rates by individuals of a species at a given life history stage.  The primary 

model inputs are thermal experience (temperature experienced by the predator), diet, 

prey and predator energy densities, and growth.  For the cutthroat trout model, we used 

the model’s default physiological parameters for coho salmon with modifications to 
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two of the temperature-dependent parameters affecting Cmax (CTO = 14 and CTM = 

16; Beauchamp et al. 1995).  Consumption estimates from this parameterization agreed 

well with independent field-generated estimates of consumption by piscivorous 

cutthroat trout (Cartwright et al. 1998; Mazur and Beauchamp 2006).  

 

Thermal experience 

We used water temperatures that had been measured in 2001-2002 at nearshore 

sampling sites (1 m depth) using the YSI Model 55 Handheld Dissolved Oxygen and 

Temperature System (Table 1).  The model interpolated temperature values between 

sampling dates. 

 

Growth 

We used pooled catch and size distribution patterns to identify size-based 

cohorts in the cutthroat trout population, based on their modal size when first observed 

in the catch, and to determine the relative proportions of these size-classes by region.  

Size modes were interpreted to represent approximate age classes or cohorts.  We 

estimated growth in each sampling region from the seasonal increases in these modal 

lengths.  Growth attained during a growing season in Puget Sound was assumed to be 

the difference between adjacent modes from when they first appeared in the catch 

(April-June) and the final sampling dates (mid-September).  This measure of apparent 

growth assumed that fish caught in different months were representative of the 

common population at large in these regions of Puget Sound during the study period.  

This method could either under- or over-estimate actual growth if the captured 

cutthroat trout originated from different populations.  

To obtain seasonal changes in body mass, fork lengths (FL) were converted to 

wet weights (Wt) using regressions derived from measurements made in this study (r2 

= 0.985; n = 56; 78-346 mm FL):   

Cutthroat trout Wt (g) = 0.000007 * FL(mm)3.0703
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Diet composition 

We used cohorts identified in the catch data to determine cohort-specific 

monthly average diet proportions (by wet weight) of cutthroat trout using data from 

April through September pooled over 2001-3 (Table 2).  We grouped all invertebrate 

prey into one category to simplify the variability in diet items and to focus on the 

piscivorous component of the cutthroat trout diet. 

 

Energy density 

We used literature energy density values for prey items that were most 

comparable to organisms found in Puget Sound and used averages of similar prey types 

when specific values were unavailable (Table 3).  For energy density of cutthroat trout, 

we used the model’s default equation which changes as a function of body weight 

(Cartwright et al. 1998). 

 

Simulations 

We ran bioenergetics simulations of the seasonal growth for the most abundant 

size modes (Cohorts 1, 2, and 3) of cutthroat trout in each sampling region.  In these 

simulations, we estimated consumption rates by calculating the energy required to 

satisfy the apparent growth rate of cutthroat trout over the specified simulation periods 

(110-155 days), given the diet composition and thermal regime measured during these 

periods (Table 4).  The purpose of these simulations was to quantify the consumption 

demand on individual species of juvenile salmon in each sampling region and to 

compare this to the consumption demand on other key prey categories.   

 

RESULTS 
 
Distribution & Size 

 Cutthroat trout (n = 497) were caught in low but consistent numbers throughout 

the spring and summer during all years.  There were no significant differences in the 

average catch of cutthroat trout between NPS and SPS or between years (p>0.05, 
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ANCOVA).  However, average catches at delta sites (0.72 cutthroat trout per seine 

haul) were significantly higher (p<0.01, ANCOVA ) than at nearshore sites (0.29 

cutthroat trout per seine haul).  While the largest cutthroat trout (up to 490 mm FL) 

were captured by both beach seines and gill nets, the smallest cutthroat trout (< 180 

mm FL) were captured exclusively in beach seines.  The size distribution of cutthroat 

trout varied both seasonally and between regions (Figure 2).  In NPS, the smaller fish 

were most abundant in the catch during the late spring and early summer (May-July), 

while more of the larger fish were caught in September, presumably when mature 

cutthroat trout began to return to fresh water to over-winter and/or spawn.  In SPS, 

cutthroat trout were similar in size throughout the sampling season, although a smaller 

cohort of fish (100-140 mm FL), likely fish entering Puget Sound for the first time, 

appeared in June and July.    

We identified three major size cohorts of fish in each region based on their 

modal size at the earliest point in the season (Figure 2).  We assumed these cohorts 

were representative of age classes or comparable life history strategies.  The mid-sized 

(171-270 mm FL: Cohort 2) and largest (> 270 mm FL: Cohort 3) cutthroat trout were 

present in Puget Sound from mid-April through late September.  Smaller (≤ 170 mm 

early in the season: Cohort 1) cutthroat trout occupied sampling areas from May (NPS) 

or June (SPS)  through September, although fish in this cohort entered the catches at a 

smaller size in SPS (110 mm) than in NPS (140 mm).  These three cohorts were used 

for model simulations.   

 

Diet  

Diets of cutthroat trout varied by season, region, and by size (Table 2).  We 

examined the stomach contents of 405 cutthroat trout: 92 in 2001, 183 in 2002, and 130 

in 2003.  Empty stomachs accounted for 6.5%, 15.9%, and 6.2%, respectively, of the 

2001, 2002, and 2003 samples.  Prey items included benthic (gammarid amphipods, 

isopods, shrimp, polychaetes, chironomid pupae) and planktonic invertebrates 

(euphausiids, hyperiid amphipods, crab larvae, barnacle molts, cladocerans), adult 
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insects, and fish.  Cutthroat trout were more piscivorous at NPS than SPS sites.  

Cutthroat trout fed most heavily on juvenile salmon during April-May in NPS, and 

during May-June in SPS (Table 2).  Pacific herring Clupea pallasii pallasii, Pacific 

sand lance Ammodytes hexapterus, surf smelt Hypomesus pretiosus, and shiner perch 

Cymatogaster aggregata were common prey during the summer months (Table 2).   

 

Predator Size-Prey Size Relationships 

 Cutthroat trout were more piscivorous at larger sizes, generally incorporating 

fish into their diet at approximately 140 mm FL (as small as 126 mm FL, Figure 3).  

Lengths of fish prey eaten by cutthroat trout were 4-51% of the predator’s FL (Figure 

4; herring 19-50%, salmon 7-36%, sand lance 4-46% FL).  Cutthroat trout selectively 

consumed individuals that were significantly smaller than the in situ size distributions 

of pink salmon (K-S test P<0.01; two-sample t-test P<0.01), chum salmon (K-S test 

P<0.01; two-sample t-test P < 0.01), and Chinook salmon (K-S test P<0.01; two-

sample t-test P<0.01; Figure 5).   

 

Bioenergetics Modeling 

Model simulations indicated that cutthroat trout were feeding at 46-63% of their 

maximum consumption rate with growth efficiencies of 12-17% across all cohorts and 

regions (Table 4).  The largest two cohorts consumed a slightly higher proportion of 

their theoretical maximum consumption rate (p) at NPS than at SPS sites (Table 4), 

which is likely due in part to the higher estimates of growth rate in NPS.  The smallest 

two cohorts (Cohorts 1 and 2) of cutthroat trout were more piscivorous in NPS than in 

SPS (Figure 6), which was partly due to the larger size of the Cohort 1 in NPS.  

Cutthroat trout from this cohort began the simulation at the approximate size threshold 

of 140 mm FL for piscivory, whereas many of the small cutthroat trout in SPS needed 

to grow past the piscivory size threshold during the simulation period.  Growth 

efficiencies were similar between the two regions, although the smallest cutthroat trout 

experienced substantially higher growth efficiency in NPS than in SPS (Table 4), 
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which corresponded with the larger fraction of high energy fish prey in the diet at NPS 

sites.   

Overall, Pacific herring, salmon, and sand lance, in that order, accounted for the 

greatest biomass of prey fish consumed by cutthroat trout in our simulations.  In NPS, 

sand lance (31%), herring (25%), and salmon (17%) represented most of the prey fish 

biomass consumed by all cohorts of cutthroat trout, whereas salmon (30%) and herring 

(18%) contributed most of the prey fish biomass consumed in SPS (Figure 6).  Surf 

smelt and shiner perch represented a substantial proportion of the other prey fish 

consumed in SPS (Figure 6).  The intermediate-sized cohort (Cohort 2) consumed 

salmon primarily between April and June, with salmon accounting for 55-66% of the 

biomass of fish prey consumed during those months in SPS, and 68% of the biomass of 

fish prey consumed during April and 37% during May in NPS.  The largest cohorts 

were highly piscivorous in both regions, and Chinook salmon represented the greatest 

proportion of the salmon biomass eaten by these cohorts, especially during the summer 

months (July and August).   

Salmon contributed significantly to the overall energy budget (total Joules 

consumed) of cutthroat trout in the spring, and to a somewhat lesser extent, in early 

summer.  In April-May, salmon were responsible for 48% (SPS) and 29% (NPS) of the 

total energy budget for cutthroat trout.  Salmon made up an additional 25% (SPS) and 

12% (NPS) of the energy budget of cutthroat trout in June-July.  The percentage of 

salmon contributing to the energy budget of cutthroat trout both increased and 

extended progressively later into the summer with increasing predator size. 

We calculated the regional consumption demand for a size-structured 

population of 1,000 cutthroat trout on individual prey groups based on the relative 

catch proportions (from Figure 2) of the three size cohorts we used in model 

simulations.  In NPS, the consumption demand for this population included 338.9 kg of 

invertebrate prey, 196.6 kg of sand lance, 128.5 kg of herring, 69.2 kg of salmon, 72.7 

kg of perch, 15.4 kg of smelt, and 103.4 kg of other fish.  In SPS, the consumption 

demand consisted of 323.4 kg of invertebrate prey, 49.6 kg of salmon, 38.7 kg of 
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herring, 24.7 kg of perch, 15.9 kg of smelt, 3.3 kg of sand lance, and 25.4 kg of other 

fish.  Close to half of the biomass of salmon consumed by this population of cutthroat 

trout was Chinook salmon (47% and 56% for NPS and SPS, respectively). 

Based on the size distribution of each salmon species found in cutthroat trout 

stomachs (Table 5), we converted wet weight consumption estimates by this size-

structured population of 1,000 cutthroat trout into numerical predation estimates on 

individual juvenile salmon species (Table 6).  The size-structured population of 1,000 

cutthroat trout consumed an average of 88,983 juvenile salmon of all species in NPS 

and 71,804 in SPS, but could have consumed up to 159,764 of the smallest sizes of 

salmon prey found in the stomachs in NPS and 118,273 in SPS.  Depending on prey 

size, approximately 3,600-11,800 of the juveniles eaten by this size-structured 

population would be Chinook salmon in NPS, and between 3,300 and 13,000 Chinook 

salmon would be consumed in SPS. The smallest cohort (Cohort 1) consumed typically 

only smaller pink, chum and unidentified salmon.  The intermediate-sized Cohort 2 

consumed the greatest number of salmon, eating predominantly pink salmon and the 

smaller unidentified salmon, which, based on their size range, were likely pink and 

chum salmon.  Identifiable Chinook salmon were only eaten by cutthroat trout > 170 

mm FL, and only the largest cutthroat trout fed on coho salmon. 

 

DISCUSSION 
 

In nearshore waters of Puget Sound, cutthroat trout consumed a diverse array of 

diet items suggestive of opportunistic feeding.  Cutthroat trout became increasingly 

piscivorous once they grew past 140 mm FL, and were more piscivorous in NPS than 

in SPS.  While Pacific herring was the prey fish species most consumed (by weight) by 

cutthroat trout overall, juvenile salmon were particularly important prey for cutthroat 

trout between April and June.  In addition to variable levels of natural production, 

millions of salmon smolts are released into Puget Sound from hatcheries each spring, 

and usually in concentrated pulses in May (HSRG 2002; Duffy et al. 2005).  Salmon, 

as a group, represented greater than 50% of the fish prey consumed by cutthroat trout 
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in April (NPS and SPS), May (SPS), and June (SPS, the two smaller cohorts), and were 

consumed by all size classes of cutthroat trout.  Cutthroat trout are known to exploit 

seasonal overlaps with salmon at other times as well, preferentially feeding on juvenile 

chum salmon fry (March-April) and salmon eggs (October-January) when they were 

available in southern Puget Sound inlets (Jauquet 2002).  Salmon contributed 26-49% 

of the spring and 11-30% of the early summer energy budgets of cutthroat trout in NPS 

and SPS, and are therefore important to the overall annual energy requirements for 

Puget Sound populations of cutthroat trout.  

As a gape-limited predator, cutthroat trout only consumed salmon measuring 

less than 40% of their body length, a trend consistent in fish predators of salmon 

(Brodeur 1990; Pearson and Fritts 1999; Baldwin et al. 2000; Keeley and Grant 2001; 

Nowak et al. 2004).  Because pink and chum salmon reach Puget Sound earlier and at a 

smaller size than other species of salmon (Duffy et al. 2005), they were theoretically 

the most vulnerable to gape-limited predators.  As expected, numerical consumption 

demand by a size-structured population of 1,000 cutthroat trout was highest on pink 

salmon populations in NPS and potentially on chum salmon populations in SPS 

(unidentified salmon were likely chum salmon, based on size and the negligible pink 

salmon populations in SPS).  The diet of the abundant intermediate-sized cohort as 

well as the high abundance of the smallest cohort  contributed to most of this 

consumption, nearly all of which occurred during the spring (April-June) when pink 

and chum salmon were most abundant in nearshore areas (Duffy et al. 2005).  During 

the summer (July-August), predation by cutthroat trout on salmon was focused almost 

exclusively on Chinook salmon and most of the predation demand came from the 

largest and least abundant cohort.  Despite their relatively low abundance, the largest 

cutthroat trout were the most piscivorous cohort and required greater consumption 

demand to satisfy their larger body masses.  Therefore, the greatest consumption 

demand in terms of biomass for a population of 1,000 cutthroat trout was on Chinook 

salmon, the primary salmon prey for the largest cohort.  The additional summer 

predation demand on Chinook salmon may be a consequence of their more variable 
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timing of saltwater entry and more extensive nearshore residence time relative to other 

salmon species in Puget Sound (Congleton et al. 1982; Simenstad et al. 1982; Hodgson 

and Brakensiek 2003; Brennan et al. 2004; Toft et al. 2004; Duffy et al. 2005).   

While the absolute size of prey available to a predator is limited by gape-width, 

capture success may also limit a predator’s choice of prey.   In general, capture success 

increases as the ratio of predator to prey size increases, up to a point (Miller et al. 

1988).  Therefore, one would expect a predator to target the individuals with the 

highest expected capture success, the smaller individuals.  This appears to be the case 

with cutthroat trout which ate salmon that were among the smaller sizes of their 

conspecifics available in the environment.  This trend has been commonly observed in 

both piscivorous fish and crustaceans (Sogard 1997).  Parker (1971) found that coho 

salmon preyed preferentially on the smaller available pink salmon and suggested that 

juvenile coho salmon predation was responsible for most of the early marine mortality 

of pink salmon in a British Columbia inlet.  The evidence for size-selective predation 

implies that larger individuals of a species will be less vulnerable to predators like 

cutthroat trout and will experience higher early marine survival.  Smolt size at entry to 

Puget Sound as well as rapid early marine growth are therefore important for the 

survival of Puget Sound salmon stocks, as found elsewhere (Parker 1971; Healey 1982; 

Ward et al. 1989; Henderson and Cass 1991).  In turn, favorable foraging conditions 

are important as they result in good early marine growth and increase the chances for 

salmon to achieve a size associated with lower predation risk (Sogard 1997).   

Though little is known about current population abundance of cutthroat trout in 

Puget Sound, reasonable estimates based on our catch densities suggest that 

populations could number in the thousands in localized areas to tens of thousands in 

regional basins.  These estimates are likely conservative, since they assume an 

unrealistic 100% capture efficiency for beach seine sets.  Approximately 3.8 million 

hatchery Chinook salmon are produced in the Whidbey Basin, 7.6 million in the Main 

Basin, and 10.7 million in the Southern Basin of Puget Sound (HSRG 2002), and 

between 44% (in NPS) to 98% (in SPS) of Chinook salmon utilizing nearshore areas of 
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Puget Sound were of hatchery origin (Duffy et al. 2005).  Applying these hatchery-to-

wild ratios (and using an average of the Whidbey and Southern Basin values for the 

Main Basin populations) to estimate basin-wide Chinook salmon production, we 

estimated that approximately 8.6 million total Chinook salmon were produced in the 

Whidbey Basin, 10.7 million in the Main Basin, and 10.9 million in the Southern 

Basin.  However, the number of Chinook salmon actually reaching Puget Sound would 

be lower due to variable and often substantial freshwater mortality.  These speculative 

order-of-magnitude-level calculations suggest that predation by cutthroat trout imposes 

roughly 1% mortality on age-0 Chinook salmon and considerably lower mortality on 

other species.  Predation mortality could presumably be somewhat higher for certain 

weak stocks in localized areas of Puget Sound during discrete periods.  Wild Chinook 

salmon may be disproportionately affected since they tend to be smaller than hatchery 

fish during nearshore residence (Duffy et al. 2005), and cutthroat trout tended to 

consume the smaller available individuals.  In addition, wild Chinook salmon exhibit 

more variability in outmigration timing, entering Puget Sound during March-July, 

while hatchery Chinook salmon tend to occupy nearshore areas in concentrated pulses 

during May and June (Duffy et al. 2005); these patterns could make wild Chinook 

salmon particularly vulnerable to predation during both early spring and mid- to late-

summer months.    

It is widely known that fish piscivory tends to be highest during crepuscular 

hours (Howick and O’Brien 1983; Beauchamp 1990; Beauchamp et al. 1992), a 

common trend when predators and prey rely on visual contrast (Breck 1993).  In order 

to get a better idea of the extent of juvenile salmon predation by piscivores in Puget 

Sound, more intensive sampling is needed during crepuscular and night periods 

between March and July (known peak outmigration times).  Sampling should be 

conducted in both even years (juvenile pink salmon outmigration) and odd years (adult 

pink salmon return) to determine whether predation rates are similar in the presence 

(even years) and absence (odd years) of millions of juvenile pink salmon.  In addition, 

greater spatial coverage, both in nearshore and offshore waters, will be needed to 
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determine the extent to which our findings are representative of other areas in Puget 

Sound.  Seasonal diet information and comparable data for the Skagit Bay region 

would be particularly useful, because a large fraction of the wild Chinook salmon 

production for Puget Sound comes from the Skagit River.  Nearshore studies conducted 

concurrently with this project reported both similar catch rates and sizes of cutthroat 

trout both in the Main Basin of Puget Sound (Brennan et al. 2004; Fresh et al. 2006) 

and in southern Puget Sound Inlets (Jauquet 2002) during 2001-2002.  Since 2001, 

only one cutthroat trout has been caught during biannual (July and September) 

midwater trawling in the Main Basin (R. Beamish, DFO, Nanaimo, BC, unpublished 

data), and similar yields were found with purse seine (2003) and tow net (2002) sets in 

the Whidbey Basin (E. Duffy, UW, Seattle, WA, unpublished data).  While further 

work could be conducted to quantify cutthroat trout populations and establish the 

extent of their predation on juvenile salmon, it appears that predation by cutthroat trout 

accounts for a relatively minor amount of the early marine mortality experienced by 

Chinook salmon in Puget Sound.  Some exceptions could exist for weak stocks in 

highly localized and discrete periods.  Conversely, juvenile salmon represent a 

seasonally important prey resource and are important to the overall annual energy 

requirements for Puget Sound populations of cutthroat trout.      
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TABLES 
 

Table 1. Average (Temp) and standard deviation (SD) of water temperatures (in degrees Celsius at 1 m depth) from 
nearshore sampling sites in a northern (NPS) and southern (SPS) region of Puget Sound, 2001-2002. 

  NPS SPS 
Date Temp SD Temp SD 

  9-Apr 9.6 0.6   
 18-Apr  9.8 0.7 

23-Apr 10.2 0.5 9.6 0.4 
 3-May 12.7 1.2   

6-May 11.5 1.4 9.6 0.6 
 8-May  9.5 0.7 
 15-May  10.9 0.9 
 17-May  11.3 1.9 

21-May 11.9 0.4 10.7 0.6 
29-May 14.5 0.5 12.3 1.6 
4-Jun 14.5 1.0 12.0 0.6 
12-Jun   12.6 0.8 
19-Jun 15.2 1.2 12.4 1.2 
26-Jun 15.3 1.0 12.5 0.4 
2-Jul 15.7 0.3 14.1 0.5 

10-Jul 16.6 2.3 13.9 0.9 
16-Jul 17.4 0.1 13.3 0.7 
24-Jul 15.7 0.8 13.7 0.7 
30-Jul 16.8 0.9 14.3 0.9 
7-Aug 17.0 1.1 14.4 0.6 
20-Aug 16.0 0.2 14.4 0.2 
10-Sep 15.5 0.9 14.2 0.8 
20-Sep 14.8 0.2 13.9 0.7 
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Table 2.  Average monthly diet composition (wet weight proportions) for cutthroat trout caught in northern (NPS) and 
southern (SPS) regions of Puget Sound during 2001-3.  These values were used as inputs for cohort-specific bioenergetics 
model simulations.  Values greater than or equal to 10% are in bold. 
 

Region 

Cutthroat 
Trout 

Cohort Month N 

Average   
FL       

(mm) SD 
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NPS 1 May 6 159 11 0.45 0.24 0.04 0.01 0.00 0.00 0.00 0.17 0.00 0.00 0.09 0.00 0.00 0.00 
   Jun 13 160 7 0.33 0.25 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.36 0.00 0.00 0.05 
   Jul 30 202 17 0.23 0.10 0.16 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.39 0.00 0.04 0.06 
   Aug 4 213 11 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.39 0.25 
    Sep 7 254 15 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.22 0.00 0.00 0.10 
  2 Apr 6 231 27 0.09 0.00 0.00 0.03 0.00 0.07 0.00 0.40 0.12 0.00 0.18 0.00 0.00 0.11 
   May 23 196 21 0.38 0.10 0.00 0.09 0.11 0.00 0.00 0.09 0.10 0.00 0.04 0.00 0.00 0.09 
   Jun 13 203 21 0.44 0.10 0.09 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.35 0.00 0.00 0.02 
   Jul 30 202 17 0.23 0.10 0.16 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.39 0.00 0.04 0.06 
   Aug 4 213 11 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.39 0.25 
    Sep 7 254 15 0.39 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.29 0.22 0.00 0.00 0.10 
  3 Apr 14 312 54 0.71 0.01 0.00 0.07 0.00 0.07 0.00 0.07 0.00 0.00 0.04 0.04 0.00 0.00 
   May 3 298 10 0.32 0.15 0.11 0.08 0.00 0.00 0.27 0.00 0.06 0.00 0.00 0.00 0.00 0.00 
   Jun 10 338 38 0.00 0.00 0.00 0.00 0.08 0.00 0.02 0.00 0.10 0.60 0.00 0.00 0.10 0.10 
   Jul-Aug 6 334 33 0.17 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.17 0.33 0.00 0.00 0.16 
    Sep 10 360 55 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.31 0.00 0.10 0.10 
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Table 2, continued. 

 
SPS 1 Jun 19 126 32 0.53 0.15 0.01 0.01 0.00 0.11 0.00 0.00 0.04 0.00 0.04 0.00 0.00 0.10 

   Jul 16 130 24 0.54 0.23 0.23 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
   Aug 6 161 6 0.50 0.28 0.19 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
    Sep 22 156 11 0.88 0.02 0.10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

  2 
Apr-
May 26 218 26 0.43 0.24 0.01 0.04 0.03 0.00 0.00 0.08 0.05 0.03 0.02 0.00 0.00 0.08 

   Jun 39 206 27 0.31 0.09 0.02 0.06 0.10 0.03 0.00 0.00 0.20 0.05 0.00 0.03 0.00 0.13 
   Jul 10 201 24 0.52 0.18 0.04 0.13 0.00 0.00 0.00 0.03 0.07 0.00 0.00 0.00 0.03 0.00 
   Aug 4 192 17 0.31 0.22 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.22 0.00 
    Sep 30 197 19 0.73 0.07 0.05 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.09 0.02 
  3 Apr 5 332 52 0.81 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.19 0.00 0.00 0.00 
   May 7 326 45 0.14 0.00 0.00 0.00 0.43 0.00 0.14 0.00 0.14 0.00 0.00 0.00 0.14 0.00 
   Jun 6 335 35 0.00 0.00 0.00 0.00 0.33 0.00 0.00 0.00 0.00 0.30 0.00 0.00 0.20 0.17 
   Aug 4 376 37 0.25 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.25 0.00 0.25 0.00 0.00 
    Sep 4 310 21 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.24 0.00 0.43 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

Table 3. Gross caloric density (J/g wet weight) values for cutthroat trout prey organisms, and the estimated fraction of prey 
that is indigestible. 

Energy 
density Prey Indigestible Sample Reference Comments 

(group) J/g (WW) fraction (%) Area     
Average for common 
invertebrate prey in cutthroat 
trout diets 

Davis 1993*; Davis et al. 
1998 Invertebrate 3321 15  

Pink salmon regression from 
bioenergetics model Salmon - juvenile 5200 9  Hanson et al. 1997 

Port Susan, 
Puget Sound 

June 2002; for 25-40 mm FL 
fish Sand lance - juvenile 5315 9 Duffy 2003 
Average of salmon and sand 
lance juveniles Other fish 5260 9     

*literature values are summarized in this reference 
 

 
 
Table 4.  Cutthroat trout growth simulations using the bioenergetics model fitted to start and end weights (wet weight, WW).  
G is the average daily growth (in fork length), C is total consumption over the simulation period, p is the proportion of 
maximum consumption, and g.e., the growth efficiency, is the ratio of growth to consumption, both in grams. 

Start 
date 

End 
date 

Start WW 
(g) 

End WW 
(g) 

G 
(mm/d) Cohort Duration p C (g) g.e.(%)

NPS - 1 1-May 20-Sep 142 days 27.19 124.83 0.63 0.63 559.38 17% 
SPS - 1 2-Jun 20-Sep 110 days 16.94 49.35 0.45 0.63 258.47 13% 
NPS - 2 18-Apr 20-Sep 155 days 58.81 181.88 0.52 0.60 857.97 14% 
SPS - 2 18-Apr 20-Sep 155 days 58.81 142.25 0.39 0.54 701.11 12% 
NPS - 3 18-Apr 20-Sep 155 days 254.33 493.98 0.45 0.59 2020.95 12% 
SPS - 3 18-Apr 20-Sep 155 days 254.33 453.05 0.39 0.46 1476.44 13% 
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Table 5.  Average (and range of) lengths (FL, mm) and regression-derived weights (WW, g) for prey fish found in cutthroat 
trout stomachs in Puget Sound during 2001-2003.  Italicized values are estimates used to make numerical consumption 
estimates for Table 6.  Methods for deriving these values are noted in footnotes below table.   
 Cutthroat Trout Salmon spp. Pink salmon Chum salmon Chinook salmon Coho salmon All fish prey

Month Cohort FL (mm) WW (g) FL (mm) WW (g) FL (mm) WW (g) FL (mm) WW (g) FL (mm) WW (g) FL (mm) 

May 1 
32A       

(25-42)
0.3A       

(0.1-0.6)
34        

(30-42) 
0.3         

(0.2-0.6) 
29        

(25-32) 
0.2       

(0.1-0.2) 
30           

(25-42) B B         
52           

(27-67) 
35        

(27-44) 
0.3       

(0.1-0.7) Jun 1 
51       

(50-53) 
1.1*       

(1.0-1.2)             

Jul 1 
43       

(43) 
0.6*       
(0.6) 

50           
(31-72)                 

Apr 2 
30       

(21-37)
0.2       

(0.1-0.4) 
61        

(46-77)
2.1         

(0.9-4.4) 
30        

(21-37) 
0.2         

(0.1-0.4) 
32        

(30-34) 
0.2       

(0.2-0.3) 
31           

(21-37) C D     

0.2       
(0.2-0.3) 

32        
(30-34)

61        
(46-77) 

2.1         
(0.9-4.4) May 2 

27       
(20-35) 

0.1*       
(0.1-0.3) 

38        
(27-67) 

0.4         
(0.1-2.8) 

41           
(13-90) E     

1.0         
(0.7-2.4) 

49        
(44-64)

0.9       
(0.7-2.2) 

49        
(44-64)

68        
(55-89) 

3.0         
(1.5-6.8) 

43           
(7-89) Jun 2 

60       
(42-82) 

2.0**      
(0.7-5.3) F F     

1.9        
(1.4-3.7) 

62           
(35-110) Jul 2 

64       
(55-73) 

2.5**      
(1.5-3.7) 

60        
(55-73)E             

 A

Apr 3 
55      

(28-95)
2.3        

(0.1-8.4) 
71        

(54-95)
3.4         

(1.4-8.4) 
83       

(73-92)
5.2        

(3.5-7.1) 
31        

(28-34) 
0.2         

(0.1-0.3) 
36        

(31-41) 
0.3       

(0.2-0.5) 
35           

(13-98) B B B

May 3 
77A       

(54-95)
4.3        

(1.4-8.4) 
71        

(54-95) 
3.4         

(1.4-8.4) 
83       

(73-92) 
5.2        

(3.5-7.1) 
46          

(51-95) B         
85        

(80-90) 
5.9         

(4.9-7.1) 
62       

(62) 
2.1        

(2.1) 
61           

(62-135) Jun 3 
74       

(73-74) 
3.9**      

(3.7-3.9)         
91        

(80-109)
7.3        

(4.9-12.8) HJul 3                   

97        
(80-128) 

8.9         
(4.9-21.1) 

74           
(55-128) Aug 3                 

* Used L-W regression derived for pink and chum salmon. 

** Used L-W regression derived for Chinook salmon. 
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A Average of values from available salmon species for that month. 
B Range of values from available salmon species for that month. 
C Used April pink salmon values. 
D Used corresponding values from May. 
E Used April values. 
F Average of pink salmon values for May and July. 
G Range of values from unidentified salmon for same month. 
H Average of Chinook salmon values for June and August. 
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Table 6.  Estimated total predation by 1,000 cutthroat trout on salmon in two regions of Puget Sound (NPS, SPS) during 
April-September, based on diet information collected in 2001-2003.  Numbers of fish were estimated by dividing monthly 
consumption (based on Figure 6) by the monthly average (and range of) sizes of each measurable salmon species found in 
the stomachs of cutthroat trout (taken from Table 5).   
  Biomass consumed (g)   Number consumed 

Cohort     
by Region 

Number of 
Cutthroat 

trout Salmon 
Pink 

salmon 
Chum 
salmon 

Chinook 
salmon 

Coho 
salmon  Salmon 

Pink 
salmon 

Chum 
salmon 

Chinook 
salmon 

Coho 
salmon 

NPS (Apr-Sep)                       

1 400 883 2,414 0 0 0  

1,174      
(1,144-
1,210) 

8,047      
(4,024-
12,071) 0 0 0 

2 440 6,342 6,088 410 4,580 0  

39,198     
(14,877-
50,158) 

24,046     
(9,739-
60,883) 

2,049       
(1,366-
2,049) 

2,181      
(1,041-
5,089) 0 

3 160 8,176 417 417 27,587 11,908  

2,136      
(1,402-
11,813) 

2,085      
(1,390-
4,170) 

3,438       
(2,200-
4,133) 

6,392       
(3,574-
11,806) 

2,467     
(1,887-
3,521) 

All sizes 1000 15,401 8,919 827 32,167 11,908   

42,508     
(17,423-
63,181) 

34,178     
(15,153-
77,123) 

5,487       
(3,566-
6,182) 

8,573       
(4,615-
16,895) 

2,467     
(1,887-
3,521) 

SPS (Apr-Sep)            

1 620 574 0 1,577 0 0  
521        

(478-574) 0 

5,258      
(2,253-
15,774) 0 0 

2 310 11,694 3,452 1,096 4,458 0  

47,028     
(16,485-
55,252) 

8,556      
(3,111-
22,820) 

3,145       
(1,925-
3,335) 

1,837       
(853-
4,064) 0 

3 70 1,858 0 0 23,129 1,734  

558        
(221-
7,094) 0 0 

4,567       
(2,425-
8,864) 

334       
(244-
496) 

All sizes 1000 14,126 3,452 2,673 27,587 1,734   

48,107     
(17,184-
62,919) 

8,556      
(3,111-
22,820) 

8,403       
(4,178-
19,110) 

6,404       
(3,278-
12,928) 

334       
(244-
496) 



  

 50

FIGURE CAPTIONS 
 
Figure 1.   Northern (NPS) and southern (SPS) Puget Sound study regions and sampling 

locations.  Circles indicate nearshore and squares indicate delta sites where beach 

seining and gill netting were conducted.  The triangle indicates a site sampled only in 

2003.  Shading indicates associated basins (dark gray for Main, medium gray for 

Whidbey, and light gray for Southern).    

 

Figure 2.  Length frequency histogram of cutthroat trout caught by beach seine and gill 

net in northern (NPS, black bars) and southern (SPS, gray bars) regions of Puget Sound 

in April-September, 2001-2003.  Reference lines identify cohorts and average sizes 

used for model simulations, with initial sizes indicated for Cohorts 1 (NPS only, black 

dots), 2 (NPS and SPS, dark gray dashes) and 3 (NPS and SPS, dark gray dash-dot-

dashes) in the top Apr-May panel, and SPS Cohort 1 (light gray dots) in the middle 

Jun-Jul panel.  Final sizes are indicated for Cohorts 1-3 (NPS in black, SPS in light 

gray) in the bottom Aug-Sep panel. 

 

Figure 3.  The fork length (FL) of cutthroat trout (n = 360) versus the wet weight 

proportions of fish prey consumed in stomachs sampled in Puget Sound during 2001-

2003.  The dotted line represents the apparent size threshold observed for piscivory.     

 

Figure 4.  The fork length (FL) of cutthroat trout versus the FL of different species of 

fish prey consumed in Puget Sound during 2001-2003.  Lines indicate lengths that are 

40% (black line) and 50% (dotted) of the piscivorous cutthroat trout length. 

 

Figure 5.  The length (fork length, FL) frequency distributions of beach seine caught 

salmon (black bars) and of salmon consumed by cutthroat trout (gray bars) caught in 

concurrent seines in Puget Sound during April and May 2002. 
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Figure 6.  Simulated monthly individual consumption estimates (g/mo) of prey in diets 

of different cohorts of cutthroat trout caught in northern (NPS, left panels) and 

southern (SPS, right panels) regions of Puget Sound during 2001-2003. 



  

 

 

 
 

Figure 1. 
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Chapter II:  Ontogenetic shifts in diet of juvenile Chinook salmon in Puget 
Sound: The nearshore-offshore transition 

 
(Duffy, E.J., D.A. Beauchamp, R.M. Sweeting, R.J. Beamish, and J.S. Brennan. In review.  
Ontogenetic shifts in diet of juvenile Chinook salmon in Puget Sound: The nearshore-offshore 
transition.  Transactions of the American Fisheries Society.) 

 
ABSTRACT 
 
Marine growth and survival of juvenile Chinook salmon depend in part on the quality 

and quantity of prey consumed during this potentially critical life stage, yet little is 

known about their early marine diet or factors that affect its variability.  We examined 

the recent (2001-2007) dietary habits of ESA-listed Chinook salmon during their first 

marine growing season (April-September) in Puget Sound.  Juvenile Chinook salmon 

initially fed in nearshore marine habitats, then shifted to feed primarily offshore during 

July-September.  Diet composition varied significantly among sampling regions 

(Northern, Central, Southern), habitats (nearshore, offshore), months, and years.  At 

nearshore sites, insects (all months) and gammarid amphipods (July) were dominant 

prey sources, whereas in diets offshore, decapods (primarily crab larvae, July) and fish 

(September) were most important.  Chinook salmon became increasingly piscivorous 

as they grew and ate fish up to 51% (nearshore) and 52% (offshore) of their fork 

length.  At nearshore sites, Chinook salmon fed mainly on larval and juvenile Pacific 

sand lance, while offshore they primarily ate juvenile and older Pacific herring.  

Overall, Chinook salmon at nearshore sites had more diverse diets and ate higher 

quality prey (insects) in Northern and Central offshore waters, whereas Chinook 

salmon caught nearshore in the South and offshore in the North had stomachs that were 

consistently fuller, but ate lower quality prey (crustaceans).  Annual variation in the 

energetic quality and diversity of offshore prey appeared to be determined early in the 

growing season, suggesting that environmental factors (e.g., climate) that affect marine 

productivity might produce strong inter-annual trends in marine survival of Puget 

Sound Chinook salmon.  In addition, the importance of insects as high quality prey 

highlighted the terrestrial link to the marine feeding of Chinook salmon and suggests 
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that shoreline development and land use changes will impact feeding opportunities for 

these fish in Puget Sound. 

 
INTRODUCTION 
 

The early marine life stages of Pacific salmon Oncorhynchus spp. experience 

some of the most rapid growth rates (LeBrasseur and Parker 1964; Healey 1979; 

Healey 1982a; Mortensen et al. 2000) and highest mortality rates (Parker 1962; Royal 

1962; Furnell and Brett 1986; Bradford 1995; Willette et al. 2001) than in most other 

stages of their life cycle.  Estuarine and coastal marine environments provide important 

foraging and rearing habitat for juvenile Pacific salmon (Shepard 1981; Simenstad et 

al. 1982; Thorpe 1994; Aitken 1998).  Favorable early marine growth conditions are 

considered crucial as both larger size (Parker 1971; Blackbourn 1976; Healey 1982b; 

Ward et al. 1989; Henderson and Cass 1991) and faster growth have been associated 

with elevated overall marine survival for several salmon species (Holtby et al. 1990; 

Hargreaves 1997; Murphy et al. 1998; Tovey 1999; Beamish et al. 2004a; Moss et al. 

2005; Cross et al. 2008).  In Puget Sound, ocean-type Chinook salmon O. tshawytscha 

are currently listed as threatened under the Endangered Species Act (ESA) (Myers et 

al. 1998; NMFS 1999).   Poor marine survival is one factor contributing to the decline 

of this stock (Greene et al. 2005).  As juveniles, Chinook salmon spend much of their 

first marine growing season in Puget Sound estuaries and offshore waters (Beamish et 

al. 1998).  Therefore, recent declines in marine survival (Ruggerone and Goetz 2004) 

could reflect degraded rearing and foraging conditions during early marine life in Puget 

Sound. 

In Puget Sound, Chinook salmon are primarily ocean-type, migrating to 

saltwater immediately after emerging from the gravel as fry or following up to several 

months of freshwater rearing.  Most of these juvenile Chinook salmon enter estuaries 

and occupy nearshore waters primarily during the spring and early summer (Stober et 

al. 1973; Congleton et al. 1982; Simenstad et al. 1982; Brennan et al. 2004; Duffy et al. 

2005; Beamer et al. 2006; Toft et al. 2007).  By mid-summer, Chinook salmon are 
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caught in large numbers offshore and catches remain high at least through early fall 

(Beamish et al. 1998).  Predation (by fish, birds, and marine mammals) is hypothesized 

to be responsible for most of the early marine mortality experienced by juvenile salmon 

(Parker 1971; Beamish and Mahnken 2001).  Size at this stage is critical because it 

partially determines the amount of predation risk to the many gape-limited predators 

(Sogard 1997; Juanes et al. 2002; Duffy and Beauchamp 2008).  In addition, smaller 

fish may suffer higher predation mortality by employing riskier foraging strategies 

(Biro et al. 2005).  Besides buffering the risk of predation, achieving a larger size 

enables Chinook salmon to begin eating a previously unavailable supply of energy-rich 

prey fishes.  Incorporating high energy prey into the diet can be critical for achieving 

faster growth and increased lipid stores that are essential for surviving the winter (Post 

and Parkinson 2001;  Sutton and Ney 2001; Beauchamp in press). 

Seasonal shifts in prey resources and water temperature can affect the potential 

growth rates of juvenile salmon.  Poor quality feeding areas, which vary over short and 

longer time frames, may result in increased susceptibility to predation due to poorer 

condition and smaller sizes of fish (Brodeur et al. 1992; Perry et al. 1996).  The quality 

of feeding areas can also affect migration rates and residence times, since salmon are 

believed to leave areas of poor food quality faster than when food is abundant (Healey 

1982b; Simenstad and Salo 1980; Orsi et al. 2000).  In Puget Sound, regional 

differences in environmental conditions (e.g., turbidity, salinity and water temperature 

profiles) could affect the length and quality of early marine rearing of juvenile Chinook 

salmon, particularly in nearshore environments (Duffy et al. 2005).  In addition, when 

food supply is limited, dietary overlaps among species and between hatchery and wild 

salmon may result in intra- and inter-specific competition that would reduce growth 

rates and overall size (Fisher and Pearcy 1996; Sturdevant 1999).  Depending on the 

location, hatchery production can represent 50-98% of the juvenile Chinook salmon 

population in Puget Sound (Hatchery Scientific Review Group 2002; Duffy et al. 

2005), and huge numbers of hatchery salmon are often released during peak wild 

salmon emigrations. 
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Information on the diet of juvenile Chinook salmon in nearshore (Conley 1977; 

Fresh et al. 1978; Fresh et al. 1981; Pearce et al. 1982; Parametrix 1985; Duffy 2003; 

Brennan et al. 2004) and offshore (Fresh et al. 1981; Beamish et al. 1998) Puget Sound 

waters is relatively limited, dates mainly to the 1970s, was not always collected or 

analyzed methodically, and may not represent the current situation.  In the late 1970s, 

juvenile Chinook salmon in nearshore sublittoral waters ate primarily fish (Pacific 

herring Clupea pallasii and sand lance Ammodytes hexapterus) and brachyuran crab 

larvae during June and July, then fish, insects, and polychaetes later in the summer 

(August; Fresh et al. 1981).  Both in the late 1970s and 1990s, Chinook salmon became 

increasingly piscivorous (feeding mainly on Pacific herring) as they grew larger and 

were caught in offshore waters (Fresh et al. 1981; Beamish et al. 1998).  The current 

status of prey resources in Puget Sound is unknown; however, Puget Sound is facing 

many of the problems seen in urbanized estuaries throughout the world, including 

widespread declines in fish, bird, and marine mammal populations (PSAT 2005).    

Recent declines in some Puget Sound forage fish population, herring, in particular 

(PSWQAT 2002), may indicate a reduction in the supplies of energy-rich fish prey 

available for Chinook salmon.  Similarly, increasing shoreline development and 

alteration of nearshore habitats may be altering prey abundance, diversity, and 

adequate feeding opportunities. 

Puget Sound encompasses a wide variety of physical and environmental 

conditions.  Localized differences among basins include the size and discharge of 

associated rivers, the degree of urbanization (e.g., altered habitats, pollutant loads), the 

magnitude of salmon runs, species composition, and proportion of natural versus 

hatchery salmon stocks.  These differences likely affect the potential role and quality of 

these areas as rearing environments for juvenile salmon.  Specifically, we expected 

diets of Chinook salmon to differ by: 1) region (Northern, Central, Southern), 2) 

habitat (nearshore, offshore), 3) season (April through September), and 4) year (2001-

2007).  Describing their feeding habits during early marine life was an initial step 

towards understanding whether early marine feeding contributed to the recent declines 
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and regional patterns in marine survival of Puget Sound Chinook salmon stocks 

(Ruggerone and Goetz 2004). 

 

STUDY AREA 
 

Puget Sound is a deep, elongated glacial fjord composed of underwater valleys, 

ridges and basins with an average depth of 135 m.  The maximum depth of 285 m 

occurs just north of Seattle in the large main basin.  A shallow sill separates the main 

basin from the southern basin near the Tacoma Narrows.  The southern basin receives 

<10% of the freshwater draining into Puget Sound, primarily from the Nisqually and 

Deschutes rivers plus smaller rivers and streams (Burns 1985).  Northeast of the main 

basin, the Whidbey basin includes the waters of Possession Sound, Port Susan, 

Saratoga Passage and Skagit Bay (Figure 1).  The Whidbey basin is fed by Puget 

Sound’s two largest rivers (the Skagit and Snohomish) and receives 60% of the 

freshwater entering Puget Sound (Burns 1985).   

For this study, sampling was stratified by region and habitat.  Sampling regions 

were defined as follows: a Northern region, north of Edwards Point and including the 

northern  main basin, Admiralty Inlet, and southeastern Whidbey basin; a Central 

region in the main basin from Edwards Point south to Tacoma Narrows; and a 

Southern region south of the Tacoma Narrows sill (Figure 1).  These sampling regions 

included significant salt water entry points for both wild and hatchery Chinook salmon, 

major freshwater inflows (Snohomish, Stillaguamish, Puyallup, Green and Nisqually 

Rivers), and marine rearing and migration corridors.  Nearshore and offshore habitat 

types were defined primarily by the type of sampling gear used.  Nearshore sites were 

sampled by floating beach seines which cover the upper 2 m from shore out to a 

distance of approximately 33 m, targeting shallow sublittoral habitats in shoreline 

zones.  Five to six nearshore sites were sampled in the Northern and Southern regions 

(Duffy et al. 2005), and 16 sites in the Central region (Brennan et al. 2004).  Open 

water offshore sites (generally greater than 30 m bottom depth) were sampled by mid-
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water rope trawl which had an effective opening of 14 m deep by 30 m wide when 

fishing (Beamish et al. 2000).   

 

METHODS 
 
Fish Sampling 
 
 Field sampling was designed to characterize the timing of nearshore and 

offshore habitat use, size structure, and diet of juvenile Chinook salmon in Puget 

Sound.  At nearshore sites, we conducted beach seining (2 sets per site) biweekly 

during April-July and monthly during August and September in 2001 and 2002 at each 

Northern and Southern site (Duffy et al. 2005) and Central site (Brennan et al. 2004) 

using a floating beach seine (37.0 m length x 2.0 m height, with mesh grading from 3 

cm in the wings to 6 mm at the cod end) according to standard estuarine fish sampling 

protocol (Simenstad et al. 1991).  Additional beach seining was conducted at nearshore 

sites in the Northern and Southern regions during June-September 2003.  Mid-water 

trawling was conducted in the Northern and Central regions during two-day cruises in 

July and September 2001-2007 (October was sampled instead of September in 2004 

and no offshore sampling in 2003).  Additional trawls were conducted in the Southern 

region during July 2004 and in Hood Canal during September 2007.  On average, 30 

trawls were conducted per year.  The average tow lasted 20 minutes at 4.4 knots, 

covering a distance of 1.45 nautical miles.  Approximately two-thirds of the trawls 

sampled the upper 30 m of the water column, with occasional deeper tows ranging 

between 30-120 m.  All sampling occurred during daylight hours.       

Counts of all fish were recorded by species.  Hatchery Chinook salmon were 

identified by adipose fin-clips and coded-wire-tags (cwt), while unmarked Chinook 

salmon were assumed to be of natural origin though some unknown proportion of these 

unclipped fish were of hatchery origin, due to factors like incomplete tagging 

efficiency.  Individual fork lengths (FL, to the nearest 1 mm) and wet weights (Wt, to 

the nearest 0.1 g) were recorded for sub-samples (at least 30 fish per species, when 
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available).  When possible (primarily in beach seine samples), fish were anesthetized 

with buffered MS-222, and gut contents were obtained using non-lethal gastric lavage, 

and preserved in 10% buffered formalin or 95% ethanol for subsequent processing in 

the lab.  Fish that were sacrificed were first euthanized in an overdose of buffered MS-

222 or with a sharp blow to the head, and then frozen. 

 

Diet Composition 

Stomach samples from a subset (5-10 fish from each set, but all fish with cwt) 

of juvenile Chinook salmon (and up to 10 of the larger age-1+ Chinook salmon) caught 

at nearshore sites were examined in the lab.  Using a dissecting microscope, 

invertebrate prey were separated into broad taxonomic categories, and fish prey were 

identified to species where possible.  Blotted wet weights of individual fish prey and 

prey categories were recorded to the nearest 0.0001 g using an electronic scale.  

Stomach samples from offshore fish were processed on the boat, immediately 

following capture.  The fundic and cardiac portions of stomachs from all (or up to 30) 

of the Chinook salmon caught in a given tow were removed and examined by a single 

experienced individual.  Using a 4x magnifying glass, this individual visually estimated 

the total volume of the stomach contents to the nearest 0.1 cm3 and the proportional 

contribution of the major prey types (Beamish et al. 2004b).  When possible, individual 

prey fish lengths (FL or total lengths, depending upon the species) were measured from 

both nearshore and offshore samples. 

Prey were grouped into broad taxonomic categories reflecting the dominant 

types:  copepods (mostly calanoid copepods, but also included harpacticoids), 

decapods (primarily larval crab but also larval and adult shrimp), euphausiids, 

gammarid amphipods (both estuarine and marine species), hyperiid amphipods, 

polychaetes (epibenthic and planktonic forms), barnacle “larvae” (cyprids, naupliae, 

and exuviae), insects (including both terrestrial and aquatic insects (Insecta) as well as 

spiders (Arachnida) and water mites (Acari)), other invertebrates (rare and 

unidentifiable prey), and fish (including larval, juvenile, and adult forms).  The 
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proportional wet weight (nearshore, g) or volumetric (offshore, cm3) contribution of 

each prey category was calculated individually for all non-empty stomachs.   

Diets of ocean-type juvenile Chinook salmon were the focus of the analysis, 

and monthly habitat-specific length frequency histograms were used to distinguish the 

age-0 fish from older and stream-type salmon.  Monthly average diet proportions for 

age-0 Chinook salmon were determined by region (Northern, Central, Southern), 

habitat (nearshore, offshore), year (2001-2007), and size class (small, <70 mm; 

medium, 70-129 mm; and large, 130-199 mm FL).  Square-root transformed diet 

proportions were analyzed initially with MANOVA (Zar 1999) to examine the effects 

of region, habitat, size, inter-annual, and seasonal (monthly) variability on diet 

composition.  Two-way and higher-order interaction terms were omitted if initial 

analysis confirmed they were not significant.  These initial results were screened for 

only those effects and prey categories that showed significant main effects or 

interaction terms after Bonferroni correction for multiple comparisons, and subsequent 

analyses were conducted on each prey category individually using ANOVA (Zar 

1999). 

The proportions of fish in the diets of all sizes of Chinook salmon were pooled 

over all regions and plotted separately for nearshore and offshore habitats to examine 

ontogenetic shifts in piscivory.  We grouped the salmon into size classes (<70 mm, 70-

129 mm, 130-199 mm, 200-299 mm, 300-399 mm, and 400+ mm FL) by habitat, and 

used one-way ANOVA to examine shifts in piscivory versus size.  Lengths (FL) of 

measured prey fish were compared graphically to the lengths (FL) of Chinook salmon 

(including fish caught in 2003 and during crepuscular periods in May 2002) to examine 

size limits (gape limitation) or prey size-selectivity.   

All sampling occurred during daylight hours, which may have caused some 

gear avoidance and a potential bias in the diet composition.  To examine potential diel 

differences in feeding patterns, we sampled nearshore sites in Northern and Southern 

regions over a 24-hour sequence during the peak juvenile Chinook salmon migration 

period in May 2002 (one day per region; Duffy 2003).  To examine diel feeding 
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chronologies, we multiplied the ratio of the wet weight of the gut contents to the whole 

body weight (less the weight of the gut contents) by 100 to get a measure of feeding 

intensity (Brodeur et al. 2007). 

 

RESULTS   
 

Diet Composition 

Chinook salmon at offshore sites were consistently larger than those at 

nearshore sites.  In 2001-2002, the average lengths of Chinook salmon (with non-

empty stomachs) at offshore sites were larger than at nearshore sites by 19-30 mm in 

July and by 29-44 mm in September (except for Northern sites in 2001; Figures 2 and 

3).  Overall, insects (all months) and gammarid amphipods (July) were dominant prey 

at nearshore sites (Figures 2a-b), whereas decapods (July) and fish (September) were 

more important in offshore diets (Figures 3a-b). 

Diet composition varied considerably among sampling regions (P<0.001), 

habitats (P<0.001), months (P<0.001), and years (P<0.001).  In addition, diets varied 

with increasing body size through time.  At nearshore sites, the proportion of empty 

stomachs (<2%) was consistently lowest and the mean weight of stomach contents 

(0.15-0.17 g) was consistently highest at Southern sites (Table 1).  The proportion of 

empty stomachs was higher in offshore waters, especially in the Central region during 

July (Table 2).  At nearshore sites, the proportion of juvenile Chinook salmon that had 

eaten fish was more consistent at Northern and Central sites in 2001 and 2002 (7-9%) 

than at Southern sites (3-10%, Table 1).  In offshore waters, the proportion that had 

eaten fish (5-29%) averaged higher than at nearshore sites, but the frequency of empty 

stomachs was also higher offshore (Table 2).   

 

Nearshore 

At nearshore sites (Figures 2a-b), diets consisted primarily of insects, 

crustaceans, miscellaneous other invertebrates, and fish, but diet composition varied 



  

 67

among sampling regions (P<0.001), months (P<0.001), and size classes (P=0.001), 

though not by year (P=0.375).  Insects (primarily dipterans and hymenopterans, but 

also lepidopterans, aphids, coleopterans, and trichopterans) were a key part of the diet 

during all months and were most important to Chinook salmon at Northern sites 

(Figures 2a-b).  Insects were more dominant in diets from Northern and Central regions 

than Southern diets (P<0.001), and were more prevalent overall in 2001 than in 2002 

diets (P<0.001).  The small (<70 mm FL, P=0.031) and medium (70-129 mm FL, 

P=0.011) size classes ate significantly more insects than the largest size class (130-199 

mm FL).  Decapods and euphausiids comprised a larger proportion of the diets at 

Southern sites than Northern (P<0.001) and Central sites (P<0.001, 2001 only).  

Hyperiid amphipods were an important prey during summer (July-September) at 

Central sites, but were comparatively rare at Northern sites (P<0.001).  Gammarid 

amphipods and polychaetes were consistent prey items in all regions, particularly in 

April-July when the abundance of juvenile Chinook salmon peaked at nearshore sites.  

Rarer prey items (grouped as “other invertebrates”) included isopods, cumaceans, 

ostracods, caprellid amphipods, and molluscs.         

Chinook salmon ate a similar proportion of fish at nearshore sites in all regions 

(P>0.05), and fed mainly on larval and juvenile Pacific sand lance.  Other fish prey 

included pink O. gorbuscha and chum O. keta salmon (at Northern and Southern sites), 

surf smelt Hypomesus pretiosus (North), Pacific herring (Central), shiner perch 

Cymatogaster aggregata (Northern and Central sites), bay pipefish Syngnathus 

leptorhynchus (Northern), and sculpin (Northern and Southern sites).  The proportion 

of fish prey in the diet increased with increasing predator size; the largest age-0 

Chinook salmon (130-199 mm FL; Table 3) ate a significantly higher proportion of fish 

than either the medium or small size classes (P<0.001).  Stomachs of Chinook salmon 

that contained fish averaged 1.7 ± 0.5 SE prey fish per stomach with a maximum of 20 

fish per stomach.        
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Offshore 

Overall, the diets of pelagic Chinook salmon were dominated by crustaceans, 

insects, and fish (Figures 3a-b), but the relative importance of different prey taxa varied 

by sampling region (P<0.001), month (P<0.001), year (P<0.001) and size class 

(P<0.001).  Both decapods (almost exclusively crab larvae) and fish were more 

consistently more important in pelagic waters of the Northern than the Central region 

every year (P<0.001; Figures 3a-b).  Insects and hyperiid amphipods represented a 

larger proportion of the offshore diet in the Central than the Northern region (P<0.001).  

In July 2004, Chinook salmon caught in the South (124 ± 4 mm FL, n = 28) ate a 

similar proportion of decapods and fish as did Chinook salmon in the North, and a 

slightly higher proportion of insects than those in the Central region.  In September 

2007, Chinook salmon caught in Hood Canal (164 ± 1 mm FL, n = 79) ate a similar 

proportion of hyperiid amphipods as Chinook salmon in the Central region, but ate a 

higher proportion (0.18) of fish than the other regions (0.01-0.04) and rarely ate 

gammarid amphipods (0.01), an important prey item (0.23-0.30) elsewhere.  Decapods 

were the most important offshore prey in July, during 2001-2004, but declined 

somewhat during 2005-2007 as contributions of hyperiid amphipods, insects, 

euphausiids, and fish increased (Figures 3a).  In September, fish and gammarid 

amphipods became more important components of offshore diets than in July 

(P<0.001; Figure 3b).  Overall, Chinook salmon in September fed on a more diverse 

mix of prey.  Decapods, euphausiids, and hyperiid amphipods were consistently 

important, while rarer prey items, including ostracods (especially in the Central region) 

and larval octopus (particularly in the Northern region), occasionally contributed 

substantially to the diet (Figure 3b). 

Piscivorous Chinook salmon in offshore waters fed mainly on juvenile and 

older Pacific herring, followed by Pacific sand lance.  Other fish prey included surf 

smelt, bay pipefish, quillfish Ptilichthys goodei, and larval and juvenile fish 

(Osmeridae, Myctophidae, Agonidae, Cottidae, Sebastidae, and Pleuronectidae).  The 

proportion of fish prey in the diet increased significantly (P<0.001) among size classes 
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(<130 mm, 130-199 mm, 200-299 mm FL; Table 3).  Fish made up the greatest 

proportion of the July diets in 2006 when Chinook salmon were larger, on average, 

than the other years (Figure 3a).  Piscivorous Chinook salmon contained an average of 

1.21 ± 0.03 fish per stomach with a maximum of 4 fish per stomach.            

 

Piscivore-Prey Size Relationships 

 Chinook salmon became increasingly piscivorous as they grew larger (P<0.001; 

Figure 4).  Whereas less than 4% of the diet of Chinook salmon <130 mm FL consisted 

of fish, fish were 10-24% of the diet for Chinook salmon 130-199 mm, and 62-88% for 

FL > 200 mm (Table 3).  Chinook salmon ate fish up to 51% (nearshore) and 52% 

(offshore) of their FL (Figure 5).  At nearshore sites, Chinook salmon fed mainly on 

larval and juvenile Pacific sand lance (5-43% FL) and offshore they primarily ate 

juvenile and older Pacific herring (15-52% FL).  Other nearshore fish prey included 

juvenile Pacific salmon (pink, chum, and Chinook; 5-33% FL), shiner perch (18-34% 

FL), bay pipefish (32-51% FL), and three-spine stickleback (Gasterosteus aculeatus, 

14-18% FL).  Offshore fish prey also included Pacific sand lance (17-43% FL), smaller 

Chinook salmon (29-42% FL), and larval and juvenile fish (estimated as <15% FL). 

 

Diel Feeding Chronology 

In May 2002, we were able to track the diel feeding chronology of juvenile 

Chinook salmon at nearshore sites in southern Puget Sound.  Gut fullness levels 

suggest that Chinook salmon fed most actively during mid-day (Figure 6a).  

Euphausiids were a dominant part of peak daytime diets, but were absent from stomach 

contents at other times.  Decapods and copepods were the dominant prey items at dusk 

and dawn, respectively (Figure 6b). 

 

DISCUSSION 
 

Juvenile Chinook salmon in Puget Sound exhibited diverse diets that varied 

among habitats, regions, seasons, and years.  The current diet composition was similar 
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to what was reported in the late 1970’s (Fresh et al. 1981) but indicated an increased 

importance of insects, especially earlier in the season, and a reduction in the prevalence 

of fish in the diet, though this may be partly due to differences in study design and 

reporting.  In general, Chinook salmon are opportunistic feeders, taking advantage of 

the local forage base and availability of prey (Beamish et al. 2003).  The consistent 

appearance of several key prey items in the Puget Sound diets (e.g., insects, Pacific 

herring, crab larvae) suggests either that these prey were abundant and consistently 

available, or that Chinook salmon have specific dietary preferences.  To evaluate the 

quality of foraging conditions for Chinook salmon, we need to examine both the 

quantity and quality of their historic versus contemporary diets in the context of spatial, 

temporal, and ontogenetic variability.  Feeding intensity and proportion of empty 

stomachs give us an indication of the quantity of feeding.  However, factors including 

the time of day (particularly for larger fish) and tide (particularly for nearshore fish) 

can have a large influence on the stomach fullness, and so these metrics should be 

interpreted cautiously.  Specific characteristics of the prey (e.g., nutritional value, 

handling time) give a measure of the quality of foraging conditions in a particular 

region or habitat, although this information is not always readily available.  Based on 

energy alone, adult insects (Duffy 2003; A. Gray, University of Washington, 

unpublished data) and forage fish (Foy and Paul 1999; Duffy 2003) were the highest 

quality prey eaten by Chinook salmon, with average energy density values of around 

5,300 Joules/g wet weight.  The main invertebrate prey (planktonic crustaceans and 

polychaetes) have energy densities close to 3,000 J/g wet weight (Davis 1993; Davis et 

al. 1998).        

The most striking differences in diet composition and feeding intensity at 

nearshore sites occurred regionally between the Northern and Southern Puget Sound 

sampling sites.  The dominance of largely terrestrial insects in diets at Northern sites 

differed markedly from the largely planktonic crustacean-dominated diets at Southern 

sites, while diets at Central sites were more of a mixture between the two.  Kaczynski 

et al. (1973) reported a similar regional difference for chum and pink salmon in the 
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early 1970s:  diets were more diverse at Port Susan (North), including insects, mysids 

and copepods, whereas diets at Anderson Island (South) consisted almost entirely of 

copepods.  The greater proportion of neustonic drift insects at Northern sites was likely 

a result of substantially greater freshwater flow into that region, which was apparent in 

the lower surface salinities in Northern than Southern sites (Duffy et al. 2005).  Other 

sources of insects that may differ between sampling areas are fallout from riparian 

habitats (Simenstad et al. 1982), transport by wind (Cheng and Birch 1978; Hardy and 

Cheng 1986; Pathak et al. 1999) from vegetation in wetlands and uplands, and 

transport by currents (i.e., oceanic diffusion, Ikawa et al. 1998).   

Chinook salmon in the South had the lowest proportion of empty stomachs and 

a higher mean weight of stomach contents, suggesting a higher and more constant 

availability of prey.  Annual and seasonal variability in the proportion of empty 

stomachs and the mean weight of stomach contents was highest in the North, which 

suggests that feeding conditions in this region were highly variable.  For salmon using 

the nearshore, feeding conditions appeared to be limited by the patchy availability of 

high quality prey in the North, while at Southern sites salmon have access to a lower 

quality, but more consistent and potentially abundant source of food.  Accordingly, 

prey resources in the Northern are likely linked more to environmental variables like 

freshwater flow, wind, and to terrestrial factors like the extent of riparian and upland 

vegetation, whereas the prey resources in the South appear to be of more marine origin 

and are likely linked to environmental variables that control plankton production (e.g., 

climate).   

In the offshore, the diet composition of Chinook salmon was more diverse in 

the fall (September/October) than the summer (July), and in the Central region versus 

the Northern.   Decapods (primarily brachyuran crab larvae) were the most important 

component of the diets in both regions in July.  Crab larvae were also a major 

component of the July diets of other juvenile salmon species (in particular, coho 

salmon O. kisutch), and forage fish (Fresh et al. 1981; R. Beamish, unpublished data).  

The abundance of larval crab prey and the availability of alternative prey resources 
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may substantially affect the quality of summer feeding conditions for juvenile Chinook 

salmon (and likely coho salmon and other forage fish) in Puget Sound.  The lower 

proportion of crab larvae in 2004-2005 diets, and the greater variability in the diet 

composition at Central sites, suggests that either larval crab production was lower (in 

those years), or that Chinook salmon were opportunistically taking advantage of higher 

energy prey items (like insects at Central sites in 2001-2004, and fish in 2006), when 

they were available.  The greater variability in the diet composition and the lower mean 

volume of stomach contents at Central sites could also suggest that prey resources were 

more dynamic and unpredictable than in Northern offshore waters.   

Regional differences in feeding intensity were also apparent in the late 1970s 

when yearling Chinook salmon caught by purse seine in the Central region showed a 

higher proportion of empty stomachs (36% versus 15%) and lower gut fullness (2.8 

versus 3.7, on a qualitative scale where 1= empty and 7= full) than those caught in the 

Southern region (Fresh et al. 1981).  Overall, annual shifts in the offshore diets 

appeared to be consistent among regions and seasons.  For instance, in 2002, 2004, and 

2006, fish prey made up a higher proportion of the diets in both regions and this trend 

persisted between summer and fall (irrespective of size differences among consumers), 

as did the importance of hyperiid amphipods in 2007 diets.  This suggests that the 

composition and quality of prey available offshore in Puget Sound may be established 

by or before early summer.   

It was difficult to separate temporal effects from size and habitat-based shifts as 

these factors generally co-varied with time.  The most apparent size-based dietary 

shifts related to the onset of piscivory.  In all regions and habitats, fish prey appeared in 

the diets only above a certain size-threshold (approximately 70 mm FL nearshore, and 

130 mm FL offshore) and the proportion of fish in the diet increased as fish grew, 

which reflects both gape-limitations, swimming speed, and the size range of available 

prey.  In laboratory conditions, Chinook salmon consumed salmon prey up to 40-47% 

of their FL (Pearsons and Fritts 1999).  Chinook salmon off the coast of Washington 

and Oregon consumed fish up to 50% of their length, although the average prey fish 
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was 20% of the predator’s length (Brodeur 1990).  In Puget Sound, Chinook salmon at 

both nearshore and offshore sites ate fish up to 52% of their FL, and tended to have 

more than one fish in their stomach (offshore: up to 4, nearshore: up to 20).   

As in the late 1970s (Fresh et al. 1981), Chinook salmon during this study were 

highly piscivorous, especially as sub-adults and adults, and Pacific herring continued to 

be the predominant prey fish.  Chinook salmon were also an occasional predator on 

juvenile salmon, including con-specifics.  At nearshore sites, juvenile Chinook salmon 

mainly consumed pink and chum salmon.  Offshore, the only salmon species found in 

the stomachs of larger sub-adult Chinook salmon were juvenile Chinook salmon.  

Chinook salmon sub-adults have also been reported as occasional predators of juvenile 

salmon in the Pacific Ocean (Fresh et al. 1981; Brodeur 1990).  Overall, it appears that 

Chinook salmon consume the most abundant and available (within their gape-limits, 

and ability to capture) fish prey (Fresh et al. 1981).  While Pacific herring continue to 

be the most abundant pelagic forage fish in Puget Sound, there have been serious 

concerns over recent declines (PSWQAT 2002).  Declines in herring stocks may 

doubly impact Chinook salmon both by reducing the quality of feeding conditions in 

Puget Sound, and by potentially reducing a species that may act as a buffer to 

predation, both from larger salmon and many other species (birds, fish, marine 

mammals).  Further investigation into the current status of forage fish stocks (Pacific 

herring, in particular) in Puget Sound, and their trophic linkages to Chinook salmon, is 

important for uncovering the mechanisms behind declines in Puget Sound Chinook 

salmon.   

In Puget Sound, recent feeding conditions for juvenile Chinook salmon ranged 

from high quality yet variable to consistent but lower quality, and these differences 

were linked to region and habitat.  In the Northern region, nearshore feeding conditions 

appear to be more closely linked to terrestrial processes, and salmon from this region 

may be more vulnerable to increased shoreline modifications and development-driven 

loss of vegetation than salmon from the more marine plankton-driven Southern region.  

However, for salmon in offshore environments, moving into the Northern region could 
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provide a more consistent, higher quality feeding environment than the Central region.  

A northward shift might also encourage earlier migration towards the Pacific Ocean if 

foraging success at this stage translates to higher survival.  In addition, this study 

suggests that annual variation in the composition and quality of prey eaten by juvenile 

Chinook salmon in Puget Sound is determined early in the growing season, which may 

translate to strong annual patterns in marine survival.  A greater understanding of the 

mechanisms (predation, starvation, disease) limiting survival and the conditions (prey 

resources, environment) mediating them during and subsequent to this critical early 

marine life history stage is necessary both to improve marine survival forecasts and to 

aid recovery plans for Puget Sound Chinook salmon. 
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TABLES 
Table 1.  Summary of diet samples for age-0 Chinook salmon, by month and year, caught by beach seine in nearshore areas of Puget 
Sound, 2001-2002.  Fish with empty stomachs were excluded from calculations of mean weight of stomach contents. 

          2001             2002         

Region 
Diet 
information Apr May Jun Jul Aug Sep Total   Apr May Jun Jul Aug Sep Total 

North No. stomachs 13 51 19 91 24 8 206   31 14 70 16 5 136 
  No. empty 1 2 0 1 0 0 4   4 0 6 0 0 10 
  No. with fish 0 4 0 6 2 3 15   1 0 5 3 1 10 
  Mean length 65.1 78.3 85.2 98.5 109.7 152.5 93.5   83.2 74.4 87.4 102.9 132.0 88.5 

  Length range 
51-
81 

39-
110 

61-
106 

81-
150 95-168 

123-
196 

39-
196   

52-
128 

51-
88 

60-
111 

81-
119 

110-
175 

51-
175 

  
Mean wt. (g) 
gut contents 0.03 0.08 0.04 0.10 0.10 1.12 0.13   0.03 0.05 0.06 0.14 0.25 0.07 

                   
Central No. stomachs  13 89 77 97 38 314   35 110 99 72 56 372 
  No. empty  0 11 4 4 1 20   1 4 9 5 3 22 
  No. with fish  2 2 9 11 4 28   7 9 2 5 3 26 
  Mean length  83.5 86.3 105.5 124.7 130.6 108.1   94.9 93.1 98.5 106.7 121.0 101.54 

  Length range  
72-
104 

70-
121 

84-
148 95-195 

110-
172 

70-
195   

75-
115 

72-
138 

80-
144 

86-
162 

100-
171 

72-
171 

  
Mean wt. (g) 
gut contents  0.12 0.03 0.09 0.20 0.18 0.12   0.12 0.06 0.05 0.12 0.26 0.11 

                   
South No. stomachs  85 32 48 5 5 175  5 47 42 12 13 6 125 
  No. empty  2 0 1 0 0 3  0 0 1 0 1 0 2 
  No. with fish  3 2 0 0 0 5  2 4 5 1 1 0 13 
  Mean length  85.9 90.3 108.7 126.0 128.6 95.3  75.4 89.8 90.4 97.3 116.9 138.8 95.3 

  Length range  
65-
115 

58-
120 

80-
138 106-177 

118-
137 

58-
177  

69-
88 

67-
115 

76-
123 

78-
120 

96-
170 

112-
180 

67-
180 

  
Mean wt. (g) 
gut contents   0.11 0.11 0.28 0.58 0.16 0.17   0.03 0.14 0.08 0.04 0.22 0.98 0.15 



  

 

 
Table 2.  Summary of diet samples for age-0 Chinook salmon caught by midwater trawl during July and September (except 
October in 2004) in offshore areas of Puget Sound, 2001-2007.  Fish with empty stomachs were excluded from calculations 
of mean volume of stomach contents. 
 

July September       

Region Diet information 2001 2002 2004 2005 2006 2007 Total   2001 2002 2004* 2005 2006 2007 Total 

North No. stomachs 17 28 92 56 30 44 267  75 105 26 50 30 79 365 

  No. empty 2 5 1 7 4 0 19  4 11 7 5 16 4 47 

  No. with fish 0 3 9 2 14 5 33  23 49 6 10 8 10 106 

  Mean length 127.5 127.2 140.3 147.0 164.5 148.0 143.5  154.0 160.7 180.9 195.3 172.8 169.3 168.4 
113-
154 

103-
179 

108-
224 

109-
221 

126-
226 

125-
190 

103-
226 

96-
253 

121-
250 

142-
252 

165-
226 

134-
221 

143-
207 

96-
253   Length range  

Mean volume 
(cc) gut contents   0.41 0.74 0.79 1.35 1.62 0.66 0.94  0.89 2.36 0.77 1.73 1.91 0.74 1.45 

                   

Central No. stomachs 17 83 147 174 163 161 745  87 151 115 171 124 127 775 

  No. empty 0 28 50 61 20 22 181  9 19 31 19 18 13 109 

  No. with fish 0 1 0 2 31 0 34  10 23 15 19 35 3 105 

  Mean length 122.9 114.8 128.0 138.4 146.9 128.6 133.1  165.6 165.3 192.8 178.7 189.3 160.1 175.3 
86-
166 

97-
230 

102-
230 

94-
208 

102-
207 

86-
230 

127-
297 

123-
300 

129-
282 

135-
248 

126-
278 

135-
190 

123-
300   Length range 88-152  

Mean volume 
(cc) gut contents   0.62 0.48 0.30 0.81 0.92 0.55 0.65   1.41 1.27 1.20 1.37 1.89 0.31 1.23 
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Table 3.  Mean proportion of fish in the diets of Chinook salmon (based on wet weight for nearshore, and volume for 
offshore) caught in Puget Sound by beach seine at nearshore sites (April-September, 2001-2002) and by mid-water trawl in 
offshore waters (July, Sept and Oct 2001-2007).  Data from all sampling regions are included and organized by size classes 
(FL, mm) that track ontogenetic shifts in piscivory. 

 
Size class   Nearshore   Offshore 

(FL, mm)  N Mean proportion Fish SD  N Mean proportion Fish SD 
<70  42 0.00 0.00      

70-129  1152 0.03 0.16  356 0.00 0.06 
130-199  135 0.24 0.42  1406 0.10 0.27 
200-299  18 0.66 0.48  156 0.62 0.46 
300-399  7 0.65 0.47  38 0.75 0.43 

400+           42 0.88 0.33 
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FIGURE CAPTIONS 
 

Figure 1.    Major basins, sampling regions and sampling locations for juvenile Chinook 

salmon studies conducted in Puget Sound, 2001-2007.  Nearshore (circles) sites were 

sampled by beach seine during April-September, 2001 and 2002 (and June-September, 

2003 at Northern and Southern sites).  Solid lines indicate typical routes surveyed by 

mid-water trawl in Northern (white line), Central (gray line) and Southern (black line) 

regions.  Shading indicates associated basins (dark gray for Main, medium gray for 

Whidbey, and light gray for Southern). 

Figure 2a.    Monthly nearshore marine diet composition (in wet weight proportions of 

each prey category) for age-0 Chinook salmon in Northern (upper panel), Central 

(middle panel) and Southern (bottom panel) Puget Sound during 2001.  Sample sizes 

and average fork lengths are listed above each bar. 

Figure 2b.  Monthly nearshore marine diet composition (in wet weight proportions of 

each prey category) for age-0 Chinook salmon in Northern (upper panel), Central 

(middle panel) and Southern (bottom panel) Puget Sound during 2002.  Sample sizes 

and average fork lengths are listed above each bar. 

 

Figure 3a.  Offshore marine diet composition (in volumetric proportions of each prey 

category) for age-0 Chinook salmon in Northern (upper panel) and Central (lower 

panel) Puget Sound during July 2001-2007.  Sample sizes and average fork lengths are 

listed above each bar. 

Figure 3b.  Offshore marine diet composition (in volumetric proportions of each prey 

category) for age-0 Chinook salmon in Northern (upper panel) and Central (lower 

panel) Puget Sound during September 2001-2007 (except October instead of 

September in 2004).  Sample sizes and average fork lengths are listed above each bar. 
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Figure 4.  The fork length (FL) of Chinook salmon versus the proportional contribution 

of fish prey to their diet by wet weight (nearshore) or volume (offshore).  Chinook 

salmon were caught in Puget Sound, nearshore by beach seine in 2001-2002 (North, 

Central, and South n = 1,354; open circles) and offshore by midwater trawl in 2001-

2007 (North and Central n = 1,886; gray circles). 

 

Figure 5.  The fork length (FL) of Chinook salmon (nearshore n = 31; offshore n = 34) 

versus the FL of different species of fish prey (nearshore n = 93; offshore n = 73) they 

consumed.  Chinook salmon were caught in Puget Sound, nearshore by beach seine in 

2001-2003 (North and South; upper panel) and offshore by midwater trawl in 2001-

2007 (North and Central; lower panel).  The dotted oval represents the likely size 

distribution of larval fish eaten by Chinook salmon in offshore waters, since larval fish 

measurements were not available.  Reference lines indicate prey lengths that are 50% 

(dotted) of the FL of the Chinook salmon predators. 

Figure 6.  Diel feeding chronology of age-0 Chinook salmon captured over a 24-h diel 

sampling period at nearshore sites in Southern Puget Sound during May 2002 and 

expressed as:  A. gut fullness in % body weight ± standard error;  B. diet composition 

in wet weight proportions of major prey categories.  Sample sizes and average FL (B 

only) are indicated above each data point (A) and column (B).



 

 
 

Figure 1. 
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Chapter III:  Importance of early marine entry timing and body size to the 
smolt-to-adult survival of ocean-type Chinook salmon in Puget Sound 

 
 

ABSTRACT 
 

The early marine life of Pacific salmon (Oncorhynchus spp.) is a critical period 

associated with both exceptionally high growth and mortality compared to the rest of 

their time at sea.  Both larger size and faster growth of juvenile salmon have been 

associated with greater survival rates both during the growing season and in subsequent 

periods such as the following winter.  Regulation of adult salmon abundance has been 

hypothesized to occur during two size-dependent stages of mortality during early 

marine life: 1) an initial stage of high predation-based mortality; and 2) a second stage 

of mortality associated with energy deficits faced during the first marine winter 

(Beamish and Mahnken 2001).  In this study, we examined the effect of early marine 

arrival/entry timing and body size on the smolt-to-adult survival of Puget Sound 

Chinook salmon (O. tshawytscha), 1997-2008.  We used data from coded-wire-tag 

release groups of hatchery Chinook salmon to test whether hatchery release date, 

release size, and size in offshore waters in July and September influenced marine 

survival.  Marine survival of Puget Sound Chinook salmon was most strongly related 

to the average offshore body weight in July, with larger sizes associated with higher 

survivals.  This relationship was consistent over multiple years (1997-2005), 

suggesting that mortality after July is strongly size-dependent.  Release size and release 

date only slightly improved this relationship, whereas size in September showed little, 

if any, relationship to marine survival.  Specifically, fish that experienced the highest 

marine survivals were released before May 25th and were larger than 17 grams by July.  

The July size versus survival relationship was strongest when Chinook salmon were 

examined on a cohort-specific basis, however this relationship also applied more 

generally to the mixed Chinook salmon population.  Our findings highlight the 

importance of local conditions in Puget Sound during the spring and summer, and 

suggest that declines in marine survival since the 1980’s may have been caused by 
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reductions in the quality of feeding and growing conditions during early marine life, 

especially during years of high juvenile pink salmon (O. gorbuscha) abundance. 

 

INTRODUCTION 
 

Marine survival of Pacific salmon (Oncorhynchus spp.) is believed to be 

strongly dependent on the “critical” (Hjort 1914) early marine period when both larger 

size (Parker 1971; Blackbourn 1976; Healey 1980; Ward et al. 1989; Henderson and 

Cass 1991; Mortensen et al. 2000) and faster growth have been associated with 

elevated overall marine survival for several species (Holtby et al. 1990; Hargreaves 

1997; Murphy et al. 1998; Tovey 1999; Beamish et al. 2004; Moss et al. 2005; Cross et 

al. 2008).  Timing of marine entry can also have a strong effect on marine survival 

(Blackbourn 1976; Bilton et al. 1982).  In their “critical size and period” hypothesis, 

Beamish and Mahnken (2001) suggested that the regulation of salmon abundance 

through ocean mortality occurs in two stages, both of which are highly size-dependent.  

In the first stage, which occurs soon after juvenile salmon enter the estuarine or 

nearshore marine environment, mortality is hypothesized to be mainly predation-based.  

Size at this stage is critical because it partially determines the amount of predation risk 

(Parker 1971; Duffy et al. 2008).  Size-spectrum theory states that larger fast-growing 

individuals should be vulnerable to the many gape-limited predators for shorter periods 

than their smaller and slower-growing conspecifics (Sogard 1997).  The second stage 

of significant mortality is hypothesized to come in the late fall and winter of their first 

marine year and is a function of the condition of the juvenile.  It is the growth 

preceding this stage, mainly during the summer (a “critical period”), that is vital in 

ensuring the juvenile reaches a size and condition that will increase its chances of 

surviving the first marine winter.  

It has been particularly difficult to quantify stage-specific marine growth and 

size-selective mortality rates for individual salmon stocks because of the challenges 

associated with recapturing and distinguishing between highly mobile populations 

during their wide-ranging marine life.  Therefore, calcified structures like scales and 
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otoliths are useful tools because they record information on the size and growth history 

of salmon throughout their life (Fisher and Pearcy 1990; Fukuwaka and Kaeriyama 

1997; Courtney et al. 2000).  Individual salmon cohorts can also be identified relatively 

simply through coded-wire-tags (CWT’s), which are typically used to identify (a 

variable proportion of) hatchery releases.  By comparing stage-specific size and growth 

of juveniles and adults from known cohorts, it should be possible to identify if and 

when size- (and growth-) selective mortality events occur during marine life.  Using 

this approach, researchers have found that early marine size and growth rates are highly 

correlated to survival rates for chum (O. keta, Healey 1982), Chinook (O. tshawytscha, 

Reimers 1973; Tovey 1999), coho (O. kisutch, Beamish et al. 2004) and pink salmon 

(O. gorbuscha, Moss et al. 2005; Cross et al. 2008).   

In Puget Sound, most Chinook salmon are “ocean-type,” migrating to saltwater 

immediately after emergence or following up to several months of freshwater rearing.  

Most of these juvenile Chinook salmon enter Puget Sound and occupy nearshore 

waters during the spring and early summer (Stober et al. 1973; Congleton et al. 1982; 

Simenstad et al. 1982; Brennan et al. 2004; Duffy et al. 2005; Toft et al. 2007).  By 

mid-summer, large numbers of Chinook salmon are caught offshore by midwater trawl 

surveys and catches remain high at least through early fall (Beamish et al. 1998).  

Puget Sound Chinook salmon were listed as threatened under the Endangered Species 

Act (ESA) in 1999 (NMFS 1999), and at least half of the approximately 29 stocks of 

Chinook salmon in the Puget Sound basin have been influenced or supported by 

hatcheries (NRC 1996).  Hatchery influence varies regionally, ranging from 

approximately 40% of the juvenile Chinook salmon population in the northern region 

to up to 98% of juvenile Chinook salmon in the southern region (Duffy et al. 2005).  

Up to 37 artificial propagation programs, state-run and tribal, produce approximately 

30 million Chinook salmon in Puget Sound annually (NMFS 2004; 

http://www.rmpc.org/).  Each hatchery follows its own practices, and several hatcheries 

release multiple cohorts, often at different dates and body sizes, and the fish are 

subjected to different rearing and release strategies.  Puget Sound hatcheries typically 
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release large pulses of ocean-type Chinook salmon between mid-April and late June, 

although releases as late as September have been reported.  Hatchery-produced smolts 

enter Puget Sound at a larger size than wild counterparts and size differences persist in 

nearshore habitats through the spring (Duffy et al. 2005).     

Poor marine survival has been identified as one factor contributing to the 

decline of Puget Sound Chinook salmon (Greene et al. 2005); however, little is known 

about the mechanisms and timing associated with high marine mortality.  The goal of 

this study was to examine factors affecting marine survival, and specifically, to 

determine if and when timing and size during early marine life affected marine survival 

of Puget Sound Chinook salmon.  Since 1997, the offshore abundance and distribution 

of juvenile salmon in Puget Sound has been sampled during the summer (July) and 

early fall (September).  This sampling program provided information on the inter- and 

intra-annual variation in sizes of fish in offshore waters that we could compare to 

marine survival estimates.  To address the high degree of variability in the Chinook 

salmon population, we used CWTs to track specific Chinook salmon release groups 

through their first spring and summer in Puget Sound.  We then examined specific 

factors that were hypothesized to affect marine survivals.  These included release date 

(day of the year), release size (weight), and average offshore sizes in July and 

September.  We performed a logistic regression analysis on different combinations of 

these variables to find the most parsimonious model.  We also examined average 

survivals and sizes for the at-large juvenile Chinook salmon population to see if a 

simplified version of this analysis was robust enough to be useful for managing and 

conserving Puget Sound Chinook salmon.  We hypothesized that larger sizes at each 

stage would correlate with higher marine survivals, and expected the effect of release 

date on marine survival to be less clear due to inter-annual differences in 

environmental conditions.   
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STUDY AREA 
 

Puget Sound is a deep, elongated glacial fjord composed of underwater valleys, 

ridges and basins with an average depth of 135 m.  A shallow sill separates the main 

basin from the southern basin near the Tacoma Narrows.  Northeast of the main basin 

is the Whidbey basin, which is fed by Puget Sound’s two largest rivers (the Skagit and 

Snohomish Rivers) and receives 60% of the freshwater entering Puget Sound (Burns 

1985).   

For data analysis, we divided Puget Sound into three regions: a northern region 

(North), north of Edwards Point and including the northern  main basin, Admiralty 

Inlet, and southeastern Whidbey basin; a central region (Central) in the main basin 

from Edwards Point south to Tacoma Narrows; and a southern region (South) south of 

the Tacoma Narrows sill.  We examined data from Chinook salmon released from 

hatcheries in each of these regions: Wallace River (WR) and Bernie Gobin (BG) in the 

North; Grover’s Creek (GC), Gorst Creek Pond (GC), Soos Creek (SC), White River 

(WH) and Puyallup Tribal (PT) in the Central Region; and Hupp Springs (HS), Kalama 

Creek (KC), and Nisqually River (NR) in the South (Figure 1).   

 

METHODS  
 
Fish Sampling 

Field sampling was designed to characterize migration timing, size structure, 

and diet of juvenile Chinook salmon in offshore waters (generally greater than 30 m 

bottom depth) of Puget Sound.  Mid-water rope trawling was conducted in the North 

and Central regions during two-day trips in July and September (except October 2004), 

1997-2008 (but not 2003).  The rope trawl had an effective opening of 14m deep by 30 

m wide when fishing (Beamish et al. 2000).  On average, 30 trawls were conducted per 

year.  The average tow lasted for 20 minutes at 4.4 knots, covering a distance of 2,687 

meters.  Approximately two-thirds of the trawls sampled the upper 30 m of the water 
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column, with occasional deeper tows ranging between 30-120 m.  All sampling 

occurred during daylight hours.       

For each trawl, counts of all fish were recorded by species.  Individual fork 

lengths (FL, to the nearest 1 mm) were recorded for sub-samples (at least 60 fish per 

species, when available).   Wet weights (Wt, to the nearest 0.1 g) were recorded for a 

smaller sub-sample of Chinook (typically 20-60 fish per trawl).  Hatchery-origin 

Chinook salmon were identified by adipose fin-clips and coded-wire-tags (CWT); 

unmarked Chinook salmon were assumed to be of natural origin.  Marking of all 

hatchery Chinook salmon has been required since 2000, however marking errors and 

use of non-visible marks (thermal otolith marks) on some hatchery release groups 

(particularly experimental and “wild recovery” fish) contributed an unknown but likely 

small percentage of hatchery origin fish to the unmarked fraction.  On average, 

unmarked fish represented 18% of the Chinook salmon catch in July and 29% in 

September.   

The CWT’s were read by the Washington Department of Fish and Wildlife 

(Lynn Anderson, WDFW, Olympia, WA).  We retrieved information associated with 

each tag code from the Regional Mark Processing Center’s CWT recovery online 

database (http://www.rmpc.org/).  Specific information, including hatchery location, 

release date, and release weight were used to categorize individual release groups.  We 

ran species survival analysis (SA1) queries to determine smolt-to-adult survival rates 

(% Survival) of specific release groups (Table 1), where:  

CWT Release Group % Survival =  

(Total estimated # of adult recaptures * 100)/Total # juveniles released 

 

Linear Regression Analysis of Marine Survival 

We limited our regression analysis of marine survival to tag-specific cohorts of 

ocean-type Chinook salmon that were released in April-June of their 1st year, were 

captured in both July and September trawls during a given year, and were released no 

later than 2002 (since marine survival data for more recent brood years was considered 
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incomplete).  To increase sample sizes for an individual cohort, we pooled tag codes 

from hatcheries that released multiple cohorts (tag codes) with identical release dates 

and sizes.  Based on these criteria, we were able to examine 5-10 CWT release groups 

per year from four different brood years (Table 1).  We initially calculated average 

offshore sizes of each release group based on FL, because not all fish had individual 

Wt data.  Average FL was then converted to Wt using a regression derived from 

Chinook salmon measured in this study. 

 

Chinook salmon Wt (g) = 0.000004 * FL(mm)3.1808

r2 = 0.99; n = 4,422, 86-844 mm, 2001-2007 

 

We performed linear regression analyses to determine whether early marine 

sizes and timing affected marine survivals (% Survival).  The specific parameters we 

tested were the 1st release date (RelDate; day of the year), average release weight 

(RelWt), average size in July midwater trawl surveys (JulWt), and average size in 

September surveys (SepWt).  We inspected the individual parameter plots (diagnostic 

residual and probability plots) to confirm that the values were normally distributed.  

Survival data were log-transformed to avoid negative survival values.  We used the 

following equation to model marine survival:     

 

Log(% Survival) = β0 + βiXi… + β4X4 + ε 

where β0 is the intercept, βi are the parameters, ε is the error term, and 

Xi are the predictor variables (RelDate, RelWt, JulWt, SepWt) 

 

Aikake’s information criteria (AIC) scores, which balance model complexity (# 

of parameters) with goodness of fit (likelihood), were determined for all model 

parameter combinations, and then corrected for the effects of small sample sizes (AICc; 

Burnham and Anderson 1998).  The difference between each model’s AICc and the 

lowest AICc score, the ΔAIC, was used to rank the models.  By convention, models 



 

 103

with ΔAIC scores lower than 2 are considered to perform equally well.  Models with 

ΔAIC scores between 2 and 10 are considered to have moderate value, whereas ΔAIC 

scores greater than 10 are considered to have poor approximations to the data 

(Burnham and Anderson 1998).   

 

Marine Survival Index 

We calculated average annual survivals (survival index values) from CWT 

cohorts for release years 1998-2005, to compare to survival index values compiled by 

Ruggerone and Goetz (2004) for release years 1983-1997.  For release years not used 

in the regression analysis (1998, 2000, 2003-2005), we calculated survival index values 

from four hatcheries that typically release Pacific Salmon Commission (PSC) indicator 

stocks (GC, SC, KC, and NR).  More recent survivals (release years 2003-2005) may 

not fully reflect all returns, but we felt that they were valid and worth including 

because tag recovery numbers were comparable to previous years and likely represent 

most of the returns.  Tag recovery numbers for the 2006 release year were well below 

other years, and clearly incomplete, because older age classes from these release 

groups had not yet returned to spawn.   

We visually examined the relationship between the average offshore size (Wt) 

of all juvenile Chinook salmon in July and this marine survival index value to 

determine whether the pooled, mixed-stock at-large size data might be useful for 

predicting average marine survival of (hatchery) Puget Sound Chinook salmon.   

 

RESULTS  
 
CWT Chinook salmon 

During this study, an average of 147 (July) and 99 (September) CWT Chinook 

salmon were caught offshore each year.  The average residence time (days between 

capture and 1st release date) of these CWT Chinook salmon was 60 days in July (range: 

20-110 days) and 128 days in September (range: 80-195 days).  Most CWT Chinook 

salmon originated from hatcheries in the main and southern basins (74-94%), with a 
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smaller proportion from the Whidbey basin (4-17%).  We caught a small number of 

CWT Chinook salmon from distant locales, including Hood Canal and British 

Columbia.  Average marine survivals since 1998 ranged from 0.3 to 1.0%, and were 

similar to values since 1983 (Figure 2).  Typically, marine survivals for Puget Sound 

Chinook salmon were higher in the 1970s and in previous decades (Ruggerone and 

Goetz 2004). 

  

Linear Regression Analysis of Marine Survival 

We identified 5-10 CWT release groups in four release years (1997, 1999, 

2001, and 2002) that could be tracked through consecutive offshore catches (Table 1).  

Each release group had a minimum of five and up to 59 offshore captures.  Release 

groups originated from 10 different hatcheries, with at least two in each Puget Sound 

region.  These Chinook salmon were released (date of 1st release) between mid-April 

and late June, at release weights ranging 5-11 g. 

When examined visually, the average size in July (JulWt) and the average 

release date (RelDate) showed the strongest relationship to marine survival, with JulWt 

showing a positive and RelDate showing a negative relationship (Figure 3).  

Specifically, fish released later than May 25th and those that were smaller than 17 g in 

July experienced the lowest marine survivals (< 0.5%).  Average release weight 

(RelWt) and size in September (SepWt) showed only a weak positive relationship with 

marine survival.  Only when fish were far larger than typical sizes in September (> 80 

g) were marine survivals consistently highest.       

All of the regression models that included JulWt as an explanatory variable had 

the low ΔAIC scores, while the most parsimonious model also included RelWt (Table 

2).  None of the best models included SepWt as a predictor.  The model containing 

JulWt as the only variable had the 2nd highest ΔAIC score, while all other single 

parameter models performed poorly (Table 2). 
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Marine Survival Index 

The average size (Wt) of all juvenile Chinook salmon caught offshore in July 

was positively related to the average marine survival index value calculated from 

selected CWT release groups (Figure 4).  However, this relationship was weaker than 

when these values were compared for individual CWT release groups (Figure 3).  If 

this relationship between July size and marine survival persisted (JulWt, equation n + 1 

in Table 2), we expect that marine survivals would have declined steadily for Chinook 

salmon released in 2006-2008.  In addition, we would estimate that the average July 

size of Chinook salmon offshore in 2003 was approximately 20-25 g.  Overall, this 

relationship suggests that Chinook salmon in Puget Sound that are smaller than 19 g in 

July will experience very poor (< 0.5%) marine survivals. 

 
DISCUSSION  
 

Marine survival of Puget Sound Chinook salmon was most strongly related to 

the average offshore body weight in July, with larger sizes associated with higher 

survivals.  This relationship was consistent over multiple years (1997-2005), and 

suggests that mortality after July was strongly size-dependent.  Release size and release 

date improved this relationship, but only slightly, whereas size in September showed a 

much weaker relationship to marine survival.  Specifically, fish that experienced the 

highest marine survivals were released before May 25th and were larger than 17 grams 

by July.  The July size versus survival relationship was strongest when Chinook 

salmon were examined on a cohort-specific basis; however, this relationship did appear 

to apply more generally to the mixed pool of age-0 Chinook salmon in Puget Sound.   

The importance of July body size to marine survival has several implications.  

First, this relationship provides strong evidence that rapid growth during the first 

marine spring and early summer is critical for marine survivals.  Therefore, factors 

affecting growth, like water temperature and the abundance and quality of prey, are 

likely to affect marine survival.  The additive influences, albeit weak, of release date 

and release size to the July size-survival relationship may be explained both by their 
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effect on July size and their influence on early pre-July mortality.  The period 

immediately after ocean entry is also associated with high mortality rates, as high as 2-

8% per day for several Pacific salmon species (Parker 1968; Fisher and Pearcy 1988), 

compared to less than 1% per day later in life (Parker 1962; Pearcy 1992).  Most of this 

mortality is hypothesized to be due to predation (Parker 1971; Beamish and Mahnken 

2001; Brodeur et al. 2003) which is often negatively size-selective (Parker 1971; Duffy 

et al. 2008).  Overall, release timing can improve marine survival by either maximizing 

growth opportunities in the natural environment or minimizing predation (Blackbourn 

1976; Bilton et al. 1982).  In this study, the association between earlier release date 

(mid-April to mid-May) and higher survival suggests that increased opportunity for 

growth provided by an earlier release date led to a survival advantage over fish released 

after May 25th.  Larger release size can have at least two benefits, both of which may 

explain the positive relationship between release size and survival.  When growing 

conditions are poor, fish that are released at a larger size will have to gain less weight 

to achieve a size sufficient to ensure higher survival.  And, when there are high levels 

of size-selective predation, fish that are larger at marine entry will have a greater 

chance of surviving and growing through July.  

The importance of July body size to marine survival also supports the 

hypothesis that significant size-selective mortality occurs at some point during or after 

the first marine summer, corresponding to the second stage of mortality in the “critical 

size and period” hypothesis (Beamish and Mahnken 2001).  Recent research suggests 

that this second stage of size-selective mortality occurs over the late fall and winter of 

the 1st marine year (Tovey 1999; Beamish et al. 2004; Moss et al. 2005; Cross et al. 

2008), and that this mortality is linked primarily to growth rates preceding this stage.  

We suggest that the lack of a strong correlation between September size and survival in 

this study, instead of arguing against a similar size-dependent overwinter mortality 

event for Puget Sound Chinook salmon, was either due to September size being an 

inadequate metric (growth rate may be more appropriate) or that our sampling was not 

representative of the majority of the population at that time (i.e., size-selective 
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emigration from Puget Sound).  We hypothesize that the fish caught in offshore Puget 

Sound waters in July represented the majority (average member) of the Chinook 

salmon population, which explains the strong relationship with release-group specific 

survivals.  Typically, catch-per-unit-effort was higher in July than September.  In 

addition, Chinook salmon in July were larger (on average) in the North than the Central 

region, suggesting that larger fish migrated more quickly towards the Pacific Ocean (R. 

Beamish, Department of Fisheries and Oceans Canada, unpublished data).  By early 

fall, we suspect that most of the Chinook salmon had migrated out of our sampling area 

(either towards the Pacific Ocean or into deeper waters of Puget Sound).  Therefore, 

the Chinook salmon that were caught in Puget Sound in September were likely a mix 

of fish that were among the smaller sizes at release (the average release sizes given by 

hatcheries are associated with high variability),  or those that grew slower.  Several 

findings support this reasoning.  Typically, smolts that entered marine waters earlier 

(Healey 1980; Mortensen et al. 2000) and at a smaller size (Iwamoto and Salo 1977) 

spent longer in estuarine waters.  Size affects fish distribution; large fish migrate faster 

(Orsi et al. 2001; Cross et al. 2008), move between habitats (e.g., nearshore to offshore, 

Healey 1980), and from shallower to deeper waters (R. Beamish, Department of 

Fisheries and Oceans Canada, unpublished data).  

The minimal effect of release size on marine survival in this study may be due 

to the small range of release sizes (5-11 g) that we tested.  Increased marine survival 

associated with larger release sizes have typically been observed in other salmon 

species, and over wider ranges in both sizes and marine survivals (e.g., chum salmon: 

Kaeriyama 1999; masu salmon O. masu: Miyakoshi et al. 2001; Atlantic salmon Salmo 

salar: Kallio-Nyberg et al. 2004; coho salmon: Quinn et al. 2005).  Quinn et al. (2005) 

did find that larger release size (range: 3-20 g) was associated with higher marine 

survival for Puget Sound Chinook salmon released from neighboring hatcheries in 

1969-1998.  However, they also found that annual differences in release size within a 

hatchery did not explain inter-annual variations in marine survival.  This supports our 
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finding that inter-annual patterns in marine survivals were influenced most by factors 

during early marine residence. 

Puget Sound pink salmon have distinct even/odd year abundance patterns with 

few juveniles produced during odd years.  Ruggerone and Goetz (2004) proposed that 

the reduction in marine survival of Chinook salmon over the past two decades (1984-

1997) occurred primarily for cohorts entering Puget Sound during even years.  They 

hypothesized that this was due to competition-based mortality associated with very 

high even-year production of juvenile pink salmon, whose abundances almost doubled 

during this time (PSWQAT 2002).  The more recent survival data compiled here 

(1998-2005) show some indication that lower marine survivals of Chinook salmon 

continued to be associated with the even-year pink salmon (at least through 2003).  

Taken together, our findings suggest that this “pink effect” may be causally linked to 

the reduced July sizes associated with these lower marine survivals.  Since there is 

minimal direct overlap between the early marine diets of pink and Chinook salmon 

(Kaczynski et al. 1973; Conley 1977; Fresh et al. 1981; Welch and Parsons 1993; 

Beamish et al. 1998; Duffy 2003), one plausible explanation is that indirect 

competition between these species leads to reduced growth due to overall reduction in 

prey resources for both Chinook salmon and for their prey.  Specifically, juvenile pink 

salmon may compete directly with juvenile forage fish (like Pacific herring, Clupea 

pallasii) which are key, high energy prey for Chinook salmon.  A more definitive 

assessment of these trophic interactions will require a quantitative analysis of species-

specific consumption demand versus prey supply among species of juvenile salmon, 

herring, and other potential competitors in Puget Sound.  Forage fish are key prey for 

many salmon species, and high abundances of juvenile herring have been linked to 

shorter migration distances for Atlantic salmon in Baltic Sea (Kallio-Nyberg et al. 

1999).  Competitive interactions with pink salmon have also been linked to shifts in 

diet (Tadokoro et al. 1996) and lower adult abundances and survival of Puget Sound 

chum salmon that were juveniles during even-numbered years (Gallagher 1979; Salo 

1991; Fresh 1997).   
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One limit of this study is its applicability to wild Chinook salmon.  In the Baltic 

Sea, both hatchery and wild Atlantic salmon exhibited a positive relationship between 

smolt size and marine survival, but this relationship differed both by origin and year.  

Wild fish, despite being considerably smaller, experienced consistently higher 

survivals than hatchery fish, and the survival benefit conferred by larger size was 

especially strong for wild fish in poor survival years (Saloniemi et al. 2004).  Though 

we don’t know how marine survival of wild fish compares to hatchery fish in Puget 

Sound, we do know that wild Chinook salmon exhibit more variable marine entry 

timing than hatchery fish, (February-August, Simenstad et al. 1982), and enter Puget 

Sound at a smaller size than hatchery counterparts.  These size differences persist in 

nearshore habitats through the spring (Duffy et al. 2005), but not in the offshore 

catches of July and September (R. Beamish, Department of Fisheries and Oceans 

Canada, unpublished data).  This suggests that wild Chinook salmon experience higher 

early marine growth rates, that they experience stronger size-selective mortality, or that 

they exhibit different distribution patterns (e.g., different migration rates and habitat 

use).  While it is important to learn more about factors affecting the marine survival of 

wild Chinook salmon, it is likely that efforts to improve early marine growth 

opportunities in Puget Sound will benefit both hatchery and wild fish. 

This study suggests that much of the marine mortality of Chinook salmon is 

determined by local conditions during their first spring and early summer in Puget 

Sound.  This early marine residence could be viewed as a critical period when Chinook 

salmon must maximize their size to minimize size-selective mortality associated with 

the remainder of their marine life.  Our findings highlight the importance of Puget 

Sound as a rearing environment for juvenile salmon, and suggest that declines in 

marine survival since the 1980s may have been caused by reductions in the quality of 

feeding and growing conditions during early marine life, especially during years of 

high juvenile pink salmon abundance.     
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TABLES 
 
Table 1. Summary information on CWT cohorts of hatchery Chinook salmon captured 
by midwater trawl in Puget Sound during 1997, 1999, and 2001-2002.   
 
Brood    % Release Release July September 

Year Region Hatchery Survival Date Wt (g) n Wt (g) se n Wt (g) se 

1996 Central SC 0.50 5/9/1997 6.2 15 16.2 0.7 6 35.9 1.2

1996 Central GC 1.20 4/30/1997 7.1 21 29.8 0.8 6 46.4 1.4

1996 Central WH 0.10 6/5/1997 5.5 7 8.8 0.2 10 29.2 0.6

1996 South HS 0.40 5/29/1997 9.4 24 18.2 0.2 21 38.2 0.6

1996 South NR 1.52 5/6/1997 11.1 16 33.6 0.7 4 88.5 7.6

1998 North BG 0.53 5/24/1999 5.8 5 17.5 0.6 3 47.0 2.5

1998 Central SC 1.12 5/5/1999 5.7 20 19.2 0.4 10 39.9 1.1

1998 Central GC 1.85 4/15/1999 9.1 16 36.1 1.0 6 100.1 4.9

1998 South KC 1.04 5/18/1999 8.4 5 22.5 0.9 6 37.8 1.0

1998 South NR 0.73 5/7/1999 8.7 9 24.7 0.6 3 38.4 1.1

1998 South NR 0.90 5/11/1999 9.1 7 21.9 0.6 3 52.9 1.2

2000 North BG 0.72 5/8/2001 5.7 4 18.0 0.5 1 32.0   

2000 North WR 0.28 6/29/2001 7.8 13 11.3 0.2 9 28.1 0.4

2000 Central SC 0.33 5/18/2001 6.0 13 14.6 0.4 19 29.8 0.5

2000 Central GC 0.62 5/11/2001 5.2 8 23.5 0.3 7 34.9 0.4

2000 Central PT 0.14 6/12/2001 6.8 2 11.2 0.2 3 32.5 1.6

2000 Central PT 0.36 6/15/2001 8.4 1 14.0  8 27.9 0.6

2000 Central WH 0.33 5/25/2001 7.1 10 15.4 0.3 14 31.5 0.4

2000 South HS 0.38 5/25/2001 9.1 3 18.5 0.5 6 40.2 1.2

2000 South KC 0.77 5/16/2001 8.6 3 20.3 0.9 3 31.8 0.7

2000 South NR 0.97 5/8/2001 8.4 14 28.8 0.5 8 36.8 1.3

2001 North BG 0.49 5/14/2002 5.7 8 15.3 0.2 2 53.1 8.1

2001 North WR 0.18 6/15/2002 6.3 10 7.9 0.1 7 27.8 0.6

2001 Central SC 0.15 6/3/2002 6.1 13 7.8 0.1 1 39.4   

2001 Central GC 0.45 5/20/2002 6.8 39 15.3 0.2 7 42.0 1.7

2001 Central GO 0.20 5/20/2002 6.7 11 11.2 0.2 6 29.7 1.3

2001 Central WH 0.19 5/29/2002 5.0 11 8.8 0.2 3 33.6 1.5

2001 Central WH 0.32 5/17/2002 11.1 9 18.6 0.4 4 36.7 2.0

2001 South HS 0.22 6/3/2002 9.4 21 14.0 0.1 5 41.2 4.5

2001 South KC 0.45 5/23/2002 7.2 9 13.6 0.3 3 40.5 2.5

2001 South NR 0.34 5/7/2002 8.1 52 16.4 0.1 7 48.4 2.4
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Table 2. Model summaries, ranked in order of fit, for factors affecting (log-
transformed) marine survival of CWT hatchery Chinook salmon from Puget Sound, 
brood years 1997, 1999, and 2000-2001. 
 

Model Parameters df AICc deltaAIC 
Adj 
R2

n+1+3 JulWt, RelWt 28 23.04 0.00 0.811 
n+1 JulWt 29 23.38 0.34 0.800 

n+1+4 JulWt, RelDate 28 23.56 0.52 0.808 
n+1+3+4 JulWt, RelWt, RelDate 27 24.90 1.86 0.809 

n+1+2 JulWt, SepWt 28 25.48 2.44 0.795 
n+1+2+3 JulWt, SepWt, RelWt 27 25.48 2.44 0.805 
n+1+2+4 JulWt, SepWt, RelDate 27 25.54 2.50 0.805 

n+1+2+3+4 
JulWt, SepWt, RelWt, 
RelDate 26 27.36 4.32 0.804 

n+3+4 RelWt, RelDate 28 44.86 21.82 0.618 
n+4 RelDate 29 46.76 23.72 0.575 

n+2+4 SepWt, RelDate 28 46.81 23.77 0.593 
n+2 SepWt 29 60.65 37.61 0.335 

n+2+3 SepWt, RelWt 28 62.65 39.61 0.321 
n+3 RelWt 29 70.58 47.54 0.083 

n Null (Intercept only) 30 72.04 49.00   
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FIGURE CAPTIONS 
 
Figure 1.    Puget Sound map showing major basins (Whidbey, Main, Southern), regions 

(North, Central, South), offshore sampling tracks (thick white and gray lines), and 

hatcheries of origin for CWT Chinook salmon examined in this study.  Hatcheries 

include: Wallace River (WR) and Bernie Gobin (BG) in the North; Grover’s Creek 

(GC), Gorst Creek Pond (GO), Soos Creek (SC), White River (WH), and Puyallup 

Tribal (PT) in the Central region; and Hupp Springs (HS), Nisqually River (NR) and 

Kalama Creek (KC) in the South. 

 

Figure 2.  Average marine survivals (% ± 1 s.e.) of juvenile CWT Chinook salmon 

released from Puget Sound hatcheries in 1983-2005.  The number of CWT release 

groups included each year is listed above each point.  This figure is adapted from 

Ruggerone and Goetz (2004), with data added for release years 1998-2005.  In general, 

marine survival rates during even-numbered release years (black symbols) were lower 

on average than during odd-numbered release years (white symbols).   

 

Figure 3.  The relationship between marine survival (%) and A) average hatchery 

release size (body mass, g), B) average offshore size (g) in July, C) average offshore 

size (g) in September, and D) hatchery release date for select CWT release groups of 

Puget Sound hatchery Chinook salmon in 1997, 1999, and 2001-2002.  Notice different 

scales on x-axes.   

 

Figure 4.  The relationship between average body mass (g ± s.e.) of all juvenile 

Chinook salmon caught offshore in July of their first marine year and average marine 

survival (% ± 1 s.e.) of CWT Chinook salmon from select Puget Sound hatcheries (see 

Figure 2), based on data from 1997-2005.  Based on the JulWt model in Table 2, 

relationships were predicted (shown in light gray) for body size in July 2003 (no 

offshore sampling was conducted that year), and for the marine survivals associated 

with 2006-2008 July sizes (survival data for these year classes were not yet available).   
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Chapter IV:  Effects of seasonal and annual variation in early marine 
growth performance on the marine survival of  

Puget Sound Chinook salmon 
 

ABSTRACT 
 
Recent evidence suggests that early marine growth strongly affects overall marine 

survival rates for ocean-type Puget Sound Chinook salmon.  In particular, Chinook 

salmon must maximize their body mass by July of their first summer at sea in order to 

improve their probability of marine survival.  In this study, we used two measures of 

growth performance generated by bioenergetics model simulations - feeding rate (the 

proportion of theoretical maximum consumption, % Cmax) and growth efficiency (GE, 

g growth/g consumed) - to identify links between feeding and growth of juvenile 

Chinook salmon that could help boost early marine growth and marine survival of 

these stocks.  We first compared growth simulations of specific hatchery release groups 

(identified by coded-wire tags) during years of relatively high (0.8% in 2001) and 

relatively low (0.4% in 2002) marine survival.  We also generated spatially and 

seasonally relevant quantitative estimates of consumption demand for the average 

hatchery Chinook salmon (released between April-June and at a similar size) using 

temperatures, diets, and growth rates that were averaged across regions during the first 

spring (May-July) and summer (July-September) in Puget Sound, 2001-2006.  Higher 

growth rates were consistently associated with higher feeding rates, suggesting that 

food availability may have been a limiting factor for early marine growth of Chinook 

salmon.  The particularly low marine survival rates associated with 2002 hatchery 

release groups corresponded to the lowest spring growth efficiency, growth, and 

feeding rates of all the years under study.  Overall, growth rates and feeding rates 

tended to be higher in the spring (1.0-2.2 % body wt/day, 73% of Cmax) than summer 

(0.9-1.9% body wt/day, 65% of Cmax), whereas growth efficiency was similar in the 

spring and summer (~14%).  Throughout the growing season, decapods (primarily crab 

larvae) were consistently the most important single prey type (32-33% of total biomass 

consumed).  Other important prey were amphipods (14-23%), insects (9%), 
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euphausiids (7%) and fish (6-14%).  On average, a juvenile Chinook salmon consumed 

252 g (182-379 g) of food during spring and summer growth in Puget Sound.  Our 

results suggest that spring growth of juvenile Chinook salmon may be food-limited in 

some years, and that Chinook salmon must feed and grow at high rates to increase 

marine survival rates.  Knowing the amount of prey required by juvenile Chinook 

salmon to achieve favorable growth rates and summer sizes can help managers to 

evaluate the suitability of specific habitats as rearing areas, to guide restoration 

priorities and goals, and to make specific recommendations, like reducing numbers of 

hatchery fish released in a potentially food-limiting year.   

 
INTRODUCTION 
 

In Puget Sound, several Pacific salmon populations have experienced declines, 

most notably Endangered Species Act (ESA) listed Chinook salmon (Oncorhynchus 

tshawytscha). Recent evidence suggests that early marine growth strongly affects 

overall marine survival rates for these populations (Duffy and Beauchamp, dissertation 

Chapter 3).  In particular, Chinook salmon must maximize their body mass by July of 

their first summer at sea in order to improve their probability of marine survival.  Poor 

marine survival rates of Chinook salmon, linked to smaller size in July and reduced 

growth during their first spring and early summer, may be exacerbated by competition 

from large releases of hatchery fish and by indirect competition for food in years of 

high juvenile pink salmon (O. gorbuscha) abundance during even-numbered years 

(Ruggerone and Goetz 2004, Duffy and Beauchamp, dissertation Chapter 3).  These 

recent declines might reflect increased mortality at sea or degraded rearing conditions 

for juvenile Chinook salmon in Puget Sound compared to time periods of higher 

marine survival.  Symptoms of degraded rearing conditions may include a reduction in 

stomach fullness (or a lower feeding rate), consumption of less favorable (energy-rich) 

prey (lowering growth efficiency), smaller size, slower growth, and less optimal 

environmental conditions (water temperature, salinity).   
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Chinook salmon are considered the most dependent of all salmon species on 

estuarine environments (Healey 1982), due to their extensive residence times and 

utilization of these environments (Simenstad et al. 1982; Aitken 1998)  In Puget Sound, 

Chinook salmon are primarily “ocean-type,” migrating to saltwater immediately after 

emerging from the gravel as fry or after one to several months of freshwater rearing.  

They have the longest duration in nearshore habitats of all salmon species, primarily 

occupying the nearshore during spring and early summer (Stober et al. 1973; 

Congleton et al. 1982; Simenstad et al. 1982; Brennan et al. 2004; Duffy et al. 2005; 

Toft et al. 2007).  By mid-summer, Chinook salmon are caught in large numbers 

offshore and catches remain high at least through early fall (Beamish et al. 1998; R. 

Beamish, unpublished data, Department of Fisheries and Oceans Canada, Nanaimo).   

Recent studies of juvenile Chinook salmon feeding habits in Puget Sound 

showed substantial regional, seasonal, inter-annual, and habitat-specific variation 

(Duffy et al., Chapter 2).  Depending on the region and habitat, Chinook salmon fed 

either on high quality prey items, like insects, at a relatively low feeding intensity, or 

on lower quality prey, planktonic crustaceans, at a higher intensity.  Shifts in prey 

resources and water temperature can affect the potential growth rates of juvenile 

salmon.  Poor quality feeding areas may result in increased susceptibility to predation 

due to poorer condition and smaller sizes of fish (Brodeur et al. 1992; Perry et al. 

1996).  The quality of feeding areas can also affect migration rates and residence times, 

since salmon are believed to leave areas of poor food (Healey 1982; Simenstad and 

Salo 1980; Orsi et al. 2000).  In Puget Sound, regional differences in environmental 

conditions (e.g., turbidity, salinity and water temperature profiles) could affect the 

length and quality of early marine rearing of juvenile Chinook salmon, particularly in 

nearshore environments (Duffy et al. 2005).  In addition, when food supply is limited, 

dietary overlaps among species and between hatchery and wild salmon may result in 

intra- and inter-specific competition that would reduce growth rates and overall size 

(Fisher and Pearcy 1996; Sturdevant 1999).  Depending on the location, hatchery 

production can represent 50-98% of the juvenile Chinook salmon population in Puget 
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Sound (NMFS 2004; Duffy et al. 2005), and huge numbers of hatchery salmon are 

often released during peak wild salmon emigrations. 

While diet information gives only snapshots of feeding, bioenergetically-based 

food web models, when used in conjunction with directed field sampling, provide an 

effective method for quantifying feeding and trophic interactions in a temporal, spatial, 

and ontogenetic framework (Ney 1990; Hansen et al. 1993).  The Wisconsin 

bioenergetics model has been used successfully to identify carrying capacity of 

systems, seasonal bottlenecks in food supply, and impacts of predation primarily in 

freshwater systems (Kitchell et al. 1977; Stewart et al. 1981; Stewart and Ibarra 1991; 

Beauchamp et al. 1995; Rand et al. 1995; Cartwright 1998; Baldwin et al. 2000).  The 

model has also been used to estimate temporal consumption demand and growth in 

estuarine and marine waters (Brandt et al. 1992; Brodeur et al. 1992; Ciannelli et al. 

1998; Davis et al. 1998; Holsman et al. 2003; Cross et al. 2005; Beauchamp et al. 

2007; Mazur et al. 2007).  In coastal marine waters, the bioenergetics model has 

yielded consumption estimates within 5-10% of independently generated field 

estimates for juvenile Chinook and coho salmon (O. kisutch; Brodeur et al. 1992).  

Shifts in diet quality, feeding rate, and growth efficiency may provide evidence for 

changes in rearing conditions that can affect survival through the first marine winter.   

 In this paper, we used a bioenergetics model to examine the feeding conditions 

and growth performance of juvenile Chinook salmon during their first marine growing 

season in Puget Sound, 2001-2006.  Using the bioenergetics model, we generated 

spatially and seasonally relevant quantitative estimates of consumption demand.  We 

used two measures of growth performance, feeding rate (the proportion of theoretical 

maximum consumption, % Cmax) and growth efficiency (GE, g growth/g consumed), to 

evaluate how seasonal, annual, and regional shifts in diet, temperature, and growth 

affected prey consumption.  Specifically, our objectives were to determine: l) whether 

summer growth differed among years 2001-2006, 2) whether growing conditions 

(temperature, prey quality and feeding rates) differed seasonally (spring, nearshore and 

offshore) and summer (offshore), and 3) whether spring growing conditions differed 
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among regions (North, Central, South).  We also estimated consumption rates on key 

prey taxa to determine their relative importance to the overall energy budget of 

Chinook salmon in Puget Sound.  Our goal was to identify links between feeding and 

growth of juvenile Chinook salmon that could help boost early marine growth and 

marine survival of these stocks. 

 

STUDY AREA 
 

Puget Sound is a deep, elongated glacial fjord composed of underwater valleys, 

ridges and basins with an average depth of 135 m.  A shallow sill separates the main 

basin from the southern basin near the Tacoma Narrows.  Northeast of the main basin 

is the Whidbey basin, which is fed by Puget Sound’s two largest rivers (Skagit and 

Snohomish Rivers) and receives 60% of the freshwater entering Puget Sound (Burns 

1985).  For data analysis, we divided Puget Sound into three regions: a northern region 

(North), north of Edwards Point and including the northern  main basin, Admiralty 

Inlet, and southeastern Whidbey basin; a central region (Central) in the main basin 

from Edwards Point south to Tacoma Narrows; and a southern region (South) south of 

the Tacoma Narrows sill.  These sampling regions included significant salt water entry 

points for both wild and hatchery Chinook salmon, major freshwater inflows, and 

marine rearing and migration corridors.  We examined data from Chinook salmon 

released from a representative hatchery in each of these regions: Bernie Gobin (BG) in 

the North; Grover’s Creek (GC) in the Central Region; and Nisqually River (NR) in the 

South (Figure 1).   

Nearshore (NS) and offshore (OS) habitat types were defined primarily by the 

type of sampling gear used.  Nearshore sites were sampled by floating beach seines 

which cover the upper 2 m from shore out to a distance of approximately 33 m, 

targeting shallow sublittoral habitats in shoreline zones.  Five to six nearshore sites 

were sampled each in the North and South regions (Duffy et al. 2005), and 16 sites in 

the Central region (Brennan et al. 2004).  Open water offshore sites (generally greater 



 

 129

than 30 m bottom depth) were sampled by mid-water rope trawl which had an effective 

opening of 14 m deep by 30 m wide when fishing (Beamish et al. 2000).   

 

METHODS  
 
Fish Sampling 

Field sampling was designed to characterize the timing of nearshore and 

offshore habitat use, size structure, and diet of juvenile Chinook salmon in Puget 

Sound.  At nearshore sites, beach seining (2 sets per site) was conducted biweekly 

during April-July and monthly during August and September in 2001 and 2002 at each 

Northern and Southern site (Duffy et al. 2005) and Central site (Brennan et al. 2004) 

using a floating beach seine (37.0 m length x 2.0 m height, with mesh grading from 3 

cm in the wings to 6 mm at the cod end) according to standard estuarine fish sampling 

protocol (Simenstad et al. 1991).  Mid-water trawling was conducted during the day in 

the Northern and Central regions during two-day cruises in July and September 2001-

2006 (October was sampled instead of September in 2004 and no offshore sampling in 

2003).  On average, 30 trawls were deployed per year.  The average tow lasted 20 

minutes at 4.4 knots, covering a distance of 2,687 meters.  Approximately two-thirds of 

the trawls sampled the upper 30 m of the water column, with occasional deeper tows 

ranging between 30-120 m.       

Counts of all fish were recorded by species.  Individual fork lengths (FL, to the 

nearest 1 mm) were recorded for sub-samples (at least 60 fish per species, when 

available).  Wet weights (Wt, to the nearest 0.1 g) and diet information (Duffy et al., 

dissertation Chapter 2, in review) were recorded for a smaller sub-sample of Chinook 

salmon (typically closer to 20 fish, but up to 60 fish per trawl).  Hatchery Chinook 

salmon were identified by adipose fin-clips and coded-wire-tags (CWT’s) while 

unmarked Chinook salmon were assumed to be of natural origin.  Marking of all 

hatchery Chinook salmon has been required since 2000, however marking errors and 

use of non-visible marks (thermal otolith marks) on some hatchery release groups 

(particularly experimental and “wild recovery” fish) contributed an unknown but likely 



 

 130

small percentage of hatchery origin fish to the unmarked fraction.  On average, 

unmarked fish represented 18% of the Chinook salmon catch in July and 29% in 

September. 

The CWT’s were read by the Washington Department of Fish and Wildlife 

(Lynn Anderson, WDFW, Olympia, WA).  We retrieved information associated with 

each tag code from the Regional Mark Processing Center’s online database 

(http://www.rmpc.org/) including hatchery location, release date, release weight, and 

marine survival, to categorize individual release groups (Duffy and Beauchamp, 

dissertation Chapter 3).   

 

Bioenergetics Modeling 

We used the Wisconsin bioenergetics model (Hanson et al. 1997), an energy-

balance approach in which total energy consumption (C), over a particular time frame, 

equals the sum of  growth (G, positive or negative), metabolic costs (M), and waste 

losses (W): 

C = G + M + W 

Typically the model, which operates on a daily time step, is used estimate consumption 

rates by individuals of a species at a given life history stage.  The primary model inputs 

are thermal experience (temperature experienced by the predator), diet, prey and 

predator energy densities, and growth.  We used the model’s default physiological 

parameters specific to Chinook salmon which has performed well against independent 

estimates of consumption in field application (Brodeur et al. 1992) and in experimental 

comparisons of observed versus predicted growth and consumption in laboratory tests 

(Madenjian et al. 2004).  We used the bioenergetics model to quantify the amount of 

prey consumed (by mass in grams and energy in Joules) to achieve the estimated 

growth over the specified spring and summer growth intervals.  We evaluated the 

quality and quantity of feeding conditions by examining growth efficiency (GE, the 

ratio between mass achieved through growth and the amount of food consumed) and 
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feeding rates (the proportion of the theoretical maximum consumption, % Cmax), 

respectively. 

 

Thermal experience 

For May-June temperature, we used average water temperatures that had been 

recorded for nearshore sampling sites at a depth of 0.5 – 1.0 m using the YSI Model 55 

Handheld Dissolved Oxygen and Temperature System.  For July-September, we used 

water temperatures taken at the depth of the top of the net (0-30 m; Table 1).  The 

model interpolated temperature values between sampling dates. 

 

Diet composition 

We used average proportional diet composition data obtained from age-0 

juvenile Chinook salmon caught during daylight sampling, 2001-2007.  We used diets 

from nearshore sampling during May-June, and offshore diets during July-September 

(Table 2).  This nearshore-offshore transition in diet was based on coincident declines 

in nearshore catch-per-unit-effort (CPUE) in beach seines and increasing catches in 

offshore regions of Puget Sound (Duffy et al. 2005; R. Sweeting, Canada Department 

of Fish and Oceans, Nanaimo, unpublished data).   Nearshore diets were region-

specific for 2001-2002 (Duffy et al., dissertation Chapter 2, submitted), but all-region 

averages were used for 2004-2006, when nearshore diet information was unavailable.  

Offshore diet information was an average of the North and Central regions.  Prey were 

grouped into broad taxonomic categories reflecting the dominant types:  copepods 

(primarily calanoid but also harpacticoids), crab larvae, shrimp (primarily larval but 

also adult forms), euphausiids, gammarid amphipods (both estuarine and marine 

species), hyperiid amphipods, polychaetes (epibenthic and planktonic forms), barnacle 

“larvae” (cyprids, naupliae, and exuviae), insects (including both terrestrial and aquatic 

insects (Insecta) as well as spiders (Arachnida) and water mites (Acari)), other 

invertebrates (rare and unidentifiable prey), and fish (including larval, juvenile, and 

adult forms).  We simplified prey types into functional groups (for Figures 2 and 4), 
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combining crab larvae and shrimp together as decapods, and grouping barnacle larvae 

with the “other invertebrates” category. 

 

Energy density 

We used literature values for energy density of prey items that were most 

comparable to organisms found in Puget Sound and used averages of similar prey types 

when specific values were unavailable (Table 3).  We used the Wisconsin model’s 

default equation for predator energy density, which linearly increases energy density 

with increasing body mass. 

 

Growth simulations 

We compared growth simulations of specific release groups from one hatchery 

in each region (North: BG, Central: GC, South: NR) in 2001-2002, when detailed 

regional diet information was available (Table 4).  We also simulated the growth of the 

average ocean-type Chinook salmon, using temperatures (Table 1), diets (Table 2), and 

growth rates (Table 4) that were averaged across regions during the first spring and 

summer in Puget Sound.  For inter-annual growth comparisons, we limited our analysis 

to specific CWT groups of Chinook salmon that were released at a similar size (5-12 g) 

and between April-June of their first year.  We calculated average values for release 

date, release size, and average offshore sizes in July and September.  Fork lengths (FL) 

were converted to wet weights (Wt) using regressions derived from this study:   

Chinook salmon Wt (g) = 0.000004 * FL(mm)3.1808  r2 = 0.99; n = 4,422, 86-844 mm. 

Spring growth was assumed to be the difference between the average body size 

(mass) at hatchery release and the average body mass for that cohort in July.  Summer 

growth was assumed to be the difference between the average offshore body mass in 

September (October 2004) and July.  This measure, the “apparent growth,” assumes 

that fish caught in consecutive sampling weeks were the same fish and that they had 

been resident to that area over the elapsed time.  This method could either 

underestimate actual growth if smaller fish are continually cycled through the region or 
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if faster-growing individuals emigrated from the study region, or could overestimate 

growth if smaller fish experienced higher size-selective mortality (e.g., Duffy and 

Beauchamp 2008) during the growth interval being simulated.  We used the 

bioenergetics model to quantify the amount (by weight, grams, and energy, Joules) of 

prey consumed to achieve the estimated growth over the specified spring and summer 

growth intervals.   

 

RESULTS  
 
Regional Variation in Spring Growth during 2001 and 2002 

Marine survival rates for the North, Central, and South hatchery release groups 

were lower during 2002 (0.34-0.49%) than in 2001 (0.62-0.97%, Figure 2) and this 

decline was most pronounced for the South release group.  Average July sizes (and 

survivals) for fish from all three hatcheries were lower in 2002 than 2001 (Figure 2).  

Spring water temperatures were colder in South than North nearshore habitats, and 

were also colder during 2002 than 2001 (Table 1).   

Spring growth rates were also lower in 2002, though the reduction in growth 

was most dramatic for the South and Central hatchery releases (-0.8% body wt/day, 

Table 4).  While there were also reductions in growth efficiency, the primary 

differences in the growth simulations were the substantially lower feeding rates in 

2002, except for the North release group (Table 4, Figure 2).  Spring feeding rates for 

the Central and South 2001 release groups were among the highest of all the 

simulations (87-90% Cmax, Table 4, Figure 2).  Growth rates for the individual hatchery 

release groups were all equal or higher than for corresponding annual averages, which 

was likely due in part to the earlier release dates (Table 4).  Spring growth for the 

average Chinook salmon was most similar to the North hatchery release group during 

2001, and to the South hatchery release group in 2002.     

Insects and decapods (mainly crab larvae) both made substantial contributions 

to prey consumption, both in terms of biomass (grams) and energy (kilojoules).  Due to 

their relatively high energy content, insects were even more important to the spring 
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growth energy budget (26-30% of consumed energy but only 17-21% of consumed 

biomass), whereas decapods represented a larger proportion of the biomass consumed 

(39-43%) than the energy consumed (33-38%; Figure 2).  Fish and other invertebrates 

were also slightly less important to the total energy than to the prey biomass consumed 

by Chinook salmon.  Other prey types contributed equally to the total energy and 

biomass of prey consumed.  Due to the high proportion of insects eaten in the North 

(and Central region), growth efficiencies were slightly but consistently higher for fish 

from this region (Table 4, Figure 2).     

 

Inter-annual Variation in Spring and Summer Growth 

 In 2001-2006, the average CWT Chinook salmon was released from hatcheries 

in mid-late May, and release sizes were very similar (6.6-7.9 g) for all years (Table 4).  

Summer water temperatures (12.2-13.6 °C) were less variable than spring water 

temperatures (11.4-14.0 °C, Table 1).  The body mass during July diverged among 

years and differed moderately during September/October, except for September 2005, 

when fish were substantially larger than in other years (Figure 3).  Within a year, 

spring growth rates (1.0-2.2 % body wt/day) tended to be higher than summer rates 

(0.9-1.9% body wt/day), which was partly due to the allometry of smaller body size of 

fish in the spring.  Exceptions were during 2002 and 2005, when summer growth rates 

were also higher than in other years (Table 4, Figure 3).        

 In 2006, Chinook salmon experienced the highest spring growth and feeding 

rates (87% of Cmax) and highest growth efficiency (18%; Table 4, Figure 4).  On 

average, growth efficiency was equivalent in the spring and summer, while feeding 

rates were generally slightly higher in the spring (73% of Cmax) than during the summer 

(65% of Cmax), excluding the summer of 2005.  In the high growth summer of 2005, 

Chinook salmon fed at just over 100% of their maximum consumption, and at the 

highest observed summer growth efficiency (17%, Table 4).       

During spring and summer, decapods (primarily crab larvae) were consistently 

the most important single prey type (32-33% of total consumption).  On average, 



 

 135

Chinook salmon ate a similar proportion of insects (9%), euphausiids (6-7%), and 

copepods (3%) in spring and summer.  Fewer gammarid and hyperiid amphipods 

(14%) and fish (6%) were consumed during spring than in summer (23% amphipods 

and 14% fish), whereas more polychaetes and other invertebrates (e.g., barnacle larvae, 

isopods) were consumed in spring (Figure 4).  When summer growth was substantially 

higher during 2005, Chinook salmon ate more euphausiids and amphipods, and less 

decapods and fish than in years of slower summer growth.  On average, a juvenile 

Chinook salmon consumed 252 g (182-379 g) of food during spring and summer 

growth in Puget Sound.     

 
DISCUSSION  
 

Early marine growth of Puget Sound Chinook salmon differed among years, 

seasons, and regions.  Specifically, growth rates tended to be higher in the spring 

(May-July) than summer (July-September), and higher growth rates were consistently 

associated with higher feeding rates.  The feeding rate (%Cmax) has been used as an 

index of the degree of food limitation (Rice and Cochran 1984) – the higher the feeding 

rate, the less food-limited the system.  A higher feeding rate can also indicate a diet of 

lower energetic quality or an increase in metabolic costs associated with temperature 

(Weitkamp and Sturdevant 2008), though this should also be reflected in a reduced 

growth efficiency.  Slowing of apparent growth of Chinook salmon has been attributed 

to inter- or intra-specific competition in other estuaries (Reimers 1973; Levy et al. 

1978).  The greatest potential for dietary overlap and competition for Chinook salmon 

in the nearshore zone was between hatchery and unmarked conspecifics, and less so 

between coho and Chinook salmon of similar sizes (Duffy 2003).  There was also 

considerable overlap in the major prey types eaten by Chinook, pink, coho salmon, and 

Pacific herring (Clupea pallasii) in offshore habitats (R. Beamish, Department of 

Fisheries and Oceans Canada, unpublished data).   

Spring growth efficiency, growth, and feeding rates were lowest in 2002 of the 

years under study.  In 2002, the Chinook salmon diets were similar to other years, but 
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catch rates of Chinook salmon and other salmon species, including many juvenile pink 

salmon, were very high at nearshore habitats (Duffy et al. 2005).  Taken together, this 

suggests that growth of juvenile Chinook salmon might have been food-limited during 

spring of 2002 due to particularly high densities of salmon.  Conversely, anomalously 

high summer growth occurred in 2005, a year of relatively low July salmon 

abundances and no juvenile pink salmon (R. Beamish, Department of Fisheries and 

Oceans Canada, unpublished data).  In addition, growth efficiency was slightly higher 

during this time.  Given the consistency in summer temperatures across years, this 

suggests that food was more abundant (or available) and that the overall energetic 

quality of the diet was higher in summer 2005, apparently due to the lower proportional 

consumption of decapods and the higher consumptions of euphausiids and amphipods.   

Regional differences in growth were variable.  The North hatchery release 

group experienced similar spring growth and feeding in 2001-2, while both the Central 

and South hatchery experienced substantial declines in both growth and feeding rate in 

2002 versus 2001.  Higher marine survival was linked to faster growth and feeding rate 

in the spring (Figure 4), but has also been linked to the specific offshore body size in 

July (i.e. a critical size, Duffy and Beauchamp, Chapter 3).  Smaller body size in July 

could explain why the North hatchery release group experienced lower survival in 2002 

than 2001, despite similar spring growth and feeding rates (Figure 4).  Overall, 

estimates of apparent growth rates for Chinook salmon in Puget Sound (0.9-2.3% body 

wt/day) were generally lower than comparable rates measured in British Columbia 

estuaries (3.5-5.5% body wt/day, Healey 1982).  This suggests that both relatively slow 

growth and small body size in July may be contributing to recent declines in marine 

survivals, and that deterioration in the quality of Puget Sound habitats for early marine 

rearing of juvenile salmon may be to blame.      

The availability and energetic quality of prey are the major factors affecting the 

growth of Chinook salmon in Puget Sound, more so than the relatively stable 

environmental conditions (water temperatures).  Insects, in particular, were high energy 

prey, and contributed more to the energy budget of Chinook salmon than was 
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represented by their proportional biomass.  Crab larvae, on the other hand, are lower in 

energy density, and although they were the most important single prey taxa consumed 

by mass, they were less important to the energy budget than their proportional biomass 

indicated.  However, to assess the relative importance of prey taxa, one must consider 

factors affecting their abundance and availability.  While insects are high quality prey, 

their availability may be highly variable (Duffy et al., Chapter 2), since they are linked 

to allocthonous (mainly terrestrial) sources including fallout from riparian habitats 

(Simenstad et al. 1982), transport by wind (Cheng and Birch 1978; Hardy and Cheng 

1986; Pathak et al. 1999) from vegetation in wetlands and uplands, and transport by 

currents (i.e., oceanic diffusion, Ikawa et al. 1998).  The availability of crab larvae and 

other planktonic crustaceans, on the other hand, should be more consistent, though 

productivity will de dependent on local oceanographic processes.  To adequately 

address the question of food-limitation, future sampling is needed to quantify the 

supply and availability of planktonic, epibenthic and neustonic prey resources, as well 

as to determine the abundance and distribution of potential competitors and predators.  

Specifically, by comparing the consumption demand of the population to the biomass 

of key exploitable prey in localized areas, one can to identify potential ecological 

bottlenecks, like periods of prey depletion and potential competition (Cross 2006).   

The validity of estimates derived from bioenergetics modeling depends on the 

accuracy of its inputs.  Any errors in these inputs will propagate throughout the model, 

and consequently, consumption estimates risk losing accuracy (Ney 1990).  In this 

study, we made many assumptions that affected the accuracy of the consumption and 

growth efficiency estimates.  The water temperatures we used may also not necessarily 

reflect the actual thermal experience for the highly motile juvenile salmon if they 

targeted specific preferred temperatures.  We also primarily used literature values of 

energy densities for prey that were often sampled in different geographical areas, and 

we occasionally used individual or average values from comparable species.  Future 

studies that aim to target these key uncertainties are needed to increase the accuracy of 

these estimates.   
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Above all, it will be most important to generate more accurate estimates of 

growth.  We used estimated, not measured, apparent growth rates that interpreted 

growth as the difference in size between capture dates, based on the assumption that 

most juvenile Chinook salmon spent the bulk of their first marine growing season in 

Puget Sound (May-September).  However, recent evidence suggests that at least a 

substantial proportion of the juvenile Chinook salmon population has left our sampling 

area by September (Duffy and Beauchamp, Chapter 3).  Therefore, using mean size 

differences to estimate summer growth is not ideal.  In addition, there can be strong 

size-selective mortality in the spring (e.g., predation, Duffy et al. 2008), in which case 

using apparent growth may overestimate spring growth rate.  Better estimates of 

growth were used in this study by tracking known CWT release groups from release to 

summer capture.  Further improvements can be made by using the growth histories 

preserved on calcified structures like scales and otoliths to measure individual growth 

rates (Moss et al. 2005; Cross et al. 2008), ideally from known CWT release groups or 

through stock-specific genetic identification for both wild and hatchery populations.  

Given the diverse life history strategies and variability in hatchery practices (release 

timing and sizes) for Chinook salmon, it is important to follow specific cohorts to 

understand mechanisms controlling stage-specific early marine mortality. 

Bioenergetics models are useful for making general estimates and relative 

comparisons of fish consumption rate and growth efficiency (Kitchell et al. 1977; 

Bartell et al. 1986; Ney 1993).  In this study, simulations suggested that spring growth 

of juvenile Chinook salmon may be food-limited in some years, and that Chinook 

salmon must feed at high rates to achieve favorable growth rates that were highly 

correlated with overall marine survival (Duffy and Beauchamp, Chapter 3).  It also 

appears that in years of relatively low spring growth rates, Chinook salmon may 

experience elevated summer growth rates and can “catch up” in size by fall.  However, 

elevated summer growth in Puget Sound does not appear to confer any survival 

advantage to the general population (Duffy and Beauchamp, Chapter 3).  To improve 

probability of marine survival, juvenile Chinook salmon must achieve both a high 
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spring growth rate and a relatively large absolute size by July.  Knowing the amount of 

prey required by juvenile Chinook salmon to achieve favorable growth rates and 

summer sizes can help managers to evaluate the suitability of specific habitats as 

rearing areas, to guide restoration priorities and goals, and to make specific 

recommendations, like reducing numbers of hatchery fish released in a potentially 

food-limiting year.   

 

ACKNOWLEDGEMENTS 
This study was made possible by funding from the Pacific Salmon Commission (PSC), 
the University of Washington’s H. Mason Keeler fellowship, Washington Department 
of Fish and Wildlife (WDFW), Washington Sea Grant, and Washington Cooperative 
Fish and Wildlife Research Unit (WACFWRU).  The offshore sampling was made 
possible by the Department of Fisheries and Oceans Canada.  Thanks to the many 
people that helped with the field work, especially Rusty Sweeting, Carol Cooper, and 
Krista Lange.  We are also grateful to the crew of the RV Ricker, FV Viking Storm, 
and FV Frosti for their enthusiasm and hard work.   



 

 140

REFERENCES 
 
Aitken, J.K.  1998.  The importance of estuarine habitats to anadromous salmonids of 
the Pacific Northwest: a literature review.  U.S. Fish and Wildlife Service, Lacey, 
Washington. 25 p. 
 
Baldwin, C.M., D.A. Beauchamp, and J.J. Van Tassell.  2000.  Bioenergetic 
assessment of temporal food supply and consumption demand by salmonids in the 
Strawberry Reservoir food web.  Transactions of the American Fisheries Society 
129:429-450. 
 
Bartell, S.M., J.E. Breck, R.H. Gardner, and A.L. Brenkert. 1986.  Individual 
parameter perturbation and error analysis of fish bioenergetics models.  Canadian 
Journal of Fisheries and Aquatic Sciences 43:160-168. 
 
Beamish, R.J., D. McCaughran, J.R. King, R.M. Sweeting, and G.A. McFarlane. 2000.  
Estimating the abundance of juvenile coho salmon in the Strait of Georgia by means of 
surface trawls.  North American Journal of Fisheries Management 20:369-375.   
 
Beamish, R.J., M. Folkes, R. Sweeting, and C. Mahnken. 1998. Intra-annual changes in 
the abundance of coho, chinook, and chum salmon in Puget Sound in 1997. Puget 
Sound Research, Puget Sound Water Quality Action Team, Olympia, WA, p. 531-541. 
 
Beauchamp, D.A., M.G. LaRiviere, and G.L Thomas.  1995.  An evaluation of 
competition and predation as limits to juvenile kokanee and sockeye salmon production 
in Lake Ozette, Washington.  North American Journal of Fisheries Management 
15:193-207. 
 
Beauchamp, D.A., A.D. Cross, J. Armstrong, K.W. Myers, J.H. Moss, J.L. Boldt, and 
L.J. Haldorson. 2007.  Bioenergetic Responses by Pacific Salmon to Climate and 
Ecosystem Variation. North Pacific Anadromous Fish Commission Bulletin 4:257-268. 
 
Boldt, J. and L.J. Haldorson. 2002.  A bioenergetics approach to estimating 
consumption of zooplankton by juvenile pink salmon in Prince William Sound, Alaska.  
Alaska Fishery Research Bulletin 9:111-127. 
 
Brandt, S.B., D.M. Mason, E.V. Vincent. 1992.  Spatially-explicit models of fish 
growth rate.  Fisheries 17(2):23-35. 
 
Brennan, J.S., K.F. Higgins, J.R. Cordell, and V.A. Stamatiou. 2004.  Juvenile salmon 
composition, timing, distribution, and diet in marine nearshore waters of central Puget 
Sound in 2001-2002.  King County Department of Natural Resources and Parks, 
Seattle, Washington. 
 



 

 141

Brodeur, R.D., R.C. Francis, and W.G. Pearcy.  1992.  Food consumption of juvenile 
coho (Oncorhynchus kisutch) and chinook salmon (O. tshawytscha) on the continental 
shelf of Washington and Oregon.  Canadian Journal of Fisheries and Aquatic Sciences 
49:1670-1685. 
 
Burns, R. 1985. The Shape and Form of Puget Sound. Puget Sound Books. Washington 
Sea Grant Publication. University of Washington Press, Seattle. 
 
Cartwright, M.A., D.A. Beauchamp, and M.D. Bryant. 1998.  Quantifying cutthroat 
trout (Oncorhynchus clarki) predation on sockeye salmon (Oncorhynchus nerka) fry 
using a bioenergetics approach.  Canadian Journal of Fisheries and Aquatic Sciences 
55:1285-1295. 
 
Cheng, L., and M.C. Birch. 1978.  Insect flotsam: an unstudied marine resource.  
Ecological Entomology 3:87-97. 
 
Ciannelli, L, R.D. Brodeur, and T.W. Buckley. 1998.  Development and application of 
a bioenergetics model for juvenile walleye pollock.  Journal of Fish Biology 52:879-
898.  
 
Congleton, J.L., S.K. Davis, and S.R. Foley. 1982. Distribution, abundance and 
outmigration timing of chum and Chinook salmon fry in the Skagit salt march.  Pages 
153-163 in E.L. Brannon and E.O. Salo, editors.  Proceedings of the salmon and trout 
migratory behavior symposium. University of Washington, Seattle. 
 
Cross, A. 2006.  Early marine growth and consumption demand of juvenile pink 
salmon (Oncorhynchus gorbuscha) in Prince William Sound and the coastal Gulf of 
Alaska.  Doctoral Dissertation, University of Washington, Seattle. 
 
Cross, A.D., D.A. Beauchamp, K.W. Myers, and J.H. Moss. 2008.  Early marine 
growth of pink salmon in Prince William Sound and the coastal Gulf of Alaska during 
years of low and high survival.  Transactions of the American Fisheries Society 137: 
927-939. 
 
Cross, A.D., D.A. Beauchamp, J.H. Moss, K.W. Myers, J.L. Armstrong, J.L. Boldt, 
N.D. Davis, L.J. Haldorson, and R.V. Walker. 2005.  Modeling bioenergetics of 
juvenile pink salmon in Prince William Sound and the coastal Gulf of Alaska.  Deep 
Sea Research II 52:347-370. 
 
Davis, N.D. 1993.  Caloric content of oceanic zooplankton and fishes for studies of 
salmonid food habits and their ecologically related species.  North Pacific Anadromous 
Fish Commission, Document Number 15.  Vancouver, Canada. 
 



 

 142

Davis, N.D., K.W. Myers, and Y. Ishida. 1998.  Caloric value of high-seas salmon prey 
organisms and simulated salmon ocean growth and prey consumption.  North Pacific 
Anadromous Fish Commission Bulletin 1:146-162. 
 
Duffy, E.J. 2003.   Early marine distribution and trophic interactions of juvenile salmon 
in Puget Sound.  Master’s thesis, University of Washington, Seattle. 173 p. 
 
Duffy, E.J., D.A. Beauchamp, R.M. Sweeting, R.J. Beamish, and J.S. Brennan. In 
review.  Ontogenetic shifts in diet of juvenile Chinook salmon in Puget Sound: The 
nearshore-offshore transition.  Transactions of the American Fisheries Society.  
Chapter 2 of Doctoral Dissertation, University of Washington, Seattle. 
 
Duffy, E.J., and D.A. Beauchamp. 2009. Importance of early marine timing and size to 
the survival of ocean-type Chinook salmon in Puget Sound.  Chapter 3 of Doctoral 
Dissertation.  University of Washington, Seattle.   
 
Duffy, E.J., and D.A. Beauchamp. 2008.  Seasonal patterns of predation on juvenile 
Pacific salmon by anadromous cutthroat trout in Puget Sound.  Transactions of the 
American Fisheries Society 137: 165-181. 
 
Duffy, E.J., D.A. Beauchamp, and R.M. Buckley. 2005.   Early marine life history of 
juvenile Pacific salmon in two regions of Puget Sound.  Estuarine, Coastal and Shelf 
Science 64:94-107.  
 
Fisher, J.P., and W.G. Pearcy. 1996.  Dietary overlap of juvenile fall- and spring- run 
Chinook salmon, Oncorhynchus tshawytscha, in Coos Bay, Oregon.  Fishery Bulletin 
95: 25-38. 
 
Hansen, M.J., D. Boisclair, S.B. Brandt, and S.W. Hewett. 1993.  Applications of 
bioenergetics models to fish ecology and management:  Where do we go from here?  
Transactions of the American Fisheries Society 122:1019-1030. 
 
Hanson, P.C., T.B. Johnson, D.E. Schindler, and J.F. Kitchell.  1997.  Fish 
bioenergetics 3.0.  Wisconsin Sea Grant Institute WISCU-T-97-001. 
 
Hardy, A.C. and L. Cheng. 1986. Studies in the distribution of insects by aerial 
currents. 3.  Insect drift over the sea.  Ecological Entomology 11: 283-290. 
 
Healey, M.C.  1982.  Juvenile Pacific salmon in estuaries: the life support system.  
Pages 315-341 in V.S. Kennedy, editor.  Estuarine Comparisons.  Academic Press, 
New York. 
 



 

 143

Holsman, K.K., D.A. Armstrong, D.A. Beauchamp, and J.R. Ruesink. 2003.  The 
necessity for intertidal foraging by estuarine populations of subadult Dungeness crab, 
Cancer magister: Evidence from a bioenergetics model. Estuaries 26(4B): 1155-1173. 
 
Ikawa, T., A. Okubo, H. Okabe, and L. Cheng. 1998. Oceanic diffusion and the pelagic 
insects Halobates spp. (Gerridae: Hemiptera).  Marine Biology 131: 195-201. 
 
Kitchell, J.F., D.J. Stewart, and D. Weininger. 1977.  Applications of a bioenergetics 
model to perch (Perca flavescens) and walleye (Stizostedion vitreum).  Journal of the 
Fisheries Research Board of Canada 34:1922-1935.   
 
Levy, D.A. and C.D. Levings. 1978.  A description of the fish community of the 
Squamish River estuary, British Columbia:  Relative abundance, seasonal changes, and 
feeding habits of salmonids.  Fisheries Marine Service M.S. Report 1475.  63 pp. 
 
Madenjian, C.P., D.V. O'Connor, S.M. Chernyak, R.R. Rediske, and J.P. O'Keefe. 
2004.  Evaluation of a chinook salmon (Oncorhynchus tshawytscha) bioenergetics 
model.  Canadian Journal of Fisheries and Aquatic Sciences 61:627-635. 
 
Mazur, M.M., M.T. Wilson, A.B. Dougherty, A. Buchheister, and D.A. Beauchamp. 
2007. Temperature and prey quality effects on growth of juvenile walleye pollock 
Theragra chalcogramma (Pallas): a spatially explicit bioenergetics approach.  Journal 
of Fish Biology 70:816-836. 
 
Moss, J.H., D.A. Beauchamp, A.D. Cross, K. Myers, E.V. Farley Jr., J.M. Murphy, and 
J.H. Helle. 2005.  Evidence for size-selective mortality after the first summer of ocean 
growth by pink salmon (Oncorhynchus gorbuscha).  Transactions of the American 
Fisheries Society 134:1313-1322. 
 
National Marine Fisheries Service (NMFS). 2004.  Salmonid hatchery inventory and 
effects evaluation report:  An evaluation of the effects of artificial propagation on the 
status and likelihood of extinction of West Coast salmon and steelhead under the 
Federal Endangered Species Act.  Technical Memorandum NMFS-NWR/SWR. 
(http://nwr.nmfs.noaa.gov/Publications/Hatchery-Rpts.cfm) 
 
Ney, J.J. 1990.  Trophic economics in fisheries: assessment of demand-supply 
relationships between predators and prey.  Reviews in Aquatic Sciences 2:55-81. 
 
Ney, J.J. 1993.  Bioenergetics modeling today: Growing pains on the cutting edge.  
Transactions of the American Fisheries Society 122:736-748. 
 
Orsi, J.A., M.V. Sturdevant, J.M. Murphy, D.G. Mortensen, and B.L. Wing. 2000.  
Seasonal habitat use and early marine ecology of juvenile Pacific salmon in 
southeastern Alaska.  North Pacific Anadromous Fish Commission Bulletin 2:111-122. 



 

 144

 
Pathak, S.C., V. Kulshrestha, A.K. Choubey, and A.H. Parulekar. 1999.  Insect drift 
over the northern Arabian sea in early summer.  Journal of Biosciences 24: 233-240.   
 
Perry, R.I., N.B. Hargreaves, B.J. Waddell, and D.L. Mackas. 1996.  Spatial variations 
in feeding and condition of juvenile pink and chum salmon off Vancouver Island, 
British Columbia.  Fisheries Oceanography 5:73-88. 
 
Reimers, P.E. 1973.  The length of residence of juvenile fall Chinook salmon in Sixes 
River, Oregon.  Research Reports of the Fish Commissioner of Oregon 4(2): 3-41. 
 
Rice, J.A., and P.A. Cochran. 1984.  Independent evaluation of a bioenergetics model 
for largemouth bass. Ecology 65: 732-739.   
 
Ruggerone, G.T., and F.A. Goetz. 2004.  Survival of Puget Sound chinook salmon 
(Oncorhynchus tshawytscha) in response to climate-induced competition with pink 
salmon (Oncorhynchus gorbuscha). Canadian Journal of Fisheries and Aquatic 
Sciences 61:1756-1770. 
 
Simenstad, C.A., and E.O. Salo. 1980.  Foraging success as a determinant of estuarine 
and nearshore carrying capacity of juvenile chum salmon (Oncorhynchus keta) in Hood 
Canal, Washington.  Pages 21-37 in B.R. Melteff and R.A. Neve, editors.  Proceedings 
of the North Pacific Aquaculture Symposium, August 18-21, 1980, Anchorage, Alaska 
and August 25-27, 1980, Newport, Oregon.  Alaska Sea Grant Report 82-2, University 
of Alaska, Fairbanks, Alaska. 
 
Simenstad, C.A., K.L. Fresh, and E.O. Salo.  1982.  The role of Puget Sound and 
Washington coastal estuaries in the life history of Pacific salmon: an unappreciated 
function.  Pages 343-364 in V.S. Kennedy, editor.  Estuarine Comparisons.  Academic 
Press, New York. 
 
Simenstad, C.A., C.D. Tanner, R.M. Thom, and L.L. Conquest. 1991.  Puget Sound 
Estuary Program: Estuarine Habitat Assessment Protocol. EPA 910/9-91-037.  U.S. 
Environmental Protection Agency, Region 10, Office of Puget Sound, Seattle, 
Washington.  201 pages. 
 
Stewart, D.J., J.F. Kitchell, and L.B. Crowder. 1981.  Forage fishes and their salmonid 
predators in Lake Michigan.  Transactions of the American Fisheries Society 110: 751-
763.     
 
Stewart, D.J. and M. Ibarra. 1991.  Predation and production by salmonine fishes in 
Lake Michigan, 1978-88.  Canadian Journal of Fisheries and Aquatic Sciences 48: 909-
922.    
 



 

 145

Stober, Q.J, S.J. Walden, and D.T. Griggs. 1973. Juvenile salmonid migration through 
Skagit Bay.  Pages 35-70 in Q.J. Stober and E.O. Salo, editors.  Ecological studies of 
proposed Kiket Island nuclear power site.  FRI-UW-7304, University of Washington, 
Seattle. 
 
Sturdevant, M.V. 1999.  Forage fish diet overlap, 1994-1996.  Exxon Valdez Oil Spill 
Restoration Project Final Report (Restoration Project 97163C), Auke Bay Laboratory, 
National Marine Fisheries Service, Juneau, Alaska. 
 
Thayer, G.W., W.E. Schaaf, J.W. Angelovic, and M.W. LaCroix. 1973.  Caloric 
measurements of some estuarine organisms.  Fishery Bulletin 71(1): 289-296. 
 
Toft, J.D., J.R. Cordell, C.A. Simenstad, and L.A. Stamatiou. 2007. Fish distribution, 
abundance, and behavior along city shoreline types in Puget Sound.  North American 
Journal of Fisheries Management 27:465-480. 
 
Weitkamp, L.A., and M.V. Sturdevant. 2008.  Food habits and marine survival of 
juvenile Chinook and coho salmon from marine waters of Southeast Alaska.  Fisheries 
Oceanography 17: 380-395. 
 



 

 146

TABLES 
 
Table 1.  Average water temperature values (in degrees Celsius) from sampling areas.  
May temperatures were taken nearshore (approximately 1 m depth), wheras July-
October temperatures were taken at the depth of the net (0-15 m).   

Date Region Habitat Temperature (°C) Comments 
5/3/2001 N NS 12.7   
5/3/2001 C NS 11.1 average of N and S 
5/3/2001 S NS 9.5   
5/22/2001 N NS 14.8   
5/22/2001 C NS 13.1 average of N and S 
5/22/2001 S NS 11.3   
6/26/2001 N NS 15.3   
6/26/2001 C NS 14.0 average of N and S 
6/26/2001 S NS 12.6   
5/6/2002 N NS 11.5   
5/6/2002 C NS 11.3   
5/6/2002 S NS 9.6   
5/22/2002 N NS 11.9   
5/22/2002 C NS 11.6   
5/22/2002 S NS 10.8   
6/19/2002 N NS 15.2   
6/19/2002 C NS 12.8   
6/19/2002 S NS 12.4   
5/23/2001 N, C, S NS 13.1 average of N and S 
6/26/2001 N, C, S NS 14.0 average of N and S 
5/22/2002 N, C, S NS 11.4 average of N, C, S 
6/19/2002 N, C, S NS 13.5 average of N, C, S 

5/15/2004-6 N, C, S NS 11.5 average of 2001-2002 
6/20/2004-6 N, C, S NS 13.7 average of 2001-2002 
7/16/2001 N, C OS 12.5   
9/14/2001 N, C OS 13.1   
7/14/2002 N, C OS 13.6   
9/30/2002 N, C OS 12.2   
7/14/2004 N, C OS 13.0   
10/15/2004 N, C OS 12.7   
7/14/2005 N, C OS 13.3   
9/22/2005 N, C OS 12.4   
7/14/2006 N, C OS 13.3   
9/22/2006 N, C OS 13.2   

 



 

Table 2.  Average prey proportions eaten by Chinook salmon at nearshore (NS) and offshore (OS) sites,  
in northern (N), central (C), and southern (S) regions of Puget Sound, 2001-2006  (adapted from Chapter 2,  
Duffy and Beauchamp in review).  
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Year Month Region Habitat n 
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2001 May N-C-S NS 160 83.66 1.05 0.03 0.18 0.01 0.08 0.12 0.01 0.17 0.04 0.15 0.17 0.04 

2001 May N NS 49 79.41 2.54 0.00 0.18 0.01 0.05 0.19 0.00 0.03 0.07 0.33 0.10 0.04 

2001 May C NS 13 83.54 2.66 0.00 0.19 0.01 0.01 0.15 0.08 0.30 0.00 0.19 0.06 0.01 

2001 May S NS 83 85.92 1.18 0.05 0.22 0.01 0.12 0.10 0.00 0.19 0.03 0.11 0.13 0.04 

2001 Jun N-C-S NS 134 87.08 1.08 0.08 0.07 0.00 0.05 0.11 0.01 0.14 0.04 0.10 0.39 0.01 

2001 Jun N NS 19 85.16 2.86 0.00 0.05 0.00 0.08 0.17 0.00 0.00 0.00 0.58 0.12 0.00 

2001 Jun C NS 78 84.78 1.16 0.07 0.14 0.00 0.00 0.12 0.02 0.19 0.07 0.34 0.04 0.01 

2001 Jun S NS 32 90.28 2.53 0.06 0.27 0.00 0.18 0.07 0.00 0.12 0.01 0.12 0.16 0.01 

2001 Jul N-C OS 32 124.59 2.64 0.04 0.77 0.00 0.07 0.00 0.07 0.01 0.00 0.00 0.04 0.00 

2001 Sep N-C OS 149 158.05 2.45 0.01 0.25 0.04 0.07 0.09 0.15 0.02 0.00 0.17 0.06 0.14 

2002 May N-C-S NS 111 89.49 1.11 0.04 0.18 0.00 0.20 0.13 0.01 0.04 0.10 0.07 0.14 0.09 

2002 May N NS 27 81.56 1.82 0.02 0.13 0.01 0.05 0.15 0.03 0.04 0.12 0.30 0.11 0.04 

2002 May C NS 34 94.47 1.69 0.03 0.10 0.00 0.26 0.16 0.00 0.03 0.18 0.06 0.01 0.17 

2002 May S NS 47 89.79 1.60 0.07 0.34 0.00 0.27 0.10 0.00 0.05 0.04 0.01 0.07 0.05 

2002 Jun N-C-S NS 161 90.87 1.01 0.03 0.08 0.00 0.01 0.14 0.00 0.22 0.06 0.06 0.35 0.05 

2002 Jun N NS 14 74.36 3.05 0.04 0.03 0.02 0.01 0.08 0.00 0.13 0.13 0.47 0.09 0.00 

2002 Jun C NS 106 93.19 1.22 0.02 0.31 0.01 0.00 0.15 0.01 0.24 0.06 0.11 0.04 0.05 

2002 Jun S NS 41 90.51 1.49 0.04 0.24 0.00 0.04 0.11 0.00 0.19 0.03 0.09 0.19 0.07 

2002 Jul N-C OS 78 120.06 1.79 0.02 0.64 0.00 0.00 0.00 0.04 0.01 0.00 0.22 0.02 0.05 

2002 Sep N-C OS 226 162.42 1.92 0.04 0.08 0.02 0.02 0.11 0.12 0.05 0.00 0.11 0.17 0.28 

2004-2006 May N-C-S NS 111 89.49 1.11 0.04 0.18 0.01 0.14 0.13 0.01 0.11 0.07 0.11 0.13 0.07 

2004-2006 Jun N-C-S NS 161 90.87 1.01 0.03 0.08 0.00 0.03 0.13 0.01 0.18 0.05 0.08 0.38 0.03 

2004 Jul N-C OS 188 132.76 1.37 0.03 0.67 0.02 0.04 0.01 0.13 0.02 0.00 0.02 0.02 0.04 

2005 Jul N-C OS 162 141.23 1.49 0.01 0.27 0.01 0.07 0.06 0.33 0.00 0.00 0.16 0.08 0.01 

2006 Jul N-C OS 169 150.17 1.78 0.02 0.31 0.01 0.15 0.02 0.04 0.03 0.00 0.12 0.06 0.24 

2004 Oct N-C OS 103 178.81 3.02 0.00 0.12 0.02 0.00 0.15 0.09 0.04 0.00 0.14 0.28 0.16 

2005 Sep N-C OS 197 182.70 1.14 0.07 0.08 0.02 0.23 0.40 0.08 0.02 0.00 0.00 0.04 0.06 

2006 Sep N-C OS 120 185.58 3.65 0.01 0.26 0.03 0.03 0.18 0.10 0.00 0.00 0.00 0.08 0.31 

 



 

Table 3. Gross energy density (J/g wet weight) values for common Chinook salmon prey in Puget Sound. 
 

Energy content 
(J/g wet weight) 

Indigestible 
fraction (%) Prey Sample Area Reference Comments 

Newport River 
estuary, NC Barnacle larvae 2045 10 Thayer et al. 1973   

Calanoid 
copepod 2625 9 

N. Pacific & Bering 
Sea Neocalanus cristatus Davis et al. 1998 

Crab larvae 2981 10 Bristol Bay Davis 1993* Crab zoea 

Euphausiid 3111 10 
N. Pacific & Bering 
Sea Davis et al. 1998 Thysanoessa spp. 

Gammarid 
amphipod 

Average for Gammaridea and 
amphipods 4408 12 NW Atlantic Davis 1993* 

Hyperiid 
amphipod 2466 13 Bering Sea 

from Davis et al. 
1998 July 1992-1995 

Insect 5311 15 
Salmon River 
estuary, OR 

A. Gray, UW, 
unpublished data 

Average of salmonid adult insect prey 
from NW estuary 

Fish 4649 9 WA; AK 

Duffy 2003; Boldt 
and Haldorson 
2002 

Average of juvenile salmon, herring, 
& sand lance 
Average of other non-insect inverts in 
diet Other invert 3174 10   

Polychaete 3186 13 NW Atlantic Davis 1993* Mean of 2 reported values 
Average for Mysis stenoiepis and 
Caridean shrimp Shrimp 4352 10 NW Atlantic Davis 1993* 

*literature values are summarized in this reference; this is not the original author    
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Table 4.  Bioenergetics model simulations of growth for Puget Sound hatchery Chinook salmon in the spring (May-July) and 
summer (July-September), 2001-2006, and spring growth for specific CWT release groups from a North, Central, and South 
hatchery in 2001 and 2002. 
 

Cohort 
Start 
Date 

End 
Date 

Start 
Weight 

(g) 

Total 
Growth 

(g) 

Mean Daily 
Growth    

(% bw·d-1) 
Consumption 
as % of Cmax 

Total 
Consumption (g)

Growth 
Efficiency

SPRING 2001 
North (BG) 8-May 16-Jul 5.70 12.30 1.7% 66% 80.41 15% 

Central (GC) 11-May 16-Jul 5.20 18.34 2.3% 90% 113.15 16% 
South (NR) 8-May 16-Jul 8.40 20.38 1.8% 87% 134.44 15% 

SPRING 2002 
North (BG) 14-May 14-Jul 5.70 9.61 1.6% 63% 60.70 16% 

Central (GC) 20-May 14-Jul 6.80 8.53 1.5% 64% 56.69 15% 
South (NR) 7-May 14-Jul 8.10 8.28 1.0% 55% 62.77 13% 

SPRING 
2001 26-May 16-Jul 6.70 9.11 1.7% 77% 66.11 14% 
2002 23-May 14-Jul 7.90 5.50 1.0% 53% 44.56 12% 
2004 15-May 15-Jul 7.50 11.23 1.5% 72% 80.63 14% 
2005 17-May 22-Jul 7.10 13.47 1.6% 74% 92.05 15% 
2006 25-May 21-Jul 6.60 16.85 2.2% 87% 95.77 18% 

SUMMER 
2001 16-Jul 14-Sep 15.81 16.04 1.2% 69% 115.92 14% 
2002 14-Jul 29-Sep 13.40 24.08 1.3% 68% 150.74 16% 
2004 15-Jul 14-Oct 18.73 25.33 0.9% 63% 193.33 13% 
2005 22-Jul 22-Sep 20.57 48.45 1.9% 109% 287.44 17% 
2006 21-Jul 22-Sep 23.45 18.02 0.9% 59% 134.13 13% 
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FIGURE CAPTIONS 
 
Figure 1.    Puget Sound map showing major basins (Whidbey, Main, Southern), regions 

(North, Central, South), offshore sampling tracks (thick white and gray lines), and 

hatcheries of origin for CWT Chinook salmon examined in this study.  Hatcheries 

include: Bernie Gobin (BG) in the North; Grover’s Creek (GC) in the Central region; 

and Nisqually River (NR) in the South. 

Figure 2.   The upper panel shows estimated growth of Puget Sound CWT Chinook 

salmon from a northern, central, and southern hatchery based on average size (body 

mass, g) at release and at capture in July during years of relatively high (2001) and low 

(2002) marine survival (S).  The lower panels show estimated total consumption (by 

weight - grams, and energy - kiloJoules) of key prey based on bioenergetics 

simulations.  Chinook salmon grew significantly faster in 2001 and fed at a higher 

percentage of their maximum consumption rate. 

Figure 3.  Average sizes (body mass, g) of juvenile cwt-Chinook salmon in Puget 

Sound at release, offshore capture in July, and offshore capture in September/October, 

2001-2006. 

Figure 4.  The total consumption (g) of prey by juvenile hatchery Chinook salmon 

during spring (May-July) and summer (July-September) growth simulations in Puget 

Sound, 2001-2006.  Note the larger range of values for the y-axis (consumption) during 

summer. 
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