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Salmon survival and eventual recruitment success have long been thought to be 

determined within the first summer following ocean migration.  Juvenile growth 

during this period is largely influenced by ocean conditions such as temperature, prey 

availability, abundance, and quality.  Shifts in these conditions due to climatic 

perturbations are particularly prevalent in systems controlled by seasonal upwelling 

events, and consequently can have large influences on summer growth, overwintering 

survival, and eventual cohort recruitment. 



 

Individual Based Simulations (IBM) were performed using a modified 

Wisconsin bioenergetics model on juvenile coho salmon (Oncorhynchus kisutch) 

using forcing fields characteristic of the Oregon coast from 41.75°N to 45°N during 

late spring to summer (June 1st to August 15) of 2000 and 2002.  The bioenergetics 

model used consumption estimated from prey fields developed from June and August 

U.S. GLOBEC cruises, and a multiple prey foraging model.  The consumption rates 

were converted to realized growth of the juvenile coho using the standard Wisconsin 

model parameterization for coho salmon, except that respiration components were 

modified to coho specific rates using a functional relation of Trudel and Welch (2005).  

Temperatures for the simulations were provided by a Regional Ocean Model System 

simulation of the Oregon and Washington shelf environment physics, that had bias in 

temperatures removed using observed SeaSoar field temperatures from June and 

August cruises.  Observed weights of juvenile coho salmon were used to establish the 

initial weight ranges and to determine the model’s suitability and accuracy to describe 

juvenile and ‘jack’ growth. Recognizing that several of the dominant prey types of 

juvenile coho (from stomach content analysis) may be significantly underestimated by 

the plankton net sample density estimates available from the cruises, we examined 

through simulation several scenarios that made density corrections to these prey types.     

The simulations were successful in capturing differences in the juvenile coho 

growth patterns of 2000 and 2002.   In 2000, the spring transition was relatively late, 

upwelling was delayed, and the mesozooplankton community was comprised of 

smaller individuals, compared to 2002.  The overall lower regional prey biomass and 

the shift to smaller size plankton in 2000 resulted in delayed coho growth despite a 



 

larger mean initial smolt weight.    Base case simulations of coho in 2002 (starting 

with 75g WW juveniles) had 22.9% higher final weights than did fish simulated using 

2000 temperatures and prey fields.  This indicates substantial potential for interannual 

variability in growth.  However, the base case simulations assume that juvenile coho 

encounter with prey is random, whereas it is more likely that coho are somewhat able 

to optimally exploit their prey environment by preferentially locating and feeding in 

regions have higher prey densities, or better quality prey.   

We examined several different intensities of “optimal feeding”, where the 

juvenile coho preferentially fed in regions having higher prey densities.  Juveniles that 

were able (through unspecified behavioral mechanisms) to find regions of high prey 

density grew much faster during their first summer in the ocean than did fish that 

randomly encountered prey.  Optimal feeding by individual juvenile coho salmon 

resulted in final sizes of fish in 2000 and 2002 that were similar, as the maximum prey 

density patches in 2000 were higher than in 2002. 
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1 GENERAL INTRODUCTION 

1.1 INTRODUCTION 

 The Pacific Northwest is well known for its evergreen forests, extensive 

mountain ranges, scenic beaches, abundant wildlife, and rich fisheries.  Fisheries 

in this region are diverse and have a large economic impact from both 

commercial and sport‐fishing.  As a result, extensive effort has been directed 

towards the study, conservation, and regulation of the species that are harvested.  

Some of, if not the most well known species from this area are salmon; including 

Pink Salmon (Oncorhynchus gorbuscha), Chum Salmon (Oncorhynchus keta), 

Sockeye Salmon (Oncorhynchus nerka), Chinook Salmon (Oncorhynchus 

tshawytscha), and Coho Salmon (Oncorhynchus kisutch). 

This thesis focuses on coho salmon, which along with Chinook salmon are the 

most important salmonid species off the Oregon coast.  Recent years have shown 

dramatic fluctuations in the ocean escapement of salmon stocks in this region (Figure 

1.1; Data from Pacific Fishery Management Council Review of 2008 Salmon 

Fisheries). The coho stocks of Washington, Oregon, and California have been divided 

into 7 Evolutionary Significant Units (ESU) to determine species/stock status with 

respect to the Endangered Species Act.  Three of the stocks are considered threatened 

(Southern OR/Northern CA, Lower Columbia River, Oregon Coast), one is considered 

a species of concern (Puget Sound / Straight of Georgia), and one is considered 

endangered (Central California Coast) (Good et al., 2007).  Coho salmon stocks 

include fish that originate from both wild populations and hatcheries; juvenile coho 
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collected in 2000 and 2002, the years of emphasis in this study, included hatchery 

releases from Trask River, Northern Nehalem, Salmon River, Rock Creek, Bandon, 

Cole Rivers and Butte Falls (J. Fisher, personal communications). 

The reason for the decline in coho has been attributed to a number of factors 

including overfishing, freshwater habitat loss as a result of human encroachment 

(hydropower, and habitat degradation), hatchery impact on wild populations, and 

climate change.  The impact of these stressors on coho survival and abundance has led 

to a reduction of the permissible catch in salmon fisheries in California, Oregon, and 

Washington, or as in the case of California in 2008, outright fisheries closures.  This in 

turn has forced those directly dependent on those fisheries to turn to other types of 

fisheries (halibut, tuna, sardine, etc), or to other forms of employment.  It has also 

resulted in an increased focus on analyzing past trends in an effort to better predict 

future impacts (Brodeur et al., 2003). 

Coho salmon, as are all Pacific Northwest salmon that have access to a marine 

environment, are anadromous (Pearcy, 1992).  Approximately half of their life is spent 

in freshwater and estuarine environments (Figure 1.2), while the remainder is spent in 

the ocean, where they grow and mature before returning to spawn and die in the 

freshwater system where they hatched.  They typically emerge from eggs in late April, 

develop into summer parr in early July, and overwinter as winter parr.  They then 

migrate into an estuarine system anywhere from February to June where they undergo 

a parr / smolt transformation, in which they become osmotically adapted to higher 

salinity waters (Lawson et al., 2004). Relative to other salmonids, such as pink salmon 
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(Pearcy, 1992), coho salmon typically spend a short time in the estuaries.  Coho 

emigration from estuarine to coastal waters is also less fixed than other salmonids, 

such as chum.  The timing of their ocean entry, and therefore the environmental 

conditions that they will encounter, highly affect their survival.  

Following this transformation, the smolts enter the coastal marine environment 

where they spend the summer as juveniles.  Salmon have the ability to grow rapidly 

depending on the oceanic conditions they experience.  Salmon growth during this time 

is affected by a variety of factors, most notably those of temperature and food 

abundance and quality.  At the time that they enter the ocean, coho are larger than 

other salmon species (Pearcy, 1992), and consequently rely more on larger 

zooplankton and ichthyoplankton.  Coho may be more susceptible to diminished 

growth and early mortality during years that exhibit delayed primary production to 

secondary production trophic transfers.  This first summer in the marine environment 

has been referred to as a critical period for the fish, due to the fact that the highest (and 

most variable) mortality occurs in these first few months (Ricker, 1979; Parker, 1968).   

Conditions in the first summer in the coastal ocean may determine the eventual 

success of a year class (Beamish et al., 2004).  Survival during this period is largely a 

function of fish size, where small juveniles are highly prone to predation by larger 

piscivores.  Daily instantaneous mortality fractions for these juvenile smolts can range 

from 2 to 8% following ocean entry (Baldwin et al., 2008).  

Though predominantly piscivorous, coho are opportunistic feeders when they 

first enter the ocean, and will consume most prey that they can successfully capture.  
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During this first summer, gut content analyses of coho juveniles has shown larval 

and juvenile fish, decapods, euphausiids, hyperiids, pteropods, copepods, and insects 

(Brodeur et al., 2007a).  There is however a trend that as size increases these fish 

preferentially shift their dominant prey types to larger, more energy rich organisms 

such as euphausiids and fish.  A recent analysis by Daly et al., (2009) shows that small 

juveniles (<137.9g wet weight [hereafter, WW]) rely on fish prey for 30 to 66 percent 

of their diet.  This will increase to over 90% of the diet once they attain adult (>1440g 

WW) sizes.  Depending on how ocean conditions affected growth, up to 20% of the 

male coho (those that grew the fastest) may return approximately 6 months after ocean 

entry as precocious males, or ‘jacks’, to spawn with the returning adults (Lawson et 

al., 2004).  Fish that do not return as jacks will spend 16 to 18 months in the coastal 

ocean (Beamish et al., 2004), growing and becoming sexually mature.  Following this 

period, the 3-year-old adults will migrate back to spawn and die in the same streams or 

hatcheries from where they originally hatched. 

Seasonal summer upwelling in the northern California Current System (CCS) 

occurs during May through September following the spring transition.  Southward 

winds move surface waters offshore through Ekman transport.  This, in turn, results in 

upwelling of subsurface, high nutrient, low oxygen water near the coast.  These 

nutrients initiate and support the seasonal phytoplankton bloom.  The inception, 

duration, and magnitude of this primary production has a strong effect on the ensuing 

secondary production as the phytoplankton is consumed by zooplankton.  Zooplankton 

constitute a strong trophic link as they are a major prey item for ichthyoplankton and 

higher trophic levels. 
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The spring transition which marks the shift from northward winds and 

downwelling (wintertime) to southward winds and upwelling (summer) usually occurs 

in April to May, but can vary greatly from year-to-year (Pierce et al., 2006).  Also, at 

the time of the spring transition, surface currents on the shelf reverse from flowing to 

the north to flowing to the south.  Years of strong southward winds may also have 

strong southward alongshore currents that bring boreal coastal copepod species to the 

Oregon shelf from further north.  Boreal copepods tend to be larger in size and often 

have high lipid content that make them a valuable energy-rich prey for juvenile 

salmon.  Strong upwelling, southward transport, high primary productivity, and lipid 

rich zooplankton species support an ecosystem that favors rapid juvenile coho growth 

(Fisher and Pearcy, 1988).  Rapid juvenile growth permits size based escape from 

predation.  Indeed, in the summer between May and September coho can have up to a 

10 fold increase in wet weight (Mathews & Buckley, 1976). 

Conversely, years in which the southward current is weak and the upwelling is 

suppressed result in diminished primary production and a summer zooplankton 

community structure dominated by small subtropical copepods with little or no lipid 

deposits (Morgan et al., 2004; Peterson and Keister, 2003), making them a poor food 

source, and resulting in diminished fish growth.  During the months following marine 

entry, salmon mortality is thought to be size dependent with highest rates on smallest 

individuals (Beamish et al., 2004).  This is due both from predation by larger 

piscivores and winter starvation.  Better understanding of this critical period may 

assist in predicting yearly early survival (and subsequent adult returns), and aid in the 

development or revision of fisheries management.  Substantial research has examined 
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the environmental contributors and processes that influence growth and mortality of 

juvenile salmon (Pearcy, 1992; Brodeur et al., 2007a; Brodeur et al., 2007b).   

The use of bioenergetics modeling of fish growth has proven an effective 

complement to field studies in relating environmental conditions to individual and 

population consequences (Sommer et al., 2001; Hansen et al., 1993; Peterson and 

Kitchell, 2001; Cartwright et al., 1998).  The bioenergetics approach uses an energy 

balance equation to approximate the growth of an organism using functions controlled 

by temperature, weight, and prey characteristics (Kitchell et al., 1977).  For each 

simulated individual, energy acquired through foraging is lost through respiration / 

metabolic processes, lost through waste processes in the form of egestion and 

excretion, or converted into new fish biomass.  This project focused on the creation of 

a coupled fish foraging-bioenergetics model, modified from the Wisconsin 

bioenergetics model (Hewett and Johnson, 1992; Hanson et al., 1997) and optimized 

for Oregon coho salmon, to explore the ability of continental shelf habitats of the 

Pacific Northwest to support juvenile coho salmon growth. Data to support the model 

were derived from U.S. GLOBEC observations and from simulations from a Regional 

Ocean Model System (ROMS). 

In June and August of 2000 and 2002, scientists funded by the U.S. GLOBEC 

program conducted mesoscale cruises from Newport Oregon to Crescent City 

California (Batchelder et al., 2002).  Three ships were used to document various 

biological and physical aspects of the ocean including hydrographic properties and 

currents (Barth et al., 2005), zooplankton abundance and composition (Reese et al., 
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2005), salmon weight, abundance, and gut content (Brodeur et al., 2004).  Other 

observations were collected also during these multidisciplinary surveys, such as 

multiple frequency acoustics (Ressler et al., 2005) and seabird and mammal 

abundances (Ainley et al., 2005; Tynan et al., 2005), but are not used directly in this 

thesis. Biological samples obtained from these cruises were processed by the principal 

investigators in the U.S. GLOBEC program.  Zooplankton from net samples taken on 

the cruises were classified into taxonomic group, staged and weighed.   

The zooplankton taxa were grouped into separate prey categories and form one 

of the two principle forcing values of the modified bioenergetics model.  These data 

were used in conjunction with a multiple prey foraging model to estimate daily prey 

calories consumed by individual coho juveniles.  The bioenergetics equations 

converted consumption to realized growth.  The trends in modeled fish weights were 

then compared to observed changes in fish weights from trawl sampling (Brodeur et 

al., 2004).  Temperature was the second forcing variable of the bioenergetics model, 

and was obtained from a combination of temperatures produced by a Regional Ocean 

Model System simulation (ROMS NEP4; Hermann et al., 2009) and temperatures 

observed during the mesoscale surveys.   

The two primary objectives of this study were 1) to develop a coupled 

foraging-bioenergetics model capable of simulating realistic juvenile coho salmon 

growth using multiple prey items and 2) to compare the suitability of 2000 and 2002 

for salmon growth as determined by temperature and zooplankton abundance and 

composition.  Ultimately, the goal of modeling such as this is to develop means of 
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examining, and to a degree predicting the factors and conditions that determine 

salmon stock returns and recruitment.  As long as salmon returns continue to decline 

and harvests are increasingly restricted or closed, this will remain a topic for concern 

among Pacific Northwest people and communities.   
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1.2 FIGURES 

 

 

Figure 1.1 : Adult Coho returns (thousands of fish) along the Oregon coast from 1970 
– 2008. Data from Pacific Fishery Management Council Review of 2008 Salmon 

Fisheries 
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Figure 1.2 : Coho Salmon Life Cycle.  (Redrawn from Lawson et al., 2004) 
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2 JUVENILE COHO SALMON BIOENERGETICS 

2.1 INTRODUCTION 

Coho salmon (Oncorhynchus kisutch) have traditionally been and are expected 

to remain an important target species from a commercial and recreational perspective 

as well as being culturally important to native tribes of the Pacific Northwest coast and 

surrounding regions. Recent years, however, have shown a dramatic decline in return 

of salmon stocks in this region. Coho salmon stocks of Washington, Oregon, and 

California are divided into 7 Evolutionary Significant Units (ESU); one unit (Central 

California Coast) is considered endangered, three (Southern OR/Northern CA, Lower 

Columbia River, Oregon Coast) are considered threatened, one (Puget Sound / Straight 

of Georgia) is considered a species of concern, one (Olympic Peninsula) is considered 

healthy, and the status of the Southwest Washington unit is undetermined (Good et al., 

2007). 

The reason for the decline in coho has been attributed to a number of factors 

including overfishing, freshwater habitat loss, hydropower development and human-

caused habitat degradation, the impact of hatcheries on wild populations, and climate 

change.  The impact of these stressors on coho abundance has led to a reduction of the 

permissible catch in salmon fisheries in California, Oregon, and Washington, or as in 

the case of California in 2008, outright harvest closures.  This in turn has forced those 

directly dependent on those fisheries to turn to other types of fisheries (halibut, tuna, 

sardine, etc), or to other forms of employment.  It has also resulted in an increased 
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focus on analyzing past trends in an effort to better predict future impacts (Brodeur 

et al., 2003). 

Overall marine survival and year class size is believed to be largely determined 

in the first few weeks to months following the salmon’s parr / smolt transformation 

and subsequent ocean entry (Pearcy, 1992).   During this period salmon growth is 

affected by a number of factors, most notably temperature and the availability and 

quality of prey. Seasonal summer upwelling in the California Current System (CCS) 

occurs during May through September following the spring transition.  Southerly 

winds move surface waters offshore through Ekman transport.  This in turn results in 

upwelling, which brings low oxygen, high nutrient deep water to the surface.  These 

nutrients initiate and support the seasonal phytoplankton bloom.  The inception, 

duration, and magnitude of this primary production have a strong effect on the ensuing 

secondary production as the phytoplankton is consumed by zooplankton.  Zooplankton 

constitute a strong trophic link as they are a major prey item for ichthyoplankton and 

higher trophic levels. 

The spring transition which marks the shift from northward winds and 

downwelling (winter) to southward winds and upwelling (summer) usually occurs in 

April to May, but can vary greatly from year-to-year (Pierce et al., 2006).  Also, at the 

time of the spring transition, surface currents on the shelf reverse from flowing to the 

north to flowing to the south.  Years of strong southward winds may also have strong 

southward alongshore currents that bring boreal coastal copepod species to the Oregon 

shelf from further north.  Boreal copepods tend to be larger in size and often have high 
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lipid content that make them a valuable energy-rich prey for juvenile salmon.  

Strong upwelling, southward transport, high primary productivity, and lipid rich 

zooplankton species support an ecosystem that favors rapid juvenile coho growth 

(Fisher and Pearcy, 1988).  Rapid juvenile growth permits size based escape from 

predation.  Indeed, in the summer between May and September coho can have up to a 

10-fold increase in wet weight (Mathews and Buckley, 1976). 

Conversely, summers in which the southward current is weak and the 

upwelling is suppressed result in diminished primary production and a summer 

zooplankton community structure dominated by small subtropical copepods with little 

or no lipid deposits (Morgan et al., 2004; Peterson and Keister, 2003), making them a 

poor food source, and resulting in diminished fish growth.  During the months 

following marine entry, salmon mortality is thought to be size dependent with highest 

rates on smallest individuals (Beamish et al., 2004).  This is due both from predation 

by larger piscivores and winter starvation.  Better understanding of this critical period 

may assist in predicting yearly early survival (and subsequent adult returns), and aid in 

the development or revision of fisheries management.  Substantial research has 

examined the environmental contributors and processes that influence growth and 

mortality of juvenile salmon (Pearcy, 1992; Brodeur et al., 2007a; Brodeur et al., 

2007b).   

 The use of bioenergetics modeling of fish growth has proven an effective 

complement to field studies in relating environmental conditions to individual and 

population consequences (Sommer et al., 2001; Hansen et al., 1993; Peterson and 
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Kitchell, 2001; Cartwright et al., 1998).  The bioenergetics approach uses an energy 

balance equation to approximate the growth of an organism using functions controlled 

by temperature, weight, and prey characteristics (Kitchell et al., 1977).  For each 

simulated individual, energy acquired through foraging is lost through respiration / 

metabolic processes, lost through waste processes in the form of egestion and 

excretion, or converted into new fish biomass.   

We use a modified Wisconsin bioenergetics model (Hewett and Johnson, 1992; 

Hanson et al., 1997) to explore the ability of continental shelf habitats of the Pacific 

Northwest to support juvenile coho salmon growth.  Data to support the modeling 

come from June and August of 2000 and 2002 mesoscale surveys conducted along the 

Oregon and northern California coasts (Batchelder et al., 2002; Barth et al., 2005).  

Data collected on these cruises includes temperature (Barth et al., 2005), zooplankton 

abundance and composition (Reese et al., 2005), and coho salmon abundance and 

weights (Brodeur et al., 2004).  These data were used in conjunction with a multiple 

prey foraging model to estimate daily prey calories consumed by individual coho 

juveniles.  The bioenergetics equations converted consumption to realized growth.  

The trends in modeled fish weights were compared to observed changes in fish 

weights.  

The two primary objectives of this study were 1) to develop a coupled 

foraging-bioenergetics model capable of simulating realistic juvenile coho salmon fish 

growth using multiple prey items and 2) to compare the suitability of 2000 and 2002 
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for salmon growth as determined by temperature and zooplankton abundance and 

composition. 

2.2 MATERIALS AND METHODS 

2.2.1 BIOENERGETICS MODEL 

One of the most widely used fish bioenergetics models is the Wisconsin Model 

(Hanson et al. 1997).  It has been used to describe growth of a variety of freshwater 

and marine fish including coho and sockeye salmon (Beauchamp, 1989; Madenjain et 

al., 2004).  The basic form of the model is Growth (G) = Consumption (C) – Egestion 

(F) – Excretion (U) – Respiration (R) – Specific Dynamic Action (S).   In the coho 

model described here, the standard consumption (intake of energy) formulation of the 

Wisconsin model is replaced by a multiple prey type foraging model. Egestion, 

excretion, and specific dynamic action terms are incorporated unchanged from the 

Wisconsin model.  The respiration function of the standard model is replaced by a 

function proposed for coho salmon by Trudel and Welch (2005) that is described in a 

later section. 

The basic equations and coefficients associated with the components 

incorporated from the Wisconsin Model are as follows:  

Eq : 1  

Eq : 2 
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Eq : 3 
 

Eq : 4  

Eq : 5  

Eq : 6  

For the purposes of readability, egestion (F) has been broken into four sub 

equations (Eq 1, 2, 3, & 4).  The first egestion subcomponent (PE), describes the 

influence of water temperature on egestion, and has three coefficients: FA (the 

intercept of the consumed energy egested vs. water temperature), FB (the water 

temperature dependence of egestion), and FG (feeding level dependence of egestion).  

Values and descriptions of all coefficients are described in Table 2.1.  The second 

egestion subcomponent (PFF), accounts for the indigestible proportion (Indk) and 

fraction of the diet (Ptk) that is of prey type k.  The third subcomponent of egestion 

(PF) combines the first two into a proportion of the total consumption that will be lost 

by egestion.  The final sub equation (Eq 4) determines the specific value of daily 

consumption that is lost through egestion.  Excretion (U), or energy loss due to 

nitrogenous excretions, is determined using Eq 5, where coefficients UA, UT, and UG 

function similarly to the analogous egestion coefficients in Eq 1.  Eq 6 describes the 

energy required to process the biomass that is converted to growth (S, cost of 

digestion).    

2.2.2 FIELD SAMPLING 
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In June and August of 2000 and 2002 US GLOBEC (GLOBal Ocean 

ECosystems Dynamics) conducted mesoscale surveys of the shelf from Newport, OR 

(44.61°N) to Crescent city, CA (41.76°N).  Three ships concurrently sampled different 

aspects of the ocean community.  One vessel mapped physical, bio-optical, and 

acoustic parameters using towed underway instruments (SeaSoar and multi-frequency 

acoustics).  A second vessel conducted in situ sampling of water column vertical 

structure using CTD and zooplankton abundance and composition using vertical 

plankton tows (VPT) and MOCNESS nets.  A chartered commercial trawler sampled 

fish populations using a surface fish trawl and took other ancillary observations (3m 

temperatures, neuston tows, etc).  VPT’s were to a maximum depth of 100m or the 

bottom, whichever was shallower.  Vertical plankton tows had an opening of 0.196 m2 

and a mesh of 0.202 mm.  The MOCNESS had nine nets and sampled to 160m or the 

bottom, had an opening of 1 m2, and was equipped with a net mesh of 0.333 mm.  

Biological samples obtained from these cruises were processed by the principal 

investigators in the U.S. GLOBEC program.  Additional details on sampling and 

processing of plankton samples and fish samples are available in Keister et al. (2009) 

and Brodeur et al. (2004), respectively. The survey tracks of the underwater SeaSoar 

sampling are shown Figures 2.1-2.4.  Portions of the track line shown in red are the 

SeaSoar derived temperatures.  Overlaid cyan dots represent locations where coho 

were captured via salmon trawls. 

Using the gut content analysis conducted by Ric Brodeur (Brodeur et al., 

2007a), on the salmon that were captured, identified, and counted during the June and 

August cruises, 8 primary prey categories were determined to encompass the observed 
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zooplankton and ichthyoplankton in the bioenergetics simulation. These prey 

categories include large (C5 or adult) Calanus copepods, juvenile and adult Euphausia 

pacifica, juvenile and adult Thysanoessa spinifera, amphipods, gastropods, decapods, 

polychaetes, and fish.  Zooplankton from the VPT during the concurrent plankton 

sampling of these surveys were then grouped into these 8 categories and considered to 

be the prey fields available to juvenile coho salmon.  Table 2.2 illustrates the 

percentage breakdown of the zooplankton distributions as seen from VPT’s, as well as 

the breakdowns as seen from the stomach analyses that were done on coho salmon 

captured during these mesoscale surveys.  

The limited information on prey fields of the 2000 and 2002 juvenile coho 

growth seasons prohibited implementing a spatially explicit growth model.  Instead, 

data from all CTD’s or plankton tows from a cruise were aggregated into a single 

dataset for each month in each year.  Thus all spatial variation from a single cruise was 

collapsed to provide frequency distributions for each variable (temperature, individual 

prey densities, and weights) that served as forcing input distributions for a non-

spatially explicit model of coho growth.  

2.2.3 COHO ENERGY DENSITY AND PREY SPECIFIC VALUES 

 Energy densities (Joules/gWW) and prey percent indigestible values for 7 of 

the prey types were obtained from Cross et al. (2005, Table 2.3). The values 

associated remaining prey type (polychaetes), were estimated by the author and are 

based on the average energy density and percent indigestible of the other prey 

categories in Cross et al. (2005).  The reaction distances for the 8 prey types were 
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estimates by the author.  The energy density of the coho predator in these 

simulations is as was described in the Wisconsin model (Eq 7), where α1 is the 

intercept and β1 is the slope of the allometric mass function for juvenile coho salmon.  

The values associated by the coefficients α1 and β1 are described in Table 2.1.   

Eq : 7  

2.2.4 TEMPERATURE 

Simulations used temperatures from one of three sources: 1) SeaSoar survey 

observations of temperature (Barth et al., 2005), 2) ROMS model output, or 3) 

SeaSoar adjusted ROMS (SSadjROMS) model product.  For both observational and 

model sources only temperatures from the upper 15 meters and from shelf locations 

having bottom depths <250 m between 42.0-46.25°N were used.  SeaSoar surveys 

provided the best temperature data, but they could only provide data during the 

specific cruises in June and August; there were no spatial surveys of temperature 

during the intervening period.  To use SeaSoar temperatures to force the model, 

randomly selected temperatures from the June and August temperature datasets were 

linearly interpolated to the current date of the simulation model. 

Dynamically evolving temperature frequency distributions were available daily 

during the June-August periods of 2000 and 2002 from a ROMS simulation provided 

by Dr. Enrique Curchitser of Rutgers University.  This simulation, which we refer to 

as the NEP4 run, was provided as daily averaged snapshots of the velocity and tracer 

(temperature and salinity) fields.  ROMS is a hydrostatic, primitive equation, 
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generalized sigma coordinate model (Haidvogel et al., 2008).  The NEP4 

implementation calculates vertical viscosity and diffusivity using the K-profile 

parameterization (Large et al., 1994).  The model has 10 km horizontal resolution for a 

domain spanning from Baja California to ca. the Bering Strait, the entire Bering Sea, 

and a swath of the eastern North Pacific extending at least 20 deg Longitude off the 

west coast of North America (Hermann et al., 2009).  The horizontal grid has 226 x 

642 elements, with 42 sigma, terrain-following levels in the vertical. Bathymetry is 

derived from ETOPO5 data set (Edwards, 1989).  Surface forcing was achieved using 

bulk flux calculations using the 6-hour T42 CORE-1 wind and fluxes from the 

Common Ocean-ice Reference Experiments (CORE)(Large and Yeager, 2004).  Initial 

conditions and open boundary conditions were extracted from a larger (basin-scale) 

simulation of the Community Climate System Model-Parallel Ocean Program 

(CCSM-POP) circulation model.  No tidal forcing was implemented in NEP4.  Figure 

2.5 shows a subregion of the full model domain that was the focus of the salmon 

modeling done here.  The full domain of the NEP4 model is shown in Hermann et al. 

(2009).  We extracted temperatures from all grid elements on the shelf (same domain 

as the SeaSoar summary) and shallower than 15m.  The advantage of the ROMS 

derived temperatures is that data are available for every day of the simulation, but 

there is no certainty that the model temperatures adequately mimic the field 

observations. 

To examine differences in seasonal temperature frequency distributions 

between the ROMS and SeaSoar (Figure 2.6-2.9), both distributions were normalized, 

and for each month of SeaSoar data, a transformation was derived that adjusts the 
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mean and standard deviation of the ROMS temperatures to match the mean and 

standard deviation of the SeaSoar temperatures.  Using these transformations (Eq 8a, 

8b, 8c) and the coefficients described in Table 2.4, we developed a hybrid method to 

force the coho growth model with ROMS fields that have had their June and August 

temperatures adjusted to match the observations available from the SeaSoar surveys.   

Eq : 8a   

Eq : 8b  

Eq : 8c  

In the above equations SS[Jun,y] is the mean temperature and SS[Jun,y] is the 

standard deviation of the temperatures for the June SeaSoar survey in year y.  These 

are equivalent means and standard deviations for the August SeaSoar data (Table 2.4). 

[j,y] and [j,y] are the estimated mean and standard deviation of temperature on day y 

of the simulation, estimated from linear interpolations using weight of wj (the fraction 

of the time between June and August); these are the best estimates available for the 

mean and standard deviation of the temperatures on a day in the model. ROMS[j,y] in 

Eq 8a is the vector of ROMS temperatures from day j of year y after the values have 

been transformed to a standard normal distribution having a mean of 0 and variance of 

1.0 (thus, the values in ROMS[j,y] are in units of standard deviation from the mean).  

Finally SSadjROMS[j,y] is a vector of transformed ROMS temperatures observations 

drawn from a distribution having a mean of [j,y] and standard deviation of [j,y].  
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2.2.5 JUVENILE COHO RESPIRATION 

Substantial effort has been directed to quantifying accurate respiration rates for 

juvenile salmon taking into consideration fish size, ambient water temperature, and 

swimming speed (Brett and Glass, 1973; Ware, 1978; Stockwell and Johnson, 1997).  

The most widely applied respiration equation is described by Beauchamp (1989) and 

used in the Wisconsin model (Eq 9) : 

Eq : 9  

Where respiration (R) as is a function of fish weight (W), ambient water 

temperature (T), and predator swimming speed (VEL).  The allometric mass 

function’s slope is described by the RB coefficient and intercept RA.  RQ represents 

the approximate Q10 value, and RTO describes the dependence on swimming speed.   

Recently, Trudel and Welch (2005) examined several functions that might 

describe basal respiration, active respiration, and total respiration of juvenile sockeye 

salmon and steelhead trout.  Similar to Beauchamp et al. (1989) they considered fish 

size, swimming speed and temperature as the principle factors regulating metabolism.  

These equations were then applied to measurements conducted on small (<15 g) coho 

salmon.  Equations 10 and 11 describe basal respiration (Rs) and active respiration 

(Ra) of sockeye salmon, respectively.  

Eq : 10  
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Eq : 11  

Basal metabolism is a function of individual mass (W, gWW) and temperature 

(T, °C) and includes a scaling factor (SCF), which for sockeye juveniles is 1.0.  Active 

metabolism is a function of individual mass (W) and swimming speed (VEL; cm/s).  

These equations were then applied to previous reports of respiration measurements of 

small (<15g WW) coho. To best fit juvenile coho respiration, Ra from sockeye was 

used, but basal respiration was higher (SCF = 1.75) than for sockeye juveniles. 

When Eq 10 and 11 are used to predict the respiration of larger (35-1200g 

WW) juvenile coho (from Leggatt et al., 2003; Davis and Schreck, 1997; Lee et al., 

2003; Morgan and Iwama, 1998) however, the Trudel and Welch (2005) Rs and Ra 

respiration equations appear to underestimate the total respiration by up to 35% 

(Figure 2.10).  It was not feasible to estimate new coefficients for the Trudel and 

Welch functions for the expanded range of coho individual sizes because most 

observations on larger juveniles were done at 8±1°C; there was not enough data at 

different temperatures and swimming speeds for larger fish.  Thus, we used the Trudel 

and Welch (2005) relationship with SCF of 1.75 to describe juvenile coho respiration, 

but recognize that it may underestimate respiration (and therefore overestimate 

growth) of larger juveniles.  

2.2.6 FORAGING MODEL 

The consumption function commonly used in the Wisconsin model is: 
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Eq : 12a  

Eq : 12b  

Eq : 12c  

Where C is the specific consumption rate, Cmax is the maximum feeding rate, p 

is the proportion of maximum consumption that is occurring, and f(T) is a temperature 

dependant function.  CA is the intercept of the allometric mass function, CB is the 

slope of the allometric mass function, and W is the current fish weight.  KA and KB 

correspond to sigmoid curves that represent an increasing portion of the temperature 

dependence function (KA), and the decreasing portion (KB).  Since we did not use 

these equations, we do not show the values of the associated coefficients. 

We chose instead to estimate consumption (ingestion) using observed prey 

densities and a prey encounter model.  The multiple prey type foraging model is 

modified from a single prey type encounter model described by Stockwell and 

Johnson (1997):    

Eq : 13 
 

 In the single prey encounter model (Eq 13), PF refers to the total number of 

individual prey consumed, CP refers to the consumption probability, D is the average 

prey density (#/m3), r is the reaction distance (m) of the predator to prey, v is the 
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predator swimming speed (cm/s), and u is the prey swimming speed (cm/s).  We 

extended this model to handle multiple prey types (Eq 14): 

Eq : 14 
   

Where PFi is the encounter rate for each individual prey type, CPi is the 

consumption probability per prey type, Di is the density (#/m3) for each prey type i, ri 

is the individual reaction distance (m) per prey type, v is the swimming speed (cm/s) 

of the predator, and ui is the individual swimming speed (cm/s) of each prey type.  For 

the simulations conducted in this study, the swimming speeds of all were assumed to 

be 0, simplifying the equation to: 

Eq : 15 
    

Juvenile coho are assumed to visually feed only during the dawn to dusk 

interval.  For each 10 min timestep of the foraging model, the number of encounters of 

each prey type is determined, the caloric consumption (Table 2.3) is determined and 

incremented, the prey biomass in the stomach is incremented, and the current runtime 

incremented.  The two exceptions to this scenario are when a 10 min timestep 

increment will extend beyond dusk (sunset) or when the prey biomass ingested during 

the timestep exceeds the stomach capacity. 

If the amount of time remaining in the day is less than the 10 min time step 

then the foraging period only extends until sunset. If the prey consumed in a 10 min 

timestep would exceed the stomach capacity, then the time is set to the value when the 
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stomach is filled.  At this point the simulation assumes that the fish is satiated and 

will not resume foraging until 30% of its gut contents are evacuated (e.g. stomach 

fullness is reduced to 70%).  The amount of time for an individual fish to evacuate gut 

contents is described below.  If daylight remains after the gut content is evacuated to 

70% capacity, feeding resumes.   

2.2.7 GUT EVACUATION 

To evaluate the current stomach fullness throughout the model simulation a gut 

evacuation function was implemented to run in conjunction with the foraging model.  

The total allowable coho stomach mass was determined by a regression reported by 

Brodeur (1992) such that total stomach weight (gWW) = fish weight * (3.37-

(0.001*fork length)), where fish weight is in grams WW and fork length is in mm. Gut 

evacuation is determined using a function described by Elliott and Persson (1978).  

Eq : 16 
 

S(t+ τ) refers to the stomach contents (g WW) τ hours after t.  I refers to the ingestion 

rate and ρ is the rate of gastric evacuation. The gastric evacuation rate (ρ) is a function 

of temperature as described for coho by Ruggerone (1989).  At lower temperature (T; 

°C), digestion and gut clearance are slowed according to: 

Eq : 17  

2.2.8 RUNTIME CONFIGURATION 
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A model runhandler (main program that manages state variable accounting 

and subprogram execution) initializes individual fish weights, and determines the 

water temperature frequency distributions.  Finally, the runhandler calls the foraging 

and bioenergetics subroutines.  For each fish (predator) and day of simulation, water 

temperatures were randomly selected from the input temperature distributions from 

one of the three sources described previously (SeaSoar, ROMS, SSadjROMS). Fish 

cruising speed (VEL; cm s-1) was derived from the Wisconsin Model as a function of 

individual fish biomass (g WW) and water temperature (°C) using:  

Eq : 18  

where the coefficients are described as in Table 2.1. 

The maximum possible foraging period was determined to be the total day 

length (sunset to sunrise) as a function of time of year and latitude.  Daylength was 

calculated using equations from Brock (1981).  Within the daylength period feeding 

was assumed to be independent of light intensity.  The foraging model operates on a 

10 min timestep to determine total ingestion per feeding bout, whereas the 

bioenergetics model uses a daily timestep.  The runhandler iteratively calls the 

foraging model until the prescribed day length has been reached.  At that point the 

bioenergetics model is called to calculate the daily egestion, excretion, specific 

dynamic action, respiration, and growth for that individual. 

2.2.9 SIMULATION SCENARIOS 
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For the June and August cruises of 2000 and 2002, all plankton samples, 

regardless of actual sampling date and location, were used to construct prey field 

distributions.  The VPT net sampling is believed to underestimate in situ densities of 

zooplankton prey types important to coho salmon.  This occurs because (1) larger, 

mobile prey, such as euphausiids and fish, may avoid net capture (Bill Peterson, 

personal communication), and (2) prey may not be uniformly distributed throughout 

the depth of the net sampling.  In addition, juvenile coho may be able to more 

efficiently forage by preferentially feeding on higher density patches of prey.  

Consequently, we examined a series of simulation scenarios, including (1) optimal 

foraging, (2) euphausiid prey inflation, (3) depth-based density adjustments and (4) 

feeding on a reduced set of prey types vs. feeding on the full suite of 8 prey types, in 

addition to the base case simulation.  The base case scenario assumes no optimal 

foraging, no euphausiid inflation, densities based on the original depths of each net 

tow, and the full set of prey is available to the juvenile coho.  Each of the modified 

scenarios is described in the following sections.  

2.2.10 OPTIMAL FORAGING 

Different levels of optimal feeding were examined to explore the importance of 

juvenile coho being able to exploit regions having high prey density patches.  The base 

assumes random selection of prey densities from among the available observations 

from a cruise.  Optimal feeding simulates the ability of fish to feed preferentially on 

high prey density or biomass samples.  For periods of optimal feeding we assumed 

that coho fed on samples selected from the 10% of the observations having the highest 
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prey densities.  Optimal prey selection was implemented for each of the eight prey 

categories simultaneously, and for both endpoints (June and August) independently by 

generating a random number to determine whether each coho is feeding optimally or 

randomly for each prey for the current 10 minute feeding bout.  For example, if 25% 

optimal feeding was prescribed for a simulation, then for prey type amphipods, a 

random number between 0 and 1 is generated independently for June and August 

endpoints.  If the random number for June is between 0 and 0.25 then a prey density 

for that prey type is selected from among only the 10% highest densities for that prey 

type, otherwise a random prey density is selected from the prey field distribution.  A 

similar process is applied to the August data.  Once prey densities are known for each 

prey type at both endpoints, a weighted linear temporal interpolation provides the total 

prey of that type available for that feeding bout.  This is repeated independently for 

each individual prey type.  The base case assumed that coho feed optimally 0% of the 

time; simulations were done for 25% and 50% optimal feeding. 

2.2.11 EUPHAUSIID INFLATION 

Due to the gear type that was used in zooplankton sampling during the 

mesoscale cruises, euphausiids were potentially up to 25 times more abundant in situ 

than was represented in the zooplankton catches from the VPT (Bill Peterson, 

NWFSC, personal communication).  To examine the consequences of this potential 

prey density bias on juvenile coho growth, scenarios were run where both the 

euphausiid densities and the euphausiid biomasses for each cast were increased by 5, 

15, or 25 times that of the observed value.  Increasing both the biomass and abundance 

of euphausiid prey altered encounter rate but left the mean individual prey weight 
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unchanged.  Because this inflation was multiplicative, samples without any 

euphausiids (density = 0 m-3) remained without euphausiids after inflation. 

2.2.12 DEPTH / DENSITY ADJUSTMENT 

A final set of scenarios were done to evaluate the impact of different 

distributions of prey vertically in the water column.  The base case assumed a uniform 

distribution of prey over the entire sampling depth of the net tow, which were usually 

100m or just above the bottom in shallower water.  If the zooplankton are not 

uniformly distributed throughout the entire water column, and especially if the 

zooplankton are concentrated near the surface where coho forage, then densities 

calculated from 100m net tows will not reflect the actual densities that might be 

encountered by juvenile coho.  Assuming that zooplankton prey items may have been 

concentrated somewhat toward the surface, simulations were done having densities 

and abundances of all prey categories multiplied by 2.22 (or 100/45; assuming prey 

uniformly distributed in the upper 45m) and 6.67 (or 100/15; uniformly distributed in 

upper 15m).     

2.2.13 SIMULATION MODES (PREY FIELD TYPES) 

Simulations of all scenarios were run in two modes: one having all 8 prey 

types available for consumption (referred to as “full prey”), and one where only the 

larger prey items (euphausiids, fish, and decapods) were considered available to the 

juvenile coho (referred to as “reduced prey”).  This was done to explore the sensitivity 

of juvenile growth to high abundances of small-sized prey (copepods, polychaetes, 
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amphipods, and gastropods), that although suitable prey for small juvenile coho are 

not common prey for larger sized juveniles.  

2.2.14 SENSITIVITY ANALYSIS OF COEFFICIENTS 

We examined the sensitivity of the growth estimates to the values of some of 

the parameters, specifically the prey reaction distances in the foraging model and the 

temperature dependent gut evacuation rate.  All sensitivity analysis simulations were 

done for coho having an initial WW of 75 g, and a constant temperature of 9.5°C.  The 

base case scenario of random prey selection was done for each of 1000 individuals 

using prey fields for June and August of 2002.  This initial prey selection was used for 

all sensitivity analyses, i.e. no additional random selections were done. Each 

simulation was conducted over a 24-hour period and the daily growth was compared 

to the growth of the base simulation.  Parameters were examined at values ±10% and 

±50% their base value.  

Modification of the initial reaction distances by 10 percent produced less than 

a 2.5% change in the daily growth rates (Figure 2.11), and modification by 50% 

resulted in a daily growth change less than 10% (Figure 2.11). This implies that 

growth is not particularly sensitive to uncertainties in the reaction distance values. 

Growth changes were approximately proportional to changes in the Ree1 gut 

clearance coefficient. Changing the Ree1 coefficient by ±10% changed growth by 

<7.2%.  A 50% change in Ree1 showed a similar trend, with growth changing ~31 to 

37% compared to the base case.  Changes to the Ree2 coefficient had little effect on 

daily growth.  
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2.3 RESULTS 

2.3.1 BASE CASE OBSERVATIONS 

The base case scenario uses the SeaSoar adjusted ROMS temperature fields 

(SSadjROMS), assumes that all prey categories (fish, euphausiids, decapods, 

copepods, amphipods, gastropods, and polychaetes) are available to the coho 

predators, makes no adjustment to prey densities or biomass, and assumes random 

foraging.  Coho captured in the coastal ocean during autumn include fish that will 

return as jacks later that year and fish that will return the following year as adults.  It is 

a reasonable assumption that the largest fish in autumn are precocious males that 

might have returned the year of capture, but there is no set weight or fork length that 

defines jack size. Jacks are traditionally identified during the fall spawning run 

(September to October) when they return with the 3+ year old adults as being among 

the smaller salmon.  Jacks are described as being less than 400mm in length (Tydingco 

et al., 2006), and generally have a mean fork length of ~350mm (Tydingco et al., 

2006; Berghe and Gross, 1985).  The coho length-weight regression (Figure 2.12), 

shows that a fork length of 350 mm corresponds to a fish weight of approximately 

600g.  Therefore, for the purposes of this analysis, modeled individuals that have 

attained a size >= 600g in August trawl captures are assumed to be jacks (returning 

this year), and smaller fish (weights < 600 g) are assumed to be “normals” that would 

remain in the ocean for another year before returning to spawn. 

2.3.2 TEMPERATURE EFFECTS 
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Near surface temperature fields from the ROMS simulation were on average 

3 to 4.5° C warmer than temperatures observed in June and August SeaSoar sampling. 

Moreover, ROMS temperatures in June were much less variable than observed 

temperatures.  The excessively warm surface temperatures of the unadjusted ROMS 

fields yielded much higher juvenile coho growth rates than when the model was forced 

using the cooler SeaSoar temperatures, and resulted in final weights that were up to 

~60% greater (Table 2.5).  Although elevated temperatures entail higher metabolic 

costs, they also lead to an increase in swimming speed, which in turn leads to the  

juvenile coho encountering and consuming more prey, which more than offsets the 

higher metabolic rates. 

When juvenile coho are in a high prey environment, the effects of increased 

encounter rates due to faster swimming as a result of higher temperatures can increase 

growth rate and lead to a much higher August weight.  This can be illustrated by the 

difference between the final weights for the base scenario simulations observed in 

2002 (Table 2.5) using a low (0% optimal foraging) prey availability and that of the 

simulation done using 50% optimal foraging.  In the base case, 75g initial weight fish 

forced by ROMS temperatures produce fish weighing 138.0g more than fish in the 

SSadjROMS simulations. However, salmon feeding preferentially on the highest 

density prey patches 50% of the time had mean final weights 420g higher than mean 

final weights of SSadjROMS fish (Table 2.5).  Because temperature clearly had a 

strong impact on encounter, growth, and final weight of juvenile salmon we used only 

SSadjROMS temperatures for the remaining simulation experiments.  The 

SSadjROMS temperatures have June and August temperature distributions, similar to 
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field observations, yet also represent the day to day temperature variability 

simulated by the model. 

2.3.3 SEASONAL GROWTH, INITIAL WEIGHT and MORTALITY 

A priori we assumed that an individual coho that experiences a wet weight 

decline of 10% of from its previously attained maximum weight would suffer 

‘starvation’ mortality.  However, no weight loss based starvation occurred, as even in 

the base case scenario with random prey selection on non-adjusted prey fields, all 

individual fish were capable of positive growth. Figure 2.13 illustrates final weights of 

coho experiencing 2000 and 2002 prey densities and temperatures. In the 2000 base 

scenario simulation, juvenile coho having an initial weight of 35g attained a mean 

final biomass of 282.33g while in the 2002 simulation, the fish achieved a final mean 

biomass of 314.83g (Table 2.6).   Likewise fish seeded at 75g and 150g showed a final 

mean growth that was higher in 2002 than in 2000.  Fish seeded at 75g had a mean 

final weight of 453.44g for 2002 and 374.24g for 2000.  Coho with initial weights of 

150g had a final mean weight of 604.44g for 2002 while 2000 showed a final mean 

weight of 473.34g.   Though growth in 2000 was reduced relative to 2002, both in the 

simulations and in the trawl measurements, mortality due to starvation was not 

observed. 

2.3.4 PREY FIELD TYPE EXPERIMENTS 

Simulations were performed wherein individual juvenile coho were exposed to 

one of two fundamental types of prey fields, a ‘full’ prey field which consisted of 8 

prey categories, and a reduced prey field of only the 4 prey categories (fish, two types 
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of euphausiids, and decapods) that constitute the bulk of juvenile coho salmon diets 

(Brodeur et al., 2007a).  Surprisingly, the differences in the mean final weights of the 

runs using these two prey field types were not large (Figures 2.14 - 2.17;Table 2.6; 

Table 2.7).   The reduction in coho growth by using the ‘reduced prey’ type was 

greater in 2000 than in 2002 when growth using the full prey field was initially 

greater. 

2.3.5 OPTIMAL FORAGING EXPERIMENTS 

Optimal foraging had by far the greatest effect on salmon growth of any of the 

experiments explored (Figures 2.18 – 2.21).  The principle assumption behind this set 

of scenarios is that there is a behavioral component associated with feeding strategies.  

In the ocean, when presented with regions having a range of prey densities (e.g. due to 

spatial variation), juvenile coho have some ability to locate and move to regions of 

higher prey density.  The two cases of optimal foraging were implemented such that 

coho were successful 25% or 50% of the time at finding dense prey patches.  We 

assumed that dense prey patches were those having the highest 10% for each prey 

category. No other modifications to prey fields were performed.   

Fish with an average initial weight of 75g experiencing 2000 prey fields and 

SSadjROMS temperatures with the base parameters reached a mean final weight of 

374.24g.  When foraging optimally 25% of the time, fish grew to a mean final weight 

of 771.34g, almost double the weight achieved with completely random feeding 

(Figure 2.20). Optimally foraging 50% of the time on high prey densities produced 

fish with a mean final weight of 952.72g.  Both 25% and 50% resulted in final fish 
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larger than the jack weight threshold.  Optimal foraging in 2002 did not produce 

such dramatic increases. The mean final weight resulting from the base case scenario 

with initial weights set at 75g for this year was 453.44g (Figure 2.20).  Optimal 

foraging 25% of the time resulted in a mean final weight of 668.48g while 50% 

optimal foraging resulted in a mean final weight of 756.87g.   

Fish seeded with initial weights at 150g using 2000 forcing conditions, the 

higher end of the spectrum observed, reached a mean final weight of 1028.4g when 

feeding optimally 25% (Figure 2.21) of the time.  Fish using 2002 conditions with the 

same initial parameters reached a final weight of 950.03g at 25% optimal foraging.  

Fish that fed optimally 50% of the time exhibited similar growth patterns reaching a 

final mean weight of 1413.2g with 2000 conditions and 1135.37g with 2002 

conditions (Figure 2.21).  Both 25% and 50% optimal feeding produced fish whose 

size in August are similar to those from trawl samples. Based on the prey fields 

sampled, these results suggest that 2000 exhibited higher density patches of organisms 

than did 2002.  Relative to the 2002 fish, coho that were able to locate and exploit the 

highest density prey patches in 2000 grew faster.  Coho males entering the marine 

environment with mean to large initial weights (75-150g WW) had the potential to 

reach jack size in both 2000 and 2002, however mean final weights in 2002 was 

significantly less.  

2.3.6 EUPHAUSIID PREY INFLATION EXPERIMENTS 

Inflation of euphausiid prey abundance and biomass by 5x increased final coho 

size by <5% in both 2000 and 2002 for fish seeded with initial weights of 35g, 75g, 
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and 150g (Fig 2.22 – 2.25).  Inflation of euphausiid prey by 15x increased final fish 

weight by 7 to 12% in 2000 and 10 to 15% in 2002 with the largest percent increase 

for fish with the largest initial weights.  The pattern of growth and was similar at 25x 

padding, with 10 to 17% increase in 2000 and 15 to 23% increase in 2002.  Inflating 

the euphausiid densities and biomass by a factor of up to 25x had an impact on final 

coho weights, but the effect was relatively minor compared to the influence of optimal 

foraging and other scenarios examined. 

2.3.7 DEPTH DEPENDENT DENSITY MODIFICATION EXPERIMENTS 

The base case assumes prey densities are uniform from the surface to the 

maximum sampled depth.  Prey correction factors (PCF) of 2.2 and 6.7 were applied 

to simulate densities if all prey were confined to the upper 45m or 15m, of the water 

column respectively. Fish using 2000 prey values adjusted to 45m resulted in final 

weights that were 29 to 34% heavier than the base case (Figure 2.26 – 2.29).  

Simulations using 2002 prey fields adjusted to 45m resulted in final weights that were 

18 to 33% heavier than the base case scenario.   

For the year 2000 simulations, the assumption that the prey were restricted to 

the upper 15 meters had a large impact on mean final weight.  Fish seeded with initial 

weights of 75g reached a mean final weight of 788.8g (Figure 2.28), among the larger 

of the juvenile coho salmon observed.  Fish seeded at 150g reached final weights with 

a mean of 1067.2g (Figure 2.29), implying that if the net estimated prey were 

concentrated in the coho surface feeding region, these fish had the potential to return 

later in the year as jacks.  Year 2002 simulations produced similar results with final 
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weights of 760.8g for fish seeded at initial weights of 75g, and 1156.5g for fish 

seeded at initial weights of 150g (Figure 2.29). Final weights of 2000 fish from the 

scenario were greater than in any other experiment except the 50% optimal feeding 

scenario.  For 2002 simulations, the 50% optimal feeding and restructuring prey to the 

upper 15m produced similar mean final weights.  

2.4 DISCUSSION 

When interpreting the results of these bioenergetics simulations, it is important 

to stress that the 600g WW individual weight delineating juvenile from jack is a ‘best-

guess’ estimated from the sizes reported by Berghe and Gross (1986).  The coastal 

ocean is a dynamic environment, and it is very possible that the conditions that have 

affected growth from June to August may change during September or October.  A 

fish that is relatively large in mid-August could possibly encounter environmental 

conditions that will retard or prevent further somatic or gonadal growth, preventing it 

from returning as a jack.  It is also possible that a male coho that is relatively mid-

sized, (e.g. ~ 450g), might experience favorable conditions from August to October 

allowing rapid growth and jacking. 

The NEP4 surface (<15m) temperatures are known to run several degrees 

higher than those observed in the marine environment (Batchelder, et al., 2009), 

particularly in near shore regions where upwelling processes control sea surface 

temperature.  ROMS temperatures in June from the Oregon shelf were too warm by 3 

to 3.5°C on average, and not as variable as SeaSoar observations.  ROMS 

temperatures in August were also substantially warmer than observations, by 3.4 to 
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4.5° C, but the variance of the model values was closer to the variance in the 

observations than was the case in June.   

Simulations forced by ROMS temperatures had daily growth rates and mean 

final weights that were consistently higher than simulations using temperatures from 

SeaSoar or the SSadjROMS.  The effect on growth was particularly evident for 

smaller fish, which have higher daily growth rates than larger fish.  In the 2002 base 

scenario simulations fish having an initial weight of 35 and 75g had mean final 

weights that were 42% to 30% greater in the ROMS simulations than in the other two 

temperature scenarios.  Likewise, fish with an initial starting weight of 150g had final 

weights 22% greater when using ROMS temperatures than when using SSadjROMS 

or SeaSoar values.  In all cases simulated fish exposed to the higher daily temperatures 

grew faster than fish at colder temperatures.  El Niño years characteristically have 

warmer temperatures than average or La Niña years off Oregon, so one might be 

tempted to view the simulations forced by the warm ROMS temperatures as an 

indication of what might be expected during an El Niño.  Although the warmer 

temperatures may lead to faster development and increased activity, El Niño years off 

the Oregon and California coast are also characterized by subtropical copepod species.  

These species are typically smaller and less lipid rich (energy dense) than higher 

latitude cold-water species that are more prevalent during La Niña years (Hooff & 

Peterson 2006, Peterson et al., 2002; Peterson and Keister, 2002; Peterson et al., 

2006).  Thus, though the warmer temperatures may enhance coho growth, that growth 

is hampered by the poorer quality and lower abundance of prey. 
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All mean final weights from all experiments using SSadjROMS and 

SeaSoar temperatures differed by less than 1%.  Using temperatures from the SeaSoar 

adjusted model, the scenario that most influenced coho salmon growth and final 

weight was the degree of optimal feeding.  This not only introduced a pseudo 

behavioral component in which coho sought out high density patches of food, but 

compensated for the (perhaps low) density values in the large prey categories.  By 

feeding only in the subset of samples having high prey densities for fractions of the 

foraging period, there was a higher probability that the juvenile coho would encounter 

the most energetically valuable fish, euphausiid or decapod prey.  The reason for the 

small difference between (<6.5%) in final mean weight of coho feeding optimally on 

the 4 prey and 8 prey fields is that in both cases the fish are feeding at food saturation 

such that they are filling their guts. 

Approximately two-thirds of the of the fish captured in August 2000 trawls 

were less than 600g WW and, assuming they survived, would have returned to spawn 

as adults the following year (Figure 2.30).  The remaining 1/3 of the coho were greater 

than 600g WW and had the potential to return that same year as jacks to spawn. The 

mean juvenile coho in August 2000 trawls weighed 479.7g.  When full prey categories 

were used with the SSadjROMS temperature fields for 2000 with initial weights 

spanning a WW range of ca. 20g to 150 g, the average final weight was 355.9g.  Fish 

optimally feeding 25% of the time grew to a mean final weight of 712.9g, 49% higher 

than the observed mean final weight from the trawl survey.  The field sampling of 

2002 showed a similar trend with the juveniles constituting 65% of the fish captured, 

and the remainder potentially describing jacks (Figure 2.31).  The base case simulation 
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for 2002 SSadjROMS temperatures with initial weights distributed between 20g 

and 150g resulted in a final mean weight of 450.4g, about 100g larger than simulations 

using 2000 forcing characteristics.  Mean final weight in the simulation with 25% 

optimal feeding was 663.7g.  Although the base case scenarios in which the full prey 

fields were utilized allowed fish to grow to sizes similar, but slightly less than those 

observed, including some ability for optimal foraging (25% of the time) produced final 

fish weights that better matched observed mean final weights, with some fish 

substantially exceeding 600g WW (jacks). 

Simulations using the restricted prey fields showed a similar trend (Table 2.7).  

The mean final coho weight for the base case in 2000 was 303.6g, while at 25% 

optimal foraging it was 670.0g, far closer to that observed with the same foraging 

behavior in the full prey fields.  The similar final weights at 25% optimal feeding on 

restricted and full prey types indicates that the fish were effectively feeding at 

saturation, and that the factor limiting growth was gut clearance rates.  A similar trend 

was seen in the simulation results for 2002.  

Field observations and all of the simulations except those that implemented 

optimal foraging indicate that summer 2002 was a better year for juvenile coho growth 

than summer 2000.  There were no SeaSoar temperatures less than 8°C the upper 15m 

in June 2000, whereas 18% of the SeaSoar temperatures in June 2002 were ≤ 8 °C 

(Table 2.8).  This is consistent with the upwelling indices for those years, as 2002 had 

an earlier onset of spring upwelling and a greater cumulative upwelling.  This would 

result in a greater overall zooplankton biomass and better conditions for the 2002 coho 
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cohort.  However, the continuous winds that lead to upwelling events also have a 

secondary effect of disrupting high-density prey patches.  As Lasker (1981) described, 

vertically stratified patches can constitute a vital resource for smaller fish.   

Simulations done with 25% and 50% optimal foraging indicate that fish able to find 

and utilize high-density prey patches in 2000 would have a higher growth rate. 

At 25 percent optimal feeding the juvenile coho were exposed to prey densities 

that did not fill the gut as rapidly as at 50 percent.  This is illustrated by the mean 

difference in final weight of 384.8g in the year 2000 fish seeded at initial weights of 

150g when exposed to 25% optimal feeding vs. fish that were optimally foraging 50% 

of the time.   The difference between 25% and 50% optimal foraging was much less 

for fish with lower initial starting weights.  Fish (35g) using temperature fields in 2000 

achieved mean final weights 51g less when foraging at 25% optimal feeding than 

when foraging at 50% optimal feeding.  Small fish, having smaller stomachs, required 

less time to fill their gut.  Once capacity was reached the time penalty to evacuate 30% 

of the stomach contents were close enough that fish in both prey field categories were 

roughly equal with respect to the number of daily feeding bouts, and consequently to 

growth rates.   

The results of the U.S. GLOBEC August salmon trawls showed that the mean 

weight of the coho in 2002 was slightly higher than in 2000 (491.0g vs. 480.0g), 

indicating that 2002 may have been a better year for coho salmon growth (Figure 

2.13). Simulations using the forcing fields for these two years corroborated that trend.  

Although both 2000 and 2002 were years with La Niña characteristics, the spring 
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transition in 2000 was delayed, with upwelling occurring from late June to October.  

2002 experienced sustained upwelling favorable winds from mid April through early 

November (Figure 2.32).  As a result of the later spring transition in 2000, the seasonal 

upwelling was delayed relative to 2002.  Though the lower temperatures in 2002 

would result in reduced swimming speeds and encounter rates with prey, this may 

have been compensated by the earlier seasonal phytoplankton bloom.  The earlier 

bloom may have increased secondary production and produced more biomass in the 

dominant prey classes for juvenile coho salmon smolts during their marine entry, 

leading to better overall growth during the summer.   

Surprisingly, although 2002 had a much higher oceanic escapement (309,500 

fish) than did 2000 (99,700) fish respectively (Figure 1.2), 2000 had the highest 

survival rate (24.1%) for coho of any year between 1999 and 2003 (Daly et al., 2009). 

Despite the high survival, fish from 2000 had the lowest percentage of fish biomass in 

their stomachs. The highest percent of fish in the diet was 63% in 2002 (Daly et al., 

2009).  Coho are opportunistic predators and utilize any available prey, even if they 

are not necessarily the preferred, or energetically optimal prey. 

 A separate analysis of juvenile coho feeding patterns for 2000 and 2002 

(Brodeur et al., 2007a) reflects similar trends in prey selection as described by Daly et 

al. (2009).  In 2000, the mean length of juvenile coho collected was 190.7mm while in 

2002 the mean length was 169.6mm.  Using the regression analysis illustrated in 

Figure 2.12, these lengths would correspond to average fish weights of 80.6g in 2000 

and 55.0g in 2002.  This would suggest that the coho juveniles in June 2000 were 
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slightly larger than in 2002 and possibly would be more likely to select larger prey 

organisms, like fish (Daly et al., 2009).  A gut content analysis however showed that 

fish prey comprised ~48% of the stomach biomass and ~2% of the prey abundance in 

2000.  Analysis on 2002 coho stomach contents showed that fish prey accounted for 

82% of the stomach biomass and ~17% of the prey items.  In 2000, euphausiids 

accounted for 24% of the stomach biomass and ~3% of the stomach contents, while in 

2002 euphausiids accounted for only 5% of the stomach biomass despite being 25% of 

the prey items.  The bulk of the remaining content and biomass for 2002 coho was 

decapods, whereas in 2000 coho relied more on copepods, and hyperiid amphipods 

(Brodeur et al., 2007a).  This suggests that the numerically dominant prey organisms 

consumed by coho in 2000 were significantly smaller than the prey consumed in 2002, 

regardless of the predator size.   

 It appears that the delayed spring transition to upwelling conditions in 2000 

delayed the trophic transfer of upwelling fueled phytoplankton to zooplankton and 

forage fish, and this was responsible for the prevalence of small prey in the diet of 

coho juveniles in June 2000.  Despite this initial delay, it appears that the ecosystem 

was supporting substantial forage fish later in the summer, since the coho juveniles 

collected in September 2000 had diets mostly dominated by fish (~95% of the stomach 

biomass and 25% of the prey items).  Other prey types in September 2000 were 

euphausiids (~2.9% biomass and ~23% prey items) and decapods (~1% biomass and 

~27% abundance).  The type and proportion of prey in juvenile coho in September 

2002 were similar to June 2002, both showing the importance of fish prey in the diet.  

The mean September coho lengths reported were 288.1mm (or ~305g using the Figure 
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2.12 regression) in 2000, and 289.2 (or ~308 g) in 2002.  Thus, it appears that 

although the initial conditions were less favorable in 2000 (less upwelling; smaller 

prey types), the higher initial weights of the fish aided in maintaining body weight 

until the forage fish stocks increased later in the summer, and the mean final coho 

weights of September 2000 and 2002 were similar.   

These simulations suggest that, with the adjusted ROMS temperatures, this 

implementation of juvenile coho salmon bioenergetics and foraging behaviors does a 

reasonable job of simulating growth during the first summer following marine entry in 

the California Current system.  With completely random feeding (the base case 

scenario) the simulations underestimate final mean weights when compared to the 

entire U.S. GLOBEC observed sub–adult size distribution, but do illustrate juvenile 

growth (final August WW < 600 g).  With optimal feeding the simulations show 

patterns of growth that can produce fish in August of similar size to both juvenile and 

jack coho.  This leads to the question of how this can be if the net sampling severely 

underestimates prey densities of euphausiids and fish, the dominant prey of juvenile 

coho.  

The first possibility is that the biomass shown in the smaller prey categories 

included are transferred up the trophic web to the more dominant prey categories, and 

thus from a raw biomass perspective are acceptable measurements for prey density, 

despite being packaged as more numerous but smaller prey.  The second possible 

answer is with the very nature of models.  Many assumptions are needed to make a 

model, and although published literature may provide some reasonable answers 
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through sampling and experimentation, many times the assumption is only a ‘best 

guess’.  It is possible that the fish do not exhibit the feeding patterns exhibited in the 

model: that they do not feed to an entirely full stomach, or they do not resume feeding 

when the gut is only 70% full but may only begin a new feeding bout when it is 

empty, and it’s unlikely that they exhibit the same intensity of feeding throughout all 

hours of daylight.  It’s probable that fish reaction distances change both as their size 

changes and with the turbidity of the water, time of day, degree of cloud cover, etc.   

None of these complications are considered in the models presented here. 

Another potentially confounding factor in this study was found to be in the 

respiration equation.  The Trudel and Welch adaptation of the sockeye respiration 

function to coho salmon is based on datasets from small salmon (<15g).  Our 

comparison of the equations that describe respiration suggests they underestimate 

respiration of larger sized juveniles.  This would in turn result in overestimated growth 

in our simulations.  Additional evaluation of these functions using datasets containing 

respiration values from larger juvenile and adult coho for a range of temperatures and 

swimming speeds are needed to test, and if necessary modify these equations.  
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2.5 TABLES 

Table 2.1: Wisconsin model coefficients for predator swimming speed, egestion, 
excretion, and predator energy density. 

Wisconsin Model Swimming Speed and Specific Dynamic Action Coefficients 

RK1 1 
The intercept for swimming speed above the cutoff 
temperature (cm * s-1) 

RK4 0.13 
The mass dependence coefficient for swimming speed at all 
water temperatures 

ACT 9.7 

The intercept (cm * s-1 for a 1 gram fish at 0 deg C) of the 
relationship for swimming speed vs mass at water 
temperatures less than RTL 

BACT 0.0405 
The water temperature dependence coefficient of swimming 
speed at water temperatures below RTL (°C-1) 

SDA 0.172 
The proportion of assimilated energy lost to specific dynamic 
action (cost of assimilating foodstuffs) 

Wisconsin Model Egestion and Excretion Coefficients 

FA 0.212 
Intercept of the proportion of consumed energy egested vs 
water temperature 

FB -0.222 Coefficient of water temperature dependence of egestion 

FG 0.631 Coefficient for feeding level dependence (P-value) of egestion 

UA 0.0314 
Intercept of the proportion of consumed energy excreted vs 
water temperature 

UB 0.58 Coefficient of water temperature dependence of excretion 

UG -0.299 
Coefficient for feeding level dependence (P-value) of 
excretion 

Wisconsin Model Predator Energy Coefficients 

α1 5764 
Intercept of the allometric mass function (joules * g-1) for 
small fish 

β1 0.9862 Slope of the allometric mass function for small fish 
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Table 2.2: Zooplankton abundances and biomass estimates from VPT surveys and 
coho gut content analyses. 

  Description Jun-00 Aug-00 Jun-02 Aug-02 
 Prey (#/m3) 10.19±1.63 94.00±43.39 175.48±21.04 64.11±25.76 

  
Biomass (mg/m3 

WW) 39.27±13.91 72.03±13.53 96.02±14.87 45.28±5.70 
        

Fish (%) 0.97 0.37 0.42 0.19 
Euphausiid (%) 7.89 1.16 1.10 2.65 
Amphipod (%) 0.33 0.19 0.34 0.75 
Decapod (%) 9.00 50.20 25.49 61.03 
Copepod (%) 77.82 36.16 31.43 13.86 
Gastropod (%) 4.00 3.84 36.62 13.11 A

bu
nd

an
ce

 

Polychaeta (%) 0.00 8.08 4.60 8.41 
        

Fish (%) 0.02 0.00 0.64 0.00 
Euphausiid (%) 69.57 39.08 25.00 57.75 
Amphipod (%) 0.00 0.06 0.20 0.32 
Decapod (%) 0.45 1.11 3.75 7.73 
Copepod (%) 29.96 58.97 68.84 30.78 
Gastropod (%) 0.00 0.34 1.21 2.98 

U
.S

.G
LO

B
EC

 M
es
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ca

le
 Z

oo
pl

an
kt
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at
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B
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m
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Polychaeta (%) 0.00 0.45 0.35 0.44 
       

Fish (%) 15.55 25.11 89.13 21.77 
Euphausiid (%) 58.89 14.82 2.53 33.53 
Amphipod (%) 14.43 27.81 0.07 20.59 
Decapod (%) 3.33 13.46 7.03 22.94 
Copepod (%) 1.11 - 0 - 
Gastropod (%) - 2.24 - - 
Polychaeta (%) - - 0.1 - 

A
bu

nd
an

ce
 

other (%) 6.69 16.56 1.14 1.17 
        

Fish (%) 22.04 82.23 65.9 44.04 
Euphausiid (%) 75.33 11.01 7.79 48.32 
Amphipod (%) 1.67 3.07 1.95 1.96 
Decapod (%) 0.38 3.24 19.79 5.62 
Copepod (%) 0.2 - 0.32 - 
Gastropod (%) - 0.25 - - 
Polychaeta (%) - - 0.97 - 

20
00

,2
00

2 
Sa

lm
on

 T
ra

w
l C

oh
o 

G
ut

 D
at

a 

B
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m
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other (%) 0.38 0.2 3.28 0.06 
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Table 2.3: Individual prey energy densities, portion indigestible, and reaction distances 
for bioenergetics and foraging model. 

Prey Type 

Energy 
Densities 
(J/g) (a) 

Percent 
Indigestible 

(%) (a) 

Reaction 
Distance 
(m) (b) 

Fish 5010.6 8.98 0.350 

Euphausiid (Generic) 3110.2 10.35 0.100 

Euphausiid 

 (Thysanoessa spinifera) 3110.2 10.35 0.100 

Amphipod 2465.6 12.99 0.075 

Decapod 2980.4 10.00 0.075 

Copepod 2624.6 10.90 0.050 

Gastropod 2612.1 10.00 0.075 

Polychaete 2800.0 (b) 10.00 (b) 0.070 

 

(a) : Energy density and % indigestible values from Cross et al. (2005) 

(b) : Value estimated by author 
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Table 2.4: Mean ( ), and variance ( ) of the June and August 2000 / 2002 SeaSoar 
temperatures from the U.S. GLOBEC mesoscale surveys for the regions highlighted in 
the red tracks of Figures 2.1-2.4. 

June August 

 2000 2002  2000 2002 

 10.845 9.846  10.358 9.676 

 1.393 1.704  1.435 1.242 
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Table 2.5: Statistics (number of observations, mean/std final coho weight (gWW)) 
for simulations run using full prey fields, ROMS, SeaSoar Adjusted ROMS, and 
SeaSoar temperature fields, with initial starting weights (1º WT) set to a range of ~20g 
to 150g, 35g, 75g, or 150g.  BASE is the base case scenario; X OPT is 25 and 50 
percent optimal foraging.   

   2000 2002 
1º WT CASE TEMP NUM MEAN STD NUM MEAN STD 

- - - 56 479.68 261.21 34 490.98 309.47 
20-150 BASE ROMS 250 414.02 60.63 250 585.55 99.34 
20-150 25 OPT ROMS 250 912.72 182.02 250 959.64 196.88 
20-150 50 OPT ROMS 250 1219.01 307.66 250 1176.10 269.23 

35 BASE ROMS 250 343.50 8.19 250 447.71 7.67 
35 25 OPT ROMS 250 692.57 12.78 250 687.19 10.05 
35 50 OPT ROMS 250 837.33 12.98 250 799.05 10.44 
75 BASE ROMS 250 430.87 10.01 250 591.29 10.58 
75 25 OPT ROMS 250 974.54 16.63 250 969.79 14.71 
75 50 OPT ROMS 250 1317.20 20.27 250 1186.77 14.82 

150 BASE ROMS 250 527.53 10.67 250 737.93 13.81 
150 25 OPT ROMS 250 1213.38 19.93 250 1257.87 18.57 
150 50 OPT ROMS 250 1762.50 23.48 250 1588.63 19.42 

20-150 BASE SSadjROMS 250 355.94 62.12 250 450.44 97.97 
20-150 25 OPT SSadjROMS 250 712.88 182.59 250 663.73 179.40 
20-150 50 OPT SSadjROMS 250 875.64 273.42 250 758.23 234.50 

35 BASE SSadjROMS 250 282.33 6.84 250 314.83 6.90 
35 25 OPT SSadjROMS 250 484.01 11.92 250 411.97 10.78 
35 50 OPT SSadjROMS 250 535.33 14.09 250 429.88 12.70 
75 BASE SSadjROMS 250 374.24 8.47 250 453.44 8.99 
75 25 OPT SSadjROMS 250 771.34 17.37 250 668.46 13.09 
75 50 OPT SSadjROMS 250 952.72 23.04 250 756.87 16.17 

150 BASE SSadjROMS 250 473.34 9.67 250 604.44 12.04 
150 25 OPT SSadjROMS 250 1028.35 18.41 250 950.03 16.65 
150 50 OPT SSadjROMS 250 1413.19 26.27 250 1135.37 18.10 

20-150 BASE SeaSoar 250 357.52 63.01 250 451.88 98.40 
20-150 25 OPT SeaSoar 250 714.24 180.47 250 664.14 181.61 
20-150 50 OPT SeaSoar 250 882.45 274.54 250 760.18 234.47 

35 BASE SeaSoar 250 284.72 6.39 250 315.22 5.66 
35 25 OPT SeaSoar 250 488.31 12.00 250 413.26 8.77 
35 50 OPT SeaSoar 250 542.74 11.98 250 431.32 10.61 
75 BASE SeaSoar 250 377.33 9.85 250 455.13 8.59 
75 25 OPT SeaSoar 250 777.35 15.04 250 668.89 11.80 
75 50 OPT SeaSoar 250 958.54 17.76 250 760.77 14.78 

150 BASE SeaSoar 250 475.03 10.25 250 605.13 11.76 
150 25 OPT SeaSoar 250 1035.11 16.40 250 950.91 14.50 
150 50 OPT SeaSoar 250 1417.22 21.63 250 1137.63 16.76 
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Table 2.6: Statistics (number of observations, mean/std final coho weight (gWW)) for 
simulations run using full prey fields, SeaSoar Adjusted ROMS temperature fields, 
with initial starting weights (1º WT) set to a range of ~20g to 150g, 35g, 75g, or 150g.  
Case refers to the experimental type.  BASE is the base case scenario, EPCF is 
euphausiid padding, PCF refers to the depth dependant prey adjustment, and OPT 
explores optimal foraging. 

  2000 2002 

1º WT CASE NUM MEAN STD NUM MEAN STD 
- TRAWL 56 479.68 261.21 34 490.98 309.47 

20-150 BASE 250 355.94 62.12 250 450.44 97.97 
20-150 5 EPCF 250 369.69 67.20 250 470.42 104.47 
20-150 15 EPCF 250 390.34 73.98 250 511.13 118.99 
20-150 25 EPCF 250 404.47 78.39 250 541.43 129.65 
20-150 45/100 PCF 250 472.10 89.36 250 572.69 145.52 
20-150 15/100 PCF 250 719.56 203.18 250 765.81 235.29 
20-150 25 OPT 250 712.88 182.59 250 663.73 179.40 
20-150 50 OPT 250 875.64 273.42 250 758.23 234.50 

35 BASE 250 282.33 6.84 250 314.83 6.90 
35 5 EPCF 250 290.29 7.39 250 325.92 6.81 
35 15 EPCF 250 303.02 7.36 250 346.18 7.39 
35 25 EPCF 250 311.06 7.99 250 362.42 8.52 
35 45/100 PCF 250 363.72 8.80 250 370.60 9.16 
35 15/100 PCF 250 466.36 12.61 250 440.72 13.06 
35 25 OPT 250 484.01 11.92 250 411.97 10.78 
35 50 OPT 250 535.33 14.09 250 429.88 12.70 
75 BASE 250 374.24 8.47 250 453.44 8.99 
75 5 EPCF 250 392.53 9.69 250 475.35 9.13 
75 15 EPCF 250 411.82 11.00 250 514.98 10.42 
75 25 EPCF 250 427.43 10.23 250 546.24 10.88 
75 45/100 PCF 250 502.98 11.14 250 573.85 12.00 
75 15/100 PCF 250 788.78 18.08 250 760.79 18.34 
75 25 OPT 250 771.34 17.37 250 668.46 13.09 
75 50 OPT 250 952.72 23.04 250 756.87 16.17 

150 BASE 250 473.34 9.67 250 604.44 12.04 
150 5 EPCF 250 498.81 11.93 250 632.37 11.77 
150 15 EPCF 250 531.34 12.38 250 694.10 13.29 
150 25 EPCF 250 553.94 13.96 250 744.07 15.41 
150 45/100 PCF 250 626.81 12.88 250 804.09 15.82 
150 15/100 PCF 250 1067.18 23.72 250 1156.54 27.43 
150 25 OPT 250 1028.35 18.41 250 950.03 16.65 
150 50 OPT 250 1413.19 26.27 250 1135.37 18.10 
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Table 2.7: Statistics (number of observations, mean/std final coho weight (gWW)) for 
simulations run using restricted prey fields, SeaSoar Adjusted ROMS temperature 
fields, with initial starting weights (1º WT) set to a range of ~20g to 150g, 35g, 75g, or 
150g.  Case refers to the experimental type.  BASE is the base case scenario, EPCF is 
euphausiid padding, PCF refers to the depth dependant prey adjustment, and OPT 
explores optimal foraging. 

  2000 2002 

1º WT CASE NUM MEAN STD NUM MEAN STD 
- TRAWL 56 479.68 261.21 34 490.98 309.47 

20-150 BASE 250 303.58 53.79 250 402.48 77.45 
20-150 5 EPCF 250 319.85 59.67 250 427.50 82.79 
20-150 15 EPCF 250 339.32 64.81 250 472.57 96.66 
20-150 25 EPCF 250 355.60 68.89 250 507.46 108.03 
20-150 45/100 PCF 250 365.13 66.19 250 517.61 106.03 
20-150 15/100 PCF 250 523.84 103.73 250 777.62 185.85 
20-150 25 OPT 250 670.02 159.05 250 636.74 148.86 
20-150 50 OPT 250 866.40 251.72 250 756.02 200.01 

35 BASE 250 240.31 6.95 250 297.41 6.90 
35 5 EPCF 250 249.25 7.11 250 313.28 7.16 
35 15 EPCF 250 263.87 7.74 250 338.44 7.46 
35 25 EPCF 250 273.78 7.61 250 359.41 8.80 
35 45/100 PCF 250 286.65 8.96 250 371.09 8.43 
35 15/100 PCF 250 398.80 13.45 250 518.87 14.78 
35 25 OPT 250 476.62 12.26 250 430.96 9.72 
35 50 OPT 250 552.31 15.71 250 475.54 12.56 
75 BASE 250 318.78 8.54 250 404.19 8.91 
75 5 EPCF 250 337.33 9.41 250 428.35 8.96 
75 15 EPCF 250 359.15 10.29 250 476.51 9.54 
75 25 EPCF 250 375.64 10.27 250 513.37 10.32 
75 45/100 PCF 250 384.74 10.95 250 522.90 12.66 
75 15/100 PCF 250 555.54 16.52 250 781.69 21.30 
75 25 OPT 250 722.91 16.73 250 641.82 12.16 
75 50 OPT 250 939.23 20.58 250 762.32 16.11 

150 BASE 250 409.54 10.12 250 529.80 12.15 
150 5 EPCF 250 438.00 12.41 250 559.27 12.29 
150 15 EPCF 250 471.40 12.07 250 625.81 14.16 
150 25 EPCF 250 492.69 12.55 250 679.49 15.10 
150 45/100 PCF 250 488.11 13.37 250 688.70 15.66 
150 15/100 PCF 250 720.81 22.15 250 1079.44 24.45 
150 25 OPT 250 946.28 19.89 250 868.13 14.87 
150 50 OPT 250 1346.46 24.69 250 1073.84 21.27 
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Table 2.8: Mean coho salmon weights and temperatures for June and August Salmon 
trawls and SeaSoar. 

 Description Jun-00 Aug-00 Jun-02 Aug-02 
      

Mean gWW ± SD 
(June < 150g) 47.52±4.54 479.68±34.91 58.26±2.66 490.98±53.07 
%<50 71.88 67.86 42.62 64.71 
%50-100 21.88 32.14 39.34 35.29 
%100-150 3.13 100.00 7.38 100.00 

Sa
lm
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 T
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%>150 3.13   10.66   
            

Mean (°C) 10.8 10.4 9.8 9.7 
%<8° 0.00 0.16 18.02 3.38 
%8°-10°  33.66 47.52 38.92 61.53 
%10°-12° 40.16 37.64 29.02 29.22 
%12°-14° 26.13 13.64 13.12 5.86 Se

aS
oa

r 
Te

m
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tu
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%14°-16° 0.05 0.82 0.92 0.00 
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2.6 FIGURES 

 

Figure 2.1 : SeaSoar track for June 2000 mesoscale survey.  Red dots indicate 
locations where SeaSoar temperatures were used in the simulations.  Cyan dots 
indicate locations juvenile coho were captured. 
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Figure 2.2 : SeaSoar track for August 2000 mesoscale survey.  Red dots indicate 
locations where SeaSoar temperatures were used in the simulations.  Cyan dots 
indicate locations juvenile coho were captured. 
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Figure 2.3 : SeaSoar track for June 2002 mesoscale survey.  Red dots indicate 
locations where SeaSoar temperatures were used in the simulations.  Cyan dots 
indicate locations juvenile coho were captured. 
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Figure 2.4 : SeaSoar track for August 2002 mesoscale survey.  Red dots indicate 
locations where SeaSoar temperatures were used in the simulations.  Cyan dots 
indicate locations juvenile coho were captured. 
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Figure 2.5 : ROMS Gridpoints in the NEP domain falling within the area of study 
defined by <250m water depth and latitudinal range 
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Figure 2.6 : ROMS, SSadjROMS and SeaSoar profile for June 2000. 
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Figure 2.7 : ROMS, SSadjROMS and SeaSoar profile for August 2000. 
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Figure 2.8 : ROMS, SSadjROMS and SeaSoar profile for June 2002. 



  65 
 

 

 

 

 

Figure 2.9 : ROMS, SSadjROMS and SeaSoar profile for August 2002. 
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Figure 2.10 : Calculated total oxygen consumption (mg O2/hr) using Trudel & Welch 
coefficients. 
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Figure 2.11 : Sensitivity analysis of coefficients.  Top plot (1) shows the percent 
difference of mean daily growth rates when compared to the base case scenario when 
coefficients are modified +/- 10% of the default.  Bottom plot (2) shows percent 
different in growth rates when coefficients are modified +/- 50% of the default.  Left 
plots examine effects on reaction distances for the 8 prey types.  Right plots illustrate 
effects to growth rate when gut clearance (Ree1 and Ree2) coefficients are modified.  
For each coefficient 3 values are plotted.  The percent change in growth rate when the 
coefficient is decremented, when it is unchanged, and when it is incremented. 
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Figure 2.12 : Length (mm) - Weight (g) relationship derived from all coho salmon 
meristics collected for June and August 2000 and 2002 Trawls 
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Figure 2.13 : Final weights for coho salmon in simulations using base case scenario 
with full prey fields.  Trawl results are included for comparison. 
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Figure 2.14 : Final August weights for simulations using full or restricted prey fields 
with SSadjROMs temperatures for 2000 & 2002 with initial coho weights evenly 
distributed from ~20 to 150g. 
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Figure 2.15 : Final August weights for simulations using full or restricted prey fields 
with SSadjROMs temperatures for 2000 & 2002 with initial coho weights at 35g. 
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Figure 2.16 : Final August weights for simulations using full or restricted prey fields 
with SSadjROMs temperatures for 2000 & 2002 with initial coho weights at 75g. 



  73 
 

 

 

 

 

Figure 2.17 : Final August weights for simulations using full or restricted prey fields 
with SSadjROMs temperatures for 2000 & 2002 with initial coho weights at 150g. 



  74 
 

 

 

 

 

 

 

Figure 2.18 : Final August weights for simulations using base, 25%, and 50% optimal 
foraging with SSadjROMs temperatures for 2000 & 2002 with initial coho weights 
evenly distributed from ~20 to 150g. 
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Figure 2.19 : Final August weights for simulations using base, 25%, and 50% optimal 
foraging with SSadjROMs temperatures for 2000 & 2002 with initial coho weights set 
to 35g. 
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Figure 2.20 : Final August weights for simulations using base, 25%, and 50% optimal 
foraging with SSadjROMs temperatures for 2000 & 2002 with initial coho weights set 
to 75g. 
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Figure 2.21 : Final August weights for simulations using base, 25%, and 50% optimal 
foraging with SSadjROMs temperatures for 2000 & 2002 with initial coho weights set 
to 150g. 
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Figure 2.22 : Final August weights for simulations using base, 5x, 15x, and 25x 
euphausiid biomass and density padding with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights evenly distributed from ~20 to 150g. 
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Figure 2.23 : Final August weights for simulations using base, 5x, 15x, and 25x 
euphausiid biomass and density padding with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights at 35g. 
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Figure 2.24 : Final August weights for simulations using base, 5x, 15x, and 25x 
euphausiid biomass and density padding with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights set to 75g. 
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Figure 2.25 : Final August weights for simulations using base, 5x, 15x, and 25x 
euphausiid biomass and density padding with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights set to 150g. 
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Figure 2.26 : Final August weights for simulations using base scenario and prey 
redistribution from 100m to 45m and 15m with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights evenly distributed from ~20 to 150g. 
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Figure 2.27 : Final August weights for simulations using base scenario and prey 
redistribution from 100m to 45m and 15m with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights set to 35g. 
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Figure 2.28 : Final August weights for simulations using base scenario and prey 
redistribution from 100m to 45m and 15m with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights set to 75g. 
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Figure 2.29 : Final August weights for simulations using base scenario and prey 
redistribution from 100m to 45m and 15m with SSadjROMs temperatures for 2000 & 
2002 with initial coho weights set to 150g. 
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Figure 2.30: June and August 2000 coho salmon trawl results.  Panel 1 refers to June 
distributions, panel 2 refers to August.  Fish over 600 grams were considered to have 
reached sufficient size to return as jacks that year.  Fish less than 600 were considered 
juveniles that would return the following year to spawn. 
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Figure 2.31 : June and August 2002 coho salmon trawl results.  Panel 1 refers to June 
distributions, panel 2 refers to August.  Fish over 600 grams were considered to have 
reached sufficient size to return as jacks that year.  Fish less than 600 were considered 
juveniles that would return the following year to spawn. 
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Figure 2.32 : Wind stress and magnitude for 2000 and 2002 at NDBC station 46050.  
Blue lines represent north / south direction and magnitude, Red lines represent east 
west direction and magnitude.  Black vertical bars represent summer and fall 
transitions. 
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3 SUMMARY 

(1) The first summer following ocean entry is considered to be a critical period that 

determines coho survival and recruitment strength.  The bioenergetics model described 

in this thesis is able to produce juvenile coho growth during their first summer that 

yields coho weights in August similar to those observed in trawl surveys in 2000 and 

2002.  To achieve this, we used prey densities from net collections and temperature 

and corrected NEP4 ROMS temperature fields as the primary forcing characteristics.   

(2) Though vertical plankton tows skew zooplankton compositions towards smaller 

organisms (copepods, gastropods, etc), the biomass contained in lower trophic levels 

when available to foraging salmon appear to be sufficient to sustain metabolic costs 

and somatic growth for juvenile coho salmon growth. 

(3) Sensitivity analysis of a subset of the model parameters indicated that coho growth 

was sensitive to uncertainty in several parameters associated with respiration rates, 

which justified the effort to improve the functional relation linking temperature, 

swimming speed and fish size to respiration. 

(4) Several scenarios that correct for potential underestimation of specific or total prey 

densities were run to examine the influence of these on the growth results.  The results 

suggest that there was sufficient biomass available to support both jack and juvenile 

growth for 2000 and 2002 provided that the fish were able to exploit high density prey 

patches, or that the biomass and abundance estimates underestimate the zooplankton 

distribution in the water column.  
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(5) Though 2000 and 2002 were both years exhibiting La Niña characteristics, 2002 

may have been a better year for juvenile coho salmon growth due to the significantly 

later spring transition in 2000, which appeared to reduce prey density and shift the size 

distribution to smaller prey, both reducing growth of coho in the models. 

(6) A new version of NEP ROMS with several enhancements has been released 

recently (NEP v.5).  Though the grid spacing remains relatively coarse at 10 km 

spacing, the number of vertical levels was increased from 42 to 60.  This provides 

greater vertical resolution, and potentially a more accurate description of currents, 

temperatures, salinities, and densities.  A logical next step would be to repeat the 

simulations done here using temperatures from ROMS NEP v5.  

(7) An important future extension of the juvenile coho model reported here is to 

couple the ROMS physical model with an ecosystem model that can produce spatially 

and temporally explicit fields of potential juvenile coho prey.  If the prey fields from 

the coupled biophysical model are judged to have skill at replicating (hindcasting) 

observed prey fields, then the prey, temperature, and velocity fields from the model 

could be used to force a spatially explicit individual based model of juvenile coho 

growth and movement to evaluate which regions of the northern California Current 

constitute best or adequate habitat and which months and locations are not favorable 

for coho growth and survival.  
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